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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.
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 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.

Introduction
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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 A1AT 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-CoV-2 use nucleic acid, antibody (serology), and protein- 
based detections. Nucleic Acid Amplification Tests (NAATs, 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.
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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 IV: 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 
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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.

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

Günter 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

Material SARS-CoV-2 strain
Initial 
viral load

Below 
detection 
limit after References

Stainless steel Strain USA-WA1/2020 104 a 12 h [1]
Strain nCoV-WA1-2020 103–104 b 2 days [2]
Strains hCoV-19/Germany/
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

106 b >2 days [3]

SARS-CoV-2 patient strain 104–105 b 3 days [4]
Strain USA-WA1/2020 104 c 4 days [5]
Variant England 02/2020 HCM/V/052, 
isolate/England/MIG457/2020 (lineage 
B.1.1.7), isolate/England/
H204661641/2020 (lineage B.1.351)

104–105 a 7 days [6]

Isolate 
England 02/2020 (EPI_ISL_407073)

105 a 7 days [7]

Strains hCoV-19/Germany/
BY-Bochum-1/2020 (B.1.1.70) and 
RKI-0026_B.1.1.7

106 b 7 days [8]

Strain BetaCoV/Beijing/AMMS01/2020 105–106 b >7 days [9]
Strain CoV-19/Canada/ON-VIDO-01/2020 106 a >14 days [10]
Strain Australia/SA01/2020 106 b 28 days d [11]

Plastic Strain nCoV-WA1-2020 103–104 b 4 days [2]
SARS-CoV-2 patient strain 104–105 b 5 days [4]
Isolate SARS-CoV-2/Finland/1/2020 104–105 a 6 days [12]
Strain BetaCoV/Beijing/AMMS01/2020 105–106 b >7 days [9]
Strain CoV-19/Canada/ON-VIDO-01/2020 106 a >21 days [10]

Glass Strain USA-WA1/2020 104 c 4 days [5]
SARS-CoV-2 patient strain 104–105 b 5 days [4]
Strain HKU-001a 104–105 c 5 days [13]
Strain BetaCoV/Beijing/AMMS01/2020 105–106 b >7 days [9]
Strain Australia/SA01/2020 106 b >28 daysd [11]

Bank note/
paper

Strains hCoV-19/Germany/
BY-Bochum-1/2020 (B.1.1.70) and 
RKI-0026_B.1.1.7

106 b 3 days [8]

Isolate 
England 02/2020 (EPI_ISL_407073)

105 a 5 days [7]

Strain BetaCoV/Beijing/AMMS01/2020 105–106 b 5 days [9]
Strain Australia/SA01/2020 106 b 28 days d [11]

Tyvek Strain USA-WA1/2020 104 c 4 days [5]
Isolate 
England 02/2020 (EPI_ISL_407073)

105 a 7 days [7]

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

G. Kampf
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Table 1.1 (continued)

Material SARS-CoV-2 strain
Initial 
viral load

Below 
detection 
limit after References

Copper Strains hCoV-19/Germany/
BY-Bochum-1/2020 (B.1.1.70) and 
RKI-0026_B.1.1.7

106 b 1 h [8]

Strain USA-WA1/2020 104 a 4 h [1]
Strain nCoV-WA1-2020 103–104 b 1 day [2]
Strains hCoV-19/Germany/
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

106 b >2 days [3]

Nitrile glove Strain USA-WA1/2020 104 c 5 days [5]
Strain CoV-19/Canada/ON-VIDO-01/2020 106 a >7 days [10]

Vinyl Strain USA-WA1/2020 104 a 12–24 h [1]
Strain Australia/SA01/2020 106 b >28 days d [11]

Silver Strains hCoV-19/Germany/
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

106 b >2 days [3]

Laminate Strain USA-WA1/2020 104 a 8 h [1]
Ceramics Strain BetaCoV/Beijing/AMMS01/2020 105–106 b 7 days [9]
Wood Strain BetaCoV/Beijing/AMMS01/2020 105–106 b >7 days [9]
Rubber Strain USA-WA1/2020 104 c 4 days [5]
Polypropylene Strain USA-WA1/2020 104 c 4 days [5]
Metal Strain SARS-CoV-2/

München-1.1/2020/929
105 b 6 days [14]

Disposable 
gown

Isolate 
England 02/2020 (EPI_ISL_407073)

105 a 7 days [7]

aPFU per coupon
bTCID50 per mL
cTCID50
dIn 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 

1 Surfaces as a Source for SARS-CoV-2 Transmission
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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 log10 reduction in genome copy recovery over 21 days [7]. Laboratory 
data with SARS-CoV-2 show that Ct (cycle threshold) values of 29.3 (steel surface) 
or 29.5 (plastic surface) correlate with detection of culturable virus, whereas Ct 
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 Ct- 
values was at least 30, suggesting a low viral load and the absence of infectious 
SARS-CoV-2 [22, 23, 27, 30, 33–36, 38–40, 44, 46, 48, 52–54, 57, 63–66, 68].

G. Kampf
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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 Ct 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 

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

Setting (country)
Types of sampled 
surfaces (n)

Proportion of 
viral RNA 
detection (%)

Proportion of 
infectious 
SARS-CoV-2 
detection (%) References

Diamond princess 
cruise ship during 
COVID-19 outbreak 
(Japan)

Surfaces in cabins of 
confirmed cases (330)

17.3 0 [70]

Surfaces of noncase 
cabins (160)

0 0

Surfaces in shared 
areas (97)

1.0 0

COVID-19 cases in 
isolation at home 
(Germany)

Surfaces in 
21 households (119)

3.4 0 [74]

Treatment rooms for 
COVID-19 patients 
(England)

High contact surfaces 
in patient rooms 
(336)

8.9 0 [38]

Teaching hospital 
with COVID-19 
patients (UK)

Various surfaces in 
different parts of the 
hospital (218)

10.6 0 [21]

Households of 
COVID-19-cases 
(USA)

Various surfaces 
(150)

15.3 0.7a [76]

(continued)

1 Surfaces as a Source for SARS-CoV-2 Transmission
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Setting (country)
Types of sampled 
surfaces (n)

Proportion of 
viral RNA 
detection (%)

Proportion of 
infectious 
SARS-CoV-2 
detection (%) References

Severe COVID-19- 
cases in isolation 
rooms (Republic of 
Korea)

Surrounding of three 
patients (76)

19.7 10.5b [68]

COVID-19 ICU 
(Singapore)

Various surfaces in 
common areas and 
staff pantry (75)

10.7 0 [39]

COVID-19 isolation 
unit (Israel)

Various surfaces (55) 52.7 0 [23]

COVID-19 isolation 
ward (China)

Various surfaces (50) 8.0 0 [46]

COVID-19 isolation 
ward (Iran)

Various surfaces (50) 18.0 0 [27]

COVID-19 cases in 
hospitals (Italy)

Various surfaces (26) 7.7 0 [60]

aDetected on nightstand of index case (corresponding Ct-value: 26.4
b7 of 8 positive samples obtained in the surrounding of one patient with persistent cough and fre-
quent sputum spitting during sampling

Table 1.2 (continued)

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 
H1N1 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).

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)

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

V. A. Correa · A. I. Portilho · E. De Gaspari (*) 
Departamento de Imunologia, Instituto Adolfo Lutz, São Paulo, SP, Brazil 

Programa de Pós-Graduação Interunidades em Biotecnologia, Instituto de Ciências 
Biomédicas, Universidade de São Paulo, São Paulo, SP, Brazil
e-mail: a.izeliportilho@usp.br; elizabeth.gaspari@ial.sp.gov.br 

E. B. Gaspar 
Embrapa Pecuária Sul, Bagé, RS, Brazil
e-mail: emanuelle.gaspar@embrapa.br

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
S. Adibi et al. (eds.), Frontiers of COVID-19, 
https://doi.org/10.1007/978-3-031-08045-6_2

mailto:a.izeliportilho@usp.br
mailto:elizabeth.gaspari@ial.sp.gov.br
mailto:emanuelle.gaspar@embrapa.br
https://doi.org/10.1007/978-3-031-08045-6_2


20

 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 IgM 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 31–41 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 Fcγ 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].

2 Humoral Immune Response in SARS-CoV-2 Infection and Its Therapeutic Relevance
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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-γ), 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-γ, tumor necrosis factor-alpha (TNF-α), inducible pro-
tein (IP)-10, monocyte chemoattractant protein (MCP)-1, macrophage inflamma-
tory protein 1α, 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.

