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Introduction

We are in the midst of a major global pandemic and due to the critical interests, the
global scientific community has been desperately seeking out new research and
accurate information regarding coronavirus disease 2019 (COVID-19), a conta-
gious viral disease caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). With the first, second, and in some areas, third waves of the coro-
navirus pandemic, our knowledge and understanding of this disease have gradually
been evolving, which has resulted in revising and oftentimes revising most of our
earlier understanding of the dynamics of this virus. Furthermore, we are just at the
turning point in the realization of the types of antibodies produced in infected
patients and the associated limitations and challenges, which are shaping the global
efforts towards the effective development of COVID-19 vaccines. Therefore, we
believe the timing is right to have a more comprehensive and highly anticipated
book on the recent and ongoing acquired knowledge on COVID-19 and a possible
roadmap on how to move forward.

This book aims to present recent clinical manifestations and findings regarding
COVID-19 and the roadmap and the prospect of living gracefully alongside
COVID-19 along with the existence of this virus in our societies. This work com-
prises the following four parts:

1. History, Pathogenesis, and Epidemiologic Background of Coronavirus
2. Clinical Observations

3. Interventions and Treatments

4. Current Trends and Future Directions
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Part I: History, Epidemiologic Background and Pathogenesis
of Coronavirus

Main Topics

The first part contains introductory chapters presenting the history, pathogenesis,
and epidemiology background of COVID-19.

History of Coronaviruses

Novel Coronavirus (COVID-19) disease is a cascade of a family of contagious dis-
eases, which was discovered in late 2019. The first class of illness was named the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which gave rise
to a number of related variants, leading to an ongoing pandemic, which has infected
over 450 million people worldwide and caused over 6 million fatalities as of March
2022 (https://covid19.who.int/).

Epidemiology and Demographics of COVID-19

The topic of SARS-CoV-2 genome relates to the importance of key encoded pro-
teins essential for this virus to cause disease, and the diversity of SARS-CoV-2
variants that have so far emerged and their divergence from other coronaviruses.

Pathogenesis of COVID-19

The mechanism of pathology and the pathogenesis of COVID-19 has now been
illustrated by several studies. The SARS-CoV-2 spike protein binds with high affin-
ity to the human angiotensin-converting enzyme 2, or ACE2 receptor, but it can also
interact with other receptors and enzymes. Following viral infection, a plethora of
subsequent molecular and cellular alterations occur in the host that have been impli-
cated in the progression of the signs and symptoms observed in COVID-19 patients.

Chapters Included
Chapter 1: Surfaces as a Source for SARS-CoV-2 Transmission

This chapter discusses the role of contaminated surfaces as a potential source for
SARS-CoV-2 transmission.


https://covid19.who.int/

Introduction vii

Chapter 2: Humoral Immune Response in SARS-CoV-2 Infection and Its
Therapeutic Relevance

This chapter covers topics such as production of antibodies secondary to SARS-
CoV-2 infection, immunological memory to a future reinfection, and the role of
antibodies in COVID-19.

Chapter 3: SARS-CoV-2 Invasion and Pathogenesis of COVID-19:
A Perspective of Viral Receptors, Bradykinin and Purinergic System

This chapter covers the role of bradykinin and kallikrein-kinin system in the patho-
logical findings associated with COVID-19, the involvement of purinergic signaling
on the modulation of inflammatory process generated by SARS-CoV-2 infection,
and possible pharmacological approaches.

Chapter 4: Genetics and Biological Characteristics of SARS-CoV-2

This chapter covers the SARS-CoV-2 genome and the diversity of SARS-CoV-2
variants and the divergence from other coronaviruses.

Chapter 5: COVID-19 Impact on Host at Pathophysiological
and Cellular Level

This chapter summarizes COVID-19-associated comorbidities, dysregulated
inflammation as a key factor to worsening the disease conditions, and the important
molecular pathways associated with SARS-CoV-2-associated inflammation.

Chapter 6: Identification of the COVID-19 Droplet Deposition Path and Its
Effects on the Human Respiratory Tract Before and After the Disease:
A Scoping Novel Respiratory Mask Design

This chapter describes a well-verified real anatomical model simulating the passage
of air in the human upper respiratory system, computed using high-quality Computer
Tomography (CT) images, the Fluid-Structure Interaction (FSI) method, and the
Discrete Phase Model (DPM) to assess the temporal and spatial motion of the depo-
sition of virus-impregnated droplets in vitro in the upper respiratory system.
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Chapter 7: SARS-CoV-2 Variants: Impact of Spike Mutations on Vaccine
and Therapeutic Strategies

This chapter discusses the SARS-CoV-2 variants, their characteristics, and the effi-
cacy of vaccine and therapeutic interventions against these variants. It also summa-
rizes the acquired genetic alterations that have accumulated in these variants and
their impact on protein structure and antigenicity.

Chapter 8: Global Biologic Characteristics of Variants of Concern
and Variants of Interest of SARS-CoV-2

This chapter covers the identified variants of concerns (VOCs) and emerging vari-
ants of interest (VOIs), their biology, epidemiology, demographics, clinical mani-
festations, and clinical impact. It also highlights the importance of scale genomic
surveillance to strengthen global health.

Chapter 9: Emergence of COVID-19 Variants and Its Global Impact

This chapter covers the nomenclature of the SARS CoV-2 variants, VOCs and nota-
ble variants, reasons for emergence of SARS CoV-2 variants, and the public health
impact of viral variants.

Part II: Clinical Observations
Main Topics

The second part covers clinical observations, including symptoms (respiratory, and
gastrointestinal) and complications (neurological and cardiovascular) as well as
diagnosis of COVID-19 illness.

Respiratory Symptoms

COVID-19 is primarily a respiratory disease and is spread by small droplets from
coughs and sneezes and reaches the respiratory tract. COVID-19 can affect the
upper respiratory system (nose, sinuses, and throat) with flu-like symptoms and the
lower respiratory system (airways and lungs) by causing cough with or without
mucous or difficulty breathing. Runny nose, headache, fatigue, and sore throat are
four fairly common signs in all COVID-19 patients. When infected with the Delta
variant, sneezing, persistent cold, and loss of smell and taste are typical. With the
Omicron variant, sneezing is common while loss of smell and taste are rare.
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Cardiovascular Complications

COVID-19 can cause a high level of inflammation that can trigger a strong immune
response and induce hyperinflammation and blood clots. The blood clots can lead to
stroke and heart attacks even in young and healthy people without comorbidities.

Neurological Complications

Neurological symptoms appear in a significant portion of people hospitalized with
COVID-19. These symptoms include loss of taste and smell, headaches, stroke,
delirium, and brain inflammation. Evidence suggests that COVID-19 may harm the
brain in different ways: attacks specific brain cells directly, reduces blood flow to
brain tissue, or triggers production of immune molecules that can harm brain cells.

Gastrointestinal Symptoms

In COVID-19 patients, gastrointestinal symptoms have been reported with variable
onset and severity. Symptoms include anorexia, abdominal pain, diarrhea, nausea,
vomiting together with respiratory symptoms. Evidence also shows acute hepato-
cellular injury, indicated by elevated liver enzymes (i.e., alanine aminotransferase,
aspartate aminotransferase, gamma-glutamyl transferase).

Psychological and Sociological Issues

Early on in the pandemic, COVID-19 patients reported an increase in panic attacks.
Now, anxiety in patients is moving from panic to feeling anxious about the future.
Increased anxiety caused by COVID-19 has been a factor in increasing eating dis-
order behaviors. Depression can be triggered when we have to isolate from others.
The pandemic has also been reported to make obsessive-compulsive disorder (OCD)
responses worse because the threat is no longer an unsubstantiated fear. As families
quarantine in close quarters and spend more time together, the chances of marital
and family conflicts increase.

Chapters Included
Chapter 10: Psychological Impacts of the COVID-19 Pandemic
This chapter focuses on the psychological impacts of the COVID-19 pandemic,

where it begins with the acute effects of the pandemic in substantially increasing
rates of psychological distress and symptoms of psychiatric disorders. At the end,
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this chapter concludes with the promise of coping and psychological adaptation
strategies, drawing from evidence reported during prior pandemics as well as early
data reported during the ongoing pandemic.

Chapter 11: Spatial Epidemiology of COVID-19: Disease Risk, Prognosis,
and Complications

This chapter covers the geographic, environmental, behavioral, genetic, and comor-
bidity differences that have influenced spatial dynamics of COVID-19 transmission
and outcomes, regional and country-level hotspots, and factors that create COVID-19
hotspots.

Chapter 12: Eye Disorders and Neuro-ophthalmic Manifestations

This chapter lists the ocular signs and symptoms among COVID-19 patients, ocular
surface clinical presentation, retinal vessel alterations and choroid involvement,
ocular motor cranial nerves palsy, and other neuro-ophthalmic manifestations in
patients with COVID-19.

Chapter 13: Evaluation and Management of Dysphagia During
the COVID-19 Pandemic

This chapter discusses how a safe and reasonable dysphagia care pathway can be
implemented in the context of the COVID-19 pandemic with an understanding of
safety precautions, modifications of the investigation setup, and with the application
of newer technologies.

Chapter 14: Gastrointestinal Manifestations of COVID-19
and Inflammatory Bowel Disease in the COVID-19 Era: Clinical Overview
and Updated Guidelines

This chapter summarizes the gastrointestinal manifestations associated with
COVID-19 including the pathophysiology and molecular pathways, impact on the
severity of the disease, and the importance of feco-oral route of infection and viral
shedding.

Chapter 15: Post COVID-19 Conditions: The New Challenge to Mankind

Post COVID-19 conditions have and will continue to have a major impact on the
healthcare system in the upcoming years. This chapter covers cardiovascular com-
plications and pulmonary embolism post-COVID and results of the first national
survey in Bulgaria.
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Chapter 16: Association of Alpha 1 Antitrypsin Deficiency with COVID-19
Mortality Rate

This chapter summarizes what is known about Alpha 1 antitrypsin (A1AT) (encoded
by SERPINA1 gene), an inhibitor of transmembrane protease serine 2 (TMPRSS2),
the major host protease that enables entry of the SARS-CoV-2 into host cells by
spike (S) protein priming. It outlines the role of AIAT in the prevention of the
pathogenesis of COVID-19 and associated complications and its significant poten-
tial not only in predicting the susceptibility and prognosis but also in the anti-
COVID therapeutic repertoire.

Chapter 17: Social Cognition Approaches to Understanding and Changing
COVID-19 Preventive Behaviors

This chapter provides an overview of the social cognition literature and interven-
tions targeting key psychological constructs as means to adopt and maintain
COVID-19 preventive behaviors. It also offers sample materials used in behavior
change interventions based on social cognition theory, which could be applied
across a broad range of COVID-19 preventive behaviors.

Chapter 18: Neurological Complications of COVID-19

This chapter covers neurological manifestations and neurological complications of
COVID-19 (Neuro-Covid) in order to increase awareness about current and poten-
tial emerging complications and to facilitate their early recognition and effective
management.

Chapter 19: The Impact of Covid-19 on Surgical Disease
This chapter summarizes wide ranging implications of COVID-19 for the practice
of surgery including COVID-19-induced hypercoagulability that can affect surgical

procedures, impact on trauma/acute care surgery and elective surgery, and periop-
erative effects of COVID-19.

Part III: Interventions and Treatments
Main Topics

The third part covers interventions and treatments of COVID-19, including oxygen
and convalescent plasma therapies, antiviral agents, immune-modulating drugs,
treatment of complications, vaccine and psychological interventions.
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Diagnosis of SARS-CoV-2 Infection

Diagnostic tests for SARS-Co V-2 use nucleic acid, antibody (serology), and protein-
based detections. Nucleic Acid Amplification Tests (NAATSs, such as Reverse
Transcription—Polymerase Chain Reaction) and antigen tests are used as diagnos-
tic tests to detect current infection with SARS-CoV-2. Antigen tests generally have
similar specificity, but are less sensitive than most NAATs. Correct interpretation of
results from antigen tests and confirmatory NAATs, when indicated, is crucial.
Antibody tests are used to detect previous infection with SARS-CoV-2 and can aid
in the diagnosis of multisystem inflammatory syndrome (MIS) in children (MIS-C)
and adults (MIS-A).

Current Treatments
Several drugs have been approved to treat the different stages of COVID-19, and the

living WHO guideline [1] is continuously updated and practice recommendations
are offered by the BMJ (https://www.bmj.com/content/370/bmj.m3379).

Chapters Included

Chapter 20: Pre-hospital Management of COVID-19: Looking
for a Future Perspective

This chapter analyzes the most relevant findings confirmed by metanalyses or by
randomized clinical trials (RCT), and hypothesizes their reproducibility in a pre-
hospital setting. It outlines strategic pre-hospital guidelines for managing COVID-19
patients, including screening procedures and prognostic assessment, multidimen-
sional investigations focused on both negative and positive predictors, treatment
criteria, and protocols for adequate ventilation maintenance.

Chapter 21: Biotechnological Strategies in the Intervention and Treatment
of COVID-19

This chapter covers the repurposed known drugs against COVID-19, the first
COVID-19 vaccines, natural products, bioactive substances, and vitamins that may
have the potential to treat or improve the disease progression in COVID-19 patients.


https://www.bmj.com/content/370/bmj.m3379
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Chapter 22: Vitamin D: A Potential Prophylactic and Therapeutic Agent
Against COVID-19

A common factor for progressive disease is a low-grade inflammation as seen in
those with metabolic syndrome, diabetes, and cardiovascular diseases, to which
micronutrient deficiencies such as vitamin D may contribute. This chapter examines
the evidence supporting vitamin D’s role in prophylaxis and therapeutic administra-
tion against SARS-CoV-2 infection and COVID-19.

Part I'V: Current Trends and Future Directions
Main Topics
Ongoing Clinical Trials for Treatment and Vaccination

“Finding more effective and accessible therapeutics for COVID-19 patients remains
a critical need, and WHO is proud to lead this global effort,” said Dr. Tedros
Adhanom Ghebreyesus, WHO Director-General. The WHO developed the
COVID-19 Solidarity Therapeutics Trial (https://www.who.int/emergencies/dis-
eases/novel-coronavirus-2019/global-research-on-novel-coronavirus-2019-ncov/
solidarity-clinical-trial-for-covid-19-treatments) to test potential therapies for
COVID-19 with the aim of recruiting thousands of patients globally, with standard-
ized data capture, a bigger sample size, and faster and more efficient sharing of
study results.

Future Directions for COVID-19 Management in Clinical Practice
and Research

Several groups around the world are conducting research to know more about the
post-acute and long-term phases of COVID-19 and to differentiate the direct conse-
quences of SARS-CoV-2 infection from hospitalization and the procedures and
treatments required for care of people with severe disease of any etiology.

Post-COVID-19 or Long COVID

The World Health Organization (WHO) has developed a clinical case definition of
post-COVID-19 or Long COVID [2]. It is also known as post-COVID-19 syndrome,
post-acute sequelae of COVID-19 (PASC), or chronic COVID syndrome (CCS).
According to the authors, post-COVID-19 “occurs in individuals with a history of
probable or confirmed SARS CoV-2 infection, usually 3 months from the onset of
COVID-19 with symptoms and that last for at least 2 months and cannot be explained


https://www.who.int/emergencies/diseases/novel-coronavirus-2019/global-research-on-novel-coronavirus-2019-ncov/solidarity-clinical-trial-for-covid-19-treatments
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/global-research-on-novel-coronavirus-2019-ncov/solidarity-clinical-trial-for-covid-19-treatments
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/global-research-on-novel-coronavirus-2019-ncov/solidarity-clinical-trial-for-covid-19-treatments
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by an alternative diagnosis. Common symptoms include fatigue, shortness of breath,
cognitive dysfunction but also others and generally have an impact on everyday
functioning.” Research on post-COVID conditions is ongoing and likely to change
rapidly with ongoing research.

Chapters Included

Chapter 23: Rational Repurposing of Drugs, Clinical Trial Candidates,
and Natural Products for SARS-Cov-2 Therapy

This chapter covers the rationale for, and examples of, successful drug repurposing
for COVID-19, SARS-CoV-2 molecular targets suitable for repurposing, computa-
tional methods for virtual screening, virtual screening results, and implications and
promising leads.

Chapter 24: In Silico Drug Repositioning for COVID-19: Progress
and Challenges

This chapter discusses various computational drug repositioning strategies, the
challenges to the correct interpretation of existing preclinical and clinical evidence,
as well as the generation of new evidence related to drug repurposing.

Chapter 25: Computationally Repurposed Natural Products Targeting
SARS-CoV-2

This chapter summarizes the virtually screened natural products, such as alkaloids,
sterols, peptides, polyphenols, and terpenoids, which showed antagonistic potential
to host cell recognition, viral attachment and fusion through binding with various
receptor-binding regions of SARS-CoV-2 spike protein for ACE2, GRP78, and
NRP-1 as well as host cell transmembrane TMPRSS2.

Chapter 26: Different Platforms, Immune Response Modulators,
and Challenges in SARS-CoV-2 Vaccination

This chapter summarizes how the pandemic influenced vaccine development, the
implications of the route of immunization and adjuvant's choice for vaccines, and
some recommendations to consider for future pandemics.
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Chapter 27: SARS-CoV-2 Vaccine Against Virus: Mission (Im)possible

This chapter outlines the mutations in the viral spike protein and other parts of the
virus, the implications for COVID vaccines, and gives suggestions on what the
global community can do beyond vaccination, hygiene, and physical distancing.

Chapter 28: COVID-19 Vaccines Authorized by Stringent Regulatory
Authorities and Vaccine

This chapter discusses the different technologies used in vaccine development and
the COVID-19 vaccines developed for each modality, the different vaccines that
have been approved by any national regulatory authority and the publicly available
data for these vaccines, and the knowledge gaps that need to be filled to understand
the important questions like durability of protection, the need for a booster, and
long-term safety and efficacy against emerging SARS-CoV-2 variants.

Chapter 29: The Global Evolution of a Pandemic on Clinical Practice

This chapter summarizes the impact of the pandemic on clinical practice including
regional variations in rural and urban populations, implications of backlog on hos-
pital system recovery during the pandemic, the impact on providers and patients
across many outpatient settings, employee screening protocols, use of personal pro-
tective equipment, bed allocation challenges, and reliance upon communication and
social media for clinical updates.

Chapter 30: Anticipated Long-Term Neurobehavioral Outcomes Following
COVID-19

This chapter addresses the less familiar encephalopathic, dementia, and behavioral
syndromes that will likely be observed as more research is conducted on COVID-19
and provides guidance for clinicians who will undoubtably encounter increased vol-
umes of patients with residual post-COVID-19 neurobehavioral changes.

Chapter 31: The Road Ahead

This chapter covers the path out of the current pandemic and the road to future
directions regarding the next possible phases of COVID-19 and the long-term clini-
cal effects of it for years to come.
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and Pathogenesis of Coronavirus



Chapter 1
Surfaces as a Source for SARS-CoV-2
Transmission

Check for
updates

Giinter Kampf

Introduction

The role of contaminated surfaces as potential source for SARS-CoV-2 transmis-
sion has not been clear at the beginning of the pandemic. In the meantime, however,
a lot of research has been performed, resulting in a better understanding of the rel-
evance of surfaces contaminated with SARS-CoV-2.

Persistence of Infectious SARS-CoV-2 on Surfaces

The persistence of infectious SARS-CoV-2 on inanimate surfaces under laboratory
conditions has been described for various materials. In Table 1.1, data are summa-
rized that were obtained at room temperature. On stainless steel, SARS-CoV-2 was
mostly below the detection limit after up to 7 days. Similar results were described
for plastic, glass, bank notes, paper, Tyvek, nitrile, rubber, polypropylene, metal,
and a disposable gown. Persistence was shorter on copper (1 h to >2 days), vinyl
(12-24 h), silver (>2 days), and laminate (8 h). In the dark, the virus could not be
detected anymore after 4 weeks on different materials.

A higher temperature such as 30 °C or 40 °C and a higher relative air humidity
results in a shorter persistence whereas a lower temperature such as 4 °C results in
a longer persistence on surfaces [5, 11, 13, 15, 16] although no major differences in
persistence were described at 4 °C, 20 °C, and 30 °C in one study [14]. Higher
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Table 1.1 Persistence of infectious SARS-CoV-2 on different surfaces at room temperature

Below
Initial detection

Material SARS-CoV-2 strain viral load | limit after | References
Stainless steel | Strain USA-WA1/2020 10%2 12h [1]

Strain nCoV-WA1-2020 10°-10** | 2 days 2]

Strains hCoV-19/Germany/ 1000 >2 days | [3]

BY-Bochum-1/2020 (B.1.1.70), VOC

B.1.1.7 RKI-0026_B.1.1.7 and VOC

B.1351 RKI-0029_B.1.351

SARS-CoV-2 patient strain 10*-10°® | 3 days 4]

Strain USA-WA1/2020 104 4 days [5]

Variant England 02/2020 HCM/V/052, 10*-10°* | 7 days [6]

isolate/England/MIG457/2020 (lineage

B.1.1.7), isolate/England/

H204661641/2020 (lineage B.1.351)

Isolate 10°2 7 days (7]

England 02/2020 (EPI_ISL_407073)

Strains hCoV-19/Germany/ 100 7 days (8]

BY-Bochum-1/2020 (B.1.1.70) and

RKI-0026_B.1.1.7

Strain BetaCoV/Beijing/AMMS01/2020 10°-10°® | >7 days | [9]

Strain CoV-19/Canada/ON-VIDO-01/2020 | 106® >14 days | [10]

Strain Australia/SA01/2020 106°® 28 days ¢ | [11]
Plastic Strain nCoV-WA1-2020 10°-10** | 4 days 2]

SARS-CoV-2 patient strain 10*-10°® | 5 days 4]

Isolate SARS-CoV-2/Finland/1/2020 10*-10°* | 6 days [12]

Strain BetaCoV/Beijing/AMMS01/2020 10°-10°° | >7 days | [9]

Strain CoV-19/Canada/ON-VIDO-01/2020 | 106® >21 days | [10]
Glass Strain USA-WA1/2020 10%¢ 4 days [5]

SARS-CoV-2 patient strain 10*-10°" | 5 days [4]

Strain HKU-001a 10*-10°¢ | 5 days [13]

Strain BetaCoV/Beijing/AMMS01/2020 10°-10°® | >7 days | [9]

Strain Australia/SA01/2020 106® >28 days? | [11]
Bank note/ Strains hCoV-19/Germany/ 1000 3 days [8]
paper BY-Bochum-1/2020 (B.1.1.70) and

RKI-0026_B.1.1.7

Isolate 10°2 5 days [7]

England 02/2020 (EPI_ISL_407073)

Strain BetaCoV/Beijing/AMMS01/2020 10°-10°® | 5 days [9]

Strain Australia/SA01/2020 1000 28 days ¢ | [11]
Tyvek Strain USA-WA1/2020 10%¢ 4 days [5]

Isolate 10°2 7 days [7]

England 02/2020 (EPI_ISL_407073)

Strain CoV-19/Canada/ON-VIDO-01/2020 | 106# >14 days | [10]
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Table 1.1 (continued)
Below
Initial detection
Material SARS-CoV-2 strain viral load | limit after | References
Copper Strains hCoV-19/Germany/ 106° lh [8]
BY-Bochum-1/2020 (B.1.1.70) and
RKI-0026_B.1.1.7
Strain USA-WA1/2020 1042 4h [1]
Strain nCoV-WA1-2020 10°-10** | 1 day [2]
Strains hCoV-19/Germany/ 100° >2 days | [3]
BY-Bochum-1/2020 (B.1.1.70), VOC
B.1.1.7 RKI-0026_B.1.1.7 and VOC
B.1351 RKI-0029_B.1.351
Nitrile glove | Strain USA-WA1/2020 10%¢ 5 days [5]
Strain CoV-19/Canada/ON-VIDO-01/2020 | 10°¢ >7 days | [10]
Vinyl Strain USA-WA1/2020 10%2 12-24h  |[1]
Strain Australia/SA01/2020 100 >28 days ¢ | [11]
Silver Strains hCoV-19/Germany/ 100° >2 days | [3]
BY-Bochum-1/2020 (B.1.1.70), VOC
B.1.1.7 RKI-0026_B.1.1.7 and VOC
B.1351 RKI-0029_B.1.351
Laminate Strain USA-WA1/2020 102 8h [1]
Ceramics Strain BetaCoV/Beijing/AMMS01/2020 10°-10°® | 7 days 91
Wood Strain BetaCoV/Beijing/AMMS01/2020 10°-10°* | >7 days | [9]
Rubber Strain USA-WA1/2020 104 4 days [5]
Polypropylene | Strain USA-WA1/2020 10%¢ 4 days [5]
Metal Strain SARS-CoV-2/ 10°° 6 days [14]
Miinchen-1.1/2020/929
Disposable Isolate 1052 7 days [7]
gown England 02/2020 (EPI_ISL_407073)
*PFU per coupon
"TCIDs, per mL
“TCIDy,

9In darkness

temperatures have been described to lead to dramatic disruption of viral structural
stability, especially when the heat is applied in the dry state [17]. It has been sug-
gested that SARS-CoV-2 may be inactivated by dryness on water absorbent porous
materials but sheltered by long-persisting microdroplets of water on waterproof sur-

faces [18].

The relevance of the rather long persistence on surfaces remains controversial.
Viruses from respiratory secretions are embedded in mucus and saliva which prob-
ably contain specific antibodies against the virus, high numbers of leukocytes, and
intrinsic antiviral activity because of its polyanionic charge which binds to viruses,
as well as bacteria and fungi which may influence the environment around the virus
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[19]. The applicability of the laboratory findings to real life is in addition doubtful
for another reason. In the in vitro studies, a high load of infectious virus was typi-
cally applied to a small surface. The inoculum is therefore probably a lot higher than
those in droplets in real-life situations. As a result, the amount of virus actually
deposited on surfaces could be several orders of magnitude smaller [20].

Nevertheless, the findings obtained under laboratory conditions raised the con-
cern that viral shedders in the public may contaminate frequent touch surfaces
finally resulting in viral transmission via uncontrolled hand—face contacts. As a
result, many public surfaces were subjected to disinfection, for example, in shops,
museums, restaurants, public transportation, or sports facilities.

Detection of Viral RNA on Surfaces

SARS-CoV-2 RNA has been described to be quite stable on surfaces with an aver-
age of one log;, reduction in genome copy recovery over 21 days [7]. Laboratory
data with SARS-CoV-2 show that C, (cycle threshold) values of 29.3 (steel surface)
or 29.5 (plastic surface) correlate with detection of culturable virus, whereas C,
values of 32.5 (steel surface) or 32.7 (plastic surface) correlate with the detection of
nonculturable virus [21].

Surrounding of Confirmed COVID-19 Patients
in Health-Care Settings

The presence of SARS-CoV-2 RNA was determined in samples obtained from
surfaces in the surrounding of confirmed COVID-19 patients in health-care facil-
ities where it is common practice to clean and disinfect surfaces in the immediate
surrounding of patients regularly. That is why the surface treatment prior to sam-
pling may well have influenced the SARS-CoV-2 RNA detection rates. In 32 of
the studies, no specific information was available when the last cleaning or disin-
fection was done prior to sampling [21-51]. In eight studies sampling was done
before the next scheduled surface cleaning or disinfection [30, 36, 52-57], and in
two studies it was performed prior to cleaning with 1000 ppm sodium hypochlo-
rite [58, 59]. In other studies surface sampling was performed at least 4 h after
the last cleaning procedure [60, 61], within 4-7 h after the first daily cleaning
[62], 7 h after cleaning and disinfection [63], at least 8 h after any cleaning pro-
cedure [64], before and after decontamination [65, 66], or after terminal disinfec-
tion [67].

Detection rates were mostly less than 30% (Fig. 1.1). The vast majority of C-
values was at least 30, suggesting a low viral load and the absence of infectious
SARS-CoV-2 [22, 23, 27, 30, 33-36, 3840, 44, 46, 48, 52-54, 57, 63-66, 68].
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Fig. 1.1 SARS-CoV-2 RNA detection rates on surfaces in the surrounding of confirmed
COVID-19 patients in health care; [21-23, 25, 27, 29-49, 51-69]

Surrounding of COVID-19 Patients in Non-Health-Care
Settings

The settings were on a cruise ship during a COVID-19 outbreak [70], in rooms of
COVID-19 patients [71], in COVID-19 quarantine hotels [72, 73], in domestic
quarantine of COVID-19 cases [74-76], in a clinical microbiology laboratory test-
ing for SARS-CoV-2 [77], in a nursing home during a COVID-19 outbreak [54], in
a long-term care facility with 30 asymptomatic COVID-19 cases [54] and on a fer-
ryboat during an ongoing COVID-19 outbreak investigation [54].

Samples were taken in some studies before any cleaning or disinfection proce-
dure was carried out [54, 70, 72, 75]. In one study, however, 50% of the 428 samples
were taken before the cleaning and disinfection, the other half was taken after the
disinfection procedure [71]. No specific information regarding any prior treatment
of surfaces was found in the remaining studies [73, 74, 76, 77].

The detection rate of SARS-CoV-2 RNA on surfaces was mostly between 0 and
20% of all samples (Fig. 1.2) with corresponding C, values mostly >30 suggesting a
low viral load and the absence of infectious SARS-CoV-2 [54, 70, 72-74, 76, 77].

Public Surfaces

Samples were collected from surfaces in various public settings such as public
squares, universities, schools, parks, markets, shopping malls, stores, bank notes,
water fountains and nozzles, often from high touch surfaces. The epidemiological
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Fig. 1.2 SARS-CoV-2 RNA detection rates on surfaces in the surrounding of confirmed
COVID-19 patients in non-health-care settings [54, 70-77]

situation during the study period was not described in all studies. In Brazil, the
study took place in one of the regions with the highest number of notified COVID-19
cases [22]. In the USA, sampling was carried out during a regional COVID-19 out-
break [78]. In Iran, sampling was done during the early stage of a local outbreak
[79]. In Italy, surfaces were samples 2—-3 months after the national epidemic peak
[41] or in supermarkets during a COVID-19 lockdown [80]. In China, a store was
chosen for sampling after it was found to be linked to the majority of new cases in
the city of Tianjin [81].

The RNA detection rates were low with 0-22.1% (Fig. 1.3), the corresponding C;
values were mostly >30, suggesting a low viral load and the absence of infectious
SARS-CoV-2 [22, 78, 80, 81].

Detection of Infectious SARS-CoV-2 on Surfaces

In some of the studies the investigators tried to detect infectious SARS-CoV-2 by
cell culture. In 9 of the 11 studies infectious SARS-CoV-2 could not be detected by
cell culture in any sample on surfaces. Only two studies provided evidence that
infectious SARS-CoV-2 can be found in the immediate surrounding of COVID-19
patients with 0.7% and 10.5% of the samples being positive (Table 1.2). A major
limitation of the results of one study, however, is that seven of eight positive samples
were obtained in the surrounding of only one patient with persistent cough and
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Fig. 1.3 SARS-CoV-2 RNA detection rates on public surfaces [22, 28, 31, 41, 53, 78-86]

Table 1.2 Detection rates of infectious SARS-CoV-2 and viral RNA on surfaces in health-care

and other settings

Proportion of
Proportion of | infectious

Types of sampled viral RNA SARS-CoV-2
Setting (country) surfaces (n) detection (%) detection (%) References
Diamond princess Surfaces in cabins of | 17.3 0 [70]
cruise ship during confirmed cases (330)
COVID-19 outbreak | Surfaces of noncase | 0 0
(Japan) cabins (160)

Surfaces in shared 1.0 0

areas (97)
COVID-19 cases in | Surfaces in 34 0 [74]
isolation at home 21 households (119)
(Germany)
Treatment rooms for | High contact surfaces | 8.9 0 [38]
COVID-19 patients | in patient rooms
(England) (336)
Teaching hospital Various surfaces in 10.6 0 [21]
with COVID-19 different parts of the
patients (UK) hospital (218)
Households of Various surfaces 15.3 0.72 [76]
COVID-19-cases (150)
(USA)

(continued)
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Table 1.2 (continued)
Proportion of
Proportion of | infectious
Types of sampled viral RNA SARS-CoV-2
Setting (country) surfaces (n) detection (%) | detection (%) References
Severe COVID-19- Surrounding of three | 19.7 10.5° [68]
cases in isolation patients (76)
rooms (Republic of
Korea)
COVID-19 ICU Various surfaces in 10.7 0 [39]
(Singapore) common areas and
staff pantry (75)
COVID-19 isolation | Various surfaces (55) |52.7 0 [23]
unit (Israel)
COVID-19 isolation | Various surfaces (50) | 8.0 0 [46]
ward (China)
COVID-19 isolation | Various surfaces (50) | 18.0 0 [27]
ward (Iran)
COVID-19 cases in | Various surfaces (26) | 7.7 0 [60]
hospitals (Italy)

*Detected on nightstand of index case (corresponding C-value: 26.4
7 of 8 positive samples obtained in the surrounding of one patient with persistent cough and fre-
quent sputum spitting during sampling

frequent sputum spitting during sampling. It seems therefore likely that swab con-
tamination mostly occurred by cough droplets and sputum.

Similar results were found with other respiratory tract viruses. In hospitals, SARS-
CoV-1 RNA could be detected in 5.6% of 85 samples and 27.7% of 94 samples, but
cell cultures for infectious SARS-CoV-1 remained all negative [87, 88]. The RNA of
HINI influenza-A-virus could be found on surfaces of 17.8% from 90 households
with confirmed infections in children, but all cell cultures were negative [89]. MERS-
CoV RNA was found on surfaces of an isolation ward in 20.3% of the samples, infec-
tious MERS-CoV was isolated in 4.1% of all samples [90]. That is why surfaces were
not considered to be a relevant source of SARS-CoV-2 transmission.

The relative decline of viral infectivity on surfaces has been described to be simi-
lar with higher and lower initial viral loads. Expected levels of SARS-CoV-2 viable
environmental surface contamination would therefore lead to undetectable levels
within 2 days [7].

Probability of Surfaces to Be the Source for SARS-CoV-2
Transmission

A transmission from surfaces may occur via transiently contaminated hands, for
example, after contact to a surface contaminated with infectious virus and followed
by a hand-nose or hand—-mouth contact. Several studies have analyzed the
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likelihood of fomite transmission for respiratory viruses. One study highlighted the
importance of aerosols for rhinovirus transmission, in contrast to a neglectable role
for surfaces. In this study, two groups of men played poker, one group was sick with
the common cold, the other group was healthy. The healthy group was exposed to
infectious virus aerosols simply by being in the same room with the sick group. But
they were restrained so that participants could not touch their faces. Cards and chips
used in the poker game were transferred to a group of healthy men to play with, and
they were instructed to touch their faces frequently. Interestingly, the aerosol-
exposed group got sick, while the surfaces-exposed group did not [91]. In another
study it was found that only a small fraction of infectious virus is usually found on
hands after contact with artificially contaminated surfaces such as 0.1-16% after
drying of a high initial viral load of SARS-CoV-2 [8], 1.5% with parainfluenza virus
and 0.7% with rhinovirus [92]. In addition, only a small fraction of the viral load
can be transferred from contaminated hands to an inanimate surface (0% with
human coronaviruses, 0% with parainfluenza virus and 0.9% with rhinovirus) unless
the coronavirus is presented in organic load such as feces resulting in 0-16.7% virus
transfer [92, 93]. The risk of disease transmission by a hand contact with a contami-
nated surface followed by a single hand—nose contact is very low and has been
described for rhinovirus (0.0486%) and for influenza virus (0.0000000256%) [94].
For SARS-CoV-2 it would need at least 1000 infectious viruses dropped on the
mucosa [95] which is very unlikely considering the expectable loss during transfer.
House flies have been described to harbor infectious SARS-CoV-2 under laboratory
conditions for up to 24 h [96]. Infectious SARS-CoV-2, however, could not be
detected on the surrounding surfaces after 4 and 24 h, only SARS-CoV-2 RNA. It is
therefore very unlikely that house flies contribute to viral transmission via tran-
siently contaminated surfaces. Seasonality of respiratory tract virus transmission
should be considered when interpreting these results. Some factors including
humidity can directly influence aerosol stability. Under tropic conditions (warm and
humid climates) aerosols or droplets evaporate less water, therefore readily settle on
surfaces, which could favor fomite transmission as hypothesized for influenza
viruses [97].

Overall, the probability of surfaces to be the source of SARS-CoV-2 transmis-
sion is low, especially for public surfaces (Fig. 1.4).

Surface viral load*: 100% Transfer lo hands Transfer to surfaces
SARS-CoV-2: 0.1% - 16% Human CoV: 0%** or 0% - 16.7%4**
Parainfluenzavirus: 1.5% Parainfluenzavirus: 0%
Rhinovirus: 0.7% Rhinovirus: 0.9%

Fig. 1.4 Transfer probability of infectious respiratory tract viruses including SARS-CoV-2 from
surfaces via direct contact (only data available for inanimate surfaces as target for transfer from

hands) [8, 92, 93]; *assumed baseline viral load; **no organic load; ***in the presence of organic
load (faeces)
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Chapter 2

Humoral Immune Response
in SARS-CoV-2 Infection and Its
Therapeutic Relevance

Victor Araujo Correa, Amanda Izeli Portilho, Emanuelle Baldo Gaspar,
and Elizabeth De Gaspari

Introduction

The humoral immune response is an arm of adaptive response, also known as
antibody-mediated immune response. It is responsible to protect the extracellular
fluids, such as blood and lymph, through the production of effector and memory B
cells, which B cells generate antibodies, leading to neutralization, opsonization,
complement activation, and modulation of inflammation. Also, it promotes an
immunological memory, capable of protecting against future reinfection to the
pathogen [1-3]. Upon a reexposure to the pathogen, or, more specifically, to an
antigen, the humoral memory response has three typical characteristics: (1) it is
more robust and faster than the primary antibody response; (2) it is dominated by
high affinity, isotype-switched antibodies; and (3) it is long-lived and self-sustaining,
allowing for a rapid complement cascade activation and antibody production [4, 5].
Given all that, antibody production following natural infection or vaccination is
essential to combat and prevent infectious diseases.

In 2020, the World Health Organization (WHO) declared COVID-19 as a pan-
demic disease, which challenged the researchers to understand how the virus stimu-
lates the immune system as soon as possible, in order to discover a way to treat the
disease and stop the viral transmission. This chapter intends to discuss the humoral
immune response against SARS-CoV-2 infection.
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Pathogens and Antibodies Evolve Together

Antibodies are glycoprotein molecules composed of four chains: two light chains
(L) and two heavy chains (H). The domains are linked by disulfide bonds. The inter-
section of the L and H chains forms the hypervariable region, or complementarity-
determining region (CDR). The CDR regions comprise the paratope, which is
responsible for the interaction with the antigen’s epitope. The analysis of the evolu-
tion of CDRs in response to an infection is important: the changes in CDR results
from natural selection, aiming to increase the affinity for the target molecule, the
epitope, from 1000 to 10,000 times [6-8].

On the other hand, some pathogens present high mutation rates. The exchange of
amino acids allows for better adaptation to the environment and improves the per-
formance of the pathogens in front of challenges, like the host’s immune response [9].

Given that, through the accumulation of genetic mutations, the host’s antibodies
and pathogen’s antigens coevolve, acting as forces of selection for each other. The
coevolution between environment, pathogens, and host was originally proposed by
the “Red Queen Theory”: it proposes that a successful evolution from one species
produces a negative effect on the other species, and vice versa [10, 11].

Antibody Kinetics After SARS-CoV-2 Infection

SARS-CoV-2 presents two main proteins that are highly immunogenic and able to
trigger humoral response: the Spike (S) and the Nucleocapsid (N) proteins. S is
divided into S1 and S2 subunits: the first mediates the binding with angiotensin-
converting enzyme (ACE)-2 by the receptor binding domain (RBD) and the second
mediates the fusion of the virus and the cellular membrane. N is the most abundant
viral protein, it binds with the RNA and mediates virion assembly. Membrane (M)
and Envelope (E), the other two structural proteins, induce a poor humoral response,
probably because of their small molecular size; however, such proteins are studied
in cellular response [12, 13].

The immune response to pathogens usually presents initial [gM seroconversion,
a result of T-independent humoral response, which is a mark of acute disease that
decreases within a few weeks. The following IgG seroconversion, after T cell acti-
vation and class switch, is a mark of maturation of immune response and immuno-
logic memory. IgG is the main class of antibody found systemically, and it is often
desired for an adequate immune response [2].

Antibody response to acute viral infection is found in patients with COVID-19.
As expected, the first antibody detected is IgM, followed by IgG, once the serocon-
version rate and antibody levels increase fast during the first 2 weeks following
infection. The cumulative seropositive rate reaches 50% on the 11th day and 100%
on the 39th day [14]. The IgG titers increase until 2 months after diagnostic, then it
reaches a plateau [15]. One study demonstrated that, after 6 months, the positive
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rate for IgG was maintained, ranging from 92.3% to 95.5%, while the positive IgM
rate decreased from 90.4% to 22.7% [16]. Another study demonstrated a durable B
cell response, until 8 months after infection [17].

It was demonstrated that 6 months after the infection, the patients continue hav-
ing an anti-SARS-CoV-2 B cells response, being observed an accumulation of
somatic mutations in these cells, and production of antibodies with increased neu-
tralizing breadth and potency [18].

However, subsequent studies described a concomitant IgM/IgG seroconversion.
It has also been suggested the value of IgA seroconversion as the first mark of the
humoral response against SARS-CoV-2. Thus, the combined serology of IgA/IgG
presents higher sensitivity and specificity than IgM/IgG to detect past exposure to
the virus [14, 19, 20].

In summary, there are a great number of studies about antibody kinetics after
SARS-CoV-2 infection. As expected, not all the results agree with each other, but,
in general, it has been proposed that IgA seroconversion happens within 4-6 days
post symptoms onset, peaking around 16-20 days and declining after 3141 days.
For IgM, seroconversion starts 4 to 6 days after symptoms onset, the peak happens
on days 11 to 15, and then it decreases [20].

The Role of Antibodies in COVID-19

The description of the immune response in COVID-19 has been an issue and
several studies have focused on it. Despite the differences between the investiga-
tions conducted, it can be stated that the sole presence of antibodies cannot be
used to infer protection against SARS-CoV-2. Studies support that the ideal
response is probably a synergetic one, that comprises the innate, humoral, and
cellular mechanisms [21].

Antibody Titers

Studies point that severe infection patients present higher antibody titers than mild
infection patients—which could lead one to suggest that antibodies would not bring
benefits to the patients. A work demonstrated that this high antibody secretion in
severe infection patients could mediate pathogenesis by multiple mechanisms,
including tissue damage by activation of inflammatory macrophages [22]. The pos-
sible explanation for this is the lack of viral replication control, which induces a
persistent viremia and causes an intense or prolonged B cell activation, resulting in
a pathogenic B cell production [23].

These high loads of IgG in the alveoli form immune complexes with viral parti-
cles, capable of activating the complement system and inducing inflammation in the
lungs, a serious issue in COVID-19 [24]. The worry about IgG response was also
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related to antibody-dependent enhancement (ADE). It happens when antibodies
produced by a previous, poor immune response, which are not capable of neutral-
izing activity or present lower affinity by the pathogen, intensify the current infec-
tion, allowing for internalization mediated by the Fcy receptor, thus favoring the
release of pro-inflammatory cytokines and immunopathology. Several studies about
SARS-CoV-2 do not corroborate this hypothesis, but it was important to state how
the quality of antibodies, rather than the quantity, should be assessed [25].

The expressive presence of anti-N antibodies in severe patients also points to
higher viremia, since large amounts of N protein are incorporated into the virion. It
is also supported by children showing high anti-S but low anti-N titers: there is a
decrease of ACE-2 expression in this age group, which has been related to their
reduced risk of suffering from COVID-19; thus, their viremia is expected to be
lower when compared with that of adults. Of note, the induction of antibodies
through vaccination, training the immune system before the exposure, should not be
directly compared with natural infection response [12, 26, 27].

It is still controversial how antibodies and the severity of the disease may affect
each other. A study demonstrated that antibody levels were significantly higher in
severe than in nonsevere patients, between the second and fifth week after disease
onset; but there is no observation for IgG or IgM alone [14]. Another study shows
that 3 weeks after the disease, the levels of IgM and IgG to S and N proteins were
higher in non-severe and RNA-negative patients than in severe and RNA-positive
patients [28]. The same controversial results were observed when the antibody titer
is correlated with age and symptoms. In some studies, the age was positively cor-
related with IgG, IgM, and IgA titers; and especially IgG was correlated with spe-
cific COVID-19 symptoms, like fever, sore throat, shortness of breath, and nausea
[28, 29]. On the other hand, a study shows that antibody response was independent
of patient age, sex, and most preexistent comorbidities [30]. It was demonstrated
that male sex, older age, and hospitalization for COVID-19 were associated with
increasing antibody response [31].

Antibodies Functionality

Generally, antibody avidity increases during the infection and remains elevated. The
same was observed to SARS-CoV-2: low antibody avidity was reported during early
infection, until 3 weeks after symptom onset [32]. However, other studies report that
the avidity of naturally induced antibodies did not improve with time [33]. It was
also observed that the avidity is higher in hospitalized than in nonhospitalized
patients. As an indicator of functionality, anti-spike avidity was correlated with
higher neutralizing antibodies (nAbs) titers [34, 35].

It is described that nAbs are needed for virus clearance and it has been consid-
ered a key for the protection or treatment of COVID-19. Diverse studies found that
nAb levels in asymptomatic or mild cases were lower than moderate or severe cases
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[14, 26, 36]. Such results have led previous reports to question the efficacy of nAb-
mediated protection in COVID-19 severe cases and have suggested that the enhance-
ment of nAbs is associated with a worst clinical condition [17, 37]. Similarly to
antibody titers, which are usually higher in severe cases, the neutralizing activity of
the plasma of most symptomatic COVID-19 patients persists up to 6 months [28],
whereas in asymptomatic patients, it gradually disappears in 2 months [38]. The
interplay between viral load and antibody titers discussed above could also affect
the nAb titers.

The study of IgA against SARS-CoV-2 has been encouraged, given the involve-
ment of mucosa in COVID-19 [24]. The seric IgA could reflect the mucosa implica-
tion of COVID-19. It was described as the main antibody responsible for early
neutralization of SARS-CoV-2, even in less quantity than IgG; thus, it would be
capable of penetrating epithelial cells, neutralizing intracellular virus [20, 39]. The
secretory-IgA (sIgA), locally produced in the mucosa, was considered as a potential
biomarker of SARS-CoV-2 early infection, which could be tested in saliva. With
better elucidation of duration and functionality of the immune response, sIgA could
also be a correlate of protection, given its ability to control the infection when the
virus first enters the host [40]. Moreover, patients with nAbs and anti-spike IgA
demonstrated a faster viral control [41].

When the production of antibodies against the structural proteins was analyzed,
it was verified that SARS-CoV-2 specific IgM recognition of S and N proteins was
transient and disappeared around the 12th week; thus, the IgM response would not
contribute to sustained immunity against the virus. Also, there was no correlation
between IgM response and the ability of plasma to neutralize the virus in cell cul-
ture. Differently, IgG antibodies that recognize the S and N proteins maintain high
positive rates for up to 6 months, and particularly RBD-specific IgG were correlated
with neutralizing activity, being associated with early virus control [3, 28]. Thus,
titers of IgG was not correlated with severe acute respiratory distress syndrome [30].

It was postulated that anti-S or, more specifically, anti-RBD IgG, would be ideal
for protection, since it could neutralize the virus by impairing the RBD-ACE-2
binding. Serology studies also suggest that anti-S protein antibodies are maintained
over longer periods when compared with anti-N antibodies. Indeed, the S protein or
its subunits has been used as vaccine antigens [12, 20, 42, 43].

Because of the lack of drugs capable of inhibiting SARS-CoV-2, convalescent
plasma (plasma obtained from recovered patients that present high levels of nAbs)
was indicated as a therapeutic option for COVID-19 severe infection patients. The
studies that followed this type of intervention varied a lot regarding the number of
patients and how the plasma was obtained, which limits the comparisons, but good
results were described overall [44].

Serology presents a limited role in diagnosing SARS-CoV-2 infection and
assessing the protective status of a person. However, determining the humoral
response is an interesting tool for public health, to verify the prevalence of
COVID-19 [43]. Despite that, the study of neutralizing activity is useful for immune-
based therapy trials [45].
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Antibodies and Reinfection

Until 2020, sporadic cases of reinfection by SARS-CoV-2 were described around
the world. In some cases, it was more severe, but in others, an increasing severity
was observed. However, with the emergence of variants and as time passed, more
cases were documented [46—48]. It was suggested that some people would fail to
develop a protective immunity, which would explain the reinfections [17].

However, with the pandemic ongoing, four hypotheses have been developed to
explain the cases of more severe reinfection: (1) a very high dose of virus might
have led to this second infection and induced more severe disease; (2) the reinfec-
tion was caused by another, more virulent, strain; (3) the mechanism of antibody-
dependent enhancement might be the cause; and (4) the incomplete avidity
maturation after COVID-19 infection did not confer a protective immunity
[33, 48-50].

The current knowledge leads to suggest that the most accurate hypothesis is that
natural infection is prone to failure in developing an efficient immunologic memory,
because of impaired affinity maturation, and high-coverage vaccination is needed to
control the pandemic, since it provides a more adequate immune response [33].

Antibody Production Modulated by Cytokines

As described before, COVID-19 hospitalized patients usually present a stronger
IgG avidity and higher nAbs titers than nonhospitalized patients [51]. A study
showed that nAb longevity was associated with sustained levels of inflammatory
cytokines, up to 180 days after symptoms onset in COVID-19 [52]; furthermore,
pro-inflammatory cytokine milieu was correlated with antibody levels against the
virus [53].

Some cytokines play an important role in B cell development, as interleukin
(IL)-7, which aids in survival and proliferation; IL-4 and IL-6, which influence
isotype switching; IL-10, which is important for regulation of the immune response;
and Interferon-gamma (INF-vy), IL-12, and IL-17, which participate in B cell devel-
opment [54-57].

Some studies show that patients with severe COVID-19 exhibit higher levels of
IL-2, IL-6, IL-7, IL-10, INF-y, tumor necrosis factor-alpha (TNF-a), inducible pro-
tein (IP)-10, monocyte chemoattractant protein (MCP)-1, macrophage inflamma-
tory protein la, and granulocyte-colony stimulating factor than patients with mild
and moderate infections. Such cytokine environment stimulates the antibody pro-
duction and functionality [19, 58, 59].

Even though the cytokine storm induced by SARS-CoV-2 infection contributes
to the humoral response, it can also be correlated with increased severity of the
disease and favoring uncontrolled inflammation [60]. Considering that, cytokine
production becomes a double-edged sword in the case of COVID-19.
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Maternal Antibodies

Maternal antibodies are transferred from mother to child to protect them during
their immune system maturation in the first year of life. The majority of maternal
antibodies are of IgG isotype, which are preferentially transferred before the birth
in utero across placenta; these passively-transferred antibodies enter the blood-
stream of offspring and act as a protective shield in the same way as active antibod-
ies [61]. Different from IgG isotype, secretory IgA is transferred to breast milk from
mother and protects the gastrointestinal tract against pathogens [62, 63].

It is well described that vaccination of pregnant women can increase neonatal
antibodies against influenza, tetanus, diphtheria, and pertussis [64, 65]. Moreover,
the WHO reports a 96% reduction of death by neonatal tetanus through the recom-
mendation of certain good practices from 1988 to 2015, including the vaccination
of pregnant women [66].

In a study that analyzed the seroconversion of newborns from pregnant women
infected with SARS-CoV-2, it was demonstrated that SARS-CoV-2 IgG positive
rate among parturients was 80.8%, and half of their infants obtained maternal IgG.

If the mothers were infected earlier and later than 2 weeks before delivery, the
IgG rates were, respectively, 18.8% and 81.8% in their infants; after that, they pre-
sented a reduction of IgG in the first 2 months of life [67]. In this way, the study
demonstrated that the passage of naturally induced maternal antibodies against
SARS-CoV-2 is low. On the other side, when prenatal BNT16b2 mRNA vaccina-
tion was analyzed, it was observed a robust maternal humoral response, which was
effectively transferred to the fetus [68], showing the importance of vaccination
against SARS-CoV-2 during pregnancy.

Conclusion

In this chapter, we have reviewed the humoral response after COVID-19. Our
knowledge regarding SARS-CoV-2 has increased dramatically with the pandemic
and we still have a long way to go to completely understand the virus and the
response it triggers in the human immune system.

It should be noted that the substitution of amino acids in the variable portions of
the immunoglobulins brings the advantage of high repertoire variability and greater
chances of expression of a highly effective antibody, but this mechanism suffers an
important restriction caused by the stability of the resulting protein. The stability of
protein folding is constant when analyzing the evolution of proteins [69]; however,
the mutations that generate the most specific paratope do not necessarily result in
the most stable CDR region—it is a dynamic process. Affinity maturation is one of
the easily observable examples of Darwinian evolution: genetic mutations are con-
tinuously happening in the coding regions of CDRs and selected immediately, since
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B cells which mutations are neutral or beneficial rapidly expand. Emerging patho-
gens present an excellent opportunity to learn about the coevolution of pathogens
and the immune system: evolution is happening right in front of our eyes.
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Introduction

The present chapter focuses on the mechanisms of the Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2) infection, pathogenesis, and the possible
therapeutic strategies targeted to the viral receptors, purinergic and kallikrein—kinin
system. SARS-CoV-2 can bind to three main receptors on host cells: angiotensin-
converting enzyme 2 (ACE2), CD147 (also known as basigin or EMMPRIN), and
CD209. This interaction between spike from virus and receptors on the host cell is
the first step for SARS-CoV-2 invasion, intracellular infection cycle, and, later, dis-
semination of virus among other cells. Recent studies have detailed the mechanism
by which cell invasion occurs, evidencing the involvement of several proteins/
enzymes and their differential expression on tissues. These routes provide important
targets for developing specific and effective anti-COVID-19 drugs, as well as reveal
a novel understanding of pathogenesis and tropism of SARS-CoV-2.

Following viral infection, a plethora of subsequent molecular and cellular altera-
tions occurs in the host. These alterations, which include the activation of host
defense mechanisms, have been implicated in the genesis of the signs and symp-
toms observed in COVID-19 patients. In this context, the kallikrein—kinin system
has been proposed to play a key role in the pathological findings associated to
SARS-CoV-2 infection.

Kinins, such as bradykinin (BK), bind to B1 and B2 receptors (BIR and B2R)
and cause several systemic effects. They include increased vasodilation (and conse-
quent hypotension), increased endothelial permeability, driving the edema observed
in infected tissue, and bronchoconstriction. Moreover, the activation of the kalli-
krein—kinin system facilitates inflammation, natriuresis, and blood coagulation. In
fact, samples obtained from COVID-19 patients reveal an extreme imbalance in
kallikrein—kinin system, increasing BK on a system-wide level (referred to as a
“bradykinin storm”). Therefore, we will discuss here the available evidence that
indicate a role for the kallikrein—kinin system in the signs and symptoms of
COVID-19-infected patients [1, 2].

The inflammatory process is essential for the organism to effectively deal with
the SARS-CoV-2 infection. Nevertheless, deleterious excessive and prolonged
responses of cytokines and chemokines, such as cytokine storm, can occur. In this
chapter, we emphasize the immune responses activated by the extracellular nucleo-
tide adenosine triphosphate (ATP), which is released from several cell types by
autocrine secretion or after damage. Current evidence indicates that SARS-CoV-2
infection-induced release of ATP promotes immune cells activation, proliferation,
and migration, possibly facilitating inflammation. Therefore, one might reasonably
propose decreasing purinergic signalling to attenuate the exacerbated immune
response in COVID-19, including the cytokine storm, and reduce inflammation-
induced tissue damage.
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Human Cell Invasion by SARS-CoV-2

ACE-2 and SARS-CoV-2, The Supposed Main Mechanism

SARS-CoV-2 is a virus of Coronaviridae family and is the cause of Coronavirus
Disease-19 (COVID-19) pandemic since early 2020. SARS-CoV-2, similarly to
SARS-CoV and MERS-CoV, enters human host cells by using angiotensin-
converting enzyme 2 (ACE-2) as a receptor [3-5]. This is an important and determi-
nant factor of viral infectivity and pathogenesis [6, 7], and understanding these
mechanisms may lead to a target for therapeutic treatment [8].

Evolution of COVID-19 infection depends on specific interaction of Spike (S)
protein found on the virus surface with ACE-2. SARS-CoV-2 shares 80% of struc-
tural similarity with SARS-CoV [9]. Interestingly, Ortega and collaborators (2020)
showed that SARS-CoV-2 S protein binds with higher affinity to the human ACE2
receptor (hACE2) than Bat-CoV S protein. Moreover, SARS-CoV-2 receptor bind-
ing domain (RBD) has a higher hACE2 binding affinity than SARS-CoV RBD [10].
Such a high affinity for hACE may be the cause of high infectivity and rapid spread
of SARS-CoV-2 in humans [10, 11].

First, SARS-CoV-2 recognizes hACE?2 as its receptor [7, 8] through binding the
S1 subunit (where lies RBD) of the S protein [5]. ACE2 is an enzyme homologous
to angiotensin-converting enzyme (ACE) and plays a key role in the renin-
angiotensin system (RAS) that maintains blood pressure homeostasis and fluid and
salt balance [12—-14]. ACE2 is widely expressed in several tissues, including heart,
kidneys, blood vessels, gastrointestinal system and pulmonary alveolar epithelia,
which are the main targets of SARS-CoV-2 [15]. Viral entry also depends on the
transmembrane protease serine protease-2 (TMPRSS-2), which is present in host
cells and manages the cleavage of the S1 and S2 subunit of the viral S protein. This
protein allows for the fusion of the viral membrane and the host membrane [6, 16,
17]. Finally, SARS-CoV-2 is internalized by endocytosis and viral RNA is released
for replication inside of host cells and assembly of new viral particles [18].

SARS-CoV-2 infection downregulates ACE2, increases Ang-II levels and over-
activates angiotensin-II type 1 receptor (AT1R) [19]. The Ang-II/AT1R axis has
pro-inflammatory, pro-fibrotic, pro-thrombotic, and vasoconstrictor effects, facili-
tating the occurrence of respiratory diseases, including pneumonia [20, 21].
Metabolic disorders, such as diabetes and hypertension, also downregulate the RAS
axis and, for this reason, patients with these comorbidities present poor prognosis in
SARS-CoV-2 infections [22].

Preventing SARS-CoV-2 infection is yet the best strategy to avoid virus dissemi-
nation. Blockade of ACE2 constitute an important way to prevent viral invasion,
inhibitors of this receptor and monoclonal antibodies have been studied in clinical
trials [18, 23].



34 A. R. Cappellari et al.
CD147 and CD209, Additional Mechanisms of Infection

CD147 is a transmembrane glycoprotein that belongs to the immunoglobulin super-
family, a group of proteins with at least one Ig domain which play an essential role
in intracellular communication and various physiological and pathological pro-
cesses [24]. CD147, also known as basigin (BSG) or extracellular matrix metallo-
proteinase inducer (EMMPRIN), is expressed in various tissues and progressively
overexpressed during tumor development. In fact, in tumor cells it triggers the pro-
duction and/or release of metalloproteinases, contributing to tumor invasion [25]. In
addition, CD147 may be important for bacterial and virus infection, such as HIV,
and it is an essential receptor for the invasion of Plasmodium falciparum, which
causes malaria [26].

It has been shown that CD147 is a multifunctional protein related to inflamma-
tory processes. The affinity for cyclophilins increases the migration of inflammatory
leukocytes and acts as a receptor for cyclophilin A. Similarly, previous studies have
shown that the nucleocapsid (N) protein of SARS-CoV, linked to cyclophilin A
(CyPA), interacts with CD 147, facilitating SARS-CoV infection [27]. Based on this
study, possible interactions of CD147 with SARS-CoV-2 proteins were also
investigated.

The direct interaction of CD147 with the SARS-CoV-2S protein was identified
by Wang et al. [28]. That study showed that the loss of CD147 or its blockage by
Meplazumab inhibits the replication of SARS-CoV-2. On the other hand, CD147
overexpression facilitates virus infection. These results reveal a potential receptor
for SARS-CoV-2 entry and highlight the importance of developing drugs that block
this pathway [28]. Actually, CD147 levels are significantly higher than ACE2 levels
in human bronchial epithelial BEAS-2B cells, which are particularly susceptible to
SARS-CoV-2 infection. Moreover, expression of ACE2 has not been detected in
these lung cells, further supporting a role for CD147 and ACE2 levels in SARS-
CoV-2 infection [28].

CD147 has been identified as a marker of lymphocyte activation, whereas ACE2
is not expressed in these cells. SARS-CoV-2 infection compromises lung cells and
triggers an inflammatory storm, including T cell immune responses. The decline of
CD8+ T cells by SARS-CoV-2 infection has been associated to poor prognosis in
patients with COVID-19. Current evidence suggests that CD147 can mediate
SARS-CoV-2 infection in CD4+ and CD8+ T cells, significantly impacting on prog-
nosis of infected patients [29]. Importantly, anti-CD147 antibodies block the devel-
opment of infectious diseases mentioned above. At last, experimental models have
revealed that this strategy may be a promising therapy for other CD147-dependent
diseases [30, 31].

A recent study has identified CD209 and CD209L proteins as receptors for
SARS-CoV-2 entry into human cells. CD209 is expressed on dendritic cells and
alveolar macrophages and CD209L is mainly expressed on lung and liver cells.
Both proteins belong to the C-type lectin superfamily. SARS-CoV-2S protein binds
to CD209L and CD209, mediating its entry into these cells. A mutual cooperative
role for both proteins in virus entry and infection has been described in all tissues
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where CD209L and ACE2 proteins are expressed. These studies suggest that
CD147, CD209 and CD209L are putative receptors that may be promising targets
for developing novel therapies for COVID-19 [32].

Bradykinin and Kinin—Kallikrein System

Bradykinin (BK) is a potent regulator of blood pressure and has been considered an
extension of the renin—angiotensin—aldosterone system (RAAS) [33]. BK is a pep-
tide produced from an inactive preprotein kininogen through activation by two types
of serine proteases called kallikreins, which constitute the kallikrein—kinin system
(KKS), a part of innate inflammation (Fig. 3.1). Kallikreins can be divided in plasma
and tissue kallikreins. Tissue kallikrein cleaves low-molecular weight kininogen
(LMWK) to release Lys-bradykinin (Lys-BK). Plasma kallikrein processes high-
molecular-weight kininogen (HMWK) into BK. Both BK and Lys-BK are the
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Fig. 3.1 Schematic representation of the SARS-CoV-2 receptors and involvement of kallikrein—
kinin system on the COVID-19. SARS-CoV-2 can bind to three main receptors on host cells:
angiotensin-converting enzyme 2 (ACE2), CD147, and CD209. This interaction between spike
from virus and these receptors on the host cell is the first step for SARS-CoV-2 invasion, intracel-
lular infection cycle and, posteriorly, dissemination of virus among other cells starting the immune
answer. BK is a peptide produced from an inactive preprotein kininogen through activation by two
types of serine proteases called kallikreins, which constitute the kallikrein—kinin system (KKS).
Tissue kallikrein cleaves low-molecular weight kininogen (LMWK) to release Lys-bradykinin
(Lys-BK). Plasma kallikrein processes high-molecular-weight kininogen (HMWK) into BK. Both
BK and Lys-BK are the ligands for the constitutively expressed kinin receptor type 2 (B2R) on the
endothelial cells, and its binding results in vasodilation, increased blood vessel permeability, natri-
uresis, and hypotension. BK is degraded primarily by angiotensin-converting enzyme (ACE), a
dipeptidase participating in RAAS that removes the C-terminal phe-arg, which inactivates it, fol-
lowed by removal of ser-pro. In addition, carboxypeptidase M (CPM) and carboxypeptidase N
(CPN) can further process BK and Lys-BK into des-Arg9-BK and Lys-des-Arg9-BK, respectively.
These peptides are ligands for kinin receptor type 1 (B1R), a receptor present on endothelial cells
that also mediates vasodilation and vascular permeability, particularly during inflammation, as
observed in COVID-19
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ligands for the constitutively expressed kinin receptor type 2 (B2R) on the endothe-
lial cells, and its binding results in vasodilation, increased blood vessel permeabil-
ity, natriuresis, and hypotension [34-36]. BK is degraded primarily by
Angiotensin-converting enzyme (ACE), a dipeptidase participating in RAAS that
removes the C-terminal phe-arg, which inactivates it, followed by removal of ser-
pro [36, 37]. In addition, carboxypeptidase M (CPM) and carboxypeptidase N
(CPN) can further process BK and Lys-BK into des-Arg9-BK and Lys-des-
Arg9-BK, respectively. These peptides are ligands for kinin receptor type 1 (B1R),
a receptor present on endothelial cells that also mediates vasodilation and vascular
permeability, particularly during inflammation, a condition in which these receptors
are upregulated [35, 38].

In addition to its role in pressure and fluid homeostasis, BK induces neutrophil
recruitment, increases vascular permeability, and induces pain via stimulation of
B1R [39]. BK has also been associated with a range of different pathophysiological
conditions, including angioedema, asthma, autoimmunity, vasculitis, acute brain
injury, and neuroinflammation [40].

Functional Relation Between Angiotensin-Converting Enzyme-2
(ACE2) and Kallikrein—Kinin System: Implications
in COVID-19

It has already been mentioned that ACE2 is a cell membrane receptor involved in
SARS-CoV-2 internalization. ACE2 cleaves Angiotensin I (Ang I) into a nonapep-
tide, Angiotensin, ¢ (Ang 1-9), and Angiotensin II (Ang II) into a heptapeptide,
Angiotensin,_; (Ang 1-7) [41]. Despite their structural homology, ACE2 and ACE
have divergent physiological functions. Whereas ACE regulates the RAAS, which
is a critical regulator of blood volume and systemic vascular resistance, ACE2 coun-
terbalances the effects of the RAAS/ACE/Ang II pathway. This occurs through its
action with the ACE2/Ang 1-7 axis that activates MAS/G receptor, which has been
implicated in cell survival [42].

Under physiological conditions, there is a balance between ACE and ACE2
receptor activity, which is lost after SARS-CoV-2 infection. To gain entry to endo-
thelial cells of the lungs, this virus binds to ACE2 via its viral S protein that is
cleaved by a transmembrane serum protease (TMPRSS2) [9]. This process leads to
shedding of ACE2 and loss of its protective function that, in turn, prevents produc-
tion of Ang 1-9 and Ang 1-7. Thus, the protective functions of Ang 1-7 are lost,
including vasodilation, and cell protection both at the epithelial and endothelial sites
by activating the MAS/G receptor. In addition, the diminishing in ACE2 function
leads to a substantial imbalance and unchecked effects of Ang II and upregulation
of RAAS/Ang II pathway. Therefore, the SARS-CoV-2-mediated downregulation
of ACE2 and the resulting increased overall ratio of Ang II to Ang 1-7 leads to
important physiological effects, such as vasoconstriction, thrombophilia and
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microthrombosis [41]. Moreover, the increase in Ang II can lead to deterioration of
the pulmonary function and acute lung injury [43] which have been attributed to
exacerbated vasoconstriction, oxidative stress, inflammation, atrophy, fibrosis and
endothelial dysfunction through cyclooxygenase-2 (COX-2) activation. All these
events, along with the loss of the modulating effect of Ang 1-7 via its binding to
MAS/G receptor may be further contributing factors to the hyperinflammation sta-
tus of the late phase in COVID-19 patients [44, 45].

Therefore, based on the described mechanisms, it is clear that in addition to its
protective role in the RAAS, ACE2 has a direct protective effect on alveolar epithe-
lial cells, preventing lung injury. In this sense, there is a race to better understand the
relationship between RAAS, viral infection and lung injury [46]. Recent studies
have shed new light on the role of ACE2 in the pathophysiology of COVID-19
through the KKS [47, 48]. The association of ACE2 downregulation with severe
angioedema, together with the prominent lung edema seen in SARS-CoV-2-infected
patients, has directed special attention to the prominent role of BK in the pathogen-
esis of the pulmonary dysfunction of COVID-19, which is linked in part to changes
in the RAAS. BK is tightly integrated with the RAAS as BK receptor signaling is
increased by Ang 1-9, likely by resensitization of the B2R, and also because BK is
degraded by ACE [37].

The KKS is a hormonal system that plays a key role in the regulation of physio-
logical processes such as inflammation, blood pressure control, coagulation, and
pain. Following the viral invasion, the understanding of the main cellular and
molecular alterations responsible by symptoms observed in COVID-19 patients is
fundamental. Although many times neglected in current studies, it was evidenced
that the KKS plays an essential role in regulating the inflammatory process. In this
context, recent analyses of samples from COVID-19 patients demonstrate extreme
imbalance in KKS, revealing upregulation of multiple components that lead to BK
production and downregulation of factors that control the process [1].

As previously mentioned, both BK and Lys-BK are further processed into des-
Arg9-BK and Lys-des-Arg9-BK by carboxypeptidases. These kinins have potent
vasopermeable and vasodilatory capacity and need to be controlled to prevent
angioedema. Both ACE and ACE2 have roles in inactivating the ligands for BK
receptors. The expression of ACE is downregulated in SARS-CoV-2 so that BK
would not be inactivated normally, which has been associated to systemic angio-
edema since it can lead to an exacerbated presence of BK. On the other hand, under
normal conditions, ACE2 protects against pulmonary edema by inactivating des-
Arg9-BK and Lys-des-Arg9-BK, which are potent ligand of the BIR in the lung. It
is known that SARS-CoV-2 binding to ACE2 limits its enzymatic activity, which
would likely impair the inactivation of these two kinins. Consequently, they would
be free to activate the endothelial BIR, leading to extra vascular leakage, resulting
in pulmonary edema, inflammation, and oxidative stress in COVID-19 [39, 47].
Altogether, it is evidenced that an upregulation and overactivation of BK receptors
take place in COVID-19 patients. B2R was increased 207-fold and the BIR 2945-
fold, and this markedly augmented BK receptors production may result in the so-
called bradykinin storm [36].
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Therefore, it is easy to note that RAAS and KKS are functionally related, sug-
gesting that any intervention aiming to treat COVID-19 patients by only triggering
one system and ignoring the other may not be adequately effective in limiting the
state of hyperinflammation typical of severe cases of SARS-CoV-2 infection.

Bradykinin Storm

After SARS-CoV-2 invasion, a cascade of events occurs in the host, and the severity
of COVID-19 is associated with a “cytokine storm”, since inflammatory mecha-
nisms and pro-inflammatory cytokines are fundamentally associated with progres-
sion of the disease [44]. However, more recent studies have evidenced the BK and
its dysregulated signaling, so-called “Bradykinin Storm”, as a primary mechanism
likely responsible for most of the observed COVID-19 symptoms, which also
explain COVID-19-related complications [1]. It is worth mentioning that the
“Bradykinin storm” is the result of extreme imbalance in the KKS, and BK is close
associated to RAAS, which is linked to many of the COVID-19 outcomes. Firstly,
the decrease ACE expression induced by SARS-CoV-2 infection resulted in the
impairment of BK degradation, leading to an exacerbation of BK-effects, such as
pain sensitization and increased vascular permeability in tissues that have been
infected by the virus. In addition, despite the negative regulation of ACE2 has a
direct effect in the upregulation of Ang II, the decreased function of ACE2 has also
a straight role in the KKS imbalance. ACE2 does not inactivate BK, but can cleave
the terminal residue of des-arg9-BK and Lys-des-arg9-BK, rendering them unable
to interact with B1R [35, 37, 49]. Therefore, ACE2 downregulation observed on
COVID-19 suppresses the immunomodulatory effects, leading to accentuation of
the cytokine levels. Therefore, the resulted KKS imbalance will overactivate the
des-arg9-BK/Lys-des-arg9-BK/B1R receptor axis, resulting in pulmonary edema
[48]. The B1R has low expression in physiological conditions, but is upregulated in
pro-inflammatory events, like what occurs in COVID-19. In the lungs, BIR is
expressed on bronchiolar exocrine cells and pneumocytes type II and signaling
through this receptor can induce fluid extravasation and recruitment of leucocytes to
the Iungs [39]. Unlike B1R, B2R is expressed continuously, and BK binding leads
to vasodilation, inflammation, and capillary extravasation, triggering angioedema,
that is, intravascular fluid extravasation [36]. Considering that both receptors take
part in the occurrence of edema, it is suggested that the blockage of BIR in the
inflammatory state is just as important as blocking B2R to prevent edema in
COVID-19 patients [2].

Concomitantly with the “bradykinin storm,” there is an exacerbated release of
hyaluronic acid (HA). HA is present in most connective tissues and can hold water
at about 1000 times its weight. This means that when it is exposed to water, the HA
molecules form a gel. Similar to what happens in the RAAS and KKS, the genes
that code for HA are positively regulated, increasing its production, in contrast to
the genes that code for the HA degradation receptor and the gene that codes
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hyaluronidase (enzyme that degrades HA), which are negatively regulated. The
association of these events increases the amount of HA in the bronchoalveolar space
which, added to the increase in vascular permeability caused by BK, constitutes a
gel that impairs gas exchange [1].

The link of the KKS in the pulmonary manifestations in COVID-19 patients was
supported by research findings in bronchoalveolar lavage (BAL), where positive
regulation of genes related to BK, its precursor, and enzymes that degrade BK and
its analogues was found. In the same study, ACE2 expression was reported to be
increased in COVID-19 patients, which may be explained by increased soluble
ACE2 along with decreased membrane surface ACE2 in COVID-19 patients [1].

Purinergic System as Target in the Modulation of Immune
System Triggered by SARS-CoV-2

Purinergic Signalling

During SARS-CoV-2 infection intense cell death occurs. This event promotes
intracellular content overflow together the virus particles, activating immune
response. ATP (adenosine triphosphate) is one of these intracellular molecules that
trigger inflammation by activating a specific signalling system, named purinergic
system [50].

It was long believed that ATP role was limited to provide intracellular energy
source for biochemical reactions. However, in 1972, Geoffrey Burnstock proposed
that ATP could act as a neurotransmitter beyond the adrenergic and cholinergic
nerves and then the term “purinergic” was coined [51]. This hypothesis was gradu-
ally accepted in the field of scientific research until 1976, when Burnstock defined
purinergic receptors [52]. Soon after, in 1978, he proposed a basis to differentiate
two types of purinoceptor, identified as P1 (for adenosine) and P2 (for ATP/ADP)
[53]. These receptors are further subclassified into several subtypes, which are dif-
fusely expressed in tissues and modulate important biological processes, including
muscle contraction, immune response, inflammation, platelet aggregation, pain, and
neurotransmission [54, 55].

P1 receptors are G protein-coupled receptors and sensitive to adenosine in the
extracellular environment. They can be described in four subtypes: A, A,,, Ay, and
A,;, with different pharmacological properties between them [55]. P2 receptors can
be further divided into type ligand-gated ion channels (P2X) and as well as P1
receptors, P2Y are G protein-coupled [56]. To date, seven members belong to the
P2X receptor Family (P2X, ;) and eight members belong to the P2Y receptors
(P2Y,2401112) [57. 58]

Ectonucleotidases are a family of enzymes that hydrolyze the nucleotides pres-
ent in the extracellular environment that control the signalling of extracellular
nucleotides and the interaction with their respective receptors. For instance,
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ectonucleoside triphosphate diphosphohydrolase (NTPDase) and ecto-5'-
nucleotidase/CD73 (ecto-5'NT/CD73) promote the hydrolysis of ATP into adenos-
ine, respectively, and are involved in the balance of extracellular nucleotides in
physiological and pathological conditions [59, 60].

Involvement of Purinergic Signalling on the Modulation
of Inflammatory Process Generated by SARS-CoV-2 Infection

SARS-CoV-2 infection is clinically defined by different manifestations and may
present, in milder cases, fever, dry cough, fatigue, gastrointestinal infections, and
dyspnea, while in critical situations it can lead to multiple organ failure, hyperin-
flammation, deranged coagulation, exuberant release of cytokines, profound and
progressive hypoxia, characterized as acute respiratory distress syndrome (ARDS)
[61]. This disorder of pro-inflammatory cytokines can trigger neuroinflammation,
thrombotic events, oxidative stress, dysregulation of the hypothalamic—pituitary—
adrenal axis and other natural mechanisms. Thus, although inflammation is physi-
ologically a protective strategy for the organism, the lack of control caused by the
virus makes it harmful to the organism as a whole.

In that regard, purinergic signalling, which was thought to be an essential signal-
ling pathway only in the nervous system, is also considered even more important in
the immune and inflammatory systems [62]. Purinergic system has main functions
in inflammation, promotion of immune cells, and chemotaxis of inflammatory cells
[63]. Thus, it is understood why the modulation of this system can reduce cytokine
storm damage and return inflammatory or stressed environments to homeostasis.
From this perspective, many studies have highlighted purinergic modulation for its
therapeutic potential.

Among them are studies that analyze the role of P2X7R in the pathology of
COVID-19 [64], the therapeutic potential of different purinergic receptors in cardio-
vascular diseases mediated by COVID-19 [65], the protective action of adenosine in
hypoxia and pulmonary inflammation [66], as well as its relationship in neuroin-
flammation and ATP signalling in Guillain—Barré syndrome, a neurodegenerative
disease associated with SARS-CoV-2 infection [67]. In addition, the purinergic sys-
tem has been highlighted as a therapeutic target for the treatment of immune-
mediated inflammatory diseases [68]. From this perspective, one realizes that the
pathophysiology of previous diseases revolves around the lack of control of inflam-
mation, promoted and exacerbated by the COVID-19 cytokine storm. Thus, under-
standing how purinergic modulation would act on this generalized inflammation
allows us to understand its potentials and use this knowledge specifically in diseases
triggered by SARS-CoV-2 infection.