V. A. Correa et al.
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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 (B1R 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 hACE2 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].
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 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 CD147, 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 

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, Angiotensin1–9 (Ang 1–9), and Angiotensin II (Ang II) into a heptapeptide, 
Angiotensin1–7 (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 

A. R. Cappellari et al.



37

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 B1R 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 B1R, 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 B1R 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, B1R 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 lungs [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 B1R 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: A1, A2a, A2b, and 
A3, 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 (P2X1–7) and eight members belong to the P2Y receptors 
(P2Y1,2,4,6,11–14) [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-1β) 
and activation of the NLRP3 inflammasome, as well as the release of cytokines 
(IL-1β, IL-6, and TNF-α) [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 (αCoV) and Betacoronavirus (βCoV), which primarily infect 
mammals (including humans and bats); and Gammacoronavirus (γCoV) and 
Deltacoronavirus (δCoV), which typically infect birds [1]. About 60 CoVs have 
been isolated from bats, most of which comprise βCoV, 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 
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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-OC43 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 βCoVs genera) led to more large-scale respiratory and enteric illness [7]. The 
year 2002 witnessed an outbreak of SARS-CoV (lineage B βCoV) in China result-
ing in serious respiratory distress and many casualties [8]. Another highly patho-
genic virus strain MERS-CoV (lineage C βCoV) 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: ORF1a and ORF1ab) which encodes 16 non-
structural proteins (nsps). The remaining third of the genome consists of additional 
ORFs 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 ORF1a 
(encoding polyprotein1a, pp1a) and ORF1ab (encoding polyprotein1ab, pp1ab) 
which together comprise 15 nsps: nsp1-nsp10 and nsp12-nsp16 (nsp11 has an iden-
tical sequence to nsp12). ORF1 products are important for RNA replication and 
further in vitro analysis revealed that the frameshift between ORF1a and ORF1b 
induces a pause in the production of pp1ab, resulting in enhanced pp1a 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 pp1a and pp1ab 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 RdRp 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 RdRp-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 βCoV 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 α-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 RdRp 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, 20I, 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

WHO 
labela

Genomic 
changes of Spike 
proteina

GISAID
clade/
varianta

Nextstrain 
cladea Pango lineagea

Variant 
typea

Country 
of first 
detection

Alpha 69del, 70del, 
144del, 
(E484K), 
(S494P), N501Y, 
A570D, D614G

GRY 
(formerly 
GR/501Y.
V1)

20I/501Y.V1 B.1.1.7 VOC UK

Beta D80A, D215G, 
241del, 242del, 
243del, K417N, 
E484K, N501Y, 
D614G, A701V

GH/501Y.
V2

20H (V2) B.1.351 VOC South 
Africa

Gamma L18F, T20N, 
P26S, D138Y, 
R190S, K417T, 
E484K, N501Y, 
D614G, H655Y, 
T1027I

GR/501Y.
V3

20 J (V3) P.1 VOC Brazil

Delta T19R, (G142D), 
156del, 157del, 
R158G, L452R, 
T478K, D614G, 
P681R, D950N

G/478 K.V1 21A B.1.617.2 VOC India

Epsilon L452R, D614G GH/452R.
V1

21C B.1.427/B.1.429 VOC/
VOI

USA

Zeta E484K, 
(F565L), 
D614G, V1176F

GR/484 K.
V2

20B/S.484 K P.2 VOI Brazil

Eta A67V, 69del, 
70del, 144del, 
E484K, D614G, 
Q677H, F888L

G/484 K.V3 21D B.1.525 VOI Multiple 
countries

Lota (L5F), T95I, 
D253G, 
(S477N), 
(E484K), 
D614G, 
(A701V)

GH/253G.
V1

21F B.1.526 VOI USA

Kappa G142D, E154K, 
L452R, E484Q, 
D614G, P681R, 
Q1071H

G/452R.V3 21B B.1.617.1 VOI India

aData 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 BJ01 isolate) and 
MERS-CoV (55% similarity) [38]. From this, SARS-CoV-2 belongs to the βCoV 
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 βCoV 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 pp1ab, pp1a, 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 
ORF1ab 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 10−4 substitutes per bp 
per year, which is moderately high compared to other ssRNA 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 × 10−3 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, ORF8, nsp2, nsp6, and 
nsp13 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 RdRp 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 ACE2 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

Omkar Indari, Shweta Jakhmola, Dharmendra Kashyap, Budhadev Baral, 
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 (NFκB), 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 mm3 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 
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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/m2 to 25 kg/m2 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/m2) patients required invasive mechanical ventilation. According to the 
study, individuals with a BMI of 30–35  kg/m2 and ≥35  kg/m2 (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 H1N1 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; TNFα, IL-1β, IL-6. TNFα 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-1β, 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-1β 
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].

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



80

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-α-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 Maxillofacial 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 Bmal1, viral infections including 
COVID-19 as well as in periodontitis. It suggests that both the diseases share com-
mon pathogenesis via the NFκB pathway.

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

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 μM) 
[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 NFκB activation, and at very high concentrations 
(>100 μM), 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 Zrt1 and Zrt2, 
under Zap1 regulon [206]. Zap1 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 Zap1 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, Pra1, 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 ACE2 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. NFκB, 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.

 NFκB Signaling

NFκB 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—IκB kinases (IKK), which include IKKα 
and IKKβ, which take part in the phosphorylation of IκB protein. IκB is an unstimu-
lated state bound to p50 and p65 NFκB subunits and plays the role of an inhibitor. 
IKK induced phosphorylation of IκB 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 
κB-responsive genes [231].
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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 TMPRSS2 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 NFκB pathway. By detecting ssRNA, TLR3 induces TIRF, RIP 
and activates MAVS components. This further drives IKK induction and NFκB activation. The 
replicated viral dsRNA can be recognized by RIG-1 and MAD5 molecules which also activate the 
MAVS complex. The complex can then initiate the IRF pathway by inducing IKKε and TBK1. 
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, Nsp15 and PLpro can inhibit TBK1 activation, while Nsp3, Nsp6, 
and ORF6 can hinder IRF nuclear translocation. RIG-1/MDA-5 can also induce the NFκB 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 AT1R receptor. This can activate MAPK and downstream 
pathways. Ultimately, NFκB, 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 Mpro 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-β (TRIF) 
and myeloid differentiation primary response 88 (MyD88). The TRIF and MyD88 
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activate TNF-receptor associated factor 6 (TRAF6) transforming growth factor-β- 
activated kinase-1 (TAK1), resulting in activation of the IKK complex enabling 
NFκB nuclear translocation [232]. Furthermore, TLR4 and endoplasmic reticulum 
stress-induced NFκB 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 NFκB 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 NFκB 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 NFκB. During SARS-CoV-2 infection the level of DUSP5 and DUSP1 
is decreased, leading to upregulation of pro-inflammatory genes such as TNF-α, 
IL-1β, 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 nsp13 can regulate the NFκB mediated inflammatory response by 
interacting with several transducin-like enhancer (TLE) family proteins. Further, 
SARS-CoV-2 encoded ORF9c can modulate the IκB kinase activity and the NFκB 
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 IκB-α. 
This led to reduced nuclear translocation of NFκB. TBK1 is known to activate the 
NFκB pathway, causing upregulation of inflammatory signaling after phosphoryla-
tion [236]. Another cellular component, mitochondrial antiviral signaling protein 
(MAVS) is also known to activate the NFκB 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)-β1, 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 Th1 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-1β, IL-2, IL-4) and IFN-γ [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 S1 
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 NFκB signaling cascade [250]. Adversely, pro-inflammatory cytokine 
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induction by S1 was suppressed by selective inhibitors of NFκB 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-β 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 HEK293 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-β 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 
RAE1, 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 (MDA5), 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/IKKϵ (TNF receptor 
associated factor 3/ TRAF family member-associated NFκB activator-binding 
kinase 1/ inhibitor of nuclear factor κB (IκB) kinase-ε). 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 α and β, 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 nsp1 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 ORF9b 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)/Nrdp1, respectively 
[270]. Studies have validated the interaction between SARS-CoV-2 nsp15 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/IKKϵ 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 
nsp5/3C-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-β activated kinase 1 binding protein 1 (TAB1), were selectively cleaved by 
nsp3 and nsp5, the former cleaving IRF-3 and the latter cleaving both NLRP12 and 
TAB1 [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 NFκB pathway [272]. Additionally, NLRP12 cleavage by 
nsp5 could influence the assembly of NLRP3 inflammasome leading to an enhanced 
production of IL-1β [272]. Nonetheless the deubiquitinase and deISGylation activ-
ity of the Orf1a/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 JAKs, 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, 
STAT5B, 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, STAT1, 
and STAT2 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 JAK2 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 nsp1, 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 KPNA2 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 STAT2 by directly interacting with these 
molecules. Moreover, the N protein is also found to inhibit the nuclear translocation 
of STAT1 and STAT2 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 NFκB, 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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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

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 μm [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 μm can float in the air for a long time. 
Moreover, microdroplets with a diameter smaller than 5 μm 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 μm 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 μm 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 μm 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 
et al. [15] studied the inertial particles in the diameter range of 1 to 50 μm, 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 
et al. [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 μm. 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 μm 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 μm 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 μm 
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 1 μm 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 μm 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 μm [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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a b

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.
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In these equations, the parameters U, ρ, P, v, and Gi 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.
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Also μ, ρP, d, gi, and Fx are viscosity, density, particle diameter, gravity term, and, 

Brownian Force, respectively. Furthermore, in this equation, 
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In this equation λ is the average molecular distance for air and is assumed to be 
0.065 μm. 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.

 
St u

d
P =

τ
f

c  
(6.5)

In which τ is the relaxation time, uf is the velocity of the fluid, and dc is the 
hydraulic diameter of the tract through which the fluid passes. By putting the value 
of relaxation time, the following equation is obtained.
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d
P

P

=
ρ

µ

2

18

f

c  
(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.

 
σ σij ijn nf s= − ,

 
(6.7)

where, σ ij
f  is fluid stress tensor, σ ij

s  is solid stress tensor, and n 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  ρ  =  1240 kg/m3 [48]. Thus, considering 
ρ1 = 998 kg/m3 for pure water density, ρ2 = 1119 kg/m3 equivalent to 50% water 
+50% virus (average density), finally ρ3 = 1240 kg/m3 was assumed for net virus 
droplet. Also, the range of droplet diameter changes was considered from 1 to 
10 μm 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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Fig. 6.2 Comparison of deposition efficiency toward particle diameter for the Cheng and Heyder 
results with the present model. (a) particles deposition in the inhalation through the nose with the 
closed mouth and vice versa with an input flow rate of 30 L/min in Cheng’s study. (b) Water drop-
let deposition in the oral inhalation at an inlet flow rate of 18 L/min in the Heyder study
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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 μm 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 cm3 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. 6.3 Droplet deposition in the upper respiratory tract in average density at 5 μm, and 6 L/min 
condition for the inhalation from the nostril entrance with closed mouth. (a) In the entire upper 
airway. (b) Only in the nasal cavity
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Fig. 6.4 Droplet relaxation contour with average density at 5 μm, 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 μm 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.

H. M. Beni et al.



125

Stoke
0.0001 0.001 0.01 0.1 1

D
ep

os
iti

on
 E

ffi
ci

en
cy

D
ep

os
iti

on
 E

ffi
ci

en
cy

0.0

0.1

0.2

0.3

0.4a

b

Nasal Cavity
Nasopharynx
Oropharynx
Larynx
Trachea

Stoke
0.0001 0.001 0.01 0.1 1

0.00

0.02

0.04

0.06

0.08

0.10

Vestibule
Superior Turbinate
Middle Turbinate
Inferior Turbinate

Fig. 6.5 Deposition efficiency change according to stokes number for Group A. (a) In the whole 
respiratory airway. (b) In the different zone of the nasal cavity

6 Identification of the COVID-19 Droplet Deposition Path and Its Effects on…



126

Particle Diameter (µm)

Particle Diameter (µm)

0 2 4 6 8 10

D
ep

os
iti

on
 E

ffi
ci

en
cy

D
ep

os
iti

on
 E

ffi
ci

en
cy

0.0

0.2

0.4

0.6

0.8

1.0a

b

6 L/min
15 L/min
30 L/min

6 L/min

0 2 4 6 8 10

0.00

0.01

0.02

0.03

0.04

0.05

Vestibule
Superior Turbinate
Middle Turbinate
Inferior Turbinate

Fig. 6.6 The effect of diameter on deposition efficiency with average droplet density and 5 μm 
diameter. (a) In the entire inhalation path at the different inlet nostril flow rates. (b) In the different 
nasal cavity zone at a flow rate of 6 L/min

H. M. Beni et al.



127

a b

Droplet Mass Concentration
3.000e-005

2.250e-005

1.500e-005

7.500e-006

0.000e+000

[kg m -3]

Fig. 6.7 Concentration droplet contour at average density in 6 L/min, and 5 μm for Group A. (a) 
Anterior concentration on the respiratory tract. (b) Posterior concentration on the respiratory tract

 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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Fig. 6.8 Deformity contour at average density for different nostril flow rates with closed mouth in 
droplet diameter of 5 μm

 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 μm 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 μm 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).
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Fig. 6.13 Droplet mass concentration tracking contour for average density at 5 μm, and 6 L/min. 
(a) Anterior tracking view, (b) Posterior tracking view
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Fig. 6.14 Deformation contour at average density for different flow rates in Group B at 5 μm 
droplet diameter

 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 

a b c

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]. (c) 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

Group type
Flow rate (L/min)
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 

least 
20

12
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 μm 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 μm diameters at 30 L/min flow rate for Groups A 
and B. (a) Nostril inlet 1 μm droplet diameter, (b) Nostril inlet 5 μm droplet diameter, (c) Nostril 
inlet 10 μm droplet diameter, (d) Mouth inlet 1 μm droplet diameter, (e) Mouth inlet 5 μm droplet 
diameter, (f) Mouth inlet 10 μm 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  cm3 [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 cm3, which is part of the anatomic 
dead space, and is in contact with the air with the inner surface of 329 cm2. 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; ORF1a 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 
ORF1ab, 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 
TMPRSS2) 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, 
A570D, P681H, T716I, 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 Y144/145 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 

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

Vaccine
Alpha 
(B.1.1.7) Beta (B.1.351) Gamma (P.1) Delta (B.1.617.2)

mRNA vaccine
Pfizer 
(BNT162b2)

89.5–
93.4% 
[47, 48]

75% [33, 49, 
50]

Not reported 88% [48]

Viral vector- 
based vaccine
AstraZeneca 
(ChAdOx1 
nCoV-19)

70% [51] 10% [52] 82% effective against 
hospitalization or death 
21 days after first dose 
[53]

60% [48]

Viral vector- 
based vaccine
Janssen (Ad26.
COV2.S)

Not 
reported

52% efficacy 
against 
moderate 
disease, 72% 
efficacy against 
severe disease 
[54]

68.1% (against moderate 
to severe/critical disease), 
87.6% (against severe/
critical disease), where P1 
was detected in 30.6% of 
sequences [55]

71% effective 
against 
hospitalization, 85% 
effective against 
severe disease [56]

Protein-based 
vaccine 
Novovax 
(NVX- 
CoV2373)

86% [57] 60% [51] Not reported Not reported

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



148

 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, D80A, D215G, 242–244 
deletion, R246I, K417N, E484K, N501Y, D614G, and A701V, while the remaining 
ones are in ORF1a (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 (ChAdOx1 
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

mAbs
Alpha 
(B.1.1.7) Beta (B.1.351) Gamma (P.1) Delta (B.1.617.2)

Eli Lilly 
(Bamlanivimab)

Susceptible 
[40]

Resistant Resistant [40] Resistant

Eli Lilly 
(Etesevimab)

Resistant 
[40]

Resistant [40] Resistant [40] Modest decrease in 
susceptibility to the 
combination of 
bamlanivimab and 
etesevimab, although the 
clinical implications of 
this finding are not fully 
known

Regeneron 
(REGN-COV2)
(Casirivimab + 
Imdevimab)

Susceptible 
[40]

Activity of 
Casirivimab alone 
completely 
abolished, but 
combination 
retains activity 
[40]

Reduction in 
Casirivimab 
activity, although 
the combination 
retains activity 
[40]