Characterized by a complex immune system response, which can be initiated by
infections, irradiation, tissue damage, and toxic compounds, inflammation is an
essential natural mechanism to contain harmful stimuli and initiate the repair and
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healing process [63]. In its acute phase, in the extravascular space or at the site of
injury/infection, there is an accumulation of fluid, inflammatory cells and pro-
inflammatory mediators that will act directly on the inflammatory process for even-
tual restoration of homeostasis. Among these components, immune cells such as
neutrophils, macrophages, natural killer (NK) cells [69] and pro-inflammatory
mediators such as interleukins (IL), colony stimulating factors, interferons (IFNs),
tumor necrosis factors (TNFs), chemokines, histamine, kinins stand out, clotting
factors, complement factors, nitric oxide, and pro-inflammatory eicosanoids such as
prostaglandins and leukotrienes [69].

In addition, a wide variety of anti-inflammatory molecular mechanisms and cel-
lular interactions come into effect to minimize the extent of tissue damage [63].
Among the anti-inflammatory mediators, IL-10, transforming growth factors
(TGFs), carbon monoxide, and glucocorticoids act directly and significantly in this
restoration, which will be finalized by the mechanisms of inflammatory resolution,
which is mediated by anti-inflammatory eicosanoids, such as lipoxins, as well as
resolvins, protectins, and maresins [70]. Thus, in addition to the components
described above, purines also orchestrate the onset, duration, magnitude, and reso-
lution of the inflammatory picture by extracellular signalling from purinergic recep-
tors, which are widely expressed in the involved cells [68, 71-77].

In this perspective, purinergic enzymatic activity can also be modulated, given
that the increased activity of CD39 and CD73 contribute, respectively, to the reduc-
tion of ATP levels and the increase in the amount of adenosine at the site of infec-
tion. Thus, inflammation that results in cell injury, as well as ischemia—reperfusion
injury in pulmonary involvement [78], is capable of releasing ATP and other inflam-
matory mediators (Fig. 3.2). This extracellular ATP can trigger an immune response
[79] by serving as a chemotactic signal to phagocytes and other inflammatory cells.
In addition, it is able to activate P2X7R and promote the release of cytokines (IL-1p)
and activation of the NLRP3 inflammasome, as well as the release of cytokines
(IL-1p, IL-6, and TNF-a) [80] and damage to the pulmonary epithelium by P2Y6R
[81]. In addition, it acts on platelet aggregation by activating P2Y12, P2Y1, and
P2X1 [82-84], and this activation is a positive feedback mechanism, further exacer-
bating the inflammation generated by the cytokine storm in COVID-19 (Fig. 3.2).

The research by Ahmadi et al. [85], a control group study that analyzed the
expression pattern of CD39 and CD73 in CD4+ T, CD8+ T, natural killer T (NKT)
cells in patients with COVID-19, showed a correlation between the absence of
CD73 from CD8+ and NKT T cells, as well as increased secretion of inflammatory
molecules. Considering that overexpressed CD39 negatively regulates the NLRP3
inflammasome and decreases the release of reactive oxygen species (ROS) [86], the
lack of these enzymes in the framework of COVID-19 and other diseases leads to
increased inflammation and lack of control of this condition, increasing the severity
and lethality of the disease.

In contrast, by attenuating hypoxia-induced inflammation, extracellular adenos-
ine has been highlighted in the literature for its anti-inflammatory role [87]. Thus,
the extracellular conversion of ATP to adenosine plays a central role in attenuating
sterile inflammation during ischemia—-reperfusion injury, as demonstrated in
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Fig. 3.2 Schematic representation of the involvement of purinergic signalling on the modulation
of inflammatory process generated by SARS-CoV-2 infection. Inflammation that results in cell
injury after SARS-CoV-2 infection, is capable of releasing ATP and other inflammatory mediators.
This extracellular ATP can trigger an immune response by serving as a chemotactic signal to
phagocytes and other inflammatory cells. In addition, it is able to activate P2X7R and promote the
release of cytokines and activation of the NLRP3 inflammasome, as well as the release of cyto-
kines and damage to the pulmonary epithelium by P2Y6R. In addition, it acts on platelet aggrega-
tion by activating P2Y12, P2Y1, and P2X1 and this activation is a positive feedback mechanism,
further exacerbating the inflammation generated by the cytokine storm in COVID-19. Purinergic
enzymatic activity can also be modulated, given that the increased activity of CD39 and CD73
contribute, respectively, to the reduction of ATP levels and the increase in the amount of adenosine
at the site of infection

experimental pharmacological studies [88—90]. Thus, the increase in adenosine lev-
els after ATP degradation, adenosine acts on receptors, coupled to G protein, A2A
and A2B, which increases the intracellular concentration of cyclic adenosine mono-
phosphate (cAMP) , produces anti-inflammatory effects in several tissue and inhib-
its platelet activation [91, 92].

Pharmacological Approaches

Targeting the BK system by either inhibiting BK production or blocking BK recep-
tors may open new therapeutic options to control COVID-19-induced pulmonary
edema. Icatibant, ecallantide, and lanadelumab all target the BK system and may
open new therapeutic options. Icatibant, a selective peptidomimetic B2R antagonist,
is suggested as a useful drug to alleviate the inflammatory symptoms by inhibiting
B2R. Preliminary observations indicated that it improved oxygenation and thus may
be a possible therapy for the severe pulmonary manifestations of COVID-19 [36,
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48]. Lanadelumab is a long-acting agent that blocks plasma kallikrein and has been
suggested as a therapeutic strategy for COVID-19 by inhibiting BK production.
Ecallantide also blocks kallikrein and thus its use in COVID-19 patients has been
suggested as a possible pharmacological approach to inhibit BK production and,
consequently, inflammatory and coagulation pathways [1, 2].

A better understanding of adenosine nucleotides and nucleosides, as well as the
signalling of their respective receptors and enzymatic action, can support different
studies and potential therapies for several inflammatory diseases, such as COVID-19.
However, applying these concepts in in vitro and in vivo studies is essential to
enable the application of drugs with these mechanisms of action.
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Chapter 4

Genetics and Biological Characteristics
of SARS-CoV-2

Mahnaz Norouzi, Mark A. Miles, and Shaghayegh Norouzi

Introduction

Coronaviruses (CoVs) are hypermutable viruses that have rapidly evolved over the
past years to give rise to many related and unrelated strains. They belong to the
order Nidovirales, suborder Cornidovirineae, and family Coronaviridae, which are
characterized by their roughly spherical shapes and corona-like spike (S protein)
appearance. This family is also subdivided into Othocoronaviridae and Torovirinae,
the latter of which is distinguishable based on their helical doughnut-shaped nucleo-
capsid. The Orthocoronaviridae are genetically classified into four genera:
Alphacoronavirus (xCoV) and Betacoronavirus (fCoV), which primarily infect
mammals (including humans and bats); and Gammacoronavirus (yCoV) and
Deltacoronavirus (8CoV), which typically infect birds [1]. About 60 CoVs have
been isolated from bats, most of which comprise pCoV, and these mammals act as
large and highly mobile reservoirs for CoVs [2]. Genetic recombination of the viral
genome has allowed CoVs to adapt and infect humans as new hosts, and as such all
human CoVs (HCoV) have evolved from animal origins. Zoonotic transmission of
CoVs from bats to humans typically occur through intermediate hosts: civets for

M. Norouzi
Department of Genetics, Faculty of Sciences, Shahid Chamran University of Ahvaz,
Ahvaz, Iran

M. A. Miles
School of Health and Biomedical Sciences, RMIT University, Bundoora, VIC, Australia
e-mail: mark.miles @rmit.edu.au

S. Norouzi (P<)
School of Health and Biomedical Sciences, RMIT University, Bundoora, VIC, Australia

College of Medicine, Markey Cancer Centre, University of Kentucky, Lexington, KY, USA
e-mail: sharni.norouzi@uky.edu

© The Author(s), under exclusive license to Springer Nature 49
Switzerland AG 2022

S. Adibi et al. (eds.), Frontiers of COVID-19,

https://doi.org/10.1007/978-3-031-08045-6_4


mailto:mark.miles@rmit.edu.au
mailto:sharni.norouzi@uky.edu
https://doi.org/10.1007/978-3-031-08045-6_4

50 M. Norouzi et al.

SARS-CoV and the dromedary camel for MERS-CoV. Other domestic animals can
suffer disease and also transmit the virus to humans [3]. SARS-CoV, MERS-CoV,
HCoV-NL63, and HCoV-229E are believed to have originated from bats while
HCoV-0C43 and HKU1 were likely derived from rodents [4—6]. The first reported
case of HCoV in 1960 was associated with the common cold and from then the
evolution and expansion of the virus into different strains (most of them belonging
to the fCoVs genera) led to more large-scale respiratory and enteric illness [7]. The
year 2002 witnessed an outbreak of SARS-CoV (lineage B fCoV) in China result-
ing in serious respiratory distress and many casualties [8]. Another highly patho-
genic virus strain MERS-CoV (lineage C PCoV) appeared in the Middle East
10 years later, also leading to substantial loss of life [9]. In December 2019, a novel
CoV (SARS-CoV-2) was identified in a group of patients with pneumonia in Wuhan,
China, and has since disseminated to over 200 countries leading to widespread out-
breaks and over seven million cases reported globally [10]. Similar to SARS-CoV,
SARS-CoV-2 was found to induce respiratory infectious disease in humans, ranging
from minor to severe, and is the infectious agent responsible for the COVID-19
global pandemic [11].

SARS-CoV-2 Genome and Replication

Genomic Structure

CoVs form nonsegmented, enveloped, spherical viral particles that encapsulate
positive-sense single stranded RNA. CoV genomes range from 26 to 32 kb long and
include between 6 and 11 open reading frames (ORFs) making it the largest genome
among RNA viruses. Most of the genome (around 67%) is encoded by ORF1 (con-
sisting of two overlapping regions: ORFla and ORFlab) which encodes 16 non-
structural proteins (nsps). The remaining third of the genome consists of additional
OREFs that encode accessory and structural proteins. The SARS-CoV-2 genome fol-
lows this structure (Fig. 4.1) and contains 14 ORFs encoding 27 proteins [12]. The
5’ terminus contains a flanking untranslated region (UTR) followed by ORFla
(encoding polyproteinla, ppla) and ORFlab (encoding polyproteinlab, pplab)
which together comprise 15 nsps: nspl-nsp10 and nsp12-nsp16 (nsp11 has an iden-
tical sequence to nspl2). ORF1 products are important for RNA replication and
further in vitro analysis revealed that the frameshift between ORFla and ORF1b
induces a pause in the production of pplab, resulting in enhanced ppla expression
[13]. Proteases cleave these polyproteins to generate their respective nsps, which
are key components of the viral replication and transcription complexes (RTCs).
This is also known as the replicase allowing for viral RNA to attach to host cell
ribosomes to enable subsequent transcription and replication of viral RNA [14, 15].

The proteolytic release of nsp1 is known to happen quickly to target the host cell
translation machinery. Nsps2—11 is thought to aid in viral RTC accommodation by
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modulating intracellular membranes, evading host immune defences, and supplying
replication cofactors. Nsp3 and nsp5, respectively, encode the cysteine proteases
PL2pro and 3CLpro, which cleave ppla and pplab to generate the 15 nsp replicase
products that are subsequently translated [16]. Meanwhile, the core enzymatic func-
tions of RNA replication, modification, and proofreading are promoted by nsp12—-16
[17]. These key nsps include RNA-dependent RNA polymerase (RdRp) encoded by
nsp12, helicase by nsp13, and exonuclease by nsp14. The 3’ terminus also contains
a flanking UTR as well as genes encoding 4 structural proteins: Spike (S), Envelope
(E), Membrane (M), and Nucleocapsid (N), and 8 accessory proteins derived from
subgenomic RNA: 3a, 3b, p6, 7a, 7b, 8b, 9b, and ORF14 [18]. As discussed below,
these proteins are important for viral-host cell receptor binding, virion assembly,
and viral release from the host cell [19].

Viral Replication

Viral RNA synthesis takes place in double-membrane vesicles where the RTC com-
plex forms. RdRp, its cofactors, and nsp7 and nsp8 mainly carry out synthesis of
SARS-CoV-2 viral RNA. The complex transcribes the virus genome to the negative-
sense template of both the progeny genome and subgenomic RNA. Both progeny
and subgenomic RNA transcripts are first transcribed into negative-strand interme-
diates which are subsequently converted to the positive-sense counterparts by RdRp
[20]. Thus, RdRp plays a crucial role in the initial stages of viral replication. The
newly positive strands could then be used to generate more nsps and RTCs, or they
may be packaged into new viruses. The 5" end of the viral genome includes a leader
sequence that harbors multiple stem—loop structures required for RNA replication
and transcription. Furthermore, most ORFs in the 3" one-third of the SARS-CoV-2
genome contain transcriptional regulatory sequences (TRSs) at their upstream [21].
TRSs are necessary for viral gene expression and can prevent RTC during negative-
strand RNA synthesis. The stopped negative-strand RNA is reinitiated at the TRS
adjacent to a leader sequence to add a copy of the leader sequence to the nascent
RNA and complete the synthesis [22, 23]. These discontinuous RNA synthesis steps
produce a series of negative-strand subgenomic RNAs that are used as templates to
generate a distinct range of positive-sense nested mRNAs. Positive-sense nested
subgenomic mRNAs are then translated into structural and accessory proteins (dis-
cussed below). These proteins are subsequently insulated in the endoplasmic reticu-
lum before being transferred to the endoplasmic reticulum—Golgi intermediate
compartment (ERGIC). Meanwhile, the previously replicated genome will directly
bind to the N protein, forming a nucleocapsid that will then transfer into the
ERGIC. In this site, nucleocapsids bind to the other structural proteins forming
small vesicles that contain the necessary components to form mature virions, which
are then exocytosed from the host cell [20].

Novel and existing antiviral treatments that target RARp of SARS-Cov-2 are cur-
rently being tested [24]. Nucleoside analogs like remdesivir and favipiravir compete
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with endogenous nucleosides during RdARp-mediated RNA synthesis resulting in its
termination, and have shown promising preclinical in vitro and in vivo antiviral
activity in hamster models of SARS-CoV-2 [25-27]. Remdesivir was shown to
reduce the recovery time in patients suffering from severe COVID-19 and is to date
the only approved antiviral for treating COVID-19 [28]. In contrast, other repur-
posed drugs targeting non-RdRp stages in the SARS-CoV-2 life cycle, such as
hydroxychloroquine, have shown good in vitro antiviral potential, although this is
yet to be conclusively translated to clinical efficacy [24]. Conclusions from current
and future clinical trials of these potential anti-SARS-CoV-2 drugs will provide
more insight into the efficacy of targeting other components of SARS-CoV-2.

Key Structural Proteins
Spike (S)

The attachment of the virus to the host cell-surface receptor is the first step during
infection. CoVs use the S glycoprotein on the envelope to bind to host receptors and
enable fusion of the virus with the cell membrane [29, 30]. Electron microscopy
revealed that the SARS-CoV-2 outer surface is studded with distinctive 9 to 12 nm
long S glycoproteins and form homotrimers protruding from the viral surface [31].
This gives the virus the appearance of a solar corona, hence its classed name. The
ability of S proteins to detect and interact with host receptors determines viral tro-
pism and pathogenicity. Indeed, a fitness advantage incurred by the amino acid
change D614G within the S protein sequence of SARS-CoV-2 enhances its viru-
lence resulting in this strain being the most prevalent variant in the current pan-
demic [32]. Therefore, S protein structure is an important factor for host and
cross-species transmission [33], and given its surface location is a key target for
neutralizing antibodies and therapeutic antiviral and vaccine design [34].

S glycoprotein is a type-I transmembrane protein and consist of three segments:
a large ectodomain, a single-pass transmembrane domain, and a cytoplasmic tail
[31]. The ectodomain of the S protein contains two functional subunits: the S1 sub-
unit, which composes of the N-terminal domain (NTD) and a receptor-binding
domain (RBD), and the S2 subunit which acts as a fusion protein to help in the
fusion of the virus with the host cell membrane, and contains a fusion peptide (FP),
heptad repeat 1 (HR1), central helix (CH), connector domain (CD), heptad repeat 2
(HR2), transmembrane domain (TM), and cytoplasmic tail (CT) (Fig. 4.1). A unique
furin cleavage site exists at the S1/S2 boundary of SARS-CoV-2 to facilitate confor-
mation change and membrane fusion [34, 35]. Interestingly, this cleavage site is
absent in other B lineages of the fCoV genus and possibly facilitates the high patho-
genicity of SARS-CoV-2 [36]. An additional cleavage event at the S2’ site (upstream
of the fusion peptide) by host proteases “activates” the S protein via an irreversible
conformational change that further enables the fusion of virus with the host cell.
SARS-CoV-2 and SARS-CoV recognize the same receptor in humans:
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angiotensin-converting enzyme 2 (ACE2) (and alternatively CD209L) [37, 38].
ACE2 is a surface exposed receptor primarily expressed in respiratory tissues such
as alveoli. The RBD of the S1 subunit directly interacts with the ACE2 receptor
making it critical for viral infection and transmission as, along with the S2 subunit,
ensures close proximity of the viral and host cell membranes to allow fusion to
occur. MERS-CoV binds to a different host receptor, dipeptidylpeptidase 4 (DPP4),
via different RBDs although bioinformatic evidence suggests that the SARS-CoV-2
may also have affinity for this receptor [39]. The S glycoprotein can exist in either
a closed or open state. In the closed state, the three ACE2 recognition motifs lack
protrusion from the interface formed by three S protein protomers meaning interac-
tion with the ACE2 receptor does not occur [40]. Conversely, the RBD is in the “up”
conformation in the open state allowing for receptor binding [30]. The open state is
necessary for the fusion of the SARS-CoV-2 and the host cell membranes, thereby
facilitating its entry into host cells. Once bound to the ACE2 receptor, the host trans-
membrane Serine Protease 2 (TMPRSS-2) transmembrane protease cleaves SARS-
CoV-2S proteins at S2’ to facilitate receptor-mediated endocytosis, plasma
membrane fusion and release of genetic material into the host cell. Indeed, serine
protease inhibitors that blocked TMPRSS-2 activity also blocked SARS-CoV-2
infection in lung cells [41].

Envelope (E)

The E protein is a minor component of the viral membrane, but it is regarded as one
of the essential structural proteins of the virus. Once internalized, it localizes to the
ER and Golgi complex of host cells and plays a significant role in viral morphogen-
esis and assembly, budding, and release of progeny viruses [42]. The E protein is a
short 75 residue viroporin-like protein consisting of a hydrophilic N-terminus
(NTD), a hydrophobic transmembrane domain (TMD) and a long hydrophilic
C-terminus (CTD) (Fig. 4.1). The TMD hydrophobic region has a lipid-bilayer-
based structure [43] and possesses at least one predicted amphipathic a-helix that
oligomerizes to form a pentameric cation-selective channel across the ERGIC
membrane, which is important for virus pathogenicity [44, 45]. The importance of
E proteins in SARS-CoV-2 is illustrated by its sequence conservation among other
species-specific CoVs, although there are some minor modifications when com-
pared to other SARS-CoVs. For instance, a Glu/Gln substitution at position 69 with
positively charged Arg and a deletion that flanks this position [46]. It is not yet clear
whether these modifications occur on the external or internal sides of the viral mem-
brane, though they are likely to critically impact the conformational properties and
possibly the protein—protein interactions. In silico modelling of the conformation
and docking of the E protein suggests these changes enhance tissue binding and
inflammatory response in comparison to SARS-CoV [47]. It is also possible that
these changes affect the process of oligomerization which is necessary for the for-
mation of the transmembrane ion-conductive pore/channel [48].
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Membrane (M)

The M protein is a transmembrane protein and more prevalent within the virus
membrane. It is the most abundant structural protein of the virus and plays a major
role in RNA packaging, virion assembly and budding process given it interacts with
all other structural proteins. Homotypic interactions between M proteins also define
the shape of the viral envelope. During virus assembly, M protein interacts with the
N, E, S, and M glycoprotein itself, importantly cooperating with S proteins during
cell attachment and entry [49]. Its N-terminus is exposed on the viral surface and as
such mutations could alter host cell interactions to boost pathogenicity in different
variants [48]. SARS-CoV-2 M protein has also been reported to antagonize the pro-
duction of type I and III IFNs by targeting RIG-I/MDA-5 signaling, allowing for
immune evasion [50, 51]. Clinical trials administering type I and III IFNs in combi-
nation with other antiviral drugs show effective suppression of SARS-CoV-2 infec-
tion indicating that mitigating the immune suppression by M proteins is critical for
treatment [52].

Nucleocapsid (N)

The N protein is a 46 kDa phosphoprotein that is the most abundant protein within
the infected host cell and is important for the packaging of viral RNA into ribonu-
cleocapsid. Its N-terminal and C-terminal domains act independently and do not
interact with one another. There are three intrinsically disordered regions: N-arm
(residues 1-44), linker region (LKR) (residues 182-247), and C-tail (residues
248-365) (Fig. 4.1). These regions lack a defined tertiary structure in the native state
but have critical roles in biological processes including macromolecular interactions.

N proteins are the only structural proteins of the virus that bind to the RNA
genome, binding at multiple sites to form a ribonucleoprotein (RNP) complex called
the nucleocapsid. Based on EM studies, RNPs are helical consisting of coils ranging
between 9 and 16 nm in diameter and a hollow interior of approximately 3 to 4 nm,
located within 25 nm of the inner face of the membrane. The RNP complex orga-
nizes the essential template for replication by the RdARp complex. Localization of N
to the ER-Golgi region suggests additional functions in assembly and budding [53].
A nuclear localization signal (NLS) is also present and alterations to enhance
nuclear localization of N proteins may be associated with the emergence of more
pathogenic strains [54]. The structural plasticity of N proteins facilitates the RNA
packaging process and viral self-assembly, in addition to its other roles within the
cell such as chaperon activity, cell cycle regulation, cell stress responses, and signal
transduction [55].
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Genetic Diversity of SARS-CoV-2

SARS-CoV-2 Classification

Different nomenclatures are used for SARS-CoV-2 variant naming which uses a
certain identifier for each genotype of the virus depending on its mutations. These
subtypes are often referred to as clades, a term used in virology to classify viruses
that are genetically identical and can be tracked using phylogeny studies [56].
According to data from the Global Initiative on Sharing All Influenza Data (GISAID)
public database, SARS-CoV-2 sequenced genomes can be classified into seven
main clades. Clade L includes the SARS-CoV-2 virus reference strain (GenBank
accession number NC_045512, GISIAD accession ID: EPI ISL 402124), from
which the other clades: S, V, G, GH, GR, and GV show few variation. The O clade
represents other SARS-CoV-2 strains that do not fall into any of these major clades
[57]. The Phylogenetic Assignment of Named Global Outbreak Lineages
(PANGOLIN) software team proposed classification containing six main lineages:
A, B, B.1, B.1.1, B.1.177, and B.1.1.7, which divide into further clades. A is the
original strain considered to be the reference sequence in the PANGOLIN system,
equivalent to the GISAID S clade [58]. Nextstrain [59] categorizes the SARS-CoV-2
variants as 19A, 19B, 20A, 20B, 20C, 20D, 20E, 20F, 20G, 20H, 201, and 20 J. The
initial reference strain within these clades is 19B. The presence of various terminol-
ogy frameworks can imply that a similar variation has numerous names, which can
be confusion for health authorities, the media and the general population. Under
another naming framework recently reported by the World health organization
(WHO), Greek letters were utilized only for simplicity of communication. WHO
additionally groups SARS-CoV-2 variations as variations of concern (VOCs) and
variations of interest (VOIs) (Table 4.1) [60].

Since the SARS-CoV-2 genome databases contain a relatively limited number of
sequenced genomes, clades are categorized based on the unique set of the currently
observed mutations. These clades were named based on the mutations that caused
them to branch and can be further characterized by discovering additional muta-
tions, likely diverging the network even further as time goes on [56]. Forster et al.
[61] developed an early phylogenetic network of SARS-CoV-2 and denoted 3 main
lineage clusters based on amino acid changes, with the root cluster (lineage A)
obtained from the SARS-like bat CoV RaTG13. Lineage A is subdivided into fur-
ther clusters based on common SNPs. Lineage B is derived from A by 2 distinct
mutations (T8782C and C28144T) and are almost exclusive to East Asia. Further
mutations exist in the genomes of B lineage identified outside of East Asia suggest-
ing here the need for the virus to adapt in order to propagate and survive outside this
region. A third lineage C is derived from B and has a large European demographic.
The branching and evolution of this network to generate new (and more virulent)
strains derives from the inherent ability of RNA viruses to alter their genomes and
adapt to new hosts.
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Table 4.1 The corresponding nomenclature of the most prevalent variants of SARS-CoV-2
Genomic GISAID Country
WHO | changes of Spike | clade/ Nextstrain Variant | of first
label* | protein® variant* clade® Pango lineage® |type* | detection
Alpha | 69del, 70del, GRY 20I/501Y.V1 |B.1.1.7 VOC | UK
144del, (formerly
(E484K), GR/501Y.
(S494P), N501Y, | V1)
A570D, D614G
Beta D80A, D215G, |GH/501Y. | 20H (V2) B.1.351 VOC | South
241del, 242del, | V2 Africa
243del, K417N,
E484K, N501Y,
D614G, A701V
Gamma | L18F, T20N, GR/501Y. 207 (V3) P.1 VOC | Brazil
P26S,D138Y, | V3
R190S, K417T,
E484K, N501Y,
D614G, H655Y,
T10271
Delta | TI9R, (G142D), | G/478 K.V1 | 21A B.1.617.2 VOC | India
156del, 157del,
R158G, L452R,
T478K, D614G,
P681R, D95SON
Epsilon |L452R,D614G | GH/452R. |21C B.1.427/B.1.429 | VOC/ | USA
V1 VOI
Zeta E484K, GR/484 K. |20B/S.484 K | P2 VOI Brazil
(F565L), V2
D614G, V1176F
Eta A67V, 69del, G/484 K.V3 | 21D B.1.525 VOI Multiple
70del, 144del, countries
E484K, D614G,
Q677H, F888L
Lota (LSF), T951, GH/253G. | 21F B.1.526 VOI USA
D253G, V1
(S477N),
(E484K),
D614G,
(A701V)
Kappa |G142D, E154K, | G/452R.V3 |21B B.1.617.1 VOI India

L452R, E484Q,
D614G, P6SIR,
QI1071H

“Data were collected based on the latest update of https://www.who.int/en/activities/tracking-
SARS-CoV-2-variants/ and https://www.cdc.gov/coronavirus/2019-ncov/variants on 23 June 2021
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Evidence of Genetic Recombination

The genome of SARS-CoV-2 is highly similar to other SARS-CoV and SARS-like
viruses. Next generation sequencing and PCR was first used to identify the full-
length genome sequences of novel SARS-CoV-2 from 5 patients, demonstrating it
shares the greatest sequence similarity to the SARS-like bat CoV RaTG13 (96%
similarity) followed by SARS-CoV (79.5% similarity to the BJO1 isolate) and
MERS-CoV (55% similarity) [38]. From this, SARS-CoV-2 belongs to the fCoV
genus along with SARS-like bat CoV, SARS-CoV and MERS-CoV. Interestingly,
SARS-CoV-2 appears to transmit in parallel to SARS-like bat CoV but not with
SARS-CoV, which is directly derived from SARS-like bat CoV, and least aligned to
MERS-CoV [12]. This indicates a fundamental difference in disease spectrum and
propagation efficiency between the two human viruses. The estimated distance
between SARS-CoV-2 and SARS-CoV differs among various studies depending on
the unit of measurement (nucleotide or amino acid) and size of the selected genomic
region. Accordingly, there is no agreement yet on the exact taxonomic position of
SARS-CoV-2 within the fCoV genus [62] but consensus indicates bats as the pos-
sible host of origin for SARS-CoV-2 [31]. Supporting this, the genome sequences
of key encoding genes pplab, ppla, E, matrix, accessory protein 7a, and N share
closest sequence similarity to SARS-like bat CoV.

The S protein of SARS-CoV-2 showed 93.1% nucleotide identity to RaTG13,
but was highly divergent from other CoVs indicating variable origins to SARS-
CoV. On the other hand, the amino acid sequence of the replicase domains of
ORF1lab from SARS-CoV and SARS-CoV-2 were 94.4% identical, further demon-
strating these viruses belong to the same species [38]. The overall amino acid
sequence of SARS-CoV-2 is similar to that of SARS-CoV and SARS-like bat CoV
with around 380 amino acid substitutions identified in SARS-CoV-2. These differ-
ences are mainly in nsp2, nsp3, and S protein (including the RBD and subdomain).
Genetic comparative analysis revealed that the majority of the S protein of SARS-
CoV-2 probably originated from a SARS-like bat CoV while the RBD came from
SARS-CoV, suggesting viral genetic recombination leading to the structural rear-
rangement of the S protein in SARS-CoV-2 [63]. It is likely this event occurred to
facilitate binding to human host cells, although some of these amino acid changes
within the SARS-CoV-2 RBD were identified in regions that did not directly inter-
act with the ACE2 receptor. Instead, structural analysis identified two binding sites
in the RBD-ACE2 interface that provided a more compact confirmation and
increased ACE2-binding affinity than SARS-CoV RBD, probably enhancing viral
infectivity [64]. Even though the whole genome sequence of SARS-CoV-2 is highly
similar to SARS-like bat CoV, there is no evidence of yet for any SARS-like bat
virus harbouring all proteins encoded by SARS-CoV-2 further implying genetic
recombination in the genesis of this novel virus.
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Genetic Mutations of SARS-CoV-2

RNA viruses are extremely mutable viruses that can mutate and evolve a million
times higher than their hosts evolve [65]. This high mutation rate correlates with
their virulence modulation that is thought to be beneficial for viral adaptation and
rapid evolution. The mutagenesis rate of CoVs can be up to 10~ substitutes per bp
per year, which is moderately high compared to other ssSRNA viruses [6]. CoVs are
therefore highly adaptive and this is a contributing factor as to why effective thera-
peutic intervention against CoV-mediated disease has been less successful than
other viral diseases [66]. The SARS-CoV genome mutation rate was estimated to be
up to 2.4 x 1073 substitutions per site per year and mutations can be generated dur-
ing each replication cycle [6]. The adaptability of SARS-CoV-2 to combat recent
human interventions against the pandemic (such as pan-antivirals) and ensure prop-
agation throughout the population is imperative to its survival. Analysis of 63 iso-
lated strains of SARS-CoV-2 showed low sequence variation and a random
distribution of mutations [67]. Interestingly, mutation hot spots identified in at least
5 samples that altered the amino acid sequence were identified in ORF1a, S, ORF8
and N, suggesting those regions of the genome are critical for viral survival [67].

Many of these mutations are located in the S protein that targets the ACE2 recep-
tor. Notably, the D614G mutation that alters ACE2-binding conformation to increase
viral transmission is found in SARS-CoV-2 strains from G, GH, GR, and GV clades
[68, 69]. Apart from the S protein D614G mutation, amino acid changes that affect
the nsp12 (P323L and P314L) and RdRp were also observed in the whole datasets
[70]. These mutations are intriguingly important since RdRp is a key component of
the replication/transcription machinery, and its fidelity determines the mutagenic
capabilities of the virus [70-72]. Moreover, other mutations that alter protein
sequence of the N protein and the less characterized ORF3a, ORFS8, nsp2, nsp6, and
nspl3 proteins are the other reported common mutations in the SARS-CoV-2
genome databases [70, 71, 73]. These mutational events mainly include nonsynony-
mous mutations that lead to amino acid exchanges, followed by nonsynonymous
single nucleotide polymorphism (SNPs) (Table 4.1). While silent events do not
directly affect protein sequences, they do have consequences because they greatly
affect the biological functions of the proteins. Nonsynonymous SNPs in the 5"UTR
may affect viral transcription, replication rates and the folding of the genomic RNA
although the direct mutational effects here are not yet fully defined [21, 70].
Furthermore, other mutations, including deletions, may have physiological impor-
tance because they escape the proofreading function of the SARS-CoV-2 RdRp and
may accelerate its evolution [74].

Clade-wise analysis indicated that there is a low relative heterogeneity across
different SARS-CoV-2 clades. According to these findings, the most commonly
mutated amino acids in various clades are Glu and Ser that are often replaced by His
and Leu, respectively [72]. Nevertheless, it is unclear if diversity in fatality rates and
the speed of transmission observed in different countries are due to varying viru-
lence of different clades [75, 76]. Global distribution studies of SARS-CoV-2
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indicate that clade GR is dominant in Africa, India, and Russia. Conversely, the
predominant clade in North America is clade GH with the highest reported deleteri-
ous mutation load. In Europe, both GR and the recently emerged GV clade are the
most common variant groups of SARS-CoV-2 [57, 70]. It has been proposed that
the diverse pathogenicity and virulence among different clades may be linked to the
genomic heterogeneity that changes the structure or stability of SARS-CoV-2 pro-
teins coming from different countries. On the other hand, it is possible that the high
frequency of polymorphisms within the human genome could contribute to the
fatality of the disease [70].

While low, SARS-CoV-2 mutation frequencies have increased over time and
novel mutations have arisen as the virus spread geographically around the globe
[71]. For instance, a RARp mutation (position 14,408, NC_045512) surfaced mainly
in European populations after the virus escaped from East Asia and the location of
this mutation (probably due to its impact on RdRp function) resulted in the simulta-
neous occurrence of other point mutations [71]. A distinct mutational pattern has
therefore emerged that represents the geographic area with which the virus has
propagated. Of particular importance to the general population is the Alpha variant
of SARS-CoV-2 (named B.1.17 variant, formerly “UK strain”’) that emerged in late
2020, which displays a 64% higher mortality rate and greater transmissibility than
previously circulating strains [77, 78]. More than half of the mutations in this strain
are located within the S gene and probably increase ACE?2 binding affinity (N501Y,
within the RBD). Other key mutations enable better immune evasion (69-70 del)
and increased viral infectivity (P681H, occurring close to the furin cleavage site at
the S1/S2 junction) [79]. Other current variants of interest including the B.1.351
(emerged in South Africa) and P.1 (emerged in Brazil) variants also contain muta-
tions that increase infectivity (eg. N439K) and viral fitness, and compromise immu-
nity and vaccine efficacy (E484K, K417N/T) [80-82].The more recent Delta variant
(named B.1.617.2) that was first detected in India is 60% more transmissible than
the Alpha variant and has been linked to a resurgence of COVID-19 in Nepal, south-
east Asia, the UK, and the USA [83]. Research is currently underway to identify the
key mutations that make this particular variant responsible for a new wave of the
current pandemic.

Concluding Remarks

Coronaviruses display a continuous pattern of evolution and this has challenged
mankind to invent new strategies to overcome their impacts on health. The gaps in
knowledge, lack of specific antiviral interventions, and often confusing circulating
information about the newly emerged SARS-CoV-2 has not only made it difficult to
control and manage the COVID-19 pandemic but it can cause drastic misconcep-
tions in the future. Genetic recombination of the viral genome has historically
allowed for novel CoVs to emerge, so it will be necessary to share the latest research
progress to make available accurate and crucial information about SARS-CoV-2 in
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order to provide the best global opportunities to combat this disease. In the present
chapter, we have reviewed the key areas of the SARS-CoV-2 genome structure and
defined the encoded proteins responsible for viral replication, propagation and
diversity. Based on the currently available data, SARS-CoV-2 has a high tendency
for genetic mutations that affect antigenicity and other aspects of the virus biology,
and this is a matter of immediate concern particularly given the severe impact that
newer variants have on our current measures to reduce viral transmission and lower
mortality rates. It is imperative that we continue to track and report the research
about significant SARS-CoV-2 variants if we hope to implement targeted control
measures, such as facilitating the automated detection of the potential variants of
concern and establish several alternative pathways to inhibit viral proliferation. An
essential part of this process will be identifying the key data that help in the develop-
ment and success of tailored vaccines and treatments against these variants. Overall,
the containment of SARS-CoV-2 remains a robust public health problem that needs
comprehensive investigation about the genetic and biological characteristics of the
CoVs family members to limit the adverse consequence of current and future viral
pandemics.
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Chapter 5
COVID-19 Impact on Host
at Pathophysiological and Cellular Level
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Tarun Prakash Verma, Khushboo Jain, and Hem Chandra Jha

Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2), affected the entire world and has given rise to
novel challenges in every possible sector of life. The COVID-19 pandemic first
appeared in Wuhan, China in December 2019 [1]. Although the SARS-CoV-2
showed similarity to the earlier CoV associated outbreaks, it affected comparatively
larger populations and geographic areas. SARS-CoV-2 is a large single-stranded
RNA virus. It encodes Spike (S), membrane (M), envelope (E), and nucleocapsid
(N) proteins along with some nonstructural proteins (nsp) which are important for
the development of its structure and infection [2]. SARS-CoV-2 through its S pro-
tein interacts with angiotensin-converting enzyme 2 (ACE2), and the virus shows
10- to 20-fold higher affinity toward ACE2 compared to SARS-CoV [3]. ACE2 is
widely expressed in various organs and different types of human body cells like the
heart, kidneys, gastrointestinal tract, and testes, which makes them possible sites for
SARS-CoV-2 infection.

The cascade of SARS-CoV-2 infection is initiated when the viral particles from
the surrounding environment enter into the respiratory system by various direct or
indirect routes [4]. The virus first causes the infection of the upper respiratory tract
and ultimately propagates into the infected cells, and bursts out to infect nearby
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Fig. 5.1 Illustration of impacts of COVID-19 and associated comorbidities, risk factors and pos-
sible affected areas. Virus particles from the surrounding environment enter the body through
oronasal routes. After infecting the cells of the upper respiratory system the virus travels to infect
cells of lower respiratory system. It infects alveolar epithelial cells and macrophages. The infected
cells produce cytokines and chemokines. The antigen presenting cells like dendritic cells recognize
and phagocytose infected cells. They display antigens to T cells. Further cytotoxic T cells attack
infected cells and helper T cells activate B cells. Through an immune cascade, all the nearby
immune cells get activated. In case of severe infection, immune dysregulation occurs causing the
pneumocyte desquamation and apoptosis of nearby cells including immune cells. This leads to
pulmonary edema, hyaline membrane formation, and ARDS. The nearby immune cells get acti-
vated and more immune cells from the circulatory system are transported at the infection site. Due
to altered immune response, cytokine storms are developed. Coagulation dysfunction is also initi-
ated at the nearby circulatory system. The conditions generated on virus infection affect different
body parts thus increasing the severity in patients with comorbidities

cells. Further, it travels to the lower respiratory system and targets epithelial cells of
bronchi, alveoli, and alveolar macrophages for infection [5] (Fig. 5.1). Due to the
subsequent host defense mechanism, the infected cells become apoptotic. The
antigen-presenting cells (APCs) eventually phagocytose these cells. APCs further
present antigens to T-lymphocytes. CD8+ T-lymphocytes then can attack virus
infected cells and CD4+ T-lymphocytes induce activation of B lymphocytes which
can produce antibodies against the virus. Lung biopsies of COVID-19 patients have
shown the presence of immune cell infiltrates with a major proportion of lympho-
cytes [6]. As a consequence of the progression of infection, pneumocyte desquama-
tion has been observed [6]. Additionally, pulmonary edema along with hyaline
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membrane formation and subsequent acute respiratory distress syndrome (ARDS)
was observed [7-9].