Susceptible

 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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 Genetic Alterations and Impact on Protein Structure and Antigenicity

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 (P.2), 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; S929I; 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, Δ69/70, Δ144, D614G, Q677H, and F888L. Iota harbors 
L5F, T95I, 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 (T95I; 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 
L5F, T95I, 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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Chapter 8
Global Biologic Characteristics of Variants 
of Concern and Variants of Interest 
of SARS-CoV-2

Jasdeep Singh, Nasreen Z. Ehtesham, Subhash Hira, Umid Kumar Shrestha, 
and Seyed E. Hasnain

 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; 
ORF1a 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 × 10−4 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; ORF1a 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 ORF8. 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-ACE2 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
First 
identified

pangolin 
Lineage

WHO 
label

GISAID 
clade

Nextstrain 
clade

Public Health 
England WHO

B.1.1.7 Alpha GRY, 
501Y.V1

20I (V1) December 18, 
2020

December 
18, 2020

United 
Kingdom

B.1.351, 
B.1.351.2, 
B.1.351.3

Beta GH, 
501Y.V2

20H (V2) December 24, 
2020

December 
18, 2020

South 
Africa

B.1.1.28.1 (P.1), 
P.1.1, P.1.2

Gamma GR, 501Y.
V3

20J (V3) January 13, 
2021

January 11, 
2021

Brazil

B.1.617.2, AY.1, 
AY.2

Delta G/478K.
V1

21A May 6, 2021 May 11, 
2021

India

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 ORF1ab, S, ORF8 (also contains stop codon), and N protein (Fig. 8.2c). 
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). (c) 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, ORF1ab, 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 
Δ69–70 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 qPCR 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% CI 78.9–99.7%). 
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 ORF1ab, 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. (c) 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. (c) 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. 8.5c). The variant carries two deletions and 27 non-synonymous mutations 
with key L452R–T468K–P681R mutations in the S protein (Fig. 8.5c, 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 [51]. The study 
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a c

b d

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. (c) 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-VOCs [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 (CQ012, CQ026, 
CQ038, CQ039, and CQ046) 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

Adapted from WHO COVID-19 Weekly Epidemiological Update [43]

J. Singh et al.



175

 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 del144 (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, D5F, T95I, 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
First 
identified

Pangolin 
lineage

WHO 
label

GISAID 
clade

Nextstrain 
clade

Public Health 
England WHO

B.1.525 Eta G/484K.V3 21D February 12, 
2021

March 17, 
2021

England, 
Nigeria

B.1.526 Iota GH/253G.
V1

21F March 10, 
2021

March 24, 
2021

USA

B.1.617.1 Kappa G/452R.V3 21B April 1, 2021 April 4, 
2021

India

C.37 Lambda GR/452Q.
V1

21G June 25, 2021 June 14, 
2021

Peru
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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 ORF1a 
(also in Beta and Gamma VOCs) and notable mutations; L452Q 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.1 (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
Fatigue, fever, pain, skin hemorrhages, conjunctiva 
hemorrhages, uncontrolled hypertension >140/90 mmHg, 
uncontrolled diabetes mellitus

Cardiovascular
Palpitation, Chest pain

Pulmonary
Breathlessness, cough

Psychological/psychiatric
Depression, anxiety, aggression

Neurological
Cognitive impairment, sleep disturbance, peripheral 
neuropathy, delirium

Gastrointestinal
Abdominal pain, nausea, Diarrhea, 
anorexia, reduced appetite

Musculoskeletal
Joint and muscle pain

Ear, nose, and throat
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- 2 is 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 (ORF1a and ORF1b), 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 nsp12 (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 × 10−6 to 1 × 10−7 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

Mutation Type of mutation
Location of 
mutation Variants Mutation characteristic

D614G Missense mutation—
substitution of aspartic 
acid (D) to glycine (G) in 
amino acid position 614 
of S protein

RBD of spike 
protein

Alpha or 
B.1.1.7
Beta or 
B.1.351
Delta or 
B.1.617.2
Gamma or 
P.1
Kappa or 
B.1.617.1
Iota or 
B.1.526
Eta or 
B.1.525
B.1.617.3

•  Higher infectivity—
enhanced binding to 
hACE2

•  In-vitro studies: increased 
replication in primary 
human bronchial and nasal 
airway epithelial cultures

•  Markedly increased 
replication and 
transmissibility

(continued)
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Table 9.1 (continued)

Mutation Type of mutation
Location of 
mutation Variants Mutation characteristic

N501Y Missense mutation—
substitution of asparagine 
(N) to tyrosine (Y) in 
amino acid position 501

RBD of spike 
protein

Alpha or 
B.1.1.7
Beta or 
B.1.351
Gamma or 
P.1

•  Increased ACE2 binding 
affinity-greater time spent 
in the ‘open’ conformation

•  Stronger hydrophobic 
interactions of RBD-ACE2

•  N501Y—highest binding 
affinity in VOC RBD to 
hACE2

•  Risk of a possible 
persistent reservoir in wild 
rodents/mustelids

•  Small but significant 
reduction in neutralization 
of Pfizer-BioNTech and 
Moderna vaccinated 
individuals

E484K Missense mutation—
glutamic acid (E) is 
replaced by lysine (K) at 
amino acid position 484

RBD of spike 
protein

Beta or 
B.1.351
Gamma or 
P.1

•  Reduced convalescent 
serum neutralization

•  Immune escape and 
re-infection

•  Increased hACE2 receptor 
binding—greater 
infectivity

•  Increased binding affinity 
by altering electrostatic 
interactions

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

K417N/T Missense mutation—
lysine replaced by either 
asparagine (N) or 
threonine (T) at amino 
acid position 417

RBD of spike 
protein

Beta or 
B.1.351
Gamma or 
P.1
Delta Plus

•  Enhanced immune evasion
•  Increased S1 RBD binding 

to hACE2
•  Synergistic effect in 

conjugation with mutation 
L452R

L452R Missense mutation—
leucine (L) is replaced by 
arginine (R) at amino 
acid position 452

RBD of spike 
protein

Delta or 
B.1.617.2
Kappa or 
B.1.617.1
Epsilon or 
B.1.427

•  Enhanced hACE2 receptor 
binding ability

•  Reduce vaccine- stimulated 
antibodies from attaching 
to altered spike protein

•  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)

Mutation Type of mutation
Location of 
mutation Variants Mutation characteristic

Q677P/H Missense mutation—
glutamine replaced by 
either proline (P) or 
histidine (H) at amino 
acid position 677

S1–S2 furin 
cleavage site

20G 
(20C-US 
clade)

•  Influences S1/S2 
cleavage—promotes more 
efficient viral entry

E484Q Missense mutation—
glutamic acid (E) is 
replaced by glutamine 
(Q) at position 484

RBD of spike 
protein

Kappa or 
B.1.617.1

•  Reduced convalescent 
serum neutralization

•  Increased ACE2 receptor 
binding—greater 
infectivity

•  Decrease the binding 
ability of REGN10933 and 
P2B-2F6 antibodies to the 
variant strains

Δ69/70 6-nucleotide deletion 
(21765–21770) of S 
gene: deletion of two 
amino acids at sites 69 
(histidine) and (70 
valine) in spike protein

N-terminal 
domain of 
spike S1 
fragment

Alpha or 
B.1.1.7
Eta or 
B.1.525
B.1.258
B.1.1.298
B.1.160
B.1.177
B.1.375

•  Conformational change in 
the spike protein

•  S gene “drop out” in 
RT-PCR assays

•  Increased infectivity
•  Evasion of the immune 

response

P681R Missense mutation—
proline (P) is replaced by 
arginine (R) at amino 
acid position 681

S1–S2 furin 
cleavage site

Kappa or 
B.1.617.1
Delta or 
B.1.617.2

•  Increased rate of 
membrane fusion, 
internalization—better 
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 Consequence. COVID-19 variants are designated as VOI when they 
are associated with changes in the receptor binding, potential diagnostic impact, 
decreased neutralization by antibodies generated through natural infection/vaccina-
tion, reduced treatment efficacy or leading to increase in the disease transmissibility 
or severity. WHO defines VOI [13] as “A SARS-CoV-2 isolate is a VOI if it is phe-
notypically changed (changes in the epidemiology, antigenicity, or virulence or 
changes that have or potentially have a negative impact on available diagnostics, or 
public health and social measure) compared to a reference isolate or has a genome 
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with mutations that lead to amino acid changes associated with established or sus-
pected phenotypic implications AND has been identified to cause community trans-
mission/multiple COVID-19 cases/clusters, or has been detected in multiple 
countries OR is otherwise assessed to be a VOI by WHO in consultation with the 
WHO SARS-CoV-2 Virus Evolution Working Group.” VOI are often associated 
with increased proportion of cases or new outbreaks in clusters. This often requires 
appropriate public health action including genomic surveillance, epidemiological 
surveys in order to ascertain specific characteristics leading to disease spread and 
immune escape. Currently, WHO has designated five SARS CoV-2 variants as 
VOI [12].

COVID-19 VOIs are designated as VOC when there is a definite evidence for 
that VOI to have increased transmissibility, causing more severe disease leading to 
greater number of hospitalizations or deaths along with significant reduction in neu-
tralization by antibodies generated through natural infection/vaccination, diagnostic 
detection failures and reduced effectiveness of current therapies or vaccination fail-
ure. WHO defines VOCs [13] as “A VOI is a VOC if through a comparative assess-
ment it has been demonstrated to be associated with increase in transmissibility or 
detrimental change in COVID-19 epidemiology, increase in virulence or change in 
clinical disease presentation, or decrease in effectiveness of public health and social 
measures or available diagnostics, vaccines, therapeutics OR assessed to be a VOC 
by WHO in consultation with the WHO SARS-CoV-2 Virus Evolution Working 
Group.” Currently, WHO has designated four SARS CoV-2 variants as VOCs [12]. 
A VOC is labelled as a Variant of High Consequence when there is ample evidence 
that “prevention measures or medical countermeasures (MCMs) have significantly 
reduced effectiveness relative to previously circulating variants.” Variant of High 
Consequence have a definite impact on the MCMs along with failure of diagnostic 
tests to detect these variants culminating in a far more severe form disease with 
increased hospitalizations, deaths, and significantly reduced vaccine effectiveness 
with higher vaccine breakthrough cases. Variant of High Consequence requires 
notification to the WHO and CDC along with the need for strategies to prevent 
transmission and treatment modalities. Currently, there are no SARS-CoV-2 vari-
ants that can be labelled as high consequence [12].

According to the WHO, a previously designated VOI/VOC which has been dem-
onstrated to not pose a major added risk to global public health in approaching times 
compared to other circulating SARS-CoV-2 variants, can be reclassified through a 
critical expert assessment of several criteria, such as ongoing impact on control 
measures, observed incidence or prevalence of variant between geographical loca-
tions and the presence of other risk factors.

WHO also defines “variants under monitoring” as a “SARS-CoV-2 variant with 
genetic changes that are suspected to affect virus characteristics with some indica-
tion that it may pose a future risk, but evidence of phenotypic or epidemiological 
impact is currently unclear, requiring enhanced monitoring and repeat assessment 
pending new evidence.”

The major variants of concern, variants of interest and variants under monitoring 
for COVID-19 are listed in Table 9.2.
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Table 9.2 Major variants of concern, variants of interest and variants under monitoring for 
COVID-19

Variants of concern (VOC) Variants of interest (VOI)
Variants under 
monitoring

Alpha or B.1.1.7
Earliest documented in UK in 
Sept 2020 and designated VOC on 
18-12-2020

Eta or B.1.525
Earliest documented in many 
countries in Dec 2020 and 
designated VOI on 17-3-2021

B.1.427
B.1.429
Earliest documented 
samples from USA in 
Mar 2020

Beta or B.1.351
Earliest documented in SA in May 
2020 and designated VOC on 
18-12-2020

Iota or B.1.526
Earliest documented in USA in 
Nov 2020 and designated VOI 
on 24-3-2021

R.1
B.1.1.318
B.1.1.519
Earliest documented 
samples from multiple 
countries

Gamma or P.1
Earliest documented in Brazil in 
Nov 2021 in May 2020 and 
designated VOC on 11-1-2021

Kappa or B.1.617.1
Earliest documented in India in 
Oct 2020 and designated VOI on 
4-4-2021

B.1.466.2
Earliest documented 
samples from Indonesia 
in Nov 2020

Delta or B.1.617.2
Earliest documented in India in 
OCT 2020 in May 2020 and 
designated VOC on 11-5-2021

Lambda or C.37
Earliest documented in Peru in 
Dec 2020 and designated VOI on 
14-6-2021

C.36.3
B.1.214.2
B.1.1.523
B.1.619
B.1.620
Earliest documented 
samples from multiple 
countries

Mu or B.1.621
Earliest documented in 
Colombia in Jan 2021 and 
designated VOI on 30-8-2021

C.1.2
Earliest documented 
samples from SA in May 
2021

UK United Kingdom, SA South Africa, USA United States of America

 Major COVID-19 Variants

The WHO Virus Evolution Working Group in collaboration with scientists from the 
WHO COVID-19 reference laboratory network, GISAID, Pango and Nextstrain 
proposed a simplified nomenclature scheme for the VOI and VOC of COVID-19 
which are easy-to-pronounce and non-stigmatizing [12]. This expert group sug-
gested the use of Greek alphabets such as alpha, beta, gamma, and delta for naming 
of various COVID-19 variants [14]. Major variants of concern and their global prev-
alence have been depicted in Figs. 9.1 and 9.2.
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a b

c d

Fig. 9.1 (a) Line graph depicting the average daily of Alpha (B.1.1.7) variant prevalence globally. 
(b) Line graph depicting the average daily of Beta (B.1.351) variant prevalence globally. (c) Line 
graph depicting the average daily of Gamma (P.1) variant prevalence globally. (d) Line graph 
depicting the average daily of Delta (B.1.617.2) variant prevalence globally. (a–d) Source: 
Outbreak.info; Available online: https://outbreak.info/ [57]

a b

c d

Fig. 9.2 (a) World map depicting the cumulative prevalence of Alpha (B.1.1.7) variant globally. 
(b) World map depicting the cumulative prevalence of Beta (B.1.351) variant globally. (c) World 
map depicting the cumulative prevalence of Gamma (P.1) variant globally. (d) World map depict-
ing the cumulative prevalence of Delta (B.1.617.2) variant globally. (a–d) Source: Outbreak.info; 
Available online: https://outbreak.info/ [57]
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 Variants of Concern

 B.1.1.7 or the Alpha Variant

The B.1.1.7 variant, also known as VOC 202012/01 or 20B/501Y.V1 (Alpha vari-
ant), was first identified in Southern England in December 2020 [15]. It has become 
the dominant variant in the United Kingdom (UK) having fueled the second wave of 
COVID-19 in Europe and has been documented in more than 114 countries world-
wide (Figs. 9.1a and 9.2a). As compared to its ancestral SARS-CoV-2 virus variant 
containing the D614G mutation, this particular variant had 17 novel mutations with 
eight of them being in the S protein. Three characteristic mutations in this particular 
variant are (a) N501Y mutation at position 501 in the RBD of S protein leading to 
increased affinity for the human ACE2 and greater transmission, (b) P681H muta-
tion augmenting infectivity and disease transmissibility, and (c) ∆H69/∆V70 dele-
tion in the S region leading to immune escape and greater infectivity. This particular 
deletion in the S protein was also responsible for the failure of certain commercial 
testing kits to detect the S gene leading to “S gene target failure” [16].

Data from the COG-UK dataset revealed that the relative population growth rate 
of the alpha variant in the first 30 days after its detection was higher than that of all 
the other 307 other lineages [17]. Multiple hypothesis were proposed for increased 
infectivity of alpha variant and includes: (a) higher viral load as reflected by a lower 
cycle threshold (Ct) values suggesting this variant to be more transmissible per con-
tact with an index case than preexisting variants, (b) longer duration of viral shed-
ding and hence greater infectiousness, (c) immune escape attributed to the 
∆H69/∆V70 deletion leading to breakthrough infections in individuals with natural 
immunity or post vaccination, (d) shorter generation time than previously circulat-
ing variants leading to increased growth rates [17]. The higher infectivity of this 
variant was reflected in a community-based cohort study involving 54,906 low risk 
individuals wherein the mortality hazard ratio associated with infection with alpha 
variant was 1.64 (95% CI 1.32–2.04) as compared to those infected with previously 
circulating variants. This translated into a 32–104% increased risk of death with the 
novel variant [18].