Dysregulated inflammation post-COVID-19 development has been observed to
cause severe complications. Pathological features of COVID-19 patients have
shown drastically increased cytokines, leading to the generation of a cytokine storm
[10]. Further, these cytokine storms are related to poor outcomes and mortality in
COVID-19 patients [10]. The viral infection, cytokine storm, and dysregulated
inflammation can have impacts on various systems of the body.

The people with underlying comorbidities may show higher complications than
healthy ones [11]. Cardiovascular diseases (CVD), diabetes, and hypertension are
the major underlying conditions observed in the worldwide population. During the
pandemic, people with these conditions remained at greater risk of developing com-
plications due to existing status. Many studies investigated and reported the associ-
ated risks and repercussions of various comorbidities in these individuals due to
COVID-19. Other conditions like obesity, immunosuppression, and chronic dis-
eases like kidney diseases were also investigated by researchers to check their asso-
ciation with COVID-19 morbidity and mortality. Obesity is observed to be
widespread in the global population. Obese individuals showed limited truncal
expansion, hence have an increased risk of alleviated respiratory airflow and poor
breathing. Hence, it was important to study this condition in regard to COVID-19.
In patients with cancer and individuals on immunosuppressants, an additional
healthcare burden was prevalent as there was a hindrance in providing necessary
treatments during the pandemic. Researchers demonstrated the impacts of
COVID-19 on these patients in various reports. The SARS-CoV-2 infection has
shown to develop neurological complications too. It has also been observed that the
disease develops oral and maxillofacial manifestations. The infection and impacts
on oral and maxillofacial regions have been linked to the possible route of SARS-
CoV-2 entry into the central nervous system (CNS). The impacts of underlying con-
ditions like diabetes, steroid treatments, and altered immune system have been
shown to make people prone to secondary infections, at oral and maxillofacial
regions, like mucormycosis. Overall, all the studies addressing these comorbid con-
ditions and repercussions provided valuable inputs considering COVID-19 patients.
However, there is currently a lack of studies that provide a detailed mechanism
involved in the severe disease progression in people with different comorbidities.
Hence, there is a requirement of dedicated research on each comorbidity and its
manifestations. The available crucial information related to this is scattered into
various important reports. Here, we provide a comprehensive account of various
aspects regarding COVID-19 like the associated comorbidities.

Additionally, severe inflammation is the central point which affects the
COVID-19 patients. Various cellular pathways are involved in driving the exagger-
ated immune response and inflammation post—-SARS-CoV-2 infection. Studies have
shown the involvement of Nuclear factor kappa-light-chain-enhancer of activated B
cells (NFxB), p38 mitogen-activated protein kinase (MAPK), interferon (IFN) reg-
ulatory factor (IRF), and Janus kinase (JAK)-signal transducer and activator of tran-
scription factor (STAT) associated pathways. These pathways were found to regulate
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numerous immune responses associated with genes contributing to cytokine storms
observed in COVID-19. Interestingly, many SARS-CoV-2 associated proteins have
also shown to alter these pathways in distinct ways. There could be various proteins
from these pathways which can be therapeutic targets to reduce the inflammation as
well as the progression of infection. We have discussed the details of these molecu-
lar pathways in SARS-CoV-2 infection. Further, we believe that assorted informa-
tion provided in this chapter highlights various key points which would help
researchers and physicians to look into various therapeutic challenges collectively
for providing healthcare solutions.

Cardiovascular Diseases

SARS-CoV-2 has the potential to cause multiorgan damage including the heart
thereby causing cardiovascular issues [10]. SARS-CoV-2 may influence the prevail-
ing cardiac complications which include conditions like ischemic/inflammatory
heart disease, ventricular arrhythmias, conduction disturbances, thrombotic events
at the level of the lungs, and systemic activation of the coagulation cascade, config-
uring the scenario of disseminated intravascular coagulation [11]. Several meta-
analysis studies have related CVD with COVID-19 [12, 13]. The initial symptoms
of implications of the cardiovascular system include arrhythmias, palpitations, chest
tightness and pain [14, 15]. A report by Liu et al. suggested that 7.3% of patients
have palpitation as initial signs and further 2% experienced chest pain [16]. Also,
Wang et al. found that 16.7% of patients with COVID-19 had arrhythmias [17].
According to the Centers for Disease Control and Prevention, USA (CDC) or World
Health Organization (WHO), it has been estimated that approximately 12.8% of the
COVID-19 patients developed hypertension and 4% had CVD. According to the
American Heart Association (AHA) among COVID-19 patients, 40% had cardio-
vascular and cerebrovascular diseases [18]. Also the mortality rate of patients with
cardiac ailments was higher compared to patients with no comorbidities.
Accumulating evidence showed the presence of cardiac necrosis biomarkers in the
serum which mark varying degrees of myocardial tissue damage. Interestingly, this
damage is noticed more in the severe and deceased COVID-19 patients unlike the
patients with mild COVID-19 symptoms [19]. Also, CVD was found to be prevalent
in older (age range 57 to 91 years) individuals and patients with multiple comorbid
conditions like diabetes, renal disorders, and immunodeficiency [20]. More reports
suggest that hypertension, diabetes, coronary heart disease, chronic renal disease,
and chronic obstructive pulmonary disease (COPD) are more common in the
deceased COVID-19 patients than in the survivors. It is also reported that patients
with CVD had higher chances of developing dysfunctional liver, inflated levels of
serum creatinine and lactate dehydrogenase. Overall, the study demonstrated that
COVID-19 patients with CVD were more vulnerable to injury and damage. There
exists an interrelation of CVD and COVID-19; however, the specific mechanisms of
interaction are yet to be elucidated.
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It is predicted that the myocardial damage may be direct, that is, a result of
upregulation of heart ACE2 induced by SARS-CoV-2 or may arise due to hyperac-
tivated immune response to the viral infection. ACE2 the master regulator of the
renin—angiotensin—aldosterone system (RAAS) pathway has a critical role in regu-
lating systemic and pulmonary hypertension, cardiac failure, myocardial infarction,
and cardiovascular complications arising due to diabetes [21, 22]. ACE2 is abun-
dantly expressed by the cardiac epithelial cells [22, 23]. Also, Chen et al. reported
enhanced expression of ACE2 in the cardiac pericytes made them possible virus
targets [24]. It is hypothesized that the damage caused by the virus could instigate
capillary endothelial and microvascular cell dysfunction. The patients with cardiac
failure exhibited elevated ACE2 transcript and proteins thus increased their risk of
SARS-CoV-2 infection [25]. Moreover, reports suggested that angiotensin receptor
blockers (ARBs) can increase ACE2 expression in animal models. The study under-
lines the high dosage of ARBs necessary for inducing the upregulation of ACE2.
However, currently there is insufficient data that could explain that the usage of
ARBs facilitated SARS-CoV-2 entry and COVID-19.

In addition, the physiological functions of the heart and lungs are inseparable.
Complications in the heart may increase the risk of pneumonia, while lung injury
may aggravate prevailing heart problems like blood pressure, heart failure, and
myocardial infarction. The infected host may exhibit vivid signs of severe coronary
artery disease or myocarditis regardless of the earlier history [26, 27]. In particular,
the hypoxic conditions generated as an outcome of respiratory failure in COVID-19
may also cause damage to the heart [14]. Hypoxemia induced by the damage of the
lung cells is known to decrease the oxygen saturation and increase the amounts of
harmful bi-products such as oxygen free radicals, and lactic acid which through
circulation reach the myocardial cells and may lead to myocardial injury [18].
Additionally, due to poor oxygen supply in the body, the pumping of blood is inten-
sified, which may increase the chances of heart failure. Nonetheless, hypoxemia is
also a known trigger of inflammatory reactions. The inflammatory reactions induced
by SARS-CoV-2 upon invasion of the lung cells can cause inflammation, degenera-
tion, and necrosis of cardiac muscle cells. An increase in levels of inflammatory
molecules like c-reactive protein (CRP), interleukin (IL)-1, and IL-6 is described in
SARS-CoV-2 infection [28]. Inflammation also causes the release of stress factors
like catecholamine, which may cause direct myocardial toxicity, which in turn may
culminate in microcirculation disturbance, vasospasm, and arrhythmia. Often
COVID-19 patients with heart ailments need active life support treatment, including
mechanical ventilation, intra-aortic balloon counterpulsation (IABP), extracorpo-
real membrane pulmonary oxygenation (ECMO), and temporary implantation of a
pacemaker. Further the myocardial damage and cardiovascular inflammation may
upregulate the levels of serum creatine kinase and troponin. Nonetheless, hyperco-
agulability is observed in COVID-19 patients due to an altered coagulation cascade
[29, 30]. Among 94 COVID-19 patients the levels of antithrombin III were signifi-
cantly reduced, while clotting factors like D-dimer and fibrinogen were found to be
elevated in comparison to healthy controls. Also, to compensate for the elevated
body temperature observed in COVID-19 the body’s response includes activation of
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sympathetic nerves and increased heart rate and cardiac output [31]. It is also impor-
tant to mention that no specific therapeutic interventions exist for the treatment of
CVD caused by SARS-CoV-2. Individuals with preexisting heart conditions must
strictly follow the doctor's advice on uptake of statins, beta-blockers, and ACE
inhibitors (ACEI).

Hypertension

The systolic blood pressure (BP) >130 or diastolic BP >80 mm?® is considered as
hypertension as per the guideline of the American College of Cardiology (ACC) and
AHA [32]. In COVID-19, hypertension has been associated with an increased risk
of infection [33]. Moreover, it has also been associated with high chances of sever-
ity and subsequent death [33]. To be specific, hypertension (27%), diabetes (19%),
and CVD (6%) were the most associated comorbidities in severe COVID-19 patients
with ARDS [33]. Another report also showed hypertension (30%), diabetes (19%),
and coronary heart disease (8%) as most associated comorbidities with respect to
COVID-19 [34]. Several other studies also demonstrated that hypertension was a
commonly found preexisting condition in patients with COVID-19 patients [35,
36]. An initial large scale (44,672 confirmed COVID-19 cases) study from China
demonstrated an overall increased case fatality rate of 6.0% for people with hyper-
tension compared to 2.3% observed in people without hypertension [37].
Contrastingly, another large epidemiological cohort study involving 17 million
health records from England, suggested that hypertension was not associated with
COVID-19 disease outcome. However, sensitivity analyses showed that hyperten-
sion was associated with slightly increased risk (Hazard Ratio (HR) 1.07, 95% CI
1.00-1.15) while high blood pressure (>140/90 mmHg) at the most recent measure-
ment was associated with lower risk (HR 0.61, CI 0.56-0.67) [38]. Shi et al., and
Guo et al. showed an increased prevalence of hypertension (59.8-63.5%) among
COVID-19 patients, which was accompanied by a higher chance of in-hospital mor-
tality [39, 40]. However, it has not been established whether hypertension alone
significantly increases susceptibility to SARS-CoV-2. In a retrospective study by
Zhou et al., the presence of hypertension in patients with COVID-19 patients was
correlated with an elevation in the odds ratio (OR) for death by 3.05 (95% CI
1.57-5.92) [41]. These associations may, however, be greatly confounded by the
higher prevalence of hypertension in older individuals, as they show comparatively
poorer clinical outcomes and greater mortality rate post-COVID-19 infection as
opposed to younger people. Hypertensive adults over 60 years of age appeared to be
at a higher risk when infected with SARS-CoV-2 [42].

Hypertension involves immune dysregulation and is correlated with high circu-
lating lymphocyte counts [43, 44]. Hypertensive patients exhibited CD8+ T cell
dysfunction [45]. These immunosenescent CD8+ T cells showed incapability to
battle viral infections effectively and may subsequently lead to excessive cytokine
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production, presenting a probable connection between COVID-19 infection and
increased complications in hypertensive patients [46].

It remains unclear whether hypertension alone increases susceptibility for
COVID-19. However, one of the key players intensely being debated lately for poor
disease prognosis is the use of antihypertensive agents in COVID-19 hypertensive
patients. Underlying hypertension in COVID-19 patients is often treated with ACEIs
and ARBs. Questions are being raised regarding the effects of these agents in rela-
tion to susceptibility and COVID-19 disease outcome; whether they are beneficial
or harmful for the patients [47, 48]. In contrast to these findings, however, some
studies have reported no change in expression of ACE2 in response to these antihy-
pertensive drugs [49-52]. The work by Reynolds et al. demonstrated that among
12,594 patients who were tested positive for COVID-19, there was no association
between any ACEIs/ARBs and the likelihood of testing positive or risk of a severe
COVID-19 infection [53]. Another population-based study reported (after adjusting
for confounders) that there was no independent association for the use of ACEIs/
ARBs with the risk or susceptibility for COVID-19 infection [54]. In hospitalized
COVID-19 patients having hypertension, people taking ACEIs/ARBs demonstrated
a lower risk of mortality than the people not consuming ACEs/ARBs [55].
Nevertheless, higher ACE2 expression driven by the use of these drugs can in prin-
ciple increase the chance of cellular SARS-CoV-2 entry, but it is also conceivable
that RAAS inhibition can have a protective effect against respiratory infection
[56, 57].

Inappropriately discontinuing drugs with well-defined and scientifically proven
health benefits would increase cardiovascular risk. Many cases of myocardial
infarction, myocarditis, and cardiomyopathy have been seen in patients with
COVID-19, and a break in taking cardioprotective medications, including RAAS
inhibitors, could show deterioration clinical status of these individuals [58-60].
Tocilizumab (IL-6 antagonist) is being administered to severe COVID-19 patients,
and in a study evaluating post-tocilizumab (post-TCZ) toxicities, hypertension was
an observed toxicity in 8% of the total patients receiving tocilizumab [61]. However,
the lopinavir—ritonavir combination is being used for the treatment of SARS-CoV-2
infection, and high BP is one of its very rare side effects. A study, however, reports
that treatment with lopinavir/ritonavir associates significantly with elevated blood
pressure, which is mediated through an increase in body mass index (BMI) [62].
Also, concomitant use of sildenafil with lopinavir/ritonavir in patients of pulmonary
arterial hypertension (PAH) is not advised, due to the potential of sildenafil-
associated serious adverse events [63].

Use of corticosteroid to severe COVID-19 patients is recommended by WHO
[64]. Systemic corticosteroids such as dexamethasone may cause elevated blood
pressure [65]. The increase in blood pressure is dose-dependent. Chronic dexameth-
asone use has been associated with the development of hypertension [66]. Moreover,
dexamethasone induced hypertension has also been linked to impacts from other
hypertension related systems or factors like plasma volume, RAAS, sympathetic
activity, vasopressor, and vasodepressor systems [66]. Hence, the use of corticoste-
roids in COVID-19 patients with hypertension should be cautious.
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Diabetes

Diabetes is one of the important COVID-19-associated risk factors that cause rapid
disease progression and badly interfere with COVID-19 disease prognosis [67].
Interestingly, a case study of 191 COVID-19 patients from China had shown that
48% of the SARS-CoV-2 infected patients were associated with different comorbid-
ity while 19% of patients were affected by diabetes [68]. A study showed that among
26 COVID-19 deceased individuals from Wuhan, 42.3% had diabetes [33, 69].
Moreover, reports suggested that diabetes is a high-risk factor in patients who devel-
oped ARDS. Notably, among 41.8% of ARDS cases 19% and 5.1% non-ARDS
patients respectively had developed diabetes as second most common comorbidity
[33]. Furthermore, the largest cohort study of 72,314 COVID-19 patients from
China, showed that patients with diabetes had higher lethality rates (7.3%) in com-
parison to the overall population (2.3%) [70]. Importantly, diabetic patients were
more susceptible to various pathogen associated diseases, such as tuberculosis,
pneumonia, or influenza thus accounting for greater mortality [71]. Study have
shown that infection of SARS-CoV-2 increased the severity of COVID-19 in
patients having diabetes mellitus [72, 73]. Besides SARS-CoV-2 infection also pre-
disposes the patients to hyperglycemia which further modulates the immune and
inflammatory responses leading to lethal outcomes [72]. However, some limited
evidence is now available on type 1 diabetes mellitus and COVID-19.

When the diabetic disorder is left untreated, it may cause various severe lethal
complications such as kidney dysfunctioning and failure, blindness, or heart related
disease [74]. Less insulin production by the pancreas or lack of insulin receptor on
respective cells is one of the reasons behind this metabolic disorder [75]. Therefore,
tight control of blood glucose levels in patients with diabetes is crucial to decrease
diabetes associated mortality [76]. ACE2 and ACE1 exert their function to maintain
systemic blood pressure [68]. Studies reported that ACE2 directly affects the pan-
creas and plays a role in the improvement of glucose levels, by the stimulation of
insulin release [52, 77]. In diabetes, ACE2 favored the development of renal and
cardiovascular complications thus it could be a potential therapeutic target for the
cure of diabetes [72]. Importantly, it is well established that SARS-CoV-2 infection
ephemerally damages the pancreas, and due to its excessive binding affinity to
ACE2 it may enhance the infectivity; thus, it is a major concern to hyperglycemia
and recovery of diabetic patients [68, 78].

Obesity

WHO defines overweight and obesity as abnormal or excessive fat accumulation
that can jeopardize a person's health. They state that a BMI greater than 25 is con-
sidered overweight, and greater than 30 is obese [79]. However, the WHO expert
consultation has added that Asians generally tend to have a higher percentage of



5 COVID-19 Impact on Host at Pathophysiological and Cellular Level 75

body fat as compared to white people of the same sex, age, and BMI [80]. The cutoff
point for observed risk ranges from 22 kg/m? to 25 kg/m? in different Asian popula-
tions. Moreover, obesity has been characterized as an epidemic, and in 2016, more
than 1.9 billion people (39% of the global population) were overweight and over
650 million people (13% of the total population) were obese [81]. In 2018, 40 mil-
lion children below the age of 5 were overweight or obese. Obesity is massively
widespread in the global population, and should not be neglected as it is a serious
underlying factor associated with increased morbidity and mortality rates [82].
Mechanistically, obese patients tend to have limited truncal expansion, which
increases the risk of reduced airflow and poor breathing [83]. This diminished air-
flow and oxygen consumption can predispose obese patients to a greater require-
ment of oxygen support after respiratory infections like COVID-19 [83].
Furthermore, these patients present a serious problem for intubation (as the addi-
tional adipose tissue on the larynx increases the difficulty in intubation). Thus, the
physical challenges involved in obesity may exacerbate the disease risks and out-
comes of COVID-19 infections.

Several independent studies have observed that people with obesity are at a
greater risk of severe disease and death due to COVID-19. The World Obesity
Federation and the CDC propound that obesity-related conditions increase the risk
of severe COVID-19 [84, 85]. An analysis demonstrated that individuals with obe-
sity were more prone to test positive for COVID-19 (>46.0% higher), and even
more likely to be hospitalized (113% higher, OR = 2.13; p < 0.0001) while 74%
exhibited a higher risk for ICU admission, (OR = 1.74) and 48% developed an
increased mortality risk (OR = 1.48; p < 0.001) [86]. A study by Simonnet et al.
involving obese and normal-weight patients reported that obese COVID-19 (BMI
31.1 kg/m?) patients required invasive mechanical ventilation. According to the
study, individuals with a BMI of 30-35 kg/m? and >35 kg/m? (severe obesity)
required mechanical ventilation three and six times more often, respectively, than
normal-weight individuals [87].

In addition to myriad smaller studies, obesity may be an independent factor,
predicting disease outcome and increasing the risk of mortality (and of requiring
intensive care) in SARS-CoV-2 infected patients [88—90]. High BMI has particu-
larly been found to be an important indicator of disease severity in patients, includ-
ing individuals younger than 60 years of age [87, 91]. However, BMI is an indirect
indicator of excess body fat and does not describe the distribution of body fat. Body
composition of excess fat changes in older adults with lower muscle mass—subcu-
taneous fat shifts to visceral adipose tissue (VAT) and total fat is increased in them
[92, 93]. Thus, the degree of VAT accumulation is a better marker of obesity status,
and a meta-analysis demonstrates that its levels were significantly higher in severe
COVID-19 patients [94]. Also, patients with central obesity (a state of excessive
VAT accumulation), assessed by waist circumference or waist-to-hip ratio, were
more likely to develop severe COVID-19 (P<0.001) according to a large population-
based cohort [95, 96]. However, there is no substantial evidence regarding whether
significant weight loss in people with obesity, especially massive weight loss after
bariatric surgery, influences outcomes of COVID-19. Interestingly, obesity was also
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a striking risk factor for severe influenza morbidity and mortality in HIN1 influenza
patients, wherein obese patients were at a higher risk of hospitalization [97, 98]. A
correlation between obesity and COVID-19 susceptibility in individuals, however,
is yet to be established.

Obesity-Related Complications and COVID-19: Immune
Dysfunction and Adipose Inflammation

High levels of inflammation with high C-reactive protein (CRP) and circulating pro-
inflammatory cytokines were observed in patients with severe COVID-19 [99].
Obesity represents a state of low-grade inflammation. The dipose tissue-derived
inflammatory cytokines; TNFa, IL-1p, IL-6. TNFa may be involved in insulin resis-
tance and diabetes, causing hyperglycemia [81, 100]. Macrophage accumulation in
adipose tissue induces proinflammatory cytokines. This further facilitates multiple
metabolic consequences of obesity [101].

Leptin acts as an inhibitory signal, or alarm, to the body, to decrease caloric con-
sumption and return to a steady state [81]. Also, leptin resistance greatly impacts the
proper development and activity of immune cells thus, increasing the risk of
COVID-19 in obese COVID-19 [102, 103].

Thrombosis in Obese COVID-19 Patients

A low-grade chronic inflammatory status of obesity is contributed by the comple-
ment system proteins [104]. Adipocytes act as a major source of many components
of the complement system proteins [104]. Complement deposition is observed in
the endothelium in many obese individuals, which correlates with the formation of
microthrombi [105]. This indicates that COVID-19 may lead to a state of alveolar
hypoperfusion due to thrombotic pulmonary angiopathy. Multiple studies have fur-
ther demonstrated that obesity is associated with a hypercoagulable state and obese
individuals have higher levels of prothrombin factors and reduced levels of anti-
thrombin molecules [106, 107]. Since severely ill COVID-19 patients are often
associated with coagulopathy/thrombosis, obesity could potentially aggravate it.

Additionally, obesity involves increased activation of local systemic and adipose
tissue RAAS [108, 109]. The expression of several RAAS components is elevated
in adipose tissue of obese people, and angiotensin 2 has adverse effects on multiple
organs [108]. Thus, it is not far-fetched to postulate that ACE2 in adipose tissue may
play a critical role in increasing susceptibility to and severity of COVID-19 in peo-
ple with obesity and noncommunicable diseases (NCDs).
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COVID-19 and the Obesity Paradox

Obese patients are more vulnerable to developing pneumonia; however, ironically,
obese patients with pneumonia have lower mortality as compared to nonobese indi-
viduals. This phenomenon is called the “Obesity survival paradox” and has been
discussed in several independent studies [110-112]. Obesity survival paradox has
been challenged by COVID-19 and is still a matter of debate. A meta-analysis of ten
cohort studies on mortality reported the existence of the obesity paradox for patients
with pneumonia [113, 114]. Mechanistically, it has been suggested that obesity
induces preconditioning to inflammatory cues, inducing a higher resistance to the
high influx of inflammatory cytokines under ARDS or heart failure conditions in
obese patients [115]. However, a majority of the studies have reported that obese
subjects are at an increased risk of severe disease and increased mortality due to
COVID-19, as discussed earlier [103, 116, 117]. This high mortality among obese
patients with SARS-CoV-2 infection prompts the notion that SARS-CoV-2 has dis-
proved the obesity paradox in ARDS [118].

Neurological Modalities

Several neurological manifestations in COVID-19 patients hint toward the involve-
ment of the nervous system; these include headache, dizziness, altered conscious-
ness, rhabdomyolysis, neuralgia, and myalgia [119]. Severe conditions like
meningitis, encephalopathy, meningoencephalitis, Guillain—Barre syndrome (GBS),
acute hemorrhagic necrotizing encephalitis, and cerebral venous thrombosis are
also associated with SARS-CoV-2 infection [119-121]. Although most RT-PCR
studies report the presence of SARS-CoV-2 in the nasopharyngeal swab samples
and absence of the virions in the cerebrospinal fluid (CSF) of COVID-19 patients,
some studies stand as exceptions. Antibody response against SARS-CoV-2 was
detected in the CSF of the infected patients suggesting an immune response to viral
infection [122]. Additionally, there exists an association between appearance of
various neurological complications and COVID-19 severity. According to a corre-
spondence by Helms et al., 84% of COVID-19 patients with neurological manifes-
tations like agitation (69%), confusion (65%), corticospinal tract signs (67%), and
dysexecutive syndrome (33%) required intensive care [123]. Yet another study from
Britain highlighted the appearance of neurological alterations like septic or parain-
fectious encephalopathy, autoimmune encephalitis including acute disseminated
encephalomyelitis (ADEM), and GBS in severe cases of COVID-19 [124, 125].
Nevertheless, microgliosis and astrogliosis have been identified in the brains of
COVID-19 patients [126]. However, neither microgliosis nor chronic inflammation
is related to COVID-19 severity. Also, microglial activation, perivascular lympho-
cytosis, and leptomeningeal lymphocytic infiltration are reported in the brain of
COVID-19 patients and the control brain specimens (septic patients) [127]. Some
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COVID-19 studies present findings similar to viral meningoencephalitis, like the
clustering of the lymphocytes near the activated microglia. Phagocytosis of the neu-
rons related to histiocytic and lymphocytic parenchymal infiltration is also reported
in some studies [126, 128]. A study by von Weyhern et al. revealed that the
COVID-19 patients manifested perivascular and parenchymal lymphocytosis with
neuronal loss and axonal degeneration in the brainstem, concluding SARS-CoV-2
induced viral encephalitis. Also, it is reported that the majority of cases of meningi-
tis appeared in children between 5 and 10 years old. Also, over 30 cases of GBS
have been reported in COVID-19 to date.

In a study, among the 113 patients considered in the survey, CSF protein was
elevated in 100% of the fatal cases [129]. Moreover, CSF protein was high in 68.6%
of severe COVID-19 patients. Nonetheless, stroke appeared in 1.1% of 3218
COVID-19 patients [130]. It was investigated through neuroimaging analysis that
68.5% of strokes were ischemic and 24% were hemorrhagic. Interestingly SARS-
CoV-2 virions have been identified in the nasal neuroepithelium and olfactory bulb;
however, the exact mechanism of olfactory dysfunction in COVID-19 remains
elusive.

Investigations report the expression of ACE2 on brain endothelium, vascular
pericytes and smooth muscle cells, neurons, and glial cells [131, 132]. Other recep-
tors like basigin (BSG; CD147) [133], neuropilin-1 (NRP1), transmembrane serine
protease 2 and 4 (TMPRSS2/4) [134, 135], and cathepsin L (CTSL) [136] are also
utilized by the virus to gain entry into the cells of the nervous system. Predominantly
ACE2 is expressed on the oligodendrocytes, while TMPRSS2/4, CTSL, and NRP1
are majorly expressed on the neurons, microglia, and endothelial cells, respectively.
Thus, SARS-CoV-2 can plausibly infect various CNS and peripheral nervous sys-
tem (PNS) cells. It is predicted that the virus may enter the CNS through three major
routes: (1) the olfactory sensory neurons, (2) hidden in the infiltered peripheral
immune cells, and (3) across the blood—brain barrier (BBB). Anosmia and ageusia
strengthen the theory that the virus may reach the brain regions upon initial infec-
tion of the neuroepithelial cells in the mucosa of the nasal cavity. The sustentacular
cells and the stem cells of the nasal olfactory epithelium express ACE2. SARS-
CoV-2 is detected in the olfactory epithelial through immunohistochemistry of the
infected tissue samples and electron microscopic analysis of the nasal mucosa at
autopsy [137]. Also, like many viruses (human immunodeficiency virus (HIV), her-
pes simplex virus, etc.), SARS-CoV-2 may enter into the CNS through trojan horse
mechanisms, that is, hidden in the peripheral blood mononuclear cells. Leucocytes,
lymphocytes, and monocytes are known to express ACE2 receptors [138, 139].
However, an explicit mention of infected lymphocytes in the inflicted area is a sub-
ject of further investigation. The virus may also traverse across the BBB upon infec-
tion of the cells of the blood vessel. Staining techniques to target the virus and its
inclusion bodies have successfully identified SARS-CoV-2 around the edges of sub-
cortical white matter microinfarcts [140]. However, more studies to conclude the
direct role of SARS-CoV-2 in inducing nervous system damage are yet to be
conducted.
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There are several proposed mechanisms that explain the fatalistic characteristics
of the virus on the CNS. One such hypothesis elucidates the effect of pro-
inflammatory chemical modulators like IL-6 and IL-1p, released as a response to
SARS-CoV-2 infection, in demyelination and axonal damage [137]. The exagger-
ated immune response in COVID-19 also marks the release of antibodies that may
target the gangliosides, leading to peripheral neuropathy. Additionally, the hyperco-
agulable state induced by the virus in the host may result in central venous throm-
bosis (CVT) [141]. Thus, there exists a need to investigate further the role of
hypercoagulable states on the CNS. Another pathological change, namely, acute
hemorrhagic necrotizing encephalopathy characterized by multifocal symmetric
brain lesions in COVID-19 patients, may be caused by the virus upon disrupting the
BBB through intracranial cytokine storms. IL-6 can be associated with increased
vascular permeability, which along with viral endotheliopathy, may result in
COVID-19-associated coagulopathy [142, 143]. Hypercoagulability in COVID-19
may further result in microthrombi, infarcts, and hemorrhages. Moreover, IL-1§
majorly responsible for forming “neutrophilic plugs,” a dense mesh containing
DNA-rich material, neutrophils, and platelets, is observed in infected organs like the
brain, lungs, heart, kidneys, and liver of COVID-19 patients [144]. The principal
outcomes of COVID-19, pneumonia, and ARDS may induce hypoxia, further con-
tributing to cerebral infarcts. Involvement of the nervous system in COVID-19 fur-
ther complicates the course of disease diagnosis and treatment.

Cancer

Cancer is a deadly disease and its co-occurrence with COVID-19 can worsen the
outcomes. Cancer patients are vulnerable to SARS-CoV-2 infection and its associ-
ated severity. People suffering from cancers could be immunocompromised due to
antineoplastic therapy, supportive medications such as steroids, and the immuno-
suppressive properties of cancer itself. Further, the population is often older (i.e.,
aged >60 years) with one or more major comorbidities. Multiple studies have sug-
gested increased mortality of the cancer-COVID-19 patients compared to only
COVID-19 patients and the general population. In addition, multiorgan failure is
reported in cancer patients compared to the patients without cancer [145]. One of
the early studies suggested that the virus clearance in cancer patients is longer than
noncancer patients [146]. Among the cancer types the patients with hematological
malignancies are reported to have higher mortality among all the cancer types.
Further, the location and stage of cancer play a crucial role in the severity of COVID
[147]. Patients with lung cancer are susceptible to severe COVID-19 due to involve-
ment of the organ in COVID-19 as well [147]. Further people with cancer have an
adverse start in the fighting of COVID-19 due to preexisting T cell defects [148].
Metastasis or stage IV carcinoma patients are more susceptible to severe forms of
COVID-19 than those with localized cancer [148, 149].
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Due to the already altered physiology, the drugs used in COVID-19 treatment
may act differently in cancer patients. One of the preliminary studies by Luo et al.
has demonstrated the use of hydroxychloroquine in COVID-19 patients with lung
cancer did not affect the final outcome in the patients [150]. Another study sug-
gested that hydroxychloroquine or azithromycin or its combination is not effective
in reducing the COVID-19 related illness in cancer patients [151]. Further a study
by Zhang et al. showed that patients who had received anticancer therapy had poor
response to COVID-19 treatment and are at increased risk of developing severe
events [152]. Drugs like dexamethasone are recommended in cancer patients to
reduce inflammation and lower the immune response of the body. These immune
checkpoint inhibitors are also used in COVID-19 treatment and are associated with
better clinical outcomes in the infected patients [149].

As cancer is also closely associated with inflammation some clinically approved
anti-inflammatory anticancer drugs are used in cancer treatment [149]. These drugs
can be used in the treatment of severe COVID-19 patients as well. Ruxolitinib
which inhibits the activation of a broad range of pro-inflammatory cytokines and
growth factors by inhibiting the c-Jun N-terminal kinases (JNK) pathway had shown
to significantly reduce inflammation and related parameters in the COVID-19
patients [153]. Another anti-neoplastic drug acalabrutinib, known to inhibit Bruton
tyrosine kinase (BTK) signaling, proved to be effective in treating severe COVID-19
cases [149]. Further antiproliferative drugs like IFN-a-2b, showed a positive effect
on the recovery of COVID-19 patients possibly due to its antiviral properties [149].

Immunocompromised Status

Immunocompromised patients with SARS-CoV-2 infection could develop severe
conditions due to the altered immunity within the body. These patients, compared to
the immunocompetent ones, are prone to catch secondary bacterial or fungal infec-
tions as well and hence are at risk during the pandemic. But considering the involve-
ment of increased inflammation in COVID-19 progression and severity, the
immunocompromised status of an individual may actually aid in controlling the
disease severity [1]. The individuals suffering from any type of cancer, HIV infec-
tion, solid organ transplant (SOT) procedures, patients taking immunity suppressing
drugs like steroids or anti-rheumatic drugs, and so on are considered as an immuno-
compromised population. Out of these correlations, cancer and COVID-19 have
already been described earlier, while others are discussed below. However, looking
at the development of immunosuppressed conditions due to COVID-19, the reports
are rare.

The individuals undergoing SOT procedure are given immunosuppressive ther-
apy to decrease the possibilities of occurrence of graft rejection to transplanted
organs. Various reports mentioned the requirement of mechanical ventilation by
high proportions of COVID-19 patients who underwent kidney SOT. A New York
City—based study [154] denoted 39% while another study conducted in Iran [155]
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denoted 75% of the kidney SOT patients with COVID-19 required mechanical ven-
tilation. On comparing various types of SOT patients it was observed that mortality
rates ranged from 5% to 67%. Among these, a study including the highest number
of patients (90) from New York considering liver, kidney, lung, heart SOT patients
recorded 18% mortality [156]. During the pandemic, there was heterogeneity in
therapies prescribed to SOT patients in different countries. Overall, the decrease in
immunosuppressive treatments was followed in most cases. The break in antime-
tabolite therapy was also prescribed in many studies. The treatments followed to
control COVID-19 progression in patients also differed as per region. Majorly,
hydroxychloroquine was used as antiviral and tocilizumab was utilized to control
inflammation. Additionally, boosted protease inhibitors as anti-SARS-CoV-2 along
with intravenous immunoglobulins were widely used. Few other interesting studies
included transplant patients with HIV and SARS-CoV-2 positive status. In HIV- and
SARS-CoV-2—positive kidney SOT patients, mild COVID-19 without hospitaliza-
tion was reported [157].

Many studies of SARS-CoV-2 infection in HIV-positive individuals have been
reported worldwide [158—164]. Anti-HIV drugs were initially widely considered
against COVID-19. Hence, it was considered that the HIV patients may get protec-
tion from severe COVID-19. However, reports have shown different outcomes.
Various targeted disease modifying antirheumatic drugs like JAK inhibitors or bio-
logics (anti-TNF inhibitors, vedolizumab, or ustekinumab) are a continuous require-
ment of patients with rheumatological diseases. Conditions of COVID-19 patients
taking these medicines have also been investigated. An investigation that focused on
patients with inflammatory bowel disease noticed not antirheumatic medicines (bio-
logics) but active disease status, age factor, and related comorbidities were respon-
sible for poor outcomes [165]. An interesting analysis carried out by the international
registry included 525 inflammatory bowel disease patients suffering from
COVID-19. The patients were from 33 different countries and 63% of them were
taking biologics while 2% took JAK inhibitors. In these patients, only 3% mortality
was observed and it also depicted that utilization of TNF antagonists had no correla-
tion with COVID-19 severity [166]. Together, these studies revealed only 25 cases
of COVID-19 with ~50% hospitalization requirement and no occurrence of mortal-
ity. Twelve of these patients required hospitalization and no deaths were reported;
22 of the cases occurred in patients taking biologics of JAK inhibitors. Overall
existing reports denoted that there is no correlation between intake of biologics or
antirheumatic drugs and severe COVID-19.

Oral and Macxillofacial Manifestations

The oral cavity, nasal cavity, and nasopharynx, comprising the upper respiratory
tract, are the sites of high viral load in COVID-19 patients [167]. SARS-CoV-2 is
secreted in the saliva and mucosal discharge of the respiratory tract in COVID-19
patients [168]. The viral contagion occurs through the salivary and nasal discharge
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by direct contact or in the form of aerosol and minute droplets. Its presence in the
saliva, nasal and nasopharyngeal discharge is important for the diagnosis of
COVID-19. The current diagnostic method includes the collection of samples from
these sites for the identification of viral antigen by rapid antigen test or by real-time
PCR [169]. Among the various methods and sites of sample collection, it has been
found that the viral load is high in nasopharyngeal secretions. However, some stud-
ies suggest that saliva serves better for the detection of SARS-CoV-2.

Dysfunction in taste (ageusia or dysgeusia) and olfactory alterations (anosmia or
hyposmia) were the most common findings reported in patients infected with early
strains of SARS-CoV-2 with taste alterations considered to be the early and most
relevant manifestation of COVID-19 [170]. However, the B.1.1.7 variant is less
likely to cause loss of sense of smell or taste [171]. Reports suggest that 33.9% of
the COVID-19 patients presented either olfactory or taste alterations while 18.6%
presented both. Another study found the prevalence of taste alteration in COVID-19
patients was 45%, with 38% presented dysgeusia, 35% presented hypogeusia, while
24% presented ageusia [172]. It has been found that these alterations were due to
SARS-CoV-2 infection to nonneuronal cells [132]. The impairment in the RAAS
may play some role in the pathophysiology of anosmia and ageusia during the initial
presentation of SARS-CoV-2 infection [173]. However, the exact pathophysiology
of altered gustatory and olfactory sensations is less understood. The difference in
the occurrence of anosmia may be due to genetic differences causing variations in
the binding affinity of the ACE2 receptor for the virus that may lead to varied che-
mosensory defects.

Oral Mucosal Lesions Associated with COVID-19

Several oral lesions were found to be associated with COVID-19. The commonly
reported conditions are xerostomia, vesiculobullous lesions, and aphthous-like
lesions [174]. The oral manifestations of COVID-19 include erosions, ulcers, vesi-
cles, gingival swelling, bleeding gums, and so on [175]. White and erythematous
plaques, desquamative gingivitis, stomatopyrosis, pseudomembranous candidiasis
at commissure, and angular cheilitis have also been reported to be associated with
COVID-19. The occurrence of these oral lesions in COVID-19 may be attributed to
the comorbidities like stress, insufficient oral hygiene, nutritional deficiency, immu-
nosuppression, hyperinflammatory response, and other systemic diseases like dia-
betes mellitus and HIV infection.