 B.1.351 or the Beta Variant

The B.1.351 variant also known as the 20H/501Y.V2 or Beta variant was first identi-
fied in South Africa in October 2020 and has been widely in circulation since then 
(Figs. 9.1b and 9.2b) [19]. This particular variant has 23 mutations with the notable 
ones being the K417N, E484K, and N501Y in the RBD of the S protein. Of these, 
the E484K mutation is responsible for increased affinity with the ACE2 receptor as 
well as immune escape leading to reduced sensitivity to the vaccines [20]. This vari-
ant was identified to be nearly 50% more transmissible than the preexisting variants 
in South Africa [20]. As compared to the D614G reference SARS-CoV-2 virus 
strain, both the Pfizer Comirnaty (also termed BNT162b2) and the Moderna 
mRNA-1273 vaccine had lower protective efficacy against the B.1.351 variant [21].
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 P.1 or the Gamma Variant

The gamma variant also known as 20J/501Y.V3 was first identified in Japan among 
four travellers returning to Japan from the city of Manaus in the Amazonas state, 
Brazil in December 2020 (Figs. 9.1c and 9.2c). Soon, this variant became an emer-
gent lineage in Manaus and fueled the second wave of the pandemic in January 
2021 despite a sero-survey in October 2020 reporting that 78% of its population 
were sero-positive for COVID-19 [22]. Overall, it has 35 mutations with the notable 
ones being the K417T, E484K, and N501Y in the RBD of the S-protein. The E484K 
and N501Y mutation is seen in other lineages of the SARS-CoV-2 virus including 
the beta variant strains. The presence of both the K417T and N501Y mutation tends 
to influence host cell entry and virus transmission increase the transmissibility of 
the variant by enabling greater affinity for ACE2 receptors in human cells [23, 24]. 
In a study by Naveca et al. [25], it was found that this variant is 2.2 times higher 
transmissible that led to a few cases of reinfection who recovered from COVID-19, 
and almost has a similar rate infection in the younger (18–59 years old) and older 
(>60 years old) patients. In terms of its impact on the vaccine efficacy, this particu-
lar variant had a modest loss of neutralization efficacy (3.8–4.8-fold) by convales-
cent plasma and vaccinee sera following Moderna or Pfizer vaccination. Similarly, 
a recent study also demonstrated marked/complete loss of neutralizing activities of 
various monoclonal antibodies such as REGN10933 (casirivimab), LY-CoV555 
(bamlanivimab), and CB6 (etesevimab). However, the monoclonal antibody 
REGN10987 (Imdevimab) did retain its neutralization activity against this particular 
variant [26].

 B.1.617.2 or the Delta Variant

The Delta variant also known as 21A/S:478K was first reported from the state of 
Maharashtra, India in October 2020 and has been largely responsible for the devas-
tating second wave of COVID-19 pandemic in India (Figs. 9.1d and 9.2d) [12]. This 
belongs to the Lineage B.1.617 which has three sub-lineages (B.1.617.1: Kappa 
variant, B.1.617.2: Delta variant, and B.1.617.3). This variant has now spread to 163 
countries across the globe and soon can become the dominant strain globally [27]. 
It has 13 mutations with the notable ones being D614G, T478K, L452R, and P681R 
in the RBD of the Spike protein. The L452R mutation previously reported in the 
California variants (B.1.427 and B.1.429) is known to increase affinity of spike 
proteins to ACE2 receptors making it more transmissible [28]. Additionally, it has 
also been known to mediate immune escape. The P681R mutation is located near 
the cleavage site between S1 and S2 and has been shown to increase cellular infec-
tivity by facilitating cleavage of the precursor S protein to the S1/S2 active configu-
ration [29]. Delta variant has been reported to be 40–60% more transmissible than 
Alpha variant [30]. A recent study by the Guangdong Provincial Center for Disease 
Control and Prevention reported that viral load with the Delta variant to be around 
1000 times higher than with the Wuhan strain [31]. Epidemiologists from the 
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University of Toronto reported that the Delta variant had a 120% greater risk of 
hospitalization, 287% greater risk of ICU admission, and 137% greater risk of death 
as compared to the non-VOC strains of SARS-COV-2 [32]. The Delta variant has 
given rise to various sub-lineages which have been labelled as AY.1 to AY.22 which 
have been termed as “Delta Plus variant.” It refers to the presence of Delta variant 
with an additional K417N mutation [30]. Of the various sub-lineages of the Delta 
variant, the AY.12 has recently gained importance and is currently been thought to 
be the reason behind the recent surge in COVID-19 cases in Israel despite nearly 
60% of the population being fully vaccinated [33].

 Variants of Interest

Currently, WHO has declared five variants as VOI which includes Eta (B.1.525), 
Iota (B.1.526), Kappa (B.1.617.1), Lambda (C.37), and Mu (B.1.621) [12]. The Eta 
variant was first identified in United Kingdom and Nigeria in December 2020 and 
has E484K, D614G, and ∆H69/∆V70 deletion as important mutations. This variant 
was shown to have reduction in neutralization by monoclonal antibody treatments 
and by convalescent and post-vaccination sera [34]. The Iota variant was first 
reported from United States (New York) in November 2020 and has L452R, E484K, 
and D614G as notable mutations. This variant has been shown to have reduced neu-
tralization by convalescent and post-vaccination sera [35]. The Kappa variant was 
identified in India in December 2020 and has a host of mutations including E154K, 
L452R, E484Q, D614G, and P681R. This variant too has an impact on the efficacy 
of vaccines and monoclonal antibodies [36]. The Lambda variant, first identified in 
Peru in October 2020, has now been reported in more than 25 countries across the 
globe. It is believed to be the dominant strain in various South American countries 
such as Peru, Chile, Ecuador, and Argentina. Lambda variant has been shown to 
have a greater infectivity than the Alpha and Gamma variants [37]. Additionally, 
studies have shown decreased effectiveness of the Chinese Sinovac vaccine 
(CoronaVac) against the Lambda variant [38]. Recently in August 2021, the WHO 
added Mu (B.1.621) as a variant of interest. This variant was first detected in 
Colombia in January 2021 and has been reported from 39 countries. It has R346K, 
E484K, N501Y, D614G, and P681H as some of the notable mutations. Preliminary 
estimates for this variant indicate potential properties of immune escape along with 
reduction in neutralization capacity of convalescent and vaccinee sera [39].

 Other Notable Variants

The other notable variants include previously designated VOIs such as Epsilon (lin-
eages B.1.429, B.1.427, CAL.20C), Zeta (lineage P.2), Theta (lineage P.3) as well 
as the Lineage B.1.1.207 and Lineage C.1.2 [12]. Epsilon variant or lineage B.1.429 
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had five distinct mutations of which the L452R was of major concern. This variant 
was first detected in July 2020  in California and soon spread to other US states. 
However, this variant was soon outcompeted by the Delta variant and is no longer a 
VOI. Zeta variant (P.2) is a sub-lineage of B.1.1.28 and was first detected in Rio de 
Janeiro, Brazil. It differs from P1 as it does not harbor N501Y and K417T muta-
tions. Though initially listed as a VOI, WHO as of July 2021, no longer considers it 
a VOI. Lineage B.1.1.207 was first reported from Nigeria in August 2020 and has 
been labelled as an emerging variant by the CDC [40]. Lineage C.1.2 is one of the 
notable variants to have been emerged off late and was first identified in May 
2021  in South Africa. It has a host of mutations including multiple substitutions 
such as R190S, D215G, N484K, N501Y, H655Y, and T859N and deletions such as 
Y144del, L242-A243del within the S protein. These mutations are associated with 
greater transmissibility and reduced neutralization sensitivity. However, one of the 
major concerns is the presence of additional mutations such as C136F, Y449H, and 
N679K which can have an impact neutralization sensitivity or furin cleavage [41].

 Impact of Viral Variants

Emergence of viral variants are associated with a host of issues including its impact 
on diagnostic tests, vaccine efficacy as well as varied clinical presentation and dis-
ease severity. There are multiple challenges associated with novel viral variants 
including immune escape, breakthrough viral infections despite prior infection/vac-
cination and greater virulence [42]. The following are the impact of various viral 
variants.

 Impact on Disease Spread, Virulence, and Therapeutics

An important challenge currently being faced following emergence of newer vari-
ants is its ability to spread rapidly among different population groups. Most of the 
variants have a mutation in the RBD of the S-protein which leads to increased affin-
ity for binding to the ACE2 receptor thereby leading to greater transmissibility. 
Variants such as B1.1.7 or 20I/501Y.V1 were found to be 30–80% more transmis-
sible with higher nasopharyngeal viral loads and a 30% increase in mortality risk as 
compared to the original SARS-CoV-2 strain [43]. Similarly, the Delta variant was 
found to have 40–60% higher transmissibility as well as greater hospital admission 
rates as compared with the alpha variant [30]. The greater transmissibility of the 
novel variants translates into increased infection rates and higher levels of hospital-
izations thereby increasing the pressure on the already overburdened healthcare sys-
tem. The CDC guidelines recommended against the use of bamlanivimab plus 
etesevimab combination therapy as the Gamma (P.1) and Beta (B.1.351) VOCs have 
reduced susceptibility to both the agents [44].
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 Impact on Diagnostic Tests

Routine testing for SARS-CoV-2 is based on molecular methods using nucleic acid 
amplification tests (NAATs) including those based on PCR. This involves detection 
of specific portion of the viral genome using primers which are short DNA sequences 
which bind and detect specific virus RNA target sequences. Mutations within these 
primer specific target sequences would lead to a false negative test result and failure 
of the NAATs to detect SARS CoV-2. As a result, viral mutations do have the poten-
tial to reduce the diagnostic accuracy of NAATs. However, in clinical practice, most 
of the NAATs have multiple genetic targets rather than one hence the chances of 
false negative due to a viral variant gets minimized [42]. Additionally, mutations 
can also affect the diagnostic performance of the antigen and antibody tests by caus-
ing an alteration to the protein or physical structure of the viral antigen targeted by 
the test. Such had been the impact with the B.1.1.7 variant where deletions at amino 
acid positions 69 and 70 in the S-gene led to false negative results with the Taq-Path 
COVID-19 Combo Kit and the Linea COVID-19 Assay Kit. This calls for periodic 
assessment of diagnostic performance of various molecular tests based upon the 
local circulating variants as was highlighted in a recent US food and drug adminis-
tration (FDA) guidance statement [45].

Herd immunity or protective seroprevalence becomes a questionable concept 
with the emergence of newer variants as immunity gained either through natural 
infection or following vaccination may not be protective. COVID-19 variants can 
lead to immune escape and breakthrough/reinfection in previously infected indi-
viduals thereby hampering disease control. Vaccine resistance and immune escape 
have become a major challenge both in developing and developed countries world-
wide with newer emerging variants [42]. This was highlighted in a recent case report 
wherein two fully vaccinated individuals having received BNT162b2 (Pfizer- 
BioNTech) and mRNA-1273(Moderna), respectively, developed breakthrough 
infection with novel variants 19 and 36 days following the second dose. This novel 
COVID-19 variant had marked similarity with the B.1.1.7 and B.1.526 variants 
[46]. Most of the vaccines available currently utilize the S-protein of SARS-CoV-2 
as a target antigen against which antibodies develop. Since a majority of the variants 
have a mutation within the RBD of the S-protein, there is always a doubt regarding 
the efficacy of various vaccines [42]. In vitro studies have reported that plasma from 
vaccinated individuals were less effective in neutralizing variants with the E484K, 
N501Y, or K417N/E484K/N501 mutations within the RBD of S-protein [47, 48]. In 
a multicentric, randomized double blind study, Madhi et al. [49] reported that the 
two dose regimen of the ChAdOx1 nCoV-19 vaccine (AZD1222) failed to provide 
protection from mild to moderate COVID-19 disease caused by the B1.351 variant 
which was widespread in South Africa. This study presented ample evidence that 
the B.1.351 variant possesses mutations which enables it to escape the host immune 
response in previously vaccinated individuals and forced the South African authori-
ties to halt the roll out of the Astra Zeneca’s ChAdOx1 nCoV-19 vaccine [50]. 
However, for the B.1.1.7 variant, the efficacy of the ChAdOx1 nCoV-19 vaccine in 
preventing symptomatic infection was 70.4% as compared to the non-B.1.1.7 
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lineages where it was reported to be 81.5% [51]. In an another study to evaluate the 
real world effectiveness of the mRNA-1273 (Moderna) vaccine against SARS- 
CoV- 2 variants of concern [B.1.1.7 (Alpha) and B.1.351 (Beta)] in Qatar, the authors 
reported effectiveness for the B.1.1.7 infection was 88.1% following the first dose 
and 100% after the second dose. Similarly, for the B.1.351 infection the effective-
ness was 61.3% following first dose and 96.4% post the second dose [52]. Data 
regarding the efficacy of vaccines for the Delta variant is limited. Bernal and col-
leagues [53] from the Public Health England (PHE) in a non-randomized study 
reported the effectiveness of BNT162b2 and ChAdOx1 vaccines against the two 
variants: alpha (B.1.1.7) and the delta (B.1.617.2) following one or two doses. A 
recent study from Canada evaluated the effectiveness of BNT162b2, mRNA-1273, 
and ChAdOx1vaccines against symptomatic SARS-CoV-2 infection and outcomes 
caused by the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2) 
variants of COVID-19. The study reported that for infections caused by the Alpha 
variant, effectiveness of partial vaccination (≥ 14 days post first dose) was higher 
for mRNA-1273 (83%) than BNT162b2 (66%) and ChAdOx1(64%). The protec-
tion against infection caused by Beta/Gamma variant was lower with partial vacci-
nation for ChAdOx1 (48%) than mRNA-1273 (77%). In terms of protection against 
Delta variant, vaccine effectiveness following partial vaccination was lower than 
that against Alpha for BNT162b2 (56% vs. 66%) and mRNA-1273 (72% vs. 83%) 
however, was similar to Alpha for ChAdOx1 (67% vs. 64%). A full vaccination with 
BNT162b2 increased protection against Delta variant (87%) to comparable levels 
with Alpha (89%) and Beta/Gamma (84%) [54].

 Strategies to Prevent Emergence of Newer Variants

Multiple strategies need to be devised to tackle the ever-growing menace of the 
COVID-19 variants. This would include genomic surveillance, data sharing, and 
global cooperation as well as adopting a rapid rate of immunization against 
COVID-19 worldwide.

Genomic surveillance has been on the forefront in this fight against COVID-19 
infection and bringing the pandemic under control. Genomic surveillance using 
whole genomic sequencing remains a key in the identification of novel COVID-19 
variants evolving over a period of time. WHO advocates for genomic surveillance 
as a worldwide priority and has previously achieved success with Ebola virus dis-
ease and influenza virus [55]. Genomic surveillance would not only monitor for the 
emergence of the variants but would also help in the rapid assessment of their 
affects. It has been well documented that variants such as B.1.1.7 and B.1.617 with 
a high transmissibility can lead to new waves of infection and collapse of the health-
care system as had been evident in the deadly second wave of COVID-19 in UK and 
India [42]. This calls in for setting up and strengthening the genomic surveillance 
network. Emergence of the alpha variant of COVID-19 led to the establishment of 
the Indian SARS-CoV2 Genomic Consortia (INSACOG) under the Ministry of 
Health and Family Welfare, Government of India in December 2020.This 
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consortium comprising a of ten national laboratories is responsible for monitoring 
the genetic variations and genomic surveillance across India. Additionally, it shares 
it data with international databases such as GISAID which further strengthens the 
global cooperation for genomic surveillance [42, 56]. The genomic surveillance 
program must be fast with the data made available publicly in a short period of time 
to allow for timely decision-making by public health agencies and vaccine manu-
facturers. However, there seems to be a disparity in the genomic surveillance data 
from the developed as well developing countries. Countries with poor infrastructure 
lacks behind in the genomic surveillance and such novel COVID-19 variants can get 
unrecognized and spread globally [42]. Data from the GISAID database reflects that 
countries such as India trail behind a lot many countries in terms of genomic sam-
pling of SARS-CoV-2 with just 44,705 (0.136%) of the 32,768,880 cases sequenced. 
This is in stark contrast to the data from the developed nations such as Australia, 
Denmark, UK, and the USA with sequencing rates of 48.6%, 45.2%, 11.2%, and 
2.2%, respectively (Fig. 9.3) [57, 58]. There is a need to set-up newer laboratories 