These lesions were found to be symptomatic in about 68% of the cases with the
most common sites of involvement as the tongue in 38% of the cases. The labial
mucosa was involved in 26%, and palate in 22% of the cases. The severity of these
lesions is found to be associated with older age and COVID-19 severity [175]. No
gender predilection has been reported in lesions due to COVID-19.
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Effect of Poor Oral Hygiene and Periodontal Diseases
on COVID-19

Gingivitis and periodontitis, which are inflammatory diseases of the supporting tis-
sues of the teeth, are caused by poor oral hygiene and an alteration in the microflora
of dental plaque [176]. It has been reported that the dental plaque of the COVID-19
patients can harbor SARS-CoV-2 [177]. Moreover, increased severity of COVID-19
has also been found to be associated with periodontitis. Reports suggested increased
levels of hematological markers linking both diseases. It is a well-established fact
that the pathogenesis of periodontitis is rooted in cytokine response. Moreover,
COVID-19 has also been reported to show adverse outcomes due to a cytokine
storm [178]. Thus, coinfection of periodontal pathogens and the SARS-CoV-2
along with other established comorbidities and risk factors like diabetes mellitus,
obesity, and various hematological disorders, may play a role in the enhanced
inflammation. Due to this, the adverse outcomes of COVID-19 are frequently
observed in patients with poor oral hygiene. Researchers have also studied the
effects of the regulatory circadian genes, like Bmall, viral infections including
COVID-19 as well as in periodontitis. It suggests that both the diseases share com-
mon pathogenesis via the NFkB pathway.

Effect of Nasal Irrigation and Antimicrobial Oral Rinses
on COVID-19 Disease Qutcome

It has been suggested that nasal irrigation with hypertonic saline and antimicrobial
oral rinses may reduce the viral load locally and prevent its transmission [179]. Its
usage by the healthcare workers has been advocated as a preventive measure while
treating COVID-19 patients; however, there is a lack of supporting evidence.
Moreover, these modalities as therapeutics in COVID-19 have also been cautioned
by the WHO due to limited evidence. The efficacy of oral rinses in reducing the viral
load may be questionable, but it surely lowers the circulating cytokine levels by
reducing periodontal inflammation. Hence, the usage of oral rinses as adjunctive
therapy improves the patient outcome in COVID-19 and reduces the repercussions
at the systemic level [180].

COVID-19-Associated Mucormycosis

The clinical similarity of COVID-19 with many other flu-like syndromes tends to
cause negligence in the diagnosis of other infections in patients. This could have
happened frequently due to potential suspicions of COVID-19 in the patients and
the burden of handling an excessive number of patients during the pandemic.
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Moreover, during handling of the burden, the chances of the development of sec-
ondary infections increased in the patients. This was more likely to be observed in
critically ill patients, especially those who were admitted to the ICU and required
mechanical ventilation or had a longer duration of hospital stays [181].

Many studies have put forth the association of fungal infections in COVID-19
patients. It is not surprising as it has earlier been observed in previous SARS out-
break as well [182]. Studies investigating abundance of fungal infections in SARS
patients observed that 14-27% of patients may encounter fungal infections [183,
184]. Moreover, the incidents were observed to be higher in ill patients. Additionally,
the fungal infection was predicted to be a major factor associated with mortality in
SARS patients, accounting for 25-73% in other causes of mortality [185]. With
respect to lung pathologies, factors like severe viral pneumonia, dysfunction in
immune responses, and immunosuppressive therapies like corticosteroids are linked
to the chances of invasive fungal infections (IFIs) like aspergillosis and mucormy-
cosis [186]. Recently a mass increase in cases of mucormycosis, as a catastrophic
infection, in COVID-19 patients has been observed in India. Mucormycosis, also
known as zygomycosis or phycomycosis, is an angioinvasive disease caused by
fungi of the order Mucorales [187]. This infection quickly spreads in the body and,
if not readily diagnosed and treated, may lead to poor prognosis [187]. People with
diabetes, patients undergoing immunosuppressive treatments, systemic corticoste-
roid use, patients with neutropenia and hematologic malignancies, stem cell trans-
plant patients and immunocompromised individuals are prone to the development
of mucormycosis [188]. The spores of mucormycetes are widely observed to be
present in natural surroundings, like in soil and decaying organic matter and leaves
[189]. The fungal spores may get inhaled by an individual through paranasal sinuses.
In an immunocompetent individual the macrophages can instantly recognize and
phagocytose the spores [190]. The neutrophils can act on hyphae and may initiate a
further immune response. With help of immune machinery including lymphocytes
and other cells of the immune cascade the infection could be controlled in a healthy
individual [190].

Recently, many case studies and case series from different regions of the world
have reported COVID-19 association with mucormycosis. As expected with respect
to risk factors, COVID-19—-associated mucormycosis was prevalent in patients on
steroid treatments and also with underlying diabetic condition [191]. Few cases
have identified the development of this fungal disease in COVID-19 patients with-
out diabetes as well, so the use of steroids remains as the only risk factor [191]. In
diabetic patients mostly rhino-orbital and rhino-orbital-cerebral presentation was
observed [192]. Rhizopus was found to be commonly involved [186, 193]. In very
rare cases the presence of Aspergillus was noted (2 out of 41 cases) [193]. In a
recent report, a compiled analysis of various cases published till now has been per-
formed [193]. Among these cases, 71% were observed to be from India. In India,
per 1000 individuals approximately 0.14 cases of mucormycosis were found [188].
This proportion is 80 times greater than that observed in developed countries [188].

Various hypotheses have been put forth by scientists to explain the occurrence of
COVID-19 associated with mucormycosis. Severe forms of COVID-19 have been
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shown to cause diffuse alveolar damage, inflammatory exudation, endothelial dam-
age, and microvascular thrombosis [194]. This may give invasive fungus an upper
hand for easy invasive progression. Lymphocytopenia with reduced levels of cyto-
toxic and helper T cells is commonly observed in severe cases of COVID-19 [195].
This may alter innate immunity increasing propensity for secondary fungal infec-
tions. Use of steroids is approved in severe conditions of COVID-19 and has been
found to be effective in several trials [196]. Hence, it is widely used in treating
hospitalized patients with severe conditions. Most of the hospitalized patients have
comorbidities which may aid in dampening the immune response in various ways
and open the gateways for secondary infection [197]. Diabetes mellitus has been
identified as one of the major comorbidities associated with hospitalized and severe
COVID-19 patients. Hence, most of the patients who are COVID-19 positive or
recovered, have diabetes and/or undergoing immunosuppressive treatments (ste-
roids) can be prone to mucormycosis and associated severe outcome. Figure 5.2
illustrates the development and impact of mucormycosis in immunocompetent and
COVID-19 patients.

Studies have shown diabetes mellitus as the most common risk factor in India.
India tops at second position in the world in case of diabetes with around 77 million
patients affected and another 36.5 million with prediabetes condition [188]. Hence,
the occurrence of mucormycosis in Indian COVID-19 patients can be correlated to
prevalence of the fungal infection in general as well as the proportion diabetic popu-
lation. In a meta-analysis of around 600 studies with more than 800 cases, diabetes
mellitus has been observed as an independent factor involved in rhino-orbital-
cerebral mucormycosis [198]. The Rhizopus species were found to be more preva-
lent in the cause and mortality is observed in around 46% of the mucormycosis
cases [198]. Being invasive in nature, the involvement of the fungi in causing vas-
cular damage, inflammation and endothelial dysfunction is observed. And it devel-
ops the chances of endotheliitis in various organs which may lead to severe outcomes
in patients with diabetes mellitus. These patients had to undergo adjunct surgery.
The overall mortality was observed to be 49% [198]. Hence, the occurrence of
increased mucormycosis in Indian COVID-19 patients can be correlated to the prev-
alence of the fungal infection in general as well as the proportion diabetic population.

Recently physicians have tried to correlate the involvement of excess zinc sup-
plementation in the generation of mucormycosis to COVID-19 patients. The total
zinc content in the human body amounts to 2—4 g (plasma concentration—12—16 pM)
[199]. The recommended daily intake of zinc is 11 mg/day for adult males and
8 mg/day for adult females, with a tolerable upper intake of 40 mg/day [200, 201].
Zinc supplementation of 50-150 mg/day can cause disturbance in copper metabo-
lism, reduced iron function, neutropenia, and excess cellular zinc can generate an
imbalance in oxidative metabolism [202]. Zinc supplementation can downregulate
inflammatory cytokines, inhibit NFkB activation, and at very high concentrations
(>100 pM), zinc can cause increased cytokine production in some cell types [203,
204]. Zinc-depleting conditions have been shown to reduce fungal growth, and host
cells can employ sequestration of zinc to hinder fungal development [205]. The
mechanism of fungal zinc homeostasis in the model Saccharomyces cerevisiae
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Fig. 5.2 Schematics of mucormycosis progression in immunocompetent and COVID-19 individ-
uals. Mucormycetes spores can enter the body through oronasal routes and enter into paranasal
sinuses. Immune cells like macrophages and neutrophils can instantly recognize the foreign patho-
gen and phagocytose the spores. Neutrophils act on the fungal hyphae. In the immunocompetent
individuals, further infection may not progress due to suppressed immune response and could
show disease-free survival. However, in COVID-19 patients the risk factors like altered immune
response, lymphocytopenia, neutropenia, underlying conditions like diabetes, or immunosuppres-
sive drugs given in treatment could limit the immune response against the mucormycetes spores.
The undetected spores then germinate, proliferate, and disseminate in nearby cells and further lead
to tissue damage. Meanwhile, the person develops signs and symptoms like fever, swelling in the
infected area, black lesions on the infected area, cough, and shortness of breath. The infection can
be diagnosed using microscopic examination and fungal culture, and progression can be assessed
using CT scan. After confirmation, antifungal medication by providing liposomal amphotericin B
can be initiated. If the infection is diagnosed early, it can be cured using medication. In severe
infection cases, excessive tissue necrosis limits drug delivery and hence surgical intervention is
required. There could either be improvement in health and disease-free survival is achieved. In
cases of severely disseminated infection and progressed disease conditions, the patient may die
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includes zinc uptake, mediated by the plasma membrane transporters Zrtl and Zrt2,
under Zap1 regulon [206]. Zap] is a transcriptional activator that senses zinc deple-
tion and controls zinc homeostasis [207, 208]. These membrane transporters or
zinc-binding proteins that mediate zinc uptake or storage, help maintain the zinc
quota in organisms. Many fungal pathogens have shown decreased infectivity upon
deletion of their respective Zapl ortholog, hinting toward the requirement of zinc
uptake for establishing infection in the host [209]. For instance, C. albicans pos-
sesses a dedicated zinc scavenging system consisting of the secreted “zincophore”
protein, Pral, and the Zrt1 transporter [210]. Moreover, Rhizopus delemar, belong-
ing to the subphylum Mucoromycotina, and of particular interest during mucormy-
cosis, is known to encode three cell surface zinc importers [211]. Thus continued
zinc administration might have an associated risk of creating a zinc microenviron-
ment that is more favorable for fungal growth. This is particularly notable in the
context of India, where prolonged zinc supplementation could be an underlying
contributor to the rising mucormycosis cases.

Monitoring and controlling hyperglycemia, early treatment with antifungals, and
surgical operations are crucial for managing mucormycosis successfully [212]. The
patients suffering from COVID-19-associated mucormycosis are usually treated
with liposomal Amphotericin B treatment as direct use of amphotericin B is found
to be nephrotoxic [213]. Moreover, liposomal amphotericin-B can stay longer in
circulation [212]. The mild COVID-19 cases without hypoxaemia should not be
treated with glucocorticoids, or at least higher doses should be avoided. A delay of
even 6 days in initiating treatment doubles the 30-day mortality from 35% to 66%.
Therefore, vigilant and prior as well as continuous monitoring of patients is neces-
sary. Early diagnosis, especially in patients associated with risk factors, should be
preceded with the help of a multidisciplinary team including ophthalmology, otorhi-
nolaryngology, infectious diseases, neurosurgery, critical care, microbiology, and
pathology department [214]. Visual prognosis (vision, pupil, ocular motility, and
sinus tenderness) has low chances of confirming the presence of mucormycosis in
the patient. Thus, a high index of suspicion for fungal coinfection in patients with
COVID-19 presenting with comorbidities is important [214]. The patients showing
signs and symptoms of mucormycosis should immediately undergo pathological
and imaging studies and the management team should always be prepared for surgi-
cal intervention.

Kidney Injury

SARS-CoV-2 infection is lethal to patients with severe renal dysfunction especially
individuals with chronic kidney disease. COVID-19-associated kidney disease
deaths in various European countries have been observed [215]. AKI is common
among critically ill COVID-19 patients; >40% of cases have revealed anomalous
proteinuria at hospital admission and it affects about 20-40% of patients admitted
to intensive care from the observation in Europe and the USA [216, 217].
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Furthermore, increased D-dimer and lower platelet count correlated with severe
outcomes while, some patients with COVID-19 apparently confirmed microangi-
opathy in other organ systems, such as splenic infarction hematuria and renal infarc-
tion. COVID-19 related renal injury increased the serum creatinine causing
proteinuria, hematuria in the kidney. The study put forth that hypercoagulation is
one of the characteristic complications of COVID-19 patients which may lead to
irreversible kidney failure [218, 219]. The interstitium of the kidney showed edema
and related inflammatory infiltrates, which predominantly consisted of immune
cells such as plasma cells and lymphocytes with scattered eosinophils [220].
Importantly, due to the expression of ACE2 on lymphocytes, SARS-CoV-2 could
also bind to this receptor which may lead to the lymphocytes activation and hence
activation induced cell death decrease the CD4* and CD8" T cell populations [99].

Interstitial and renal parenchyma could be more prone to damage but higher
injury has been reported in the glomerular interstitium [220]. Kidney autopsy
revealed the damage of brush border and nonisometric vacuolation which may be
responsible for proteinuria [216]. The glomerular lesions are minor and showed
various structural changes which lead to hypertension and diabetic nephropathy
[221, 222]. Kidney endothelial cell injury activates the complement system by acti-
vating C3 complex formation confirmed by indirect immunofluorescence staining
[223]. Importantly, SARS-CoV-2 infection is commonly associated with high-risk
apolipoprotein L1 (APOL1) in African patients [224, 225]. Moreover, the expres-
sion of ACE2 is prominent in proximal tubular cells confirmed by ACE?2 staining,
particularly at the sight of severe injury [226]. Kidney epithelial cells also promi-
nently express ACE2; however, it was comparatively less in podocytes [227].
Presence of SARS-CoV-2 RNA confirmed by quantitative real time PCR (qRT-
PCR) [228]. Presence of spherical viral particles in podocytes has been also con-
firmed by electron microscopy [227]. Indirect fluorescence of tissues revealed the
nuclear or cytoplasmic marking in kidney tubules in presence of SARS-CoV-2
nucleoprotein antigens [229].

SARS-CoV-2 infection is associated with enhanced kidney injury related to lipid
metabolic disorder, altered immune cell clearance, endothelium-mediated vasculi-
tis, hyperimmunity-related disorder, thrombogenesis, and it also creates the hypoxic
cellular milieu [220]. Furthermore, alterations in the kidney play an important role
in the regulation of the RAAS. Juxtaglomerular cells in the kidneys convert the
precursor prorenin into renin and secrete it directly into circulation. This renin for-
mulates conversion of angiotensin to angiotensin 1. Further ACE converts this to
angiotensin 2. The angiotensin 2 later induces the release of aldosterone, which acts
on the kidney and increases sodium absorption. This leads to increased blood pres-
sure. In aberrant conditions like in the case of COVID-19, dysregulation of this
system subsequently can affect kidney as well as cardiovascular functions. ACE2 is
a homolog of ACE and functions both in a peptidase-dependent and a peptidase-
independent manner. It negatively regulates the RAAS to regulate the various func-
tions of ACE [220]. Importantly, the binding of SARS-CoV-2 to its host receptor
causes cleavage of the external domain of ACE2, which further downregulates the
expression of ACE2 and thus increases the Angiotensin 2 levels. Hence, ACE2
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receptor could also be associated with renal injury in SARS-CoV-2 infected patients.
Increased Angiotensin 2 levels further stimulate the cytokine storm which lead to
severe complications and are lethal to the patients [230].

In COVID-19 patients, SARS-CoV-2 infectivity is one of the major etiologies of
kidney dysfunction. Infection of SARS-CoV-2 directly can cause renal injury or it
may exert its role through the systemic mechanism in which it promotes the deposi-
tion of immune cells in renal glomerulus and hypercoagulation.

Molecular Pathways Involved in the Development
of COVID-19 Pathology

Virus intelligently takes advantage of host machinery for its survival and dissemina-
tion. After viral entry into the body, various molecular pathways inside the infected
cells get triggered as a natural defense response. Throughout the virus life cycle
inside the cell, various cellular components can interact with numerous viral factors.
These interactions can drive the host defense response and expression of important
immune response genes. Subsequently, immune response molecules get expressed
and dispersed in the vicinity of infected cells which further develop cross talk with
nearby cells to fight against the virus. NFkB, IRF, and Activator protein-1 (AP-1)
associated pathways are important genes that get triggered by respective cellular
sensors (Fig. 5.3). These pathways induce the production of various cytokines and
chemokines. Subsequently, components associated with these receptors, like JAK,
can initiate the downstream cascade to induce further immune response associated
genes (Fig. 5.3). Interestingly, the virus smartly utilizes its machinery to modulate
these pathways either for better survival or transmission. We have discussed details
of the important cellular pathways which can generate an immune response at the
molecular level and further initiate inflammation.

NFkB Signaling

NFxB is a family of transcription factors closely associated with inflammatory sig-
naling. During the infection scenario, it enhances the expression of multiple mole-
cules. The pathway is triggered by the binding of ligands or antigens to receptors
like cytokine receptors and toll-like receptors (TLRs). Further, the cascade of inter-
actions phosphorylates important kinases—IkB kinases (IKK), which include IKKa
and IKKp, which take part in the phosphorylation of IkB protein. IkB is an unstimu-
lated state bound to p50 and p65 NF«kB subunits and plays the role of an inhibitor.
IKK induced phosphorylation of IkB leads to its ubiquitin mediated proteasomal
degradation, thus allowing the nuclear translocation of p50/p65 dimers. In the
nucleus, the dimer binds to specific enhancer regions that mediate the expression of
kB-responsive genes [231].



90 O. Indari et al.

Lumen

SN‘S-CW? L ‘3{

Immune response genes

Fig. 5.3 Molecular pathways involved in SARS-CoV-2 infection and subsequent inflammation.
SARS-CoV-2 enters into the cell using the ACE2 receptor followed by direct entry through cleav-
age from TMPRSS?2 or by endosomal pathway. When the viral RNA is released into the cell, TLR7
and TLR3 can recognize the ssRNA. TLR7 activates downstream molecules like Myd88, IRAC-1,
TRAF-6, and IKK, and initiates the NFkB pathway. By detecting sSRNA, TLR3 induces TIRF, RIP
and activates MAVS components. This further drives IKK induction and NFkB activation. The
replicated viral dsSRNA can be recognized by RIG-1 and MADS5 molecules which also activate the
MAVS complex. The complex can then initiate the IRF pathway by inducing IKKe and TBKI1.
IRF3/7 can then get induced, translocated to the nucleus, and induce transcription of various genes.
SARS-CoV-2 protein ORF9b has been shown to indirectly interact with the host MAVS protein via
mitochondrial outer membrane component Tom70 and further can modulate the signaling. Other
SARS-CoV-2 proteins Nsp13, Nspl5 and PL,,, can inhibit TBK1 activation, while Nsp3, Nsp6,
and ORF6 can hinder IRF nuclear translocation. RIG-1/MDA-5 can also induce the NFkB pathway
through the MAVS complex. TLR4 can also recognize the viral component that activates down-
stream molecules to induce the MAPK pathway. SARS-CoV-2 protein Nsp5 may alter MAPK
pathway by interacting with TAB1. MAPK can further initiate activation of AP-1 through path-
ways including either p38, ERK, or JNK. Due to ACE2 masking by SARS-CoV-2, Ang II can
accumulate and hence interact with the AT 1R receptor. This can activate MAPK and downstream
pathways. Ultimately, NFkB, IRF, and AP-1 molecules induce the expression of molecules like
cytokines and chemokines involved in the immune response. The cytokines especially IFN can
cross-talk with nearby cells and make them aware of the infection. IFN or respective cytokines can
bind IFN receptors and initiate the JAK-STAT pathway. Various SARS-CoV-2 components like
ORF3a, Nsp6, ORF6, and M,,, can interact with factors of the JAK-STAT pathway to cause the
inhibition of this pathway. Also, various SARS-CoV-2 components induce feedback control mol-
ecules of the JAK-STAT pathway

During SARS-CoV-2 infection pattern recognition molecules recognize the
virus. Further TLRs like TLR 3 and TLR 7/8 activate the downstream pathway with
the help of adaptor proteins TIR-domain-containing adapter-inducing IFN-f (TRIF)
and myeloid differentiation primary response 88 (MyD88). The TRIF and MyD88



5 COVID-19 Impact on Host at Pathophysiological and Cellular Level 91

activate TNF-receptor associated factor 6 (TRAF6) transforming growth factor-f-
activated kinase-1 (TAK1), resulting in activation of the IKK complex enabling
NFxB nuclear translocation [232]. Furthermore, TLR4 and endoplasmic reticulum
stress-induced NFkB activation was also reported in SARS-CoV-2 infected
cells [232].

The pathogenesis of COVID-19 is similar to some previously reported viruses
like MERS, and varicella. It has been observed that the SARS-CoV-2 infection may
lead to brain stroke due to a heightened immune response. The NFkB signaling
plays a multidimensional role in the development and maintenance of the nervous
system. The pathway gets activated by downstream signaling of a lipopolysaccha-
ride receptor complex. Moreover, the NFkB pathway regulates the inflammatory
reaction around the neuronal microenvironment by regulating different fractions of
the glial cells and astrocytes. The upregulated proinflammatory genes may also
result in the generation of excessive ROS which can cause cerebellar damage and
neuropathogenic dysregulation associated with neurotransmitters [233].

Dual-specificity phosphatases (DUSP) are negative regulators for both p38-
MAPK and NFkB. During SARS-CoV-2 infection the level of DUSP5 and DUSP1
is decreased, leading to upregulation of pro-inflammatory genes such as TNF-a,
IL-1pB, IL-1A, IL-6, IL-8, and IL-23 [234]. Importantly treatment with medications
like chloroquine, theophylline, and anti-inflammatory and immune-modulatory
medications such as colchicine, diclofenac, cyclosporine, and azathioprine has
shown to increase the level of these DUSPs [234]. A recent study suggested that
SARS-CoV-2 nspl3 can regulate the NFkB mediated inflammatory response by
interacting with several transducin-like enhancer (TLE) family proteins. Further,
SARS-CoV-2 encoded ORF9c can modulate the IxB kinase activity and the NFxB
signaling by interacting with NDFIP2, NLRX1, F2RL1 [235]. The cellular interac-
tome study of SARS-CoV2-PLpro revealed that it decreases the phosphorylation of
TANK Binding Kinase 1 (TBK1) and strongly attenuates degradation of IkB-a.
This led to reduced nuclear translocation of NFkB. TBK1 is known to activate the
NFxB pathway, causing upregulation of inflammatory signaling after phosphoryla-
tion [236]. Another cellular component, mitochondrial antiviral signaling protein
(MAVS) is also known to activate the NFkB pathway. The SARS-CoV-2 ORF9b has
been shown to indirectly interact with the host MAVS protein via mitochondrial
outer membrane component Tom70 [232]. This may further impel downstream
pathway activation.

The p38 MAPK Signaling

MAPK is a protein kinase that is specific to serine and threonine amino acids and
has a role in cell differentiation, proliferation, and death in response to various stim-
uli [237]. The p38 MAPK signaling pathway is responsible for cell death via p53,
transforming growth factor (TGF)-B1, and syntenin in SARS-CoV infection [238].
It is also found to be involved in various aspects of the progression of COPD like
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inflammation of the respiratory tract, overproduction of mucus, fibrosis, and infiltra-
tion of immune cells. Similarly, SARS-CoV-2 is also likely to use p38 MAPK sig-
naling to induce apoptosis and lung damage [235]. Therefore, it may serve as a
putative drug target even in COVID-19.

The p38 can regulate the transcription of genes encoding various cytokines and
cell surface receptors [231]. During the SARS-CoV-2 infection, the virus binds to
ACE2. ACE2 is required for conversion of Angiotensin 2 to Angiotensin 1-7 [25].
Angiotensin 2 mediates its effects through p38 MAPK activation. Angiotensin 1-7
decreases p38 MAPK activation to reduce inflammation. Aberrant MAPK activa-
tion promotes inflammatory mediators production and thus helps in the develop-
ment of cytokine storm, which is a characteristic of severe respiratory viral diseases
[239]. During the SARS-CoV-2 infection, the p38 MAPK pathway is upregulated
disproportionately due to the loss of ACE2 activity after the viral entry. Moreover,
p38 activation also upregulated the ADAM17 factor, which is known to cleave the
ACE2 ectodomain [240]. It is known that p38 can phosphorylate other protein
kinases, such as MAP kinase activated protein kinase 2 (MK2), activating transcrip-
tion factors (ATF1/2/6), and p53 [231].

Growth factor signaling inhibition through the MAPK signaling pathway has
been shown to modulate SARS-CoV-2 replication [241]. SARS-CoV-2 infection
also leads to the induction of phosphatidylinositol 3-kinase (PI3K) along with
MAPK signaling events. Together, these signaling events help in higher intracellu-
lar viral replication; however, inhibition of any one of the pathways will lead to
decreased replication inside the host cells [242]. The inhibition of the PI3K pathway
can be carried out by pictilisib, or omapalisib. While inhibition of the MAPK path-
way can be carried out by sorafenib, RP5126766, or lonafarnib [242].

JNK Pathway

C-Jun NH2-terminal kinase (JNK) cascade is another important pathway that could
activate the various processes at cellular levels such as hyperactivation of immune
cells, prolonged cell survival, cell proliferation, and reduce cell death [243]. JNK
signaling works downstream of MAPK which is activated via phosphorylation
through MAP kinase (MKK)-7 and MKK4 [244]. JNK signaling pathways lastly
stimulates transcription factor AP-1 [245]. This further binds to respective genomic
elements involved in the expression of antiviral and Thl cytokines (pro-inflamma-
tory cytokines) [246]. Various studies have shown that JNKs are one of the impor-
tant kinases which activate the innate immunity against viral infection [235, 247].
While doing so JNKs signaling activates several important cytokines like interleu-
kins (IL-1p, IL-2, IL-4) and IFN-y [248]. Studies revealed that influenza A virus and
respiratory syncytial virus enhance the JNK/AP-1 signaling cascade [235]. Apart
from this study, it has been suggested that the proinflammatory responses of Sl
subunit S protein from SARS-CoV-2 in human and murine macrophages [249].
Meanwhile, vulnerability to the S1 subunit of S protein may further activate
JNK and NFkB signaling cascade [250]. Adversely, pro-inflammatory cytokine
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induction by S1 was suppressed by selective inhibitors of NFkB and JNK pathways
[249]. Moreover, Ken et al. showed that exotic knockdown of TLR4 via siRNA
attenuated the pro-inflammatory cytokine production and inhibited the S1 medi-
cated TLR4 signaling cascade [249]. On the contrary, TLR2 neutralizing antibodies
could not abrogate the S1-induced pro-inflammatory cytokine induction in either
RAW264.7 or THP-1 cell-derived macrophages [249]. Hence, TLR4 receptor medi-
ated signaling cascade is very crucial for the activation of Th1 responses in humans
and mice macrophages [251]. Therefore, TLR4 signaling in macrophages may be a
potential target for regulating excessive inflammation in COVID-19 patients
[249, 252].

Coronavirus induced apoptosis in H1299 cells through the activation of JNK sig-
naling pathway. Viral pathogenesis does not directly activate the JNK signaling. It
does it via mediator signaling molecules like MKK7. Importantly, suppression of
the JNK cascade during viral infection in Huh-7 cells through SP600125 inhibitors
reduced the inhibitory effect of JNK signaling on antiapoptotic protein Bcl2. In case
of SARS-CoV infection of Vero cells exotic expression of Bcl-2 was observed.
However, subsequent viral induced apoptosis was not observed in the cells. Another
study observed that the HCoV-229E also activated the JNK signaling pathway and
promoted cell survival through increased production of anti-apoptotic Bcl-2 family
proteins [235, 253]. Moreover activated JNK signaling ultimately regulated innate
immunity by increasing the production and secretion of proinflammatory cytokines
such as IFN-f and IL-8 [235]. Furthermore, studies revealed that there is a phos-
phorylation of proteins in the upstream cascade of JNK signaling during the viral
infection hence, JNK signaling played a very crucial role in SARS-CoV-2 infection.
Another study in Vero E6 cells revealed that the N protein of SARS-CoV could also
phosphorylate the PI3K/AKT and JNK signaling cascade which led to the establish-
ment of persistent SARS-CoV infection [254, 255]. Previously it has been shown
that SARS-CoV associated N protein in the absence of growth factors was involved
in the activation JNK and p38 MAPK signaling cascade and simultaneously inhib-
ited the programmed cell death in COS-1 monkey kidney cells [256]. Notably,
SARS-CoV-2 showed a higher degree of sequence similarity of various antigenic
proteins such as N, S, E, and RNA-dependent RNA polymerase with SARS-CoV;
hence, SARS-CoV-2 may activate the AP1 in a similar way to SARS-CoV, which
further can activate the Th1 responses [248]. In another study by Mizutani et al, Vero
E6 and HEK?293 cells showed that the SARS-CoV encoded ORF6, 3a and 7a induced
apoptosis through the JNK-dependent as well as caspase-3-mediated ER stress path-
ways [257]. Moreover, another protein, 3b of SARS-CoV-2, upregulated the AP-1
through the stimulation of ERK and JNK signaling cascade in Huh7 cells [258].

IRF Involved Signaling

Severe COVID-19 characterized by hypercytokinemia and ARDS arises due to the
virus’s ability to antagonize the host immune response. Nonetheless, coagulopathy
observed in severe COVID-19 cases is related to impaired production of Type I IFN
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(IFN-I) [259]. IFN-1 is crucial for imparting antiviral response triggers the expres-
sion of numerous IFN-stimulated genes (ISGs) through various transcription factors
[259]. The transcription of downstream genes modulates the inflammatory responses
through the regulation of proinflammatory cytokines which in turn modulate viral
replication and recruitment of immune cells [259]. In a study, a delayed antiviral
response, marked by reduced expressions of IFN-p and ISG56, during the initial
hours of infection was observed which was predicted to provide a window to virus
replication [260]. Interestingly, significant amounts of viral transcripts were
observed prior to the induction of IFN in SARS-CoV-2-infected cells [260]. SARS-
CoV-2 encoded ORF6 was predicted to alter IFN production and associated down-
stream signaling [261].

ORF6 of SARS-CoV-2, which is ~66% similar to SARS-CoV-1 ORF6, has a two
amino acid truncation at the C terminus of the protein [260]. Both the proteins per-
form similar functions, that is, exhibit the ability to inhibit IRF3 activation and
STAT-1 nuclear translocation [261, 262]. It has been demonstrated that the amino
acids at the C terminus tail of ORF6, DEEQPMEID, were accountable for ORF6’s
function in blocking IRF3 and STAT1 activation [260]. Nonetheless, protein—pro-
tein interaction study showed that ORF6 interacted with nucleoporin (NUP)-98 and
RAEI, to form a nuclear pore complex [263]. Thus, it is believed that ORF6 could
block STAT1 nuclear translocation by interacting with these proteins.

Following recognition in the cytoplasm by retinoic acid-inducible gene-I (RIG-I)
and melanoma differentiation-associated protein 5 (MDAY), the caspase activation
recruitment domains (CARD) of these two proteins get associated with the mito-
chondrial antiviral signaling protein (MAVS) [264, 265]. MAVS result in the recruit-
ment of a complex consisting of the TRAF3/TANK/TBK1/IKKe (TNF receptor
associated factor 3/ TRAF family member-associated NFkB activator-binding
kinase 1/ inhibitor of nuclear factor kB (IxB) kinase-¢). Subsequently the complex
generates phosphorylated IRF-3 and IRF-7 [266, 267]. The dimerized IRF-3 and
IRF-7 move into the nucleus and initiate the transcription of IFN-I and ISGs. Then
henceforth produced IFN-1 can bind to the IFN receptors a and 3, comprising the
IFNAR1 and IFNAR2 subunits, thereby resulting in activation of JAK-STAT path-
way [267]. The phosphorylated STAT components of JAK-STAT pathway and IRF9
form the IFN-stimulated growth factor 3 (ISGF3) complex [268]. Also, SARS-
CoV-2 nspl is known to bind to the subunits of 40S ribosome causing mRNA trans-
lation inhibition of the host including IFN-I [269]. Additionally, it is proven that
SARS-CoV-2 ORF9Db interacted with MAVS by interacting with Tom70, thus influ-
encing the IFN-1 pathway [267]. Importantly, SARS-CoV-2 nsp13 and nsp15 asso-
ciated with TBK1 and the TBK1 activator protein 41 (RNF41)/Nrdpl, respectively
[270]. Studies have validated the interaction between SARS-CoV-2 nspl5 and
TBK1 [263].

Moreover, SARS-CoV-1 structural proteins like M and N may sequester the IFN
response [267]. The SARS-CoV-1 N protein on binding to the tripartite motif pro-
tein 25 (TRIM25) E3 ubiquitin ligase may cause interference in the binding of
TRIM25 with RIG-I [271]. Moreover, the M protein was shown to alter TRAF3/
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TANK/TBK1/IKKe formation, which is crucial for IRF3/IRF7 signaling [266]. Due
to the high structural similarity between the SARS-CoV-1 and -2 proteins, it is
believed that SARS-CoV-2 proteins may function similarly to SARS-CoV-1. SARS-
CoV-2 ORF3b protein retains the ability to inhibit IFN-1 signaling like that of
SARS-CoV-1. Intriguingly, SARS-CoV-2 ORF3b has been found to suppress the
IFN production more efficiently than the SARS-CoV ORF3b [261]. Studies have
researched variants of SARS-CoV-2 sequences and interestingly a longer version of
ORF3b displayed a potentially greater inhibitory activity. On the other hand, SARS-
CoV-2 S protein and nsp2 showed stimulatory effects on IFN production [260].

SARS-CoV-2 encoded proteases, which are the nsp3/papain-like protease and
nspS5/3C-like protease, are crucial for viral replication and can also cleave proteins
of the host innate immune system [272]. In a study, it was identified that three host
proteins, namely, IRF-3, NLR Family Pyrin Domain Containing 12 (NLRP12), and
TGF-f activated kinase 1 binding protein 1 (TAB1), were selectively cleaved by
nsp3 and nsp3, the former cleaving IRF-3 and the latter cleaving both NLRP12 and
TABI [272]. Cleavage of IRF-3 by nsp3 resulted in altered type-I IFN responses,
and nsp5-mediated NLRP12 and TAB1 cleavage resulted in enhanced cytokines
production through the NFxB pathway [272]. Additionally, NLRP12 cleavage by
nsp5 could influence the assembly of NLRP3 inflammasome leading to an enhanced
production of IL-1P [272]. Nonetheless the deubiquitinase and deISGylation activ-
ity of the Orfla/b, PLpro result in inhibited IRF3 activity [272, 273]. Also, it is
shown that ubiquitin-like protein ISG15 cleavage can be induced by PLpro of
SARS-CoV-2 [236].

JAK-STAT Pathway

The JAK-STAT pathway is involved in communicating the signals received by
nearby cells by driving the expression of numerous response genes such as ISGs
[274]. The pathway plays a vital role in the regulation of immune responses against
viral pathogens [275]. JAK is associated with various cytokines receptors, most
importantly with IFN receptors. The virus infected cells release IFNs which makes
nearby cells aware of infection by binding to the IFN receptors present on them.
IFN-I and IFN-II receptors are ubiquitously found; however, IFN-III receptors are
present exclusively on cells lining the epithelial barrier [259]. On receiving the sig-
nal, the JAK gets phosphorylated which in turn phosphorylates adjacent JAKs. Any
of the four JAKSs, namely, JAK1, JAK2, JAK3, and JAK4, can be involved as per the
respective receptor [274]. The cascade then proceeds with phosphorylation of STAT
molecules. STAT has various isomers (STAT1, STAT2, STAT3, STAT4, STAT5A,
STATSB, and STAT6) which can form hetero- or homodimers after phosphoryla-
tion. The STAT dimers then get displaced in the nucleus where it binds to the respec-
tive promoter of ISGs. Viruses try to hinder this important pathway, for their own
benefit, through various mechanisms [275]. In COVID-19 cases with high viral
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load, an upregulation of JAK-STAT pathway components especially JAK2, STATI,
and STAT?2 have been noted [276]. The study demonstrated a dampened level of
various cytokines in STAT2 knockout hamsters infected with SARS-CoV-2 when
compared to that of uninfected animals. Moreover, the severe pathological effects of
SARS-CoV-2 infection observed in wild type hamsters were not observed in STAT2
knockout hamsters. This highlighted the importance of STAT in SARS-CoV-2
infection aftermath [277].

Luo et al., in the case of SARS-CoV as well as SARS-CoV-2 infection, observed
that components of signaling pathways of ACE2 and JAK-STAT are significantly
correlated. It further provided the probability of involvement of the JAK-STAT sig-
naling pathway in the downstream action of the overactivation of ACE2 [278]. A
study noted the muted expression of JAK/STAT and some interleukin pathways in a
subset of early mild—moderate infections. This was permissive to hypoinflammatory
responses. However, in severely ill subjects increased interleukin and IFN pathway
activation was observed [279]. An interesting investigation demonstrated a reduc-
tion in IFN-triggered phosphorylated STAT1 level post-SARS-CoV-2 infection.
Additionally, viral Mpro was found to interact with STAT1 with the plausible ability
of STAT-1 autophagic degradation [280]. This indicated employment of additional
strategies to alter JAK-STAT signaling by SARS-CoV-2 [280]. Investigation of the
effects of SARS-CoV-2 miRNA on cellular pathways informed that the viral miRNA
targeted JAK1 and JAK?2 wild STAT3, STAT4, STAT5B, and STAT6 were targeted
by SARS-CoV-2 miRNAs. It has been shown that viruses increase the suppressor of
cytokine signaling cellular genes (SOCS) that regulate this pathway by a feedback
mechanism. In this study, some of the viral miRNA were found to induce SOCS
[281]. Xia et al. analyzed the potency of various SARS-CoV-2 proteins to alter
components associated with the JAK-STAT pathway. The results showed interesting
findings that nspl, nsp6, nsp13, ORF3a, M, ORF7a, and ORF7b inhibited STAT1
and/or STAT2 phosphorylation as well as nuclear translocation. Further, ORF6 was
found to interact with nuclear transporter protein KPNA?2 which led to suppression
of STAT1 nuclear translocation [282]. In another study, ORF6, ORF8 and N protein
of SARS-CoV-2 were found to inhibit type I IFN signaling. These factors were
demonstrated to inhibit ISRE promoter [283, 284]. N protein was observed to cause
a reduction in phosphorylated STAT1 and STAT?2 by directly interacting with these
molecules. Moreover, the N protein is also found to inhibit the nuclear translocation
of STAT1 and STAT?2 induced by IFN. This indicated that N protein could inhibit
phosphorylation of these STAT molecules and could antagonize IFN-I signaling
[284]. In another study, ORF7a was also found to suppress STAT2 phosphorylation
and nuclear translocation [285]. In this study ubiquitination of ORF7a by the host
system was also demonstrated to be important to perform this action. This indicates
the use of the one host machinery by the viral system in antagonism of another
molecular pathway.
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Conclusion

The COVID-19 pandemic has given rise to serious public health concerns.
Individuals with underlying health conditions like CVD, hypertension, diabetes,
AKI, and obesity are prone to risk of severe manifestations. Often, increased hospi-
talization time, severity, delayed viral clearance, or increased mortality are observed
in patients with one of these comorbidities. The large-scale or worldwide studies
investigating different comorbidities and associated risk factors with respect to
COVID-19 may provide a clearer picture of important risk factors. Current studies
have clarified that the withdrawal of necessary medications like ACEI, RAAS inhib-
itors, and antirheumatic drugs should be avoided during COVID-19. The withdrawal
could actually aid in worsening many preexisting conditions. The specific mecha-
nisms of interaction of various factors related to abovementioned comorbidities and
COVID-19 are yet to be elucidated. Moreover, some comorbidities like obesity or
repercussions like secondary infections with respect to COVID-19 still remain
underexplored. Moreover, due to COVID-19 as well as its aftermath, many people
become susceptible to secondary deadly infections like bacterial infections in the
oral cavity and fungal infections mucormycosis. During and after COVID-19, every
sign and symptoms should be cautiously observed and diagnostic tests for suscep-
tive conditions should be carried out without delay. This may help in controlling
progression of secondary infections like mucormycosis. This demands further
investigation for understanding and management of the disease progression and
severity in patients with underlying conditions or with COVID-19 repercussions.

Furthermore, investigation of modulation in cellular activities upon SARS-
CoV-2 infection need to be conducted. Some studies have shown that viral infection
can trigger various molecular pathways inside the cells. Most of the reports have put
forth involvement of NFkB, IRF, and JAK-STAT pathways which ultimately lead to
activation of immune response genes. Overactivation of these pathways are corre-
lated to cytokine storms prevalently seen in COVID-19 patients. Effects of approved
inhibitors of proteins involved in these pathways should be investigated in
COVID-19 disease models. Various SARS-CoV-2 proteins have also shown to inter-
act with components of these pathways which further could modulate the cellular
responses against infection. Further research can reveal effective small molecule or
peptide inhibitors to target SARS-CoV-2 protein to hinder any alterations in the
host system.
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Identification of the COVID-19 Droplet

Deposition Path and Its Effects

on the Human Respiratory Tract Before
and After the Disease: A Scoping Novel

Respiratory Mask Design

Hamidreza Mortazavy Beni, Hamed Mortazavi, Maryam Mansoori,
and Fatemeh Aghaei

Introduction

Coronavirus was first identified in 1965, with an average size of 0.15-0.08 pm [1].
At the time, no one thought that the virus could change its genetic structure, and
appears as COVID-19 and could plunge the world into crisis in 2020. According to
the World Health Organization, the death rate from the coronavirus is 10 times
higher than the swine flu, which was common from 2009 to 2010. Until now, it was
thought that the virus was transmitted through contact and droplet outputs from the
airways during cough and sneezing. But recently, with the help of high-sensitivity
laser cameras, researchers have found that even in normal conversations, these
viruses with a diameter smaller than 10 pm can float in the air for a long time.
Moreover, microdroplets with a diameter smaller than 5 pm can also be easily trans-
mitted through inhalation to other people’s airways in longer paths [2].
Coronavirus belongs to the large, positive, and single-strand RNA viruses [3].
This virus is one of the subbranches of acute respiratory syndrome virus, SARS,
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which is associated with clinical symptoms in the lower and upper respiratory tract.
One of the most important transmitting ways for the virus is through the air, which
can be transported on air paths inside the room. During respiratory activity, the size
of the droplets increases, and the actual size distribution of these droplets depends
on parameters such as expiratory air velocity, fluid viscosity, and flow path [4].
Lippmann [5] concluded that the deposition efficiency of aerosol particles with an
aerodynamic diameter greater than 2 pm depends on the Stokes number. Nowak
et al. [6] used a simulation model of CT scans and found that in airway intersec-
tions, the deposition mechanism was more prevalent. On the other hand, Matida
et al. [7] used the eddy interaction model to particles deposition and concluded that
the kinetic velocity of the flow turbulent plays a major role in the particles deposi-
tion. In the human respiratory system, Heyder [8] concluded that due to the inlet air
forces applied to inhaled particles, their path differs from that of airflow lines. Also,
the most important mechanical forces applied to them include gravity, inertia and
impact transfer from molecular collisions. Therefore, the particles move from the
flow lines and deposit on the surfaces of the respiratory tract.

Zhang and Kleinstreuer [9], in a model of the upper human airway, analyzed the
transfer and deposition of nanoparticles in a steady flow. Like Heyder [8], they con-
cluded that the regional deposition of nanoparticles in the 0.001-0.15 pm range
could depends on the flow rate of inhalation, particle size, and geometric length
scale. Mahesh et al. [10] developed a numerical algorithm to perform large eddy
simulation (LES) in very complex geometries such as the respiratory system geom-
etry. This algorithm is very efficient for very fine mesh with high Reynolds num-
bers. Zhou and Cheng [11] also found that deposition efficiency, in addition to stock
numbers subordination, similar to Lipmann’s research [5] depends on the other
parameters, including the angle of intersection and the diameter of the tract. Also,
the deposition of particles in the trachea depends on the type of flow in this area
which is turbulent, and is due to the laryngeal jet. Jin et al. [12] simulated the depo-
sition of inhaled particles in the human upper respiratory tract by LES method.
Then, they modeled a steady flow with three types of flow rates of 30, 60, and 90 L/
min. The results showed that the growth of diameter and density of particles and the
intensity of respiration increased the deposition of particles in the upper human
respiratory tract. Farkas et al. [13] found that nanoparticle deposition patterns were
more uniform than microparticles in the entire respiratory tract at all flow rates.
They also observed that the deposition of nanoparticles in the airway decreases with
flow velocity increasing. However, in the case of microparticles, deposition increases
at high flow velocities. Xi and Longest [14], using a real model, concluded that the
low Reynolds number k-omega turbulent model was suitable for simulating parti-
cles with a diameter of 1 to 31 pm in a simplified geometry of the respiratory sys-
tem. They also found that real geometries provided the best predictions of regional
deposition compared to experimental data as a function of particle diameter. Shi
etal. [15] studied the inertial particles in the diameter range of 1 to 50 pm, consider-
ing the steady laminar flow rate of 7.5 and 20 L/min, and concluded that the most
deposition occurs in the anterior part of the nasal cavity. The results of the simula-
tion of Li et al. [16], like other researchers [7, 9] in the upper human airway,
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demonstrate that the specific inlet velocities affect the particle deposition. They also
found that kinematic upstream effects are very important for particle deposition,
although they have less effect on flow field. Also, due to the structures of the tra-
cheal ring, the highest deposition occurs at a higher flow rate. The results of Lin
etal. [17], as other studies [11], showed that a turbulent jet flow in the larynx occurs,
while the intensity of turbulence in other airways is weaker. Jayaraju et al. [18] set
the inhalation rate at 15, 30 and 60 L/min with a particle diameter between 2 and
20 pm. Their results revealed that heavier particles at very low flow rates cause more
deposition than sediments at higher flow rates. Oral inhalation (15, 30, and 60 L/
min) along with the deposition of aerosols with a diameter of 1-30 pm calculated
by computational fluid dynamics (CFD) using the K-epsilon turbulent model by Ma
and Lutchen [19] similar to Jayaraju et al. method [18]. They found that more depo-
sition were obtained from micrometer sized aerosol particles [19]. Mihai et al. [20]
exploited two stable strategies to model the flow including steady Reynolds-
averaged Navier—Stokes (RANS) and LES. The greatest differences in static pres-
sure distribution in the air walls between LES and RANS data were observed at the
cross-sectional area of the pharynx. An analysis of Shanley et al. [21] in a steady
laminar flow illustrated that a simple uniform flow occurs in the nose with a peak in
the speed, and a peak immediately occurs in the posterior part in the size of a vortic-
ity. The results of particle accumulation smaller than 10 pm through the Lagrangian
method depicted that the deposition increases with higher particle size and flow
velocity. In other studies conducted by Kleinstreuer and Zhang [22], the flows of a
respiratory system can include flows such as turbulent jet with substantially pres-
sure drop, while breathing in the airways. It was also found that micron particles
were modeled in the Lagrange-Euler framework and nanoparticles were modeled
based on the Euler-Euler approach preferably. Inthavong et al. [23] found that there
was an upsurge in deposition in the nasal cavity for nanoparticles. Huang and Zhang
[24] concluded that the deposition is highly dependent on the rate of respiration and
is less dependent on the turbulence of the flow. Particles are mainly distributed in
high-velocity axial regions and basically follow the secondary flow. Frank et al. [25]
recognized that speeds of more than 3 m/s slowed down particle deposition in the
respiratory system. Philip and Wang [26] believe that the complex geometry of the
airway of the human respiratory system itself creates a stable hydrodynamic flow.
The Li et al. [27] findings indicate that the efficacy of microparticle deposition is
much higher than that of nanoparticles. Because the diameter of nanoparticles is
less important than that of microparticles in particle deposition. Yousefi et al. [28],
like other researchers [11, 12, 17], found that the most particles deposition exist in
the larynx, where the airways have a smaller cross-sectional area. Also, as Mihai
et al. [20] showed, particle deposition patterns in airways depend on their initial
inlet position at the mouth inlet. Varghese and Gangamma [29] believe that the pres-
ence of water droplet in the inhale can alter the size of inhaled aerosols. Therefore,
they could change the deposition profile of inhaled airborne particles in the lungs.
However, the analytical method applied for particles with diameter more than 1 pm
and at high concentrations has a high computational error. Basu et al. [30] simulated
airflow during respiration through a steady, viscous, and laminar model and found
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that such a method demonstrates a relative insensitivity to input disturbances. Islam
et al. [31] in the studies of sediment pattern showed that most aerosol particles are
placed on the tracheal wall instead of the carina angle. At low flow velocity, particle
density is mostly in the middle of the trachea. At higher flow velocity, particle den-
sity increases at the top region and in the path change region. Like other studies [12,
14, 18, 27], they concluded that particle diameter and fluid flow velocity affect the
deposition pattern. Using the CFD simulation, they found that the effects of turbu-
lence on deposition were more effective for larger diameter particles and less effec-
tive for smaller diameter particles. Using the CT-based model, they found that a
significant amount of particle deposition settles on the tracheal wall, whereas in the
simulation it was observed that more particles precipitate at the carnival angle in the
unreal model [32]. In another numerical study, they depicted that neither Euler-
Lagrange (E-L) nor Euler-Euler (E-E) methods influence the sedimentary patterns
of nanoparticles with diameter of 50 nm and the flow rate of 25 L/min [33]. Ma et al.
[34] exploited a standard DPM method for particle deposition, and the results
showed how particle deposition is affected by throat narrow path so that the reduc-
tion of the cross-sectional area of the pharynx in the epiglottis has a great impact on
the flow field in the airways and in the case of oral inhalation has an effect on the
deposition of the regional sediment. Kayhani et al. [35] found that in the main nasal
route, the highest velocity of inhaled air alongside the nasal floor occurred below
the lower turbinate. Another low peak also occurs in the middle of the airway,
between the lower and middle turbinate and the septum. About 30% of the inhaled
volume flow rate passes under the lower turbinate and about 10% passes through the
olfactory airway. Horschler et al. [36] presented the results of numerical simulation
of flow in a model of the human nasal cavity in a multiblock structural grid and
compared it with experimental data. Calculations for inhalation and exhalation at
rest state were performed with the Reynolds numbers Re = 1560 and Re = 1230,
respectively, in the nostrils. Grgic et al. [37] illustrated that aerosol deposition is
more common in the larynx and trachea and is caused by morphological limitations
of the pharynx, glottal, and flow jets. Also, it was found that the deposition effi-
ciency is related to the inertia parameter. Even if, the Stokes number is kept con-
stant, due to the change in the velocity profile, the accumulation efficiency increases
with increasing Reynolds flow. In another study they showed that both total and
regional deposition have a large differences, as well as a significant difference in
intersubjectivity [38]. The results of Heenan et al. [39] showed that there is a strong
relationship between local deposition and local fluid velocity field. The level of
local deposition is strongly related to the velocity and curvature of the flow. Shi
et al. [40] found that very small particles, smaller than 5 nanometers in diameter,
have a particular importance because they were absorbed more rapidly. Therefore,
as opposed to the larger particles, have higher toxicity or therapeutic effect. Xi and
Longest [41] examined the particles with 1 nanometer size up to I pm and an inha-
lation flow rate of 4-30 L/min. Under these circumstances, the turbulence was vis-
ible only in the area of the nasal valve and the posterior part of the nasopharynx.
They also found that many of the main parts of the nose have a linear flow. Chen
et al. [42] found that secondary flow may contribute to the deposition of particles in
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the filled airways for actual inhalation. The results obtained by Nicolaou and Zaki
[43] provide an insight into how the geometry changes affect the aerosol deposition
and the dispersion of the deposition data. The assessment of flow fields in different
mouth and throat geometries allows to investigate the source of the deposition
dependence on Reynolds number. The results of Shinneeb and Pollard [44] showed
that the nature of the flow in the respiratory system is definitely three-dimensional
and is associated with the recirculation as well as jet-like and sink-like form flows.
In general, it can be understood from the above researches that there is a great deal
of difference in the findings, due to the complex geometry of the respiratory system
and the computational method used for particle deposition. As very little informa-
tion is available on droplet deposition in the respiratory system, employing of the
FSI method, if more complicated, generates accurate answer.

Microdroplets are a subcategory of aerosols; nevertheless, not only are there no
investigations toward viral effects of droplets smaller than 10 pm diameter, but even
in vitro studies investigations to determine the exact deposition location of these
droplets in the upper human respiratory system have also not been carried out.
These small microdroplets are also able to pass through ordinary respirator masks
and can infect people, if the permitted distance is not observed. However, it should
be noted that ordinary masks are more effective for droplets larger than 10 pm [45].
As mentioned in the literature review, avoiding the real model in the respiratory
system can immensely affect the results of particle deposition. Not only is real
geometry very important in modeling, but computational methods based on actual
body performance also can affect the results. Unlike previous researches, which
examined the motion of particles by CFD, in this study, the FSI model is used.
Because the physiological conditions of the body behave as FSI manner.

Methods

Computational Model

The model used in this study is related to a 30-year-old healthy man who has been
reviewed and approved in the past research in terms of CFD [46] and FSI [47] and
has a very high level of reliability. In this model, the three-dimensional (3D) model
of the upper airway is extracted using CT technology. Then, three-dimensional
geometry is constructed, which includes the nostril entrance to the carina (nasal
cavity, pharynx, larynx, and trachea). It is very carefully segmented and meshed to
create a computational grid, considering the appropriate boundary layer. This
model, after examining the independence of the grid, has been made with an approx-
imate number of 2.6 million computational nodes for mesh production. This com-
putational grid has very good quality which could accurately predict the behavior of
thyroid cartilage failure as well as brain damage in respiratory reflexes.
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Fig. 6.1 Computational model geometry and meshing. (a) Numerical model meshing. (b)
Geometry of the 3-D model

Details of reconstruction of geometry and meshing of this model has been pre-
sented in details, in Mortazavy et al. study [46], and it is not mentioned here again.
Figure 6.1 shows the meshed geometry of the computational model. It should be
noted that in this figure, the nasal cavity was divided into three parts: superior,
middle and inferior turbinate. The volume of each area is increasing from top to
bottom, so that the superior turbinate has the most and the inferior turbinate has the
least volume. These areas have a special importance, so that they play the important
role on heat transfer, increase moisture, and filter inhalation air. What makes this
division salient, is that these areas are full of blood vessels which their vastness have
changed with slight changes in temperature, humidity, physical activity, body posi-
tion, and hormonal changes.

Governing Equations

Air is considered as a viscous and incompressible fluid. The governing equations for
the viscous, incompressible, and steady state in the human respiratory system in the
state of turbulent flow are the Navier-Stokes, and continuity equations. These equa-
tions include the following.

oU,

—=0 6.1
e 6.1)
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In these equations, the parameters U, p, P, v, and G; for air fluid represent speed,
density, pressure, kinematic viscosity, and gravity term, respectively. Also i and j
represent Cartesian coordinates. Based on Kleinstreuer and Zhang [22], the E-L
method was selected as the best method to investigate the microdroplet particles
movement along with fluid. The equation of motion for the microdroplet is as follows.

du! 18u P
—=|——— U, —u; )+ g, +F 6.3
dt (P”dzcc]( i )re o

Also u, p*, d, g;, and F, are viscosity, density, particle diameter, gravity term, and,

. . . . . dx .
Brownian Force, respectively. Furthermore, in this equation, — = ulP . Also C, is
the Cunningham correction factor, which is equal to dt
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In this equation 4 is the average molecular distance for air and is assumed to be
0.065 pm. The Stokes number is used to calculate the ratio of the relaxation time of
the droplet per the characteristic time scale of the flow, and is defined as follows.

Stf=—L (6.5)

In which 7 is the relaxation time, u; is the velocity of the fluid, and d. is the
hydraulic diameter of the tract through which the fluid passes. By putting the value
of relaxation time, the following equation is obtained.

pldu;

St" =
18ud,

(6.6)

The walls of the airway are considered as an elastic wall. It is also assumed that
the droplets are absorbed at the first encounter with the wall. In the FSI boundary
condition, the equilibrium force between the fluid and solid is determined as the
following equation.

on=-cn, (6.7)

where, cr,jf. is fluid stress tensor, G,.js. is solid stress tensor, and » is the outward vector
perpendicular to the surface of the FSI facing. More details on the governing
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equations of FSI mentioned in the Mortazavy et al. study [47]. The difference is that
in the present model, the input of the flow rate is from the nostril or mouth, and its
output is from the end of trachea (carina zone) as the boundary condition. It is
noticeable that when the entrance is from the nose, the boundary condition of the
wall is applied to the entrance of the mouth, and vice versa.

Numerical Solution and Method Verification

In order to solve the numerical equations, the geometry was entered to the fluent 6.3
software (ANSYS, USA). Fluent software converts and solves the governing equa-
tions into algebraic equations by the finite volume method. In this study, the second-
order upwind scheme was used to the momentum equation discretization, and the
SIMPLE algorithm was used to couple the pressure and velocity equations. The
k-epsilon turbulence model is a subcategory of the RANS group, which has been
shown to have viable results in the use of DPM in the study of deposition mapping
in the human respiratory system [19]. In the present study, this method was used,
and according to Fig. 6.2, the reliability of this method was confirmed.

Air enters the computational model at 25 °C from the nasal or oral tract. Given
that the COVID-19 virus is related to Betacoronavirus family, and the density of
Betacoronaviruses is approximately p = 1240kg/m® [48]. Thus, considering
p1 = 998kg/m? for pure water density, p, = 1119kg/m? equivalent to 50% water
+50% virus (average density), finally p; = 1240kg/m* was assumed for net virus
droplet. Also, the range of droplet diameter changes was considered from 1 to
10 pm for normal conversation. For the respiratory wall, the expansion of the yang
modules was considered in the range of 0.51 kpa < E < 100.64 kpa, which the low-
est value is in the uvula area and the highest value is in contact with the hard palate
[49]. In order to validate the present study, the results obtained by Cheng [50] in the
field of high-density solid aerosol (Fig. 6.2a), and the findings from Heyder study
[8] regarding particle deposition with water density (Fig. 6.2b) were used. As can be
seen in Fig. 6.2, the results show a similar trend. Of course, according to Fig. 6.2b
due to the similarity between the type of boundary conditions and the air flow with
the droplet type, a better match has been obtained in the results. The reason for the
incomplete overlap in the results can be described in the difference of the analyzed
geometries.

Results

In this study, in two different input states to the model, the fluid flow, and droplet
parameters along with wall deformation analysis were investigated: (A) flow inlet
from the nose with the closed mouth and (B) flow inlet from the mouth with the
closed nose. In both groups, three flow rates of 6, 15, and 30 L/min were entered to
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the model along with the droplet diameter change, and based on this, the perfor-
mance of the upper respiratory system was evaluated from different aspects.
Meanwhile, the flow rate of 6, and the 5 pm droplet diameter are the basis for com-
parisons. It should be noted that during normal breathing, a man in a state of rest
breathes about 500 cm?® of air per inhalation, which is the same as tidal volume at
rest [51]. This number is exactly in concordance with the model presented in this
study after spirometry testing during patient health in the database [47]. Therefore,
the inlet flow rate in the model was considered to be 6 L/min in rest mode.

The Flow Enters from the Nose with the Closed
Mouth—Group A

Simulated Airflow and Droplet Transport and Deposition

According to Fig. 6.3a, the highest droplet deposition occurred in the nasal cavity at
rest position. On the other hand, by growth of the droplet density, the amount of
deposition is increased in the nasal cavity. The deposition efficiency is always
smaller than 5%, and after the nasal cavity, the highest droplet deposition occurs in
the nasopharynx, oropharynx, trachea, and larynx, respectively. Nasal deposition
rate is several times more than other parts of the respiratory tract. Thus, if just
Fig. 6.3b has been considered for investigation of droplet deposition level in three
basic parts of the nasal cavity, it is clear that the efficiency of deposition is always
smaller than 2.5%. The highest droplet deposition is in the inferior region and the
lowest deposition is in the superior turbinate (olfactory zone). Also, with the growth
of droplet density, the droplet deposition increases in the olfactory region.

Now, if we evaluate the droplet relaxation time parameter in the respiratory sys-
tem, similar to contour with transparent face wall in Fig. 6.4, it can be seen that the
most relaxation time of the particles is in the nasal part, especially in the olfactory
and maxillary sinus area. Due to the geometric conditions in these areas, the flow is
recirculated and the droplet get stuck. After these two regions, we should mention
the recirculating turbulence flow and relaxation value in the oropharynx zone, which
although it is not to the extent of nasal part, but is relatively noticeable throughout
the breathing path from the nasopharynx to the trachea. High relaxation of the viral
droplet in the superior turbinate, and on the other hand, the presence of the virus
receptors in the olfactory epithelium [52] leads to the neurologic attack manifesta-
tions in more than 30% of COVID-19 patients [53]. As, taste and odor impairment
was observed in the studied subject.

In order to obtain a more significant relationship between the density, the diam-
eter, and the flow rate changes in the whole scope of the droplets study, according to
Fig. 6.5, the deposition efficiency curve was plotted according Stokes number.
Based on Fig. 6.5a, with the growth of Stokes number, the rate of deposition effi-
ciency increases exponentially in different parts of the respiratory system, so that
the changes rate in the Stokes number is smaller than one, and the rate of deposition
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Fig. 6.4 Droplet relaxation contour with average density at 5 pm, and 6 L/min for Group A. (a)
Anterior droplet relaxation time tracking. (b) Posterior droplet relaxation time tracking

does not exceed 40%. The highest report in the amount of deposition is in orophar-
ynx and the lowest amount of deposition in trachea.

Now, according to Fig. 6.5b, if the deposition changes per stokes number consid-
ered in the nasal cavity, it could be perceived that the highest droplet deposition
occurs in the inferior turbinate which is smaller than 10%, and the lowest deposition
is obtained in the superior turbinate.

Figure 6.6a shows the effect of changes in flow rate and droplet diameter on the
deposition in the respiratory system. In general, with the growth of diameter or flow
rate the amount of deposition efficiency increases. As the drop diameter increases,
the effect of flow rate elevation on the droplet deposition enlarged much more.
Although the flow rate doubles in 10 pm droplet diameter and flow rate changes
from 15 to 30; however, the droplet deposition escalates almost 5 times and the
deposition efficiency increases 90%. Figure 6.6b illustrates the same trend only in
the nasal cavity, with the difference that deposition efficiency does not exceed 5%.
As can be seen from this curve, the greatest deposition is often in the inferior turbi-
nate and the least in the superior turbinate

Droplet deposition is a superficial phenomenon. If the concentration of droplets
in the volume has been taken into consideration, the contour of Fig. 6.7 is obtained.
It is obvious in this figure that the droplet concentration in the nasal cavity, carina
zone, and the oropharynx is higher than other areas, respectively. In other words, in
some parts of the respiratory system where geometric curves are complexed, the
droplets concentration are trapped.
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Fig. 6.7 Concentration droplet contour at average density in 6 L/min, and 5 pm for Group A. (a)
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Simulated Solid Domain Deformation

As to last analysis of the inhalation through the nose, the deformation contour in the
respiratory system is extracted as Fig. 6.8. In this figure, the most deformation is
related to the trachea at carina zone. Also, the most deformed part of the nasal cavity
is the olfactory zone. In other words, in places where deformation increases, accord-
ing to the Fig. 6.5, the deposition rate depicts a significant decrease. The maximum
deformation rate at flow rates of 15 and 30 L/min is 5 and 21 times higher than the
flow rate of 6 L/min, respectively. Additionally, the maximum increase percentage
in deformation is several times greater than the rate of flow rate increase.
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The Flow Enters from the Mouth with Closed Nose—Group B
Simulated Airflow with Droplet Transport and Deposition

As discussed in section “Simulated Airflow and Droplet Transport and Deposition”,
nasal breathing can greatly increase transmission of the coronavirus through the
olfactory nerve receptor; in other words, the nasal cavity is high-risk area. Whereas,
if the inhalation is done just through the mouth, based on the results of Fig. 6.9, the
highest droplet deposition in the different density changes occurs in the oral, oro-
pharynx, and trachea, respectively. The deposition efficiency is smaller than 6%,
which in the mouth is at least several times greater than the trachea.

The most relaxation time according to Fig. 6.10 has a similar trend as Fig. 6.4, so
that it has the highest value in the superior turbinate during the mouth inhalation,
with the difference in the number of droplet entering this upper area of the nasal cav-
ity, which is very small. After this area, we should mention the amount of relaxation
time in the trachea region, which is relatively significant. The most interesting issue
is that relaxation time in oral and oropharynx is almost zero. Also, in general, it can
be assumed that the amount of relaxation time is very small, except in the nasal cavity.

According to Fig. 6.11, the highest droplet deposition in oral inhalation occurs in
the oral, and oropharynx, why the lowest in the larynx, and trachea, respectively.
The amount of deposition in the mouth is significant, and is often several times that
of other respiratory areas. For small Stokes numbers (St << 1), the droplet relax-
ation time is very short, and is almost equal to the fluid response time. Therefore,
droplets almost follow the same as air flow field.

Deposition efficiency changes based on droplet diameter at different flow rates
for average density are shown in Fig. 6.12. As can be seen, the amount of deposition
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B. (a) Anterior tracking view, (b) Posterior tracking view
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increases with diameter or flow rate elevation. At a flow rate of 6 L/min, the total
deposition efficiency in the range of droplet diameter changes from 1 to 10 pm is
smaller than 20%, and the incremental slope of the curve is very slow. However, at
the flow rates between 15 and 30 L/min, with growth of droplet diameter, the depo-
sition efficiency substantially increases. Such a way that, deposition efficiency is
about 100% in 30 L/min flow rate, and 10 pm diameter; in other words, no droplet
enters to the lung.

Meanwhile, it is important to study the contours of the droplet mass concentra-
tion, as shown in Fig. 6.13, for accurate observation of droplet gathering regions. As
can be seen from this figure, in mouth inhalation with closed nose, the nasal cavity
is filled with a very small concentration of droplet at the beginning of the flow. This
low concentration can also cause deposition due to high relaxation in the olfactory
area and maxillary sinus (see Fig. 6.10).

Droplet Mass Concentration
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- 2.250e-005

1.500e-005

7.500e-006

0.000e+000
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Fig. 6.13 Droplet mass concentration tracking contour for average density at 5 pm, and 6 L/min.
(a) Anterior tracking view, (b) Posterior tracking view
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Simulated Solid Domain Deformation

Additionally, as it can be seen from presented deformation contour in Fig. 6.14, it is
clear that the deformation in the mouth and nasal cavity is very small, and the most
deformation can be seen at the end of the trachea, near the carina. The maximum
deformation rate at 15 and 30 L/min flow rates is 6, which is 19 times greater than
the 6 L/min flow rate, respectively. In other words, similar to Group A, with a mar-
ginal increase in flow rate, the deformation rate would be several times greater.

Discussion

In order to get a more accurate answer, in a real model with DPM method and with
the FSI boundary condition in the wall at the time of inhalation, the droplets were
injected into the respiratory system from the entrance of the nose or mouth. Finally,
a reliable model was developed, which, in spite of its complexity, has very reliable
output responses and is consistent with the physiological behavior of the human
body. Undoubtedly, tracking of the viral droplet effects on the respiratory tract can
be helpful in understanding how to cope with, and treat the disease. When an
infected person exhales, a great number of viral microdroplets are produced which
can be suspended in the air and even move longer distances. Therefore, those who
are in such an infected place inhale viral particles, and eventually the disease spread
faster. The basic mode of comparisons for the flow rate was considered as 6 L/min;
because, this number indicates the person’s breathing rate in the rest position, and it
is of great importance. It is more often that People in an indoor construction find
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themselves in such situation, in which the risk of virus transmission through micro-
droplets increases with inappropriate ventilation. If a person starts moderate physi-
cal activity in the enclosed construction, depending on the level of activity, the
results of the flow rate will be more practical at15 L/min and 30 L/min.

The presented results of this study are categorized in two groups: A. inhalation
with nose (closed mouth), and B. inhalation with mouth (closed nose). In the both
groups, the most deposition occurs in the nasal cavity, and in the mouth, respec-
tively. The highest relaxation time occurs in the superior turbinate in the both
groups; which occurs with a relatively high concentration in Group A, and with a
very low concentration in Group B. Also according to Figs. 6.5 and 6.11, the larger
stokes number lead to higher deposition efficiency in both groups. The coronavirus
receptor is activated in the olfactory area. Olfactory nerve is the first pair among 12
pairs of cranial nerves which is a part of the odor system. On the other hand, it has
a short path in the central nervous system. Olfactory receptor are located in the
olfactory mucosa, which is a specific region of approximately 5 cm length in each
nasal mucosa. Because of the viral droplet absorption in the superior turbinate, this
region is a dangerous zone; which as shown in Fig. 6.15, the stroke occurrence prob-
ability, via the viral droplet absorption could be increased.

Other achievements of this study include the increasing of the deposition effi-
ciency by the droplet diameter, density and flow rate rise (Figs. 6.6 and 6.12). Tables
6.1 and 6.2 summarize the deposition efficiency in the upper respiratory tract in
Groups A and B, respectively. So that the last two columns of these tables present
the percentage of total deposition and the percentage of output from the carina ring,
and reached two lung bronchi. The droplet deposition percentage in the upper respi-
ratory tract in Group A inhalation is always higher than that of Group B; in other
words, the probability of a viral droplet deposition in Group A lungs is lower so that
the values in the last column of Table 6.2 is always smaller than that of Table 6.1.
Also, in Table 6.1, because the mouth is closed in the inhalation process, the amount
of droplet deposition in the mouth is either zero or very low. Likewise, in Table 6.2,
which illustrates the nasal inhalation process, the amount of droplet deposition in
different areas of the nose is either zero or very low.

The case studied inhaled 12 times per minute in healthy condition. The number
of normal breathes per minute for a healthy person older than 14 years, is 12 to 20

Fig. 6.15 CT images of the chest and brain of COVID-19 male patients. (a) lesions to the patient
lung have been identified in this study with a purple arrow. (b) CT images of the lung of a
COVID-19 patient 1 day after stroke in another study [53]. (¢) CT brain photo of the patient 1 day
after a stroke [53]
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Table 6.3 The Maximum tracheal deformation at different flow rates

Flow rate (L/min)

Group type 6 L/min 15 L/min 30 L/min
Max trachea deformation (mm) A 1.06 5.15 21.12

B 0.24 1.42 4.69

Rati A/B 4.42 3.63 4.50

times per minute [54]. However, after being infected with COVID-19 virus, the
person’s respiration rate increased to 20 times per minute. This increase is also seen
in the Chen et al. study [55]. In other words, the patient’s breathing rate increases at

20 . . . . .
least D) =1.67 times per minute. Therefore, with respect to the increase in the

number of inhalation per minute, the number of respiratory deformations and sub-
sequently cyclic stresses in the tracheal wall and olfactory zone, also increase per
minute compared to the healthy state. So, it comes with no surprise that according
to the World Health Organization reports, one of the symptoms of the disease is
pain/pressure in the chest and head.

It is noticeable that aspiration 6 liters of air per minute is equal to the amount of
blood volume that the heart pumps per minute. Therefore, when due to COVID-19
infection, some parts of lungs are distorted, the lungs have to compensate this
decrease by increasing the number of breaths per minute. Table 6.3 depicts the max-
imum deformations and the ratio between them, based on Figs. 6.8 and 6.14.
According to this table, the most deformation of the trachea always occurs during
nasal inhalation. Furthermore, the deformation changes rate is obtained 4.42 during
breathing at rest through the nose with the closed mouth. Thus, according to
Fig. 6.13, oral respiration not only minimizes viral infection in the nasal passages
but also significantly reduces the rate of tracheal cyclic stresses per minute, and
could cause less chest/head pain in patients.

Another important point in this FSI model is that in Group A, the most deforma-
tion can be seen in the carina zone, and the olfactory zone, respectively, while the
least droplet deposition occurs in these areas. This is confirmed by the CT [32]
images that the droplet deposition at the carina angle is smaller than the tracheal
wall. Whereas in contrast, the result in unrealistic models is vice versa. Hence, the
FSI method implementation in the analysis of droplet deposition in the upper human
respiratory system is of great necessity to accurately detect viral-infected areas. For
example, droplet deposition pattern contour is presented at the 1, 5, 10 pm diame-
ters in the 30 L/min flow rate in Fig. 6.16.

When a person inhales through the mouth with closed nose, not only the droplet
deposition in the nasal area is almost zero, but depositions in the mouth and throat
can be transmitted to the stomach through drinking of fluids, and eventually the
virus disappears in the stomach acid because COVID-19 virus receptor does not
exist from the esophagus to the stomach. Only those droplets that reached the lungs
could infect the person because along the respiratory tract from mouth to the lungs,
the receptor of this virus just exists in the lungs; hence, the only way for the be virus
to be transmitted to the body is through the lungs; and it is less probable to see
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Fig. 6.16 Droplet deposition with 1, 5, and 10 pm diameters at 30 L/min flow rate for Groups A
and B. (a) Nostril inlet 1 pm droplet diameter, (b) Nostril inlet 5 pm droplet diameter, (¢) Nostril
inlet 10 pm droplet diameter, (d) Mouth inlet 1 pm droplet diameter, (e) Mouth inlet 5 pm droplet
diameter, (f) Mouth inlet 10 pm droplet diameter

neurologic manifestations. Therefore, it is recommended to reduce the flow of the
air entering through the nose with a special respiratory mask.

All the air that is inhaled does not carry the oxygen to the blood; in other words,
the volume of the trachea and bronchi forms the anatomic dead space. Because in
these spaces, the air does not get exposed to the blood in the respiratory capillaries.
Usually this volume is about 150 cm?® [51]. More details on the experimental
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tracking and numerical mapping of novel coronavirus microdroplet deposition
through oral-nasal inhalation in the human respiratory system are mentioned in the
Mortazavy et al. [56, 57] study and are not covered here for the sake of brevity. In
the presented model, the available volume from carina to the mouth and nostril,
regardless to the bronchus volume, is about 95 cm?, which is part of the anatomic
dead space, and is in contact with the air with the inner surface of 329 cm?. This
volume of air is returned to the lungs after an exhalation during the next inhalation.
Therefore, if the anatomical dead space is contaminated with the virus, the droplet
deposition relaxation time will increase significantly.

Conclusion

Utilization of a realistic model with accurate and precise computational analysis can
put an end to speculation about the deposition zone, accumulation, and the effects
of the COVID-19 virus on the upper respiratory tract. On the other hand, recogniz-
ing of the virus-containing droplets’ location can help in understanding the areas
where the virus can first infect in the upper respiratory tract. In the meantime, math-
ematical models in different engineering fields have been pioneers in precise in
vitro simulation [58-61].

The previous studies on particle deposition in the human respiratory system sug-
gested that the results of each study depend on the biomechanical nature of the
particles and the chosen realistic computational method. In this study, droplets con-
taining the virus were examined using the FSI method, in a real geometry of human
respiration. We believe that to reach the exact answer, the geometry of the model
must be completely real, and the FSI condition must be applied for the human
model. The actual model presented, demonstrates that the sense of smell of the
studied person is disturbed due to the accumulation of viral droplet in the nasal cav-
ity, and its high relaxation time in the superior turbinate. Therefore, it is recom-
mended that the respirator masks should be made in such a way that the most air is
inhaled through the mouth; so that in closed places where there is a high risk of
virus contamination, the passage of air through the nose decreased.

Although oral inhalation also causes contamination in the olfactory area, how-
ever, the virus concentration is very low. Of course, this low concentration is trapped
there due to the geometric structure of the upper area, and because of the high relax-
ation time in this area, a percentage of it is absorbed which is very small in compari-
son with nasal inhalation.
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Chapter 7

SARS-CoV-2 Variants: Impact of Spike
Mutations on Vaccine and Therapeutic
Strategies

Renuka Raman, Krishna J. Patel, and Kishu Ranjan

Introduction

The emergence of numerous severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) variants has raised global concern over early eradication of corona-
virus disease 2019 (COVID-19), despite ongoing mass vaccination efforts across
the globe. Most importantly, the mutated variants of SARS-CoV-2 are increasingly
being transmitted across the population and are responsible for high mortality com-
pared to earlier outbreaks caused by SARS viruses [1-4]. The SARS-CoV-2 virus is
a positive single stranded RNA (ssRNA) virus (~ 30 kb genome size) flanked by 5
and 3’ untranslated regions (UTRs), constituting 13—15 ORFs that encode proteins
essential for viral assembly [5-7]. At the 5" terminal, two large open reading frames
(ORFs; ORFla and ORF1b) encompassing more than two-thirds of the SARS-
CoV-2 genome encode nonstructural proteins (NSPs) [7]. The 3" terminal of the
genome encodes four structural S (spike surface protein), E (envelope protein), M
(membrane glycoprotein), and N (nucleocapsid phosphoprotein, RNA genome
packaging) and nine accessory (3a, 3b, 6, 7a, 7b, 8b, 9a, 9b, and ORF10) proteins
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for viral assembly and establishment of infection in the host cell [6-9]. The SARS-
CoV-2 trimeric S protein is composed of S1 [containing the N-terminal domain
(NTD) and receptor binding domain (RBD) for viral attachment to host cell surface]
and S2 (for membrane fusion and viral entry) subunits separated by a furin cleavage
site [9—11]. Importantly, the S protein of coronaviruses are heavily glycosylated and
are most susceptible to acquired mutations and shield epitopes from neutralizing
antibodies [9, 12]. In the last several months, frequent mutations have been identi-
fied in the S protein leading to emergence of highly contagious variants causing the
devastating rise of infection and mortality [13—17]. Mutations were also reported in
ORFlab, ORF8, NSP6, ORF3a, NSP4, and N regions with mild outcomes [18].
Like SARS virus, the SARS-CoV-2 preferers human angiotensin-converting
enzyme 2 (hACE2) as a surface receptor for internalization across the cells [7, 19].
In addition, the activation of S protein through host proteases (furin, cathepsin L and
TMPRSS?2) is critical for viral infection and intracellular entry into the host [19—
21]. After internalization, SARS-CoV-2 viral genome utilizes host transcriptional
and translational machineries for synthesis and encapsulation of new viral proge-
nies for further round of infections [16, 22, 23]. In most of the cases, individuals
infected with SARS-CoV-2 start showing symptoms after 11-12 days of viral incu-
bation, characterized by life-threatening respiratory pathologies and acute
pneumonia-associated symptoms, such as dry cough, fever, muscle pain, and chills
[5, 23]. It was found that some individuals remain asymptomatic post-SARS-CoV-2
infection; however, they serve as a carrier for transmission of viral infection in the
vicinity [24, 25]. SARS-CoV-2 mutates more slowly than most RNA viruses due to
proofreading function during replication, resulting in fewer mutations and higher
accuracy in virus replication [15]. During replication in host cells, genomes of coro-
naviruses such as SARS-CoV-2, can alter their genome sequence referred to as
mutations. A variant is a population of coronaviruses that inherits the same set of
distinctive mutations. Most mutations have little to no impact on the virus’ proper-
ties. Variants that confer a competitive advantage with respect to viral replication,
viral transmission or escape from immunity are most likely to increase in frequency
due to evolutionary pressure to survive and may create an opportunity for the emer-
gence of new variants of moderate to severe pathogenicity [1, 2, 26]. Chance events,
chronic infection in immunosuppressed individuals and host shifts could also
increase the frequency of a particular strain. During early March 2020, the first
SARS-CoV-2 variant carrying a single D614G mutation in the S glycoprotein was
identified and remained predominant until June of 2020 [15, 17, 27]. Several fast-
spreading SARS-CoV-2 variants with S protein mutation were also identified in the
background [28], highlighting S protein as a potential target for designing COVID-19
vaccines [29]. Importantly, studies have shown that targeting S protein leads to
robust humoral CD4+ T cell response [30]. In addition, vaccines targeting S protein
significantly induce both humoral and cellular immune responses in clinical trials
[31]. mRNA vaccine constructs, including BNT162b2 and mRNA-1273 have shown
promising outcomes, with more than 95% protective efficacy against COVID-19
[32, 33]. However, these interventions were directed toward the initial SARS-CoV-2
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virus that emerged in 2019. The emergence of novel SARS-CoV-2 variants is a
global matter of concern since mutations accumulated by variants could potentially
impact the structure of the protein, thereby modifying immune response or compro-
mising the therapeutic efficacy of vaccines. Notably, an increased vaccination effort
to general population will offer robust protection against hospitalization and severe
disease.

The World Health Organization has classified variants as ‘Variants of Interest’
(VOI) and “Variants of Concern’ (VOC). As per the WHO (https://www.who.int/en/
activities/tracking-SARS-CoV-2-variants/), a variant is classified as a VOC if one of
the following criteria holds true.

1. Increase in transmissibility or detrimental change in COVID-19 epidemiology.

2. Increase in virulence or change in clinical disease presentation.

3. Decrease in effectiveness of public health and social measures or available diag-
nostics, vaccines, and therapeutics.

On the other hand, a variant is classified as a VOI if (1) the variant has genetic
changes that are predicted or known to affect virus characteristics such as transmis-
sibility, disease severity, immune escape, diagnostic or therapeutic escape; and (2)
The variant has been identified to cause significant community transmission or mul-
tiple COVID-19 clusters, in multiple countries with increasing relative prevalence
alongside increasing number of cases over time, or other apparent epidemiological
impacts to suggest an emerging risk to global public health.

To provide an in-depth understanding regarding exacerbation of ongoing
COVID-19 pandemic caused by SARS-CoV-2 variants, we have enlisted various
SARS-CoV-2 variants based on the origin, mutational load, and pathogenicity. We
have explored different vaccination platforms designed to effectively curb the prop-
agation of variants. Additionally, we have systematically presented the efficacy of
various vaccine candidates against identified variants. This comprehensive informa-
tion will aid in informing health administrators, medical professionals, and the gen-
eral population to understand how new variants could emerge in the future and may
account for an epidemic rebound.

Variants of Concern (VOC)

The B.1.1.7 Lineage (Alpha Variant)
Origin

Alpha variant also known as B.1.1.7 variant or 20I/501Y.V1. B.1.1.7 was first
detected in the UK in December 2020 and was named VOC 202012/01 since it
quickly surged in other countries at an exponential rate [8]. The B.1.1.7 lineage has
now been detected in over several countries, including the USA.
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Genetic Alterations, Impact on Protein Structure and Antigenicity

B.1.1.7 harbors several mutations in the S protein (Fig. 7.1), including two dele-
tions, namely, H69/V70, and Y144/145, and six substitutions, including N501Y,
AS570D, P681H, T7161I, S982A, and D1118H, which make the lineage 40-83%
more infectious than the wild-type B1 strain (originally identified in Wuhan, China),
resulting in higher nasopharyngeal viral loads and increased disease severity [34—
36]. The N501Y substitution, H69/V70 deletion and P681H mutations are the key
mutations in B.1.1.7 that are responsible for its increased transmissibility, disease
severity and infection rate. Studies have demonstrated that the N501Y mutation in
the RBD of the S protein helps the virus to increase binding to hACE2 receptors
leading to increased rates of virus transmission and virulence in mouse and ferret
models [37, 38]. The H69/V70 deletion modifies the immunodominant epitopes
located at variable loops within NTD, conferring resistance to neutralization by sera
from both convalescent patients and vaccinated individuals. Moreover, the H69/V70
deletion results in a twofold increase in S protein-mediated infectivity in vitro using
pseudotyped lentivirus [39]. The Y 144/145 deletion on the edge of the spike tip and
is speculated to modify the binding of neutralizing antibodies to SARS-CoV-2 [40].
The P681 H mutation is another key mutation which is adjacent to the furin
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Fig. 7.1 Several vaccine candidates against SARS-CoV-2 variants are under clinical trials with
promising outcomes. Schematic illustration of amino acid changes in spike (S) protein of SARS-
CoV-2 variants (B.1.1.7, B.1.351, P.1, B.1.617.2), * represent key mutations identified in SARS-
CoV-2 variants to favor rapid transmission across the population and evade host immune responses.
The percent (%) effectiveness of various vaccine candidates against different SARS-CoV-2 vari-
ants. https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
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cleavage site that separates S1 and S2 subunits of the S protein and facilitates easier
access of the human proteases to the furin cleavage site, thus increasing SARS-
CoV-2 transmission and infection [10, 11].

Effect on Convalescent and Vaccine Sera

Studies using pseudoviruses with the complete set of mutations described for
B.1.1.7 variant have demonstrated reduced but, overall, largely preserved neutral-
izing antibody titers [41, 42]. Modest reductions in the neutralizing activity of both
plasma from convalescent patients (2.7-3.8-fold) and sera from individuals that
received mRNA vaccines (1.8-2-fold) have been observed [43, 44]. The protein-
based vaccine (NVX-CoV2373) demonstrated an efficacy rate of 86.3% against
mild, moderate, and severe COVID-19 caused by B.1.1.7 as compared to 96% effi-
cacy seen in the wild-type B1 strain, whereas the viral vector—based Gam-COVID-
Vac Sputnik V vaccine sera effectively neutralized B.1.1.7. viruses, albeit with
highly variable titers [45, 46].

Effect on Vaccine Efficacy
The overall efficacy of currently available vaccines is either similar or moderately

lower against the B.1.1.7 variant (Fig. 7.1), although there are variations in study
design (Table 7.1).

Table 7.1 Percent effectiveness of vaccines on SARS-CoV-2 variants

Alpha
Vaccine (B.1.1.7) |Beta (B.1.351) |Gamma (P.1) Delta (B.1.617.2)
mRNA vaccine | 89.5— 75% (33, 49, Not reported 88% [48]
Pfizer 93.4% 50]
(BNT162b2) [47, 48]
Viral vector- 70% [51] | 10% [52] 82% eftfective against 60% [48]
based vaccine hospitalization or death
AstraZeneca 21 days after first dose
(ChAdOx1 [53]
nCoV-19)
Viral vector- Not 52% efficacy 68.1% (against moderate | 71% effective
based vaccine | reported | against to severe/critical disease), | against
Janssen (Ad26. moderate 87.6% (against severe/ hospitalization, 85%
COV2.S) disease, 72% critical disease), where P1 | effective against
efficacy against | was detected in 30.6% of | severe disease [56]
severe disease | sequences [55]
[54]
Protein-based 86% [57] | 60% [51] Not reported Not reported
vaccine
Novovax
(NVX-
CoV2373)
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Effect on Antibody Therapy

The B.1.1.7 variant maintains high susceptibility to anti-SARS-CoV-2 monoclonal
antibodies that are currently available through Emergency Use Authorization (EUA)
[58] (Table 7.1).

The B.1.351 Lineage (Beta Variant)
Origin

The Beta variant is also known as 20H/501Y.V2 and was first identified in South
Africa in December 2020, with samples dating back to the beginning of October
2020 [59]. This variant is designated as a VOC since it demonstrates enhanced
transmissibility and has been detected outside of South Africa, including in the USA.

Genetic Alterations and Impact on Protein Structure and Antigenicity

B.1.351 has two mutations in the RBD domain, namely, K417N and E484K that
play a pivotal role in both the interaction with the receptor and immune evasion.
B.1.351 also shares the N501Y mutation with B.1.1.7 in the RBD domain of the S
protein (Fig. 7.1). The three mutations confer increased viral transmissibility and
immune evasion to this variant. B.1.351 has 12 nonsynonymous mutations and one
deletion as compared to the Wuhan reference strain (D614G). B.1.351 contains
multiple mutations in the spike protein including L18F, DS8OA, D215G, 242-244
deletion, R2461, K417N, E484K, N501Y, D614G, and A701V, while the remaining
ones are in ORFla (K1655N), envelope (P71L), and N (T205I) viral proteins
(Fig. 7.1). Out of these, the 242—244 deletion and R246I mutations are in the NTD,
while K417N, E484K, and N501Y are in RBD, and A701V is located near the furin
cleavage site [59]. Nelson et al. have demonstrated that the E484K mutation
enhances spike RBD-ACE2 affinity and the combination of E484K, K417N, and
N501Y mutations in the B.1.351 variant induce conformational changes greater
than the N501Y mutant alone, resulting in an escape mutant [60].

Effect on Convalescent and Vaccine Sera
Compared to the D614G original isolate, pseudoviruses with spike containing

K417N-E484K-N501Y-D614G and full B.1.351 mutations resulted in 2.7- and
6.4-fold geometric mean titer (GMT) reduction, respectively. Overall, vaccine sera
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show significantly reduced neutralization of B.1.351. Sera from individuals vacci-
nated with mRNA vaccines (Moderna and Pfizer-BioNTech) showed 12.4- and
10.3-fold decrease in viral load respectively [44]. On similar lines, sera from the
Gam-COVID-Vac Sputnik V vaccine exhibited markedly reduced neutralization
titers against the B.1.351 variant [45]. Serum samples obtained after the second
dose of the inactivated vaccine based BBIBP-CorV vaccine (Sinopharm), or
CoronaVac vaccine serum samples, also showed complete or partial loss of neutral-
ization against B.1.351 [61].

Effect on Vaccine Efficacy

Mass immunization campaigns have revealed that the estimated effectiveness of the
Pfizer-BioNTech vaccine against the B.1.351 variant was 75% at 14 or more days
after the second dose, as compared to that of 89.5% against the B.1.1.7 variant [47].
Overall, the effectiveness of the BNT162b2 (Pfizer-BioNTech) vaccine against the
B.1.351 variant was approximately 70%, which is lower than the effectiveness
(> 90%) reported in the clinical trial [33] and in real-world conditions in Israel [49]
and the USA [50] (Fig. 7.1; Table 7.1).

Clinical trials evaluating two dose regimens of AstraZeneca’s vaccine (ChAdOx]1
nCoV-19) in South Africa showed decreased protection against mild-to-moderate
COVID-19 due to B.1.351 variant [52, 62]. On similar lines, randomized placebo-
controlled trials reported by Novavax and Janssen companies in South Africa indi-
cate significant reduction in the efficacy of their vaccines in places where the
B.1.351 variant dominated [62, 63].

Effect on Antibody Therapy

One of the major concerns associated with the Beta variant is its resistance against
a major group of potent monoclonal antibodies that target the RBD, including three
authorized for emergency use [43, 64]. Studies suggest that combination of bamla-
nivimab plus etesevimab has markedly reduced activity against the B.1.351 variant.
Similarly, Casirivimab activity is also significantly reduced, possibly due to the
K417N and E484K mutation, although the combination of casirivimab and
imdevimab appears to retain activity [58]. The US FDA revoked the EUA for bam-
lanivimab, because of an increasing number of reports of SARS-CoV-2 variants
(having the E484K mutation) that are resistant to bamlanivimab alone, in addition
to the Beta variant (Table 7.2).
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Table 7.2 Sensitivity of monoclonal antibodies (mAbs) targeted against SARS-CoV-2 variants

Alpha
mADbs (B.1.1.7) Beta (B.1.351) Gamma (P.1) Delta (B.1.617.2)
Eli Lilly Susceptible | Resistant Resistant [40] Resistant
(Bamlanivimab) | [40]
Eli Lilly Resistant Resistant [40] Resistant [40] Modest decrease in
(Etesevimab) [40] susceptibility to the
combination of
bamlanivimab and
etesevimab, although the
clinical implications of
this finding are not fully
known
Regeneron Susceptible | Activity of Reduction in Susceptible
(REGN-COV2) |[40] Casirivimab alone | Casirivimab
(Casirivimab + completely activity, although
Imdevimab) abolished, but the combination
combination retains activity
retains activity [40]
[40]

P.1 Variant (Gamma Variant)
Origin

The Gamma variant also known as P.1 or 20J/501Y.V3, is a branch of the B.1.1.28
lineage that was first detected in Brazil [65] and has become a dominant variant in
Brazil [66].

Genetic Alterations and Impact on Protein Structure and Antigenicity

The P.1 variant has accumulated 12 mutations in the spike protein, including the
N501Y mutation, which is also present in B.1.1.7 and B.1.351, while L18F, K417T,
E484K, and D614G mutations are shared with the B.1.351 variant (Fig. 7.1). P.1
contains several spike mutations in addition to D614G, including K417T, E484K,
and N501Y in the RBD; L18F, T20N, P26S, D138Y, and R190S in the NTD; and
H655Y near the furin cleavage site [65-67].

Effect on Convalescent and Vaccine Sera

Neutralizing activity for the P.1 variant among vaccinated persons was lower by a
factor of 6.7 for the BNT162b2 vaccine and by a factor of 4.5 for the mRNA-1273
vaccine [68]. A study using the CoronaVac vaccine showed that the immune plasma
of COVID-19 convalescent blood donors had sixfold less neutralizing capacity
against the P.1 variant than against the B-1 strain. Moreover, 5 months after booster
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immunization with CoronaVac, plasma from vaccinated individuals failed to effi-
ciently neutralize P.1 lineage isolates [69]. However, real-world data demonstrates
49.6% effectiveness of the vaccine, which is similar to the vaccine’s efficacy of
50.34% against symptomatic COVID-19 after both doses [70].

Effect on Vaccine Efficacy

The efficacy of the Oxford-AstraZeneca Ad26.COV2.S was seen to reduce to 68.1%
against moderate to severe/critical disease and 87.6% against severe/critical disease,
where P1 was detected in 30.6% of sequences [55] (Fig. 7.1) (Table 7.1).

Effect on Antibody Therapy

The P.1 variant is resistant to neutralization by several RBD-directed monoclonal
antibodies including three having EUA including bamlanivimab, due to the pres-
ence of the E484K mutation which it shares with B.1.351 [42, 71, 72]. The combi-
nation of bamlanivimab plus etesevimab also has markedly reduced activity against
the P.1 variant. Studies suggest that the K417T and E484 mutation, which are pres-
ent in the P.1 variant, decrease casirivimab activity, although the combination of
casirivimab and imdevimab appears to retain activity [58] (Table 7.2).

The B.1.617.2 (Delta Variant)
Origin

The Delta variant, known as the B.1.617 lineage, was first reported in October
2020 in Maharashtra, India and is also referred to as a “double mutation” variant. A
detailed analysis of the genome and proteins of B.1.617 revealed it arose indepen-
dently in India [56, 73]. Studies suggest that Delta is 40-60% more contagious than
the Alpha (U.K./B.1.1.7) variant and may be the most transmissible variant the
world has seen as of August 2021 [73]. On the 10th of May 2021, WHO designated
B.1.617 and its sublineages, namely, B.1.617.1 (Kappa), B.1.617.2 (Delta), and
B.1.617.3, as “VOC.” The Delta variant has already spread to at least 135 countries
as of 4th August 2021 (https://www.who.int/en/activities/tracking-SARS-CoV-2-
variants/).

According to a report by Public Health England (PHE), an analysis of 38,805
sequenced cases in England unveiled that the Delta variant was associated with a
2.61 times higher risk of hospitalization within 14 days of infection than the Alpha
variant. The Delta variant is more likely to spread among unvaccinated individuals
since 73% of Delta cases are seen in unvaccinated people compared to only 3.7%
Delta cases are in people who have had both doses [74].
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B.1.617 harbors several mutations in the spike protein including D111D, G142D,
L452R, E484Q, D614G, P614R, and P681R [16, 75] (Fig. 7.1). The Delta variant
harbors the E484Q and L452R mutation in the spike protein that confer the variant
with stronger binding potential to the hACE2 receptor, increased transmission, and
infectivity as well as better ability to evade hosts’ immune systems in comparison to
other variants [38, 76].

The Delta variant led to a massive second wave of cases in India and replaced the
Alpha variant in the UK. All three sublineages, namely, B.1.617.1 (Kappa),
B.1.617.2 (Delta), and B.1.617.3, harbor the L452R and the P618R mutation. The
P681R mutation in the furin cleavage site confers increased transmissibility to the
Delta variant, enabling enhanced viral entry into lung cells. This enhanced entry can
be accomplished due to more efficient membrane fusion of Delta with the host cell
membrane [77]. However, Delta lacks mutations at amino acid positions 501 or
484 in its ACE2 receptor-binding domain, commonly associated with VOCs that
escape from neutralizing antibodies (NAbs) [73, 75]. A new version of Delta known
as “Delta plus” was first detected by PHE on June 11th, 2021. It has an additional
K417N mutation which may contribute to immune escape [78]; however, the Delta
plus variant is not more transmissible than the original Delta variant.

Effect on Convalescent and Vaccine Sera

Wall et al. found that the neutralization antibody titers (NAbTs) were 5.8-fold
reduced against B.1.617.2 relative to wild-type B1 strain in 250 participants after
either one or two doses of the BNT162b2 vaccine. This reduction was similar to that
observed against the B.1.351 variant [75]. B.1.617 partially evaded neutralization
by the antibodies induced with the BNT162b2 and mRNA-1273 vaccine as well as
through natural infection or immunization, while sera from individuals having
received one dose of AstraZeneca/Oxford (ChAdOx1) vaccine barely inhibited
B.1.617.2 [51, 79]. Convalescent sera from infected patients induced with the inac-
tivated vaccine based BBV152 (Covaxin) were able to neutralize B.1.617 partially,
but the effect was robust, as seen with mRNA vaccines [80]. Furthermore, heterolo-
gous boost with BNT162b2 following ChAdOx1 priming induces a more potent
CD4+ and CD8+ T cell response as compared to homologous prime boost with
ChAdOx1 [81].

Effect on Vaccine Efficacy
Studies revealed that the effectiveness of BNT162b2 reduced from 93.4% with the

Alpha variant to 87.9% with the Delta variant, while efficacy of Oxford-AstraZeneca
vaccine ChAdOx1 reduced from 66.1% with Alpha to 59.8% with B.1.617.2 [68].
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However, both vaccines were only 33% effective against symptomatic disease from
Delta 3 weeks after the first dose [82]. PHE also found that Pfizer-BioNTech and the
Oxford-AstraZeneca vaccine were 96% and 92% effective, respectively, at prevent-
ing hospitalization from the Delta variant [83] (Fig. 7.1). Recent studies have
revealed a further drop in mRNA vaccine efficacy to ~ 50% [84].

Effect on Antibody Therapy

Recent studies have reported resistance of B.1.617.2 to neutralization by few anti-
NTD and anti-RBD mAbs, including bamlanivimab and casirivimab, attributed to
the L452R, E484Q, and E484K mutations [56] (Table 7.2). Thus, B.1.617.2 spread
is associated with an escape to antibodies targeting epitopes on the S protein.

Variants of Interest (VOI)

The WHO has described seven variants of interest (VOIs), namely, Epsilon (B.1.427
and B.1.429), Zeta (P2), Eta (B.1.525), Theta (P.3), Iota (B.1.526), Kappa
(B.1.617.1), and Lambda (C.37) (https://www.who.int/en/activities/tracking-SARS-
CoV-2-variants/).

Epsilon (B.1.427 and B.1.429) Variants

This variant discovered in California constitutes the B.1.427 and B.1.429 lineages
and carries the L452R mutation, as seen in the lineage B.1.617 [76]. Molecular
clock analysis suggest that the progenitor of both lineages emerged in May 2020 in
the USA, diverging to give rise to the B.1.427 and B.1.429 independent lineages in
June—July 2020 [85]. Epsilon is characterized by the S13I, W152C mutations in the
NTD and by the L452R mutation in the RBD. The two lineages, B.1.427 and
B.1.429, share the same spike protein mutations (S13I, W152C, and L452R), but
harbor different mutations in other SARS-CoV-2 genes [86].

Zeta (P.2) Variant

Zeta was first detected in Brazil in April 2020 and has key S protein mutations
(L18F; T20N; P26S; F157L; E484K; D614G; S9291I; and V1176F).
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Eta (B.1.525) and Iota (B.1.526) Variants

The Eta and Iota variants were first identified in New York in November 2020. The
reduction in neutralization by antibody treatments and vaccine sera is attributed to
the mutation in these variants [231]. In addition to E484K, the Eta variant S protein
mutations include A67V, A69/70, A144, D614G, Q677H, and F888L. Iota harbors
L5F, T951, D253G, S477N, D614G, and A701V, in addition to E484K [87].

Theta (P.3) Variant

Theta is also called GR/1092K.V1 and was first detected in the Philippines and
Japan in February 2021 and is classified as a VOI by the WHO. Theta harbors key S
protein mutations 141-143 deletion E484K; N501Y; and P681H [88].

Kappa (B.1.617.1)

Kappa was first detected in India in December 2021 and harbors key S protein muta-
tions (T951; G142D; E154K; L452R; E484Q; D614G; P681R; and Q1071H [88].
Lambda (C.37) Variant

Lambda was first detected in Peru and has been designated as a VOI by the WHO in
June 2021 due to an increased presence of this variant in the South American region.

Uganda Variant (A.23.1)

A.23.1 has been detected in Uganda [89]. The S protein mutations in B.1.526 are
L5SF, T951, D253G, and E484K or S477N, D614G, and A701V, while those in
A.23.1 include R102I, F157L, V367F, Q613H, and P681R, respectively [88].

Conclusion

Several variants of the SARS-CoV-2 virus have emerged over the past several
months, leading to increased number of cases and mortality rate. An increased
transmission of virus across the population further acquires genetic changes in the
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genome and develops a new strain of the virus. In this context, a comprehensive
understanding of variants’ genomic sequences associated with prolonged infections
is important to explain the increased transmissibility. There is now emerging evi-
dence of vaccine-induced immunity in protection against SARS-CoV-2 variants,
which signifies that a collaborative effort to vaccinate global population may be the
only way to fight the COVID-19 pandemic. Furthermore, extensive vaccination to
the global population also requires bulk production of vaccines, rapid transport,
large storage capacity, and uniform vaccine distribution. As of now, several vaccine
projects are in the final stage of development, and almost ready to receive approval
for general use by the end of 2021. Importantly, vaccines have retained their ability
to prevent serious illness and death, in spite of the threat from VOCs including the
Delta variant. According to Centers for Disease Control and Prevention (CDC,
USA) the Delta variant has been detected in 8 in 10 samples in the USA. The rise in
infection due to Delta variant reiterated the fact that variants exhibit antigenic varia-
tion and will further emerge and spread if a significant part of the population remains
unvaccinated. Recently, developed nations approved to give booster vaccine shots
(to protect against variants like Delta), which is limited to elderly and immunocom-
promised individuals; however, these efforts will largely remain ineffective if a sig-
nificant portion of population remains unvaccinated. Altogether, a systematic global
establishment is required to manage and track emerging variants and effective vac-
cine candidates against these variants for designing future strategies to control
COVID-19 pandemic.
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Global Biologic Characteristics of Variants
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Background

Coronaviruses (CoVs) are group of RNA viruses which primarily cause mild to
lethal respiratory infections. In humans, the CoVs causing mild illness (common
cold) include Rhinoviruses while lethal ones include the historical SARS-CoV
(Severe Acute Respiratory Syndrome), MERS-CoV (Middle East Respiratory
Syndrome), and the recently discovered SARS-CoV-2, responsible for COVID-19
pandemic which has claimed over 4.3 million lives globally between its outbreak in
December 2019 and July 2021 [1-3]. The CoVs are enveloped viruses with single
strand positive-sense RNA genome of size ranging from 26 to 32 Kb, flanked by
untranslated regions at both 5" and 3’ ends [2]. These regions contain cis-acting
secondary RNA structures which are essential for synthesis of new RNA. About
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two-thirds of the genome from the 5" end features two large open reading frames;
ORFla and 1b which encode non-structural proteins involved in various processes
for maintaining the integrity of the genome. The other one-third of the genome
encodes few viral accessory proteins and structural proteins, namely envelope (E),
membrane (M), spike (S), and nucleocapsid (N) proteins. The accessory proteins
are believed to modulate host responses to viral infection, acting as regulators of its
pathogenicity. The E and M proteins form part of viral envelope to maintain its
shape and size and the S protein which protrudes outside the envelope provides
specificity for host cell receptors. The multifunctional N protein interacts with
genomic RNA and plays crucial role in enhancing viral transcription and its
assembly.

To establish host contact, human ACE2 (Angiotensin Converting Enzyme) acts
as recognition receptors for S protein of SARS-CoV-2 [1, 4]. The host—virus inter-
actions are mediated through receptor binding domain (RBD) of S protein and sta-
bilized predominantly by polar interactions. Due to its crucial role, S protein is also
the primary target in COVID-19 vaccines, neutralizing antibodies, and drug candi-
dates. Consequently, during early phase of COVID-19 pandemic, a major thrust of
scientific efforts was dedicated towards design of neutralizing antibodies and vac-
cine candidates targeting specifically the viral Spike (S) protein. However, with a
modest mutation rate of 9.8 x 10~* substitutions per site per year [5], mutations in
regions binding with antibodies (natural or vaccine induced) could pose a grave
hurdle in the time to come. Till mid-2020, more than 0.1 million SARS-CoV-2
genome samples were sequenced indicating emergence of first globally dominant
SARS-CoV-2 D614G variant over the ancestral strains. The D614G mutation of S
protein was associated with enhanced infectivity, increased viral density, and
increased replication in the human lung epithelial cells. The mutation also led to
moderate reduction in vaccines elicited neutralization which initially paved way for
universal COVID-19 vaccines [2, 6]. Despite a sluggish mutation rate, new emerg-
ing genetically distinct phylogenetic clusters of SARS-CoV-2 were reported all
around world towards the end of 2020 (Fig. 8.1).

With possibilities of being more transmissible and infectious than previously
dominant D614G variant, these new SARS-CoV-2 variants were designated as vari-
ants of interest (VOI)/variants under investigation (VUI) and later designated as
variants of concern (VOC) by either WHO (World Health Organization), CDC-USA
(Centers for Disease Control and Prevention), Public Health England or ECDC
(European Centers for Disease Control and Prevention) public health organizations
[7, 8]. As per their general recommendations, the VOCs are associated with either
increased transmissibility or detrimental change in COVID-19 epidemiology, viru-
lence or severity in presentation of clinical disease; or reduced effectiveness of pub-
lic health, social measures or available therapeutics, vaccines, and diagnostics
[4, 9, 10].
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Fig. 8.1 Organization of SARS-CoV-2 coding genome. The 5 end features two large open read-
ing frames; ORF1la and 1b. The 3’ end encodes viral structural proteins; envelope (E), membrane
(M), spike (S), and nucleocapsid (N) and viral accessory proteins; 3a, 6, 7a, 7b, and ORFS8. The
SARS-CoV-2 Spike (S) protein can be further divided into S1 and S2 subunits. The S1 receptor
binding subunit features the N-terminal (NTD) and receptor binding domain (RBD) which are
targets for many monoclonal antibodies against S protein. The RBD consists of a receptor binding
motif (RBM) which interacts with host ACE2 receptors and shares binding site with some RBD-
targeting antibodies. The S2 acts as membrane fusion subunit which features fusion peptide, HR1
and 2 heptad regions, TM transmembrane domain and IC, intracellular tail. The initial host—viral
contact is mediated via RBM-ACE?2 interactions while entry through endocytosis occurs through
S2 subunit

SARS-CoV-2 Variants of Concerns and Their Characteristics

Till mid-2021, four SARS-CoV-2 genetic variants were classified by different
names on various SARS-CoV-2 genome analysis platforms as Nextstrain, GISAID
(Global Initiative On Sharing All Influenza Data,) WHO, and Pangolin (Phylogenetic
Assignment of Named Global Outbreak) classifications. An overview of classifica-
tions of different VOCs along with geographic characteristics and key mutations in
their S protein is outlined in Table 8.1.

Current SARS-CoV-2 VOCs; Alpha, Beta, Gamma, and Delta represent sub-
lineage of B.1, characterized by co-occurring D614G and P323L mutations in S
protein and ORF1ab, respectively. The single most-concerning mutation in the RBD
region of S protein, frequent among Alpha, Beta, and Gamma variants is N501Y
(Asparagine—Tyrosine). Other co-occurring mutations have been discussed exten-
sively with each variant. Emergence of new SARS-CoV-2 variants are associated
with four major concerns; increased transmissibility, disease severity, escape from
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Table 8.1 Classification and current designation of VOCs

Classification of VOC Designation of VOC

pangolin WHO GISAID | Nextstrain | Public Health First

Lineage label clade clade England WHO identified

B.1.1.7 Alpha GRY, 201 (V1) December 18, | December United
501Y.V1 2020 18, 2020 Kingdom

B.1.351, Beta GH, 20H (V2) December 24, | December South

B.1.351.2, 501Y.V2 2020 18, 2020 Africa

B.1.351.3

B.1.1.28.1 (P.1), | Gamma | GR, 501Y. | 20J (V3) January 13, January 11, | Brazil

P1.1,P1.2 V3 2021 2021

B.1.617.2, AY.1, | Delta G/478K. |21A May 6, 2021 |May 11, India

AY.2 Vi 2021

natural infection induced antibodies (reinfection potential), and escape from vacci-
nation induced antibodies (vaccine breakthrough potential). In this chapter, we have
discussed genomic characteristics and phenotypic manifestations of various VOCs
and VOIs. The emergence of VOCs is compared with temporal variation in daily
new cases, Ro (Reproduction number) and stringency index. Ro signifies how con-
tagious is an infectious disease where Ro > 1 indicates that the virus will be trans-
mitted across the population and Ro < 1 indicates existing infection will cause less
than one new infection and thus disease will decline by itself. Stringency index
refers to containment and closure policies or as lockdown policies based on Oxford
COVID-19 government response tracker [11].

SARS-CoV-2 Alpha Variant

During early December 2020, sequence analysis of genomic data from Kent,
England revealed a phylogenetically distinct cluster from the rest of UK. This vari-
ant on detection of its high prevalence in Kent and North east London, was then
designated as VUI-202012/01 (Variant Under Investigation with a year, month, and
number) and later re-designated as VOC-202012/01 on December 18 2020.

The local prevalence (based on B.1.1.7 positive sequences) of Alpha in UK
remained above 80% till April 2021 while globally it remained above 50% from late
February to May 2021 (Fig. 8.2a). The rise in B.1.1.7 positive sequences was also
accompanied by steep rise in daily COVID-19 cases in UK (Fig. 8.2b). However,
owing to a national lockdown resulting in a stringency index above 80 could be
accounted for lower Ro > 1.5 during high prevalence of Alpha variant (Fig. 8.2b).
The Alpha (B.1.1.7) VOC is characterized by 13 non-synonymous and six synony-
mous mutations and four amino acid deletions. The non-synonymous mutations
occur in ORFlab, S, ORFS (also contains stop codon), and N protein (Fig. 8.2¢).
More importantly, this variant accumulated large number of mutations in the S pro-
tein which extend multiple phenotypic advantages to the virus. The Alpha variant
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Fig. 8.2 Characteristics of SARS-CoV-2 Alpha variant. (a) Temporal prevalence of Alpha variant
globally (red) and in UK (dark gray) based on 7-day rolling average of percent of B.1.1.7-positive
sequences. Shaded regions (light red and light gray) around the curves show 95% confidence inter-
vals. (b) Temporal variations in daily new COVID-19 cases (navy blue), Ro (orange), and strin-
gency index (light blue) in UK. Stringency index (0-100) is based on nine response indicators
including school closures, workplace closures, and travel bans (100 is strictest). (¢) ORF mutations
in B.1.1.7 lineage with >75% prevalence. (d) Structural mapping of deletions and mutations
(spheres) in the S protein monomer of Alpha variant. Cyan spheres indicate deletions. Orange
spheres indicate mutations of concern occurring in RBD (gold) or RBM (pale blue) region. RBM—
ACE2 interaction site is shown as green interface

carries only N501Y mutation in the RBD of its S protein (Fig. 8.2d). This mutation
is associated with ~ two times higher affinity with host ACE2 receptors compared
to ancestral D614G strain [12]. In accord with reports to characterize the spread of
Alpha variant in United Kingdom [13], Davies NG et al. estimated a 43-90%
increase in transmissibility over the predecessor lineage using combination of sta-
tistical and dynamic modeling approaches. Although the authors noted absence of
its role in disease severity; the enhanced transmission may likely result in higher
incidences and increase in hospital admitted patients [14]. In another report on anal-
ysis of ~two million positive SARS-CoV-2 community tests and 17,452 COVID-19
related deaths from November 2020 to February 2021, Davies NG et al. estimated
61% (95% CI 42-82%) higher risk of death with infection from Alpha variant in
England indicating a more severe illness than infections from the pre-existing
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variants. However, in another cohort study of patients admitted to hospitals between
November 9 and December 20, 2020 in London, Frampton D et al. albeit observed
an increased viral load associated with Alpha variant but did not observe any asso-
ciation with disease severity [15]. As per early reports from Public Health England,
a random effect model based on analysis of 1419 Alpha genomes and 33,972 non-
Alpha genomes reported an additive effect of 0.74 (95% CI 0.44—1.29) to the repro-
duction number [16]. The other highly co-occurring P681H mutation (S protein)
occurring in the vicinity of polybasic “RRAR” furin cleavage motif was also sus-
pected to affect phenotypic characteristics of this strain [4].

Interestingly, the early detection of Alpha variants was a consequence of S gene
target failures in a three-target diagnostic assay (N, ORFlab, S) adopted in national
testing system of United Kingdom [16]. Through molecular analysis of PCR ampli-
con products from diagnostic assays of S gene dropout samples, the S gene target
failure was later ascribed to deletion of six nucleotides in Alpha variant leading to
A69-70 deletion in the S protein. The deletions result in the failure of qPCR probes
to bind target gene [17]. The enhanced transmission and diagnostic failures could be
immediately addressed through appropriate COVID-19 behavior and upgradation
of gPCR testing protocols [18]. However, notable concerns looming over accumula-
tion of cluster of mutations in B.1.1.7 Alpha and other VOCs were their potential to
escape neutralizing antibodies and at a time when vaccination programs were about
to commence globally.

By December 2020, nearly 1.2 million people globally (~ 0.6 million in United
Kingdom and ~ 0.5 million in USA) have received their single COVID-19 vaccine
dose [8]. The modulation of efficacy of neutralization antibodies was suspected due
to the N501Y mutation in the antigenic site of RBD. However, later follow-up stud-
ies indicated that the B.1.1.7 Alpha variant was only moderate in compromising
neutralization potential by monoclonal antibodies and antibody responses by vac-
cination or natural infection; thus, less likely to be a major concern of reinfection or
neutralization resistance. In a post-hoc analysis of the efficacy of Oxford-
AstraZeneca (ChAdOx1/AZD1222) vaccine against B.1.1.7 variant, moderate
reduction in clinical efficacy 70-4% (95% CI 43.6-84.5) was observed compared
against non-B.1.1.7 lineages (clinical efficacy: 81.5%, CI 67.9-89.4) [19]. In
another study, sera collected from 19 fully vaccinated individuals with Pfizer-
Comirnaty messenger RNA (mRNA) vaccine were effectively potent against B.1.1.7
compared to D614G strain [20, 21]. While assessing mutational effects on monoclo-
nal antibodies isolated from COVID-19 recovered individuals, decreased neutral-
ization in N-terminal domain and receptor binding motif (part of RBD which
interacts with host ACE2 receptors) directed antibodies was observed [21, 22].
Antibodies which bind outside the receptor binding motif were moderately affected
by mutations in Alpha variant [22]. Another mRNA-based Moderna-mRNA-1273
vaccine was also equally effective with Pfizer-Comirnaty in preventing hospitaliza-
tions in the USA due to Alpha variant (vaccine efficacy, 97.3%; 95% C178.9-99.7%).
The vaccine efficacy was reduced in patients with immunosuppression (59.2%;
95% CI 11.9-81.1%) than without immunosuppression (91.3%; 95% CI
85.5-94.7%) [23]. Similar results were obtained from testing vaccine effectiveness
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efficacy of Moderna-mRNA-1273 (double dose) against Alpha variant (100%; 95%
CI 91.8-100.0%) prevalent in Qatar population [24]. The high vaccine efficacy
observed against asymptomatic (92.5%; 95% CI 84.8-96.9%) and symptomatic
infections (98.6%; 95% CI 92.0-100%) indicating the importance of a full vaccina-
tion protocol in viral neutralization. Emergence of Alpha variant only presented
minimal threats to neutralization by convalescent and post-vaccination sera; the
introduction of single E484K mutation to B.1.1.7 background resulted in higher
neutralization resistance [25, 26] and disease severity [21].

SARS-CoV-2 Beta Variant

The Beta variant or 501Y.V2 belongs to B.1.351 SARS-CoV-2 lineage and was first
identified in South Africa in September 2020 and later designated as VOC in
December 2020. By July 2021, the Beta lineage has spread over 100 nations with
global prevalence of 1% and 63% in South Africa. While its global prevalence
peaked near 2% during March 2021, it remained consistently high (>80%) from
End-November 2020 till early May 2021 (Fig. 8.3a).

Emergence of Beta variant coincided with reduction in stringency index in South
Africa, thus fueling its second COVID-19 infection wave in South Africa with Ro
peaking above 1.5 (Fig. 8.3b). The third COVID-19 wave peaking around July 2021
could be attributed to introduction of Delta variants in South African population.
Beta variant accumulated 23 mutations with 17 amino acid changes in ORFlab, S,
3a, E, and N proteins (Fig. 8.3c). Besides N501Y, it carries two additional K417N
and E484K mutations in the RBD and RBM, respectively (Fig. 8.3d). These muta-
tions further enhance binding affinity of RBD with host ACE2 receptors by 2.32 and
4.62 times compared to that of Alpha variant and wild type SARS-CoV-2 [12]. The
Beta variant was also estimated to be 50% more transmissible than pre-existing
variants in South Africa [7]. Consequently, this variant’s apparent cumulative preva-
lence was more than 80% in all sequenced samples in South Africa between
December 2020 to early May 2021 and more than 1% globally from early January
till June 2021 (Fig. 8.3a). Unlike Alpha variant, changes in disease severity or diag-
nostic test failures exclusively due to Beta variant could not be established. However,
Jassat et al. in a cohort study from hospital admissions in South Africa established
an increased risk of in-hospital mortality during the second infection wave [27].

The rapid expansion of B.1.351 lineage towards end of 2020 in South Africa was
associated with increased transmissibility and immune evasive capabilities due to
K417N, E484K, and N501Y key substitutions in the RBD of S protein. In earliest
reports, the 501Y.V2 Beta variant was poorly cross neutralized from convalescent
plasma of individuals recovered from first COVID-19 wave infections indicating
the reinfection potential of the new variant and that previous infection might confer
partial protection against this variant [28]. While the Alpha variant had moderate
impacts on susceptibility to most of the monoclonal antibody treatments, the Beta
showed significant susceptibility reduction to combination bamlanivimab and
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Fig. 8.3 Characteristics of SARS-CoV-2 Beta variant. (a) Temporal prevalence of Beta variant
globally (red) and in South Africa (dark gray) based on 7-day rolling average of percent of B.1.351-
positive sequences. Shaded regions (light red and light gray) around the curves show 95% confi-
dence intervals. (b) Temporal variations in daily new COVID-19 cases (navy blue), Ro (orange)
and stringency index (light blue) in South Africa. (¢) ORF mutations in B.1.351 lineage with >75%
prevalence. (d) Structural mapping of deletions and mutations (spheres) in the S protein monomer
of Beta variant. Cyan spheres indicate deletions. Orange spheres indicate mutations of concern
occurring in RBD (gold) or RBM (pale blue) region

etesevimab monoclonal antibody treatments. With regard to vaccine induced immu-
nity, multiple studies have indicated possibly reduced protection against symptom-
atic disease and infection while vaccine protection against severe COVID-19 by
Beta variant is retained. The Janssen Ad26.COV2.S showed 81.7% and 64% effi-
cacy against severe-critical and moderate to severe-critical COVID-19 infection,
respectively indicating protection against symptomatic and asymptomatic
COVID-19 infection and severe-critical disease that results in hospitalization and
deaths [29]. The neutralizing antibody titers by Ad26.COV2.S were, however,
reduced by fivefold compared to WA1/2020 SARS-CoV-2 strain while preserving
complement deposition, cellular phagocytosis and natural killer cell activation
responses against the B.1.351 variant [30]. The Pfizer-BioNTech mRNA vaccine
has shown more than 90% efficacy against COVID-19 retained protection against
severe disease. However, the effectiveness against Beta variant infection was
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moderately reduced to 75% (95% CI 70.5-78.9) but not translating to poor protec-
tion against severe-critical cases [31]. The Moderna-mRNA-1273 vaccine showed a
96.4% efficacy (95% CI 91.9-98.7%) in preventing infection (after double dose).
Additionally, it showed high effectiveness against any severe-critical or fatal
COVID-19 even at a single dose (81.6%, 95% CI 71.0-88.8%) and 95.7% (95% CI
73.4-99.9%) after second dose. In recent studies, the antibody neutralization titers
against Beta variant were shown to be reduced by tenfold compared to Wuhan-
related SARS-CoV-2 strain [32, 33]. The whole virion-inactivated BBV152 SARS-
CoV-2 vaccine also showed threefold reduction in neutralization titers against Beta
variant, although the vaccine showed an overall protective response against the
VOC [34]. Among the in-use candidates, the AstraZeneca-Vaxzevria and Novavax-
Covavax vaccine efficacies in preventing mild-moderate COVID-19 infections and
neutralization against Beta variant were severely affected [35, 36]. The reduction in
neutralization could be linked to loss of vaccine efficacy which could be further
mediated by escape from T-cell immunity. However, this is less likely due to diver-
sity of HLA alleles in the population [37]. Because the substitutions at E484 in the
RBD were associated with largest decrease in neutralization, the Beta variant was
highly refractory against polyclonal human plasma antibodies and to most of the
in-use vaccines [38].

SARS-CoV-2 Gamma Variant

The SARS-CoV-2 Gamma (501Y.V3) variant was first identified in Manaus, the
capital city of Amazonas state in Brazil and was associated with second wave of
COVID-19 infection. The Gamma or 501Y.V2 variant belongs to P.1 lineage which
is a direct descendent of B.1.1.28, first detected in early March 2020 in Brazil [4, 7,
39]. The consecutive lineage replacements were predicted to be driven by emer-
gence of P.1 along with variable levels of social distancing. Molecular clock analy-
sis (used to estimate most recent common ancestor) using flexible nonparametric
demographic tree indicated emergence of P.1 lineage around mid-November 2020.
The local model also confirmed a higher evolutionary rate for branch ancestral to
P.1 [39]. The global percentage of P.1-positive sequences remained above 3% from
April to June 2021 while in Brazil it remained above 80% during the same time
period (Fig. 8.1a). Since the beginning of pandemic, Brazil has recorded highest
COVID-19 incidences besides India and USA. The stringency index has also
remained below 50 since mid-2020 due to which multiple overlapping infections
waves could be observed (Fig. 8.4b). The emergence of Gamma could be witnessed
in terms of daily cases (average weekly) increasing beyond 60,000 per day.
Contrastingly, the Ro fluctuated around 1.0 during this period.

The P.1 lineage also carried distinct set of mutations of concern (previously
known to be of virological importance) in the RBD of S protein and other ORFs
(Fig. 8.4c, d). The RBD harboring E484K, N501Y, and K417N mutations (Fig. 8.4d)
showed two times higher binding affinity towards ACE2 compared to RBD from
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Fig. 8.4 Characteristics of SARS-CoV-2 Gamma variant. (a) Temporal prevalence of Gamma
variant globally (red) and in Brazil (dark gray) based on 7-day rolling average of percent of P.1-
positive sequences. Shaded regions (light red and light gray) around the curves show 95% confi-
dence intervals. (b) Temporal variations in daily new COVID-19 cases (navy blue), Ro (orange)
and stringency index (light blue) in Brazil. (¢) ORF mutations in P.1 lineage with >75% preva-
lence. (d) Structural mapping of deletions and mutations (spheres) in the S protein monomer of
Gamma variant. Cyan spheres indicate deletions. Orange spheres indicate mutations of concern
occurring in RBD (gold) or RBM (pale blue) region

wild type SARS-CoV-2 [40]. This was consistent with other in silico studies and
epidemiological studies [4, 41, 42] which also estimated P.1 to be 1.7- to 2.4-fold
more transmissible than non-P.1 variants in Brazil [39]. While the P.1 infected indi-
viduals had tenfold higher viral load than non-P.1 infected, the clear role of P.1 in
causing higher disease severity has not been documented. Although recent studies
indicate its role in possibly higher risk of hospitalization [25], this could be due to
combination of rapid transmission of highly infectious P.1 and over-burdening of
healthcare systems. The impact of P.1 on diagnostic failures has also not been
reported.

As per latest epidemiological report from WHO (July 20, 2020), no evidence has
been reported on modulation of vaccine protection against infection and severe dis-
ease by P.1 variant [43]. With regard to Sinovac-CoronaVac vaccine effectiveness
against Gamma variant infecting in elderly population in Brazil, a reduction in
symptomatic infection, hospitalizations, and deaths in adults (=70 years) was
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observed but an age-dependent reduction in vaccine effectiveness was observed
[44]. Another related study on health care workers (>18 years) in Manaus Brazil
reported low estimated vaccine effectiveness against symptomatic infection, follow-
ing a two-dose schedule [45]. The neutralizing activity in sera against P.1 was
reduced by a factor of 6.7 and 4.5 for mRNA-based Pfizer-BNT162b2 and Moderna
mRNA-1273 [7, 46] and 3-92 for CoronaVac vaccinated individuals [47]. In a recent
study on assessment of Janssen Ad26.COV2.S vaccine against P.1, 2.7-fold lower
median binding antibody titers were observed while T-cell responses and functional
non-neutralizing antibody responses were largely preserved [30]. P.1 Gamma vari-
ant was also observed to be refractory to neutralization by convalescent plasma
(3.4-fold) and combination of emergency-use approved antibodies; etesevimab,
bamlanivimab, and casirivimab except imdevimab monoclonal antibody [48].
Interestingly, P.1 was observed to be profoundly refractory against NTD-directed
antibodies; 2—17, 4-18, 4-19, and 5-7 [48] and sensitive to 5-24 and 4-8 (no neu-
tralization activity against Beta variant) which were isolated from patients infected
with SARS-CoV-2 with severe COVID-19 disease [49]. Despite harboring similar
set of K417N/T, E484K, and N501Y mutations in RBD of S protein of Beta and
Gamma variants, loss of neutralization by natural antibodies isolated from
COVID-19 patients indicate crucial role of non-RBD regions in mediating viral
neutralization.

SARS-CoV-2 Delta Variant

The SARS-CoV-2 Delta (B.1.617.2) variant was associated with second COVID-19
infection wave in India from April to May 2021 [50]. As of August 2021, the Delta
has been detected across more than 100 nations, including a notable increase in
Delta cases in the United Kingdom and USA. It also comprises ~ 9% of total
sequences (>2.4 million) submitted in GISAID (a global science initiative for rapid
sharing of genomic, epidemiological, and clinical data from all human infecting
viruses and coronaviruses). The apparent percentage of B.1.617.2-positive
sequences remained above 50% globally and in India since mid-June and mid-April,
respectively (Fig. 8.5a).

The Delta variant was responsible for fueling second COVID-19 infection in
India despite relatively high stringency index (>60) (Fig. 8.5b). Consequently, Ro
escalated beyond 1.5 indicating high penetration capacity of this variant. Compared
to other VOCs, Delta harbors highest number of deletions and mutations in all ORFs
(Fig. 8.5¢). The variant carries two deletions and 27 non-synonymous mutations
with key L452R-T468K-P681R mutations in the S protein (Fig. 8.5¢c, d). The key
S protein mutations, distinct from Alpha, Beta, and Gamma were also associated
with increased transmissibility and secondary attack rate [8, 43]. In a recent analysis
using 1.72 million SARS-CoV-2 genome sequences, the Delta variant showed a
statistically significant increase of 97% (95% CI 76—-117%) in the pooled mean
effective reproduction number compared to non-VOC/VOI strains [S1]. The study
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Fig. 8.5 Characteristics of SARS-CoV-2 Delta variant. (a) Temporal prevalence of Delta variant
globally (red) and in India (dark gray) based on 7-day rolling average of percent of B.1.617.2-
positive sequences. Shaded regions (light red and light gray) around the curves show 95% confi-
dence intervals. (b) Temporal variations in daily new COVID-19 cases (navy blue), Ro (orange)
and stringency index (light blue) in India. (¢) ORF mutations in P.1 lineage with >75% prevalence.
(d) Structural mapping of deletions and mutations (spheres) in the S protein monomer of Delta
variant. Cyan spheres indicate deletions. Orange spheres indicate mutations of concern occurring
in RBD (gold) or RBM (pale blue) region

also suggested clear competitive advantage of B.1.617.2 Delta variant over other
VOCs; Alpha, Beta, and Gamma with an estimated increase in effective reproduc-
tion number by 55% (95% CI 43-68%), 60% (95% CI 48—73%), and 34% (95% CI
26—43%) respectively. The mechanisms for increased transmissibility may be attrib-
uted to enhanced viral entry, altered host-mediated protease activity and host mem-
brane fusion by B.1.617 lineage compared to D614G and B.1.1.7 variants [52].
From structural perspectives, an in silico study (preprint) indicates role of disrup-
tion of intra-molecular interactions within a hydrophobic patch in RBD (L452-
L492-F490) which leads to slight increase in ACE2 affinity [53]. Another study
hints at stabilization of RBD by Delta mutations which increase in the binding
energy with ACE2 [54]. Delta variant was associated with higher risk of hospitaliza-
tions as viral loads in Delta affected patients in China were ~ 1000 times higher than
non-VOC:s [55]. In another study from Canada, the risk of hospitalization, intensive
care unit admissions and deaths from Delta variant were increased by 120% (95%
CI 93-153%), 287% (95% CI 198-399%), and 137% (95% CI 50-230%),
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respectively compared to non-VOCs [56]. The mutations in the Delta were however
not observed to impact SARS-CoV-2 diagnostic tests [43].

Protection against severe disease by Delta variant is retained by most of current
line vaccines while moderate reduction in protection against symptomatic disease,
infection, and neutralization is reported. In one of the earliest reports on assessing
efficacy of Pfizer-BioNTech and AstraZeneca-ChAdOx1 vaccines against Delta
variant, high levels of protection against hospitalization with single or double doses
of either vaccine was reported. Compared to Alpha variant, only modest differences
in vaccine effectiveness against Delta was observed [57]. The Moderna mRNA-1273
vaccine also showed moderate (2.1-fold) reduction in neutralization of Delta com-
pared to D614G (B.1) variant while it remained susceptible to vaccine elicited
serum neutralization [58]. In two separate studies, the Delta variant was observed to
be refractory against natural infection inflicted antibodies compared to other VOCs
and D614G variant. The Sinovac-CoronaVac (inactivated vaccine) elicited neutral-
izing antibodies also showed moderate reduction (>twofold) in neutralizing anti-
body titers against Delta and B.1.617 parent lineage compared to natural and D614G
infections [52, 59]. The whole-virion inactivated BBV152 SARS-CoV-2 vaccine
also showed 2.7-fold reduction in neutralizing titers against Delta, although protec-
tive response against the VOC was maintained [34]. Interestingly, modest reduction
(1.6-fold) in susceptibility to single dose Janssen Ad26.COV2.S vaccine elicited
antibodies against Delta was reported [60]. The B.1.617 has also showed reduced
neutralization sensitivity against five monoclonal antibodies (CQO012, CQ026,
CQO038, CQO039, and CQO46) isolated from blood of COVID-19 convalescent
patients by 3—4.5-fold compared to D614G variant [52]. Another study by Liu et al.
assessed response of potent antibodies, isolated from COVID-19 recovered indi-
viduals to neutralize B.1.617.1 and B.1.617.2 Delta variants [61]. Compared to
ancestral Victoria (SARS-CoV-2/human/AUS/VIC01/2020) strain, at least five anti-
bodies showed fivefold reduction in neutralization of B.1.617.1 and Delta variants
by virtue of L452R and E484Q mutations in the RBD of S protein. On assessment
of sensitivity of RBD-targeting approved monoclonal antibodies for human use;
Bamlanivimab was completely refractory while Etesevimab, Casirivimab, and
Imdevimab retained their activity against Delta variant compared to D614G (B.1)
[62]. B.1.617.2 Delta also contains T19R, G142D, del156—-157, R158G, and A222V
mutations in the NTD (S protein) which can potentially disrupt its antigenic super-
site, target for many NTD-directed antibodies. Consequently, global loss of neutral-
ization by some NTD-directed antibodies has also been reported [62]. In conclusions,
the Delta variant may escape neutralization by some RBD or NTD-targeting
antibodies.

Amid global concerns over phenotypic manifestations of Delta variant, the
B.1.617.2 continues to evolve to two more VOCs; AY.1 and AY.2 (currently aggre-
gated with Delta and provisionally called Delta plus). As of August 2021, the Delta
plus: AY.1 and AY.2 is currently reported from 22 and 24 nations, respectively with
cumulative prevalence of <0.5% globally.
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The Delta plus variants carry an additional K417N mutation apart from L452R,
T478K in the RBD of S protein. The mutation, however, did not confer any increase
in infectivity with respect to Delta variant [63]. K417N alone or as co-occurring
mutation was also associated with neutralization resistance [50]. On comparison to
Delta, the AY.1 carries highly conserved W258L mutation in the unstructured (N5)
loop region of NTD antigen supersite, previously described as binding region for
NTD-directed high neutralization potency monoclonal antibodies [64, 65].
Interestingly, during assessment of recent vaccine breakthrough infections in USA,
W258L was ~ 15.2-fold enriched in two B.1.427 VOI [66] indicating its role in
NTD mediated antibody neutralization resistance. With respect to natural infection
elicited antibodies, sera of individuals infected prior to the detection of VOCs
showed modest (3.2-4.9-fold) decrease in neutralization against Delta or Delta plus
variants. Antibodies from sera of 81 individuals vaccinated with Pfizer-BNT162b2
and Moderna-mRNA-1273 also showed modest 2.5-4.0-fold decrease in titer upon
cross-reaction with the variants [63]. The Janssen Ad26.COV2.S vaccine which
showed only modest decrease in neutralizing tires against Delta variant showed a
more pronounced decrease (5.4-fold) against Delta plus compared to D614G (B.1)
variant. The Delta plus variant was observed to be specifically refractory to
casirivimab with ~ 93-fold decrease in neutralizing titer while modestly to
imdevimab monoclonal antibodies due to K417N and L452R mutations, respec-
tively [63]. As of August 2021, the Delta and Delta plus variants show positive
transmission advantage compared to Alpha, Beta, and Gamma indicating their capa-
bility to outcompete other VOCs/VOIs.

Differences in current line vaccines against severe, symptomatic, infection and
neutralization of SARS-CoV-2 are outlined in Table 8.2.

Table 8.2 Summary of different types of COVID-19 vaccines against currently designated VOCs

Vaccine Type Severe | Symptomatic | Infection | Neutralization ?
Pfizer-BioNTech mRNA
Moderna-mRNA-1273 mRNA
AstraZeneca-Vaxzevria Viral Vector [ ]
Novavax-Covavax Protein subunit . :
Janssen-Ad26.COV Viral Vector ] i)
Sinovac-CoronaVac Inactivated virus .
Bharat-Covaxin Inactivated virus

0-10% 10-20% 20-30% 30% & above O Alpha [:l —

0-2fold 2-5fold 5-10fold 210 fold /\ eeta () Deta

Adapted from WHO COVID-19 Weekly Epidemiological Update [43]
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SARS-CoV-2 Variants of Interest (VOI)
and Their Characteristics

The SARS-CoV-2 VOIs are classified on the basis of specific genetic markers asso-
ciated with possible increase in viral transmission or severity through modulation of
host receptor binding, reduced neutralization by naturally or vaccine induced anti-
bodies, potential diagnostic failures, or reduced therapeutic efficacies [43, 50]. As
of August 2021, four major genetic variants have been classified as VOIs; B.1.525,
B.1.526, B.1.617.1, and C.37 by WHO (Table 8.3).

The B.1.525 Eta variant was first identified in UK and Nigeria in early 2021. Till
mid-July 2021, the global cumulative prevalence of Eta was <0.5% and ~47% in
Nigeria till May 21 2021. This variant contains crucial E484K mutation (also pres-
ent in Beta and Gamma VOCs), associated with escape from antibodies induced by
natural infection or vaccines. The NTD del 69-70 and dell44 (present in Alpha
variant) are associated with antigenic escape and viral replication in immunocom-
promised patients. The CDC-USA has attributed potential reduction in neutraliza-
tion by monoclonal antibodies, convalescent and post-vaccination sera based on
E484K mutation of Eta variant [67]. However in a recent study, SARS-CoV-2 Alpha
and theta authentic viruses were effectively neutralized by Pfizer-BNT162b2 vac-
cine elicited antibodies, followed by reduced neutralization of Beta and Gamma
variants compared to B.1 lineage [68].

The B.1.526 Iota variant was first identified in the USA and later designated as
VOI/VUI in March 2021. Since its last detection in mid-July 2021, cumulative prev-
alence of Iota was 2% while it accounted for 7% of total sequenced samples in
USA. Among the total sequenced samples, DSF, T951, D253G were most conserved
mutations (>75% prevalence) and few (<20% of samples) harbored known muta-
tions of concern; L452R, S477N, and E484K. Compared to D614G, Iota variants
with S477N mutation were fully susceptible to sera and convalescent sera isolated
from individuals vaccinated with the Moderna mRNA1273 and Pfizer-BNT162b2
vaccines and variants with E484K were neutralized with modest (3.5-fold) reduc-
tion [69].

Table 8.3 Classification and current designation of VOIs

Classification of VOC Designation of VOI
Pangolin WHO GISAID Nextstrain | Public Health First
lineage label clade clade England WHO identified
B.1.525 Eta G/484K.V3 | 21D February 12, | March 17, | England,
2021 2021 Nigeria

B.1.526 Iota GH/253G. | 2IF March 10, March 24, | USA

V1 2021 2021
B.1.617.1 Kappa G/452R.V3 | 21B April 1,2021 | April4, |India

2021

C.37 Lambda |GR/452Q. |21G June 25,2021 |June 14, | Peru

V1 2021
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The third B.1.617.1 Kappa VOI first detected in India (11% cumulative preva-
lence) has now been detected in 51 nations (<0.5% globally). In Kappa, L452R,
E484Q occur as highly conserved mutations. These individual mutations associated
with higher transmissibility were also suspected to confer synergistic effects in neu-
tralization resistance. However, S protein bearing L452R or E484Q alone confers
similar (to L452R-E484K co-occurring) and modestly reduced sensitivity to Pfizer-
BNT162b2 vaccine elicited antibodies [70]. In another study, Kappa variant was
observed to be 6.8-folds more resistant to neutralization by sera from Moderna
mRNA1273 and Pfizer-BNT162b2 vaccinated individuals, although protective
immunity by the mRNA vaccines were fully retained [71].

The fourth C.37 Lambda variant emerged in Peru and identified across American,
European and Western pacific regions. While globally, Lambda encompasses 0.5%
of sequenced samples, it has ~ 70% cumulative prevalence in Peru (July 2021).
Lambda VOI is characterized by convergent deletion; del3675-3677in the ORFla
(also in Beta and Gamma VOCs) and notable mutations; .452Q and F490S in the
RBD of S protein. The Lambda variant was observed to be associated with higher
infectivity compared to D614G (B.1), Alpha and Gamma variants due to L45Q
mutation [63]. Further compared to wild-type (lineage A), a modest 3.05-fold
decrease in neutralization by CoronaVac vaccine elicited antibodies were observed
followed by 2.03- and 2.33-fold decrease recorded for Alpha and Gamma variants,
respectively [72]. More studies showed modest compromise in effectiveness of
Moderna mRNA1273 and Pfizer-BNT162b2 mRNA vaccine against Lambda vari-
ant [63, 73], however, Janessen-Ad26.COV2.S vaccine elicited neutralizing anti-
bodies showed pronounced decrease (five to sevenfold) in neutralizing titer
indicating that its second immunization might increase protection against Lambda
VOI. Additionally, no loss of titer was observed during neutralization of Lambda by
the Regeneron therapeutic monoclonal antibody cocktail [73].

The SARS-CoV-2S protein has been the target of the most first-generation vac-
cines, almost exclusively using the D614 sequence, an early variant with an aspartic
acid (D) to glycine (G) mutation at position 614, D614G. The recent fast-spreading
variants-including B.1.1.7 (Alpha), B.1.351 (Beta), P.I (Gamma), and B.1.617.2
(Delta) all contain the D614G substitution. Hence the vaccinations should be effec-
tive, at least to some extent, against these variants and will help to curtail the spread
of infection and save fatalities to a great extent. However, the modified next genera-
tion of vaccines may be needed that would include the mutations E484K, N501Y,
L452R and T478K in the RBD, and P681H/R mutation in the furin cleavage site as
well as NTD deletions.

Long-Term Manifestations of COVID-19

With emergence of VOCs and VOIs around the globe, we are witnessing immediate
COVID-19 related complications as increase in disease incidence, disease burden,
and severity, resistance against natural infection and vaccine induced antibodies
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stirring fears of reinfection. While we are still in the infancy of understanding these
complications, researchers and medical practitioners are also anticipating long-term
or long-haul effects of COVID-19. Prior to December 2020, there was absence of an
agreed clinical definition of COVID-19 related long-term effects or of treatment
pathway. In light of this, the Royal College of General Practitioners, National
Institute for Health and Care Excellence and Scottish Intercollegiate Guidelines
Network have jointly framed the rapid guideline for management of long-term com-
plications of COVID-19 [74]. As per their guidelines, these complications can be
defined as acute, ongoing-symptomatic and chronic or post-COVID-19. Acute
infection covers presence of symptoms of COVID-19 up to 4 weeks, ongoing-
symptomatic signs and symptoms extend beyond 4—12 weeks from initial onset of
COVID-19 symptom, while chronic COVID-19 refers to symptoms extending
beyond 12 weeks and are not related to alternative diagnosis. Ongoing or new symp-
toms; singularly or co-occurring, constant, transient, or fluctuating post-acute
COVID-19 are listed in Table 8.4.

From standpoint of long-term health problems, cardiovascular, pulmonary, neu-
rological, and behavioral manifestations could be major challenges for clinical
researchers in near future. The pulmonary manifestations are immediately (after
12 weeks) observed following COVID-19, including fibrosis and interstitial thick-
ening. Lower respiratory muscle strength and decreased carbon monoxide diffusion
capacity occurred commonly among patients. Among the cardiovascular problems,
myocarditis, cardiac arrhythmias and cardiomyopathy are increasingly being asso-
ciated with COVID-19. A recent cardiac magnetic resonance imaging (performed at
median of 70 days post COVID diagnosis) study revealed ongoing myocardial
inflammation in 60% and cardiac involvement in 78% among hundred COVID-19
recovered patients [75]. Decline in pulmonary function compounded with cardiac
manifestations could have severe cardiopulmonary consequences in already affected
patients with either of diseases. Long-term neurological diseases are also antici-
pated considering diverse neurological conditions such as myopathy, seizures,
strokes, cranial nerve palsies, encephalopathy and peripheral neuropathy with
SARS-CoV-1 and MERS-CoV outbreaks in 2002 and 2012, respectively [76, 77].

Table 8.4 Reported symptoms after acute COVID-19 infection (>4 weeks after the onset of acute
symptoms)

Generalized Cardiovascular
Fatigue, fever, pain, skin hemorrhages, conjunctiva Palpitation, Chest pain
hemorrhages, uncontrolled hypertension >140/90 mmHg,
uncontrolled diabetes mellitus

Pulmonary Psychological/psychiatric
Breathlessness, cough Depression, anxiety, aggression
Neurological Gastrointestinal

Cognitive impairment, sleep disturbance, peripheral Abdominal pain, nausea, Diarrhea,
neuropathy, delirium anorexia, reduced appetite
Musculoskeletal Ear, nose, and throat

Joint and muscle pain Tinnitus, loss of smell/taste
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In this regard, “NeuroCovid” classification scheme has been proposed recently by
Fotuhi et al., which integrates currently identified short-term challenges and the
long-term sequalae of COVID-19 such as cognitive decline, compulsive obsessive
disorder, accelerated aging, Alzheimer’s or Parkinson’s disease in the future [78].

Conclusions

The current observations on emerging VOCs/VOIs indicate their high reinfection
potential in individuals which were prior infected or have been fully vaccinated. In
case of uncontrolled transmission and high breakthrough infections, the health pol-
icy makers ought to consider annual booster immunizations to prevent further loss
of lives due to emerging variants. While most of vaccine candidates have shown
potential to neutralize these variants, the public health apparatus in highly affected
nations should primarily focus on large-scale full vaccinations and meticulous
genome surveillance to check spread of new variants.

In addition to pulmonary complications arising out of initial COVID-19 illness,
the true extent of extra-pulmonary cardiac-vascular, pancreatic, and neurological
manifestations is yet to be determined. Given the psychological stress by the pan-
demic experienced by global population for more than a year, the recovered indi-
viduals are at greater risk of developing cardiopulmonary co-morbidities, anxiety,
behavioral changes, depression and post-traumatic stress disorders. Long-COVID is
adding chronic disease burden exponentially, with a cumulative differential towards
mental health. With a pre-existing infection burden of more than 25,000 per million
of world population and still escalating, the potential of non-COVID global health
crisis should not be ignored either [79].
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Chapter 9
Emergence of COVID-19 Variants
and Its Global Impact

Shekhar Kunal, Pranav Ish, Aditi, and Kashish Gupta

Introduction

Coronavirus disease 2019 (COVID-19), caused by a novel coronavirus, SARS-
CoV-2 was first reported from Wuhan, China in December 2019 and subsequently
declared as a pandemic by the World Health Organization (WHO) in March 2020
[1]. SARS-CoV-2, the third zoonotic-human coronavirus belongs to the betacoro-
navirus genera of the Coronaviridae family (subfamily Coronavirinae). SARS-
CoV-2is an enveloped RNA virus with a diameter of 50-200 nm. The basic structure
of the virus includes a lipid envelope comprising spike glycoprotein (S), envelope
protein (E), membrane glycoprotein (M) while the nucleocapsid protein (N) forms
the core [2]. SARS-CoV-2 is a single stranded positive RNA virus and has one of
the largest genomes (~29.9 kB in size) among all the RNA viruses which encodes
for 29 proteins. The genetic constitution of SARS-CoV-2 comprises 14 open read-
ing frames (ORFs) containing approximately 30,000 nucleotides. It has a 5" untrans-
lated region (UTR), replication complex (ORFla and ORFI1b), spike (S) gene,
envelope (E) gene, membrane (M) gene, nucleocapsid (N) gene, 3” UTR, several
unidentified non-structural ORFs and a poly(A) tail. The S gene encodes the spike
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(S) glycoprotein which is a major contributor in the COVID-19 pathogenesis as well
as evolution of various viral variants. The receptor binding domain (RBD; S1 sub-
unit) of the S glycoprotein recognizes and binds to the human angiotensin-converting
enzyme 2 (ACE2) receptor leading to infection with SARS-CoV-2 [2, 3].
Mutations are an integral component of viral replication especially among the
RNA viruses. However, coronaviruses are known to have a stable genomic profile
with lesser mutation rates as compared to other RNA viruses such as influenza [4].
Development of viral variants are often decided by the principle of natural selection
wherein mutants having a competitive advantage in terms of viral replication, trans-
mission, or immune escape becoming the dominant variant while those with reduced
viral fitness tend to be removed from circulation. Epidemiological and genomic
analysis of SARS-CoV-2 has documented the evolution of multiple viral variants
worldwide with most of the mutations occurring in the RBD of the S-glycoprotein.
An important distinction in terms of SARS CoV-2 has to be made regarding the
usage of the terms such as mutation, variant, and strain which are often used inter-
changeably [5]. Mutation refers to the actual change in the genomic sequence of
SARS-CoV-2. Variants refer to the viral genomes which actually differ in their
sequence. A variant of SARS CoV-2 is termed as a strain when it has a distinct phe-
notype which can be in terms of its virulence, transmissibility or immune escape [5].

Reasons for Emergence of SARS CoV-2 Variants

Viruses especially those having RNA as the genetic material are highly susceptible
to mutations owing to the error prone RNA copying mechanisms. SARS CoV-2
being an RNA virus too is prone to genetic changes which can occur either due to
(a) point mutations following single nucleotide polymorphisms (SNPs) as the RNA
polymerase enzyme lacks a proofreading mechanism leading to copying errors and
(b) recombination errors which leads to acquisition of new genetic material includ-
ing those of the virus and the host [6]. Several factors have been thought to be the
driving force behind viral evolution. These include the selective pressures by the
host immune responses, longer replication period in immunocompromised hosts
thereby acquiring greater number of mutations or nspl12 (viral RNA polymerase)
mutations interfering with the virus’s proofreading mechanism.

Random genetic changes leading to SNPs occur every time during viral replica-
tion with an intrinsic copy error rate of 1 x 107°to 1 x 1077 mutations per nucleotide
per genome replication for SARS-CoV-2. This leads to the development of one
mutation for every 1-10 million nucleotides which are being replicated. Since, the
SARS-CoV-2 genome comprises 30,000 nucleotides, there occurs one mutation for
every 33-330 replications. However, in an infected individual, at peak of infection
there are more than a 100 million viral genomes, hence a theoretical chance that
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every nucleotide of its genome can get mutated hundreds of time leading to emer-
gence of multiple viral variants [7]. However, practically the risk for emergence of
newer variants becomes less as most of these SNPs either lead to deleterious
changes and a non-viable virus or do not lead to a change in the amino acid
sequence. Occasionally, changes in the amino acid sequence due to SNPs can lead
to alterations in the viral proteins giving a survival advantage for that particular
variant [6]. In the presence of a selection pressure favoring that variant, it outstrips
the growth rate of other variants and establishes itself to be the dominant variant. A
classic example has been the emergence of variants with the D614G SNP in the
spike glycoprotein in early March 2020. Population genetic and phylodynamic
assessment showed that this change was associated with increased transmission as
it enhances the ability of spike protein to bind to the ACE2 receptor [8, 9]. Another
plausible method for emergence of viral variants include genetic recombination, a
process leading to viruses swapping the genetic material producing new genetic
sequences. This can either include deletion of parts of the genome or insertion of
new sequences within the genome. These new sequences can either be acquired
from other coronaviruses or from the host genome itself. An example of such would
be the presence of a furin protease cleavage site at the S1/S2 junction in the
S-glycoprotein gene in SARS-CoV-2 which occurred due to genetic recombination
[10]. Certain portions of the SARS-CoV-2 genome especially the Spike protein
gene is increasingly predisposed to such recombination’s and have been termed as
“hotspots.” The key mutations in the SARS CoV-2 genome have been tabulated in
Table 9.1.

Table 9.1 Key mutations in the SARS-CoV2 genome

Location of

Mutation | Type of mutation mutation Variants Mutation characteristic
D614G | Missense mutation— RBD of spike | Alphaor |+ Higher infectivity—
substitution of aspartic protein B.1.1.7 enhanced binding to
acid (D) to glycine (G) in Beta or hACE2
amino acid position 614 B.1.351 e In-vitro studies: increased
of S protein Delta or replication in primary

B.1.617.2 human bronchial and nasal
Gamma or | airway epithelial cultures
P1 * Markedly increased
Kappa or replication and

B.1.617.1 transmissibility

Iota or
B.1.526
Eta or
B.1.525
B.1.617.3

(continued)
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Table 9.1 (continued)
Location of

Mutation | Type of mutation mutation Variants Mutation characteristic

N501Y | Missense mutation— RBD of spike | Alphaor | Increased ACE2 binding
substitution of asparagine | protein B.1.1.7 affinity-greater time spent
(N) to tyrosine (Y) in Beta or in the ‘open’ conformation
amino acid position 501 B.1.351  Stronger hydrophobic

Gamma or | interactions of RBD-ACE2
P1 e N501Y—highest binding
affinity in VOC RBD to
hACE2
* Risk of a possible
persistent reservoir in wild
rodents/mustelids
e Small but significant
reduction in neutralization
of Pfizer-BioNTech and
Moderna vaccinated
individuals

E484K | Missense mutation— RBD of spike | Beta or * Reduced convalescent
glutamic acid (E) is protein B.1.351 serum neutralization
replaced by lysine (K) at Gamma or | * Immune escape and
amino acid position 484 P1 re-infection

¢ Increased hACE2 receptor
binding—greater
infectivity

e Increased binding affinity
by altering electrostatic
interactions

* Reduce neutralizing ability
of a combination of mAbs
(REGN10989 and
REGN10934)

K417N/T | Missense mutation— RBD of spike | Beta or ¢ Enhanced immune evasion
lysine replaced by either | protein B.1.351 ¢ Increased S1 RBD binding
asparagine (N) or Gamma or | to hACE2
threonine (T) at amino P1 e Synergistic effect in
acid position 417 Delta Plus conjugation with mutation

L452R

L452R | Missense mutation— RBD of spike | Delta or * Enhanced hACE2 receptor
leucine (L) is replaced by | protein B.1.617.2 binding ability
arginine (R) at amino Kappa or | Reduce vaccine-stimulated
acid position 452 B.1.617.1 antibodies from attaching

Epsilon or | to altered spike protein
B.1.427  Resistant to T cell

response

Decreased binding ability

of REGN10933 and

P2B-2F6 antibodies

* Escape from human
leukocyte antigen (HLA)
24-restricted cellular
immunity
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Table 9.1 (continued)

Location of

Mutation | Type of mutation mutation Variants | Mutation characteristic

Q677P/H | Missense mutation— S1-S2 furin | 20G e Influences S1/S2
glutamine replaced by cleavage site | (20C-US cleavage—promotes more
either proline (P) or clade) efficient viral entry

histidine (H) at amino
acid position 677

E484Q | Missense mutation— RBD of spike | Kappaor |e Reduced convalescent
glutamic acid (E) is protein B.1.617.1 serum neutralization
replaced by glutamine ¢ Increased ACE2 receptor
(Q) at position 484 binding—greater

infectivity
e Decrease the binding
ability of REGN10933 and

P2B-2F6 antibodies to the
variant strains

A69/70 | 6-nucleotide deletion N-terminal Alphaor | Conformational change in
(21765-21770) of S domain of B.1.1.7 the spike protein
gene: deletion of two spike S1 Eta or * S gene “drop out” in
amino acids at sites 69 fragment B.1.525 RT-PCR assays
(histidine) and (70 B.1.258 ¢ Increased infectivity
valine) in spike protein B.1.1.298 |« Evasion of the immune
B.1.160 response
B.1.177
B.1.375
P681R | Missense mutation— S1-S2 furin | Kappaor | Increased rate of
proline (P) is replaced by | cleavage site | B.1.617.1 membrane fusion,
arginine (R) at amino Delta or internalization—better
acid position 681 B.1.617.2 transmissibility

hACE2 human angiotensin-converting enzyme 2, RBD receptor binding domain, S protein spike
protein, VOC variant of concern

Nomenclature of the SARS CoV-2 Variants

COVID-19 variants are classified based on the variant classification scheme jointly
developed by the Centers for Disease Control and Prevention (CDC) [11] and the
WHO [12]. As per this scheme, there are three classes of SARS-CoV-2 variants
including (a) Variant of Interest (VOI), (b) Variant of Concern (VOC), and (c)
Variant of High Conse