a

c
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Fig. 9.3 (a) Bubble plot comparing the population, actual number of COVID-19 cases and the 
genome sequencing data (per 1000 cases) deposited in the GISAID database for major countries 
globally. (b) Map comparing the genome sequencing data (per 1000 cases) deposited in GISAID 
database across the globe. Developed countries such as the USA, United Kingdom, and Australia 
(marked in purple) have the maximum contribution to genomic surveillance while developing 
nations in Asia and Africa lag well behind (marked in light green). (c) Plot showing the relative 
contribution of various countries to genomic surveillance, prevalence of disease and the median 
days to deposition to the GISAID data-base. India (green line) is in the lower part of the curve in 
terms of genomic sequencing reflecting poor genomic surveillance, however, is ranked second just 
behind the US (orange line) in terms of absolute number of cases. [a–c Source: COVID CoV 
Genomics (CG); Available at: covidcg.org] [58]
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for genomic sequencing along with addressing issues such as lack of technical 
expertise or limited availability of reagents and raw materials. All of these call for 
capacity building with a better coordination among the network labs and involve-
ment of the public and private sector enterprises. Apart from genomic surveillance, 
preventing spread of disease either through social distancing measures or vaccina-
tion remains a key in preventing emergence of variants. This calls for large scale 
immunization activities globally involving an equitable distribution of vaccines in 
the both developing as well as developed nations.

Apart from that following emergence of variants, there is a need to change the 
vaccine administration regimen. This would include an additional booster dose or 
optimizing the vaccine as per the variant (e.g. developing new version of the vac-
cines with an updated spike protein as per the genetic variation) or combining two 
different vaccine platforms in a “mix and match” strategy to ensure a stronger 
immune response [59].

 Conclusion

COVID-19 continues to remain a major public health issue worldwide with multiple 
waves of infection sweeping across different parts of the globe. Emergence of novel 
COVID-19 variants has left a major challenge for the healthcare providers in view 
of an increased transmissibility, greater disease severity, and immune escape. 
Though genomic surveillance for SARS-CoV-2 has increased our ability to detect 
and track evolution of these variants, there is a need to maintain a constant vigil 
along with large scale vaccination drives to curb the ever-rising tide of COVID-19 
infection.
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Chapter 10
Psychological Impacts of the COVID-19 
Pandemic

Samuel K. Powell, Alexandra Saali, Randal A. Serafini, Callan P. O’Shea, 
Justin J. Frere, and Craig L. Katz

 Introduction

The burden of infectious disease and consequent mortality brought on by the 
COVID-19 pandemic is paralleled only by the pervasive effects the pandemic has 
had on global mental health. For too many reasons, there have and will continue to 
be adverse psychological and psychiatric effects of the pandemic. With each of the 
approximately five million deaths that have occurred globally thus far, there are the 
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family and loved ones left behind to grieve. For those who survive COVID-19, the 
trauma can have lasting impacts. And for individuals throughout the world, all are 
forced to continue adapting to uncertain and often highly dangerous 
circumstances.

This chapter focuses on the psychological impacts of the COVID-19 pandemic. 
We begin with the acute effects of the pandemic in substantially increasing rates of 
psychological distress and symptoms of psychiatric disorders. Throughout, we 
highlight broad findings from the general population as well as sub-group-specific 
impacts on those of different ages, genders, races and ethnicities, familial roles, and 
occupations, among others. We next explore both risk and protective factors for 
psychological distress and psychopathology during the pandemic. We also provide 
an overview the psychiatric manifestations and sequelae of COVID-19 itself, 
exploring potential psychological and pathophysiological mechanisms. We con-
clude with promising coping and psychological adaptation strategies, drawing from 
evidence reported during prior pandemics as well as early data reported during the 
ongoing pandemic. It is hoped that lessons learned from history and our collective 
current struggle can inform approaches to not only cope with the pandemic but 
emerge more resilient than before it.

 Psychological and Psychiatric Impacts 
of the COVID-19 Pandemic

The initial onset of the COVID-19 pandemic precipitated fear and psychological 
distress worldwide. This section describes results from numerous countries docu-
menting heightened psychiatric symptoms and psychological distress beginning 
with large, nationally and regionally representative prevalence rates. We then high-
light adverse psychological and psychiatric effects on specific subgroups of people 
defined by sociodemographic, familial, and occupational characteristics. 
Subsequently, we cover the complexities of whether the pandemic has affected sui-
cide, distinguishing between suicidal ideation, self-injurious behavior, and com-
pleted suicides. Having provided snapshot estimates, we finally overview important 
evidence that changes in mental health have been heterogenous within overall popu-
lations, showing several patterns of change—or lack thereof—that vary over time.

 General Population-Based Estimates of COVID-19-Related 
Psychiatric Symptoms and Psychological Distress

In one of the first nationally representative surveys out of China, almost 35% of 
individuals reported psychological distress with the onset of the COVID-19 pan-
demic [1]. This finding was consistent with sentiment analyses of posts on the social 
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media platform Weibo, which found psychological indices of depression, anxiety, 
indignation, and sensitivity to social risks increased while indices of happiness and 
life satisfaction decreased [2]. During the initial outbreak in Wuhan, the prevalence 
of depression was 48% and anxiety was 22.6%, and 19% had both depression and 
anxiety [3]. Furthermore, an estimated 7% of Wuhan adults had significant symp-
toms of post-traumatic stress [4]. Over half of residents in the Liaoning Providence 
reported feeling apprehensive and horrified due to the pandemic [5]. In Hong Kong, 
19% and 14% of adults met threshold criteria for depression and anxiety, respec-
tively, and approximately 25% reported that their mental health had deteriorated 
since the onset of the pandemic [6]. These data demonstrated clearly the adverse 
effects on mental health that had arisen in the acute onset of the pandemic and 
served as indicators of what was to come in other parts of the world.

Studies from the USA emerged soon after the first case of COVID-19 was 
reported in January of 2020. As in China, nationwide social media content reflected 
significant distress with the onset of the pandemic. A sentiment analysis database of 
U.S. Twitter posts termed the “Hedonometer” [7] showed that overall indicators of 
happiness dropped precipitously, with the lowest period from May 26th to June 9th 
[8]. In parallel, estimates of depression prevalence rates were threefold higher 
among U.S. adults during the beginning of the pandemic compared to pre-pandemic 
periods [9]. Data from the Center for Disease Control and Prevention (CDC) indi-
cated that, beginning in April and persisting through July of 2020, about 30% of 
adults nationwide reported symptoms of anxiety and 25% reported symptoms of 
depression [10]. These estimates are markedly higher than those reported by the 
CDC in 2019, when 8.1% and 6.5% of adults had symptoms of anxiety and depres-
sion, respectively [11]. In June of 2020, an estimated 26% of adults were experienc-
ing symptoms of stress- and trauma-related disorders due to the pandemic, and just 
over 13% of adults reported either starting or increasing their use of substances in 
order to cope with stress and difficult emotions related to the pandemic [12].

In the United Kingdom, rates of anxiety nearly doubled, increasing from 13% 
pre-pandemic to 24%, while estimates of depression remained constant [13]. 21% 
and 19%, respectively, of Austrian citizens met or exceeded threshold criteria for 
depression and anxiety, and 16% reported experiencing clinical insomnia [14]. 
During the first week of the government-mandated shutdown from March 13th to 
18th, 35.6% of Italian adults had clinically significant levels of distress, with 29% 
experiencing symptoms of post-traumatic stress; symptoms of depression and anxi-
ety were reported by 37.8% and 51.1%, respectively [15]. A nationally representa-
tive study found that 64% and 53% of adults in Cyprus reported above-minimal 
symptoms of anxiety and depression, respectively, and that two-thirds felt they had 
experienced a decreased quality of life due to the pandemic [16]. Data from Jordan 
indicated that, in March of 2020, 23% of the population had depression and 13% 
had anxiety [17]. Overall, a comprehensive meta-analysis of all studies ascertaining 
prevalence rates of depression and anxiety throughout the world in 2020 found that 
the pandemic contributed to an additional 53.2 million cases of major depressive 
disorder and 76.2 million additional cases of anxiety disorders globally, 
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representing increases of 27.6% and 25.6%, respectively [18]. In sum, these find-
ings indicate clearly that the COVID-19 pandemic has led to markedly high rates of 
psychological distress and psychopathology globally.

 Distress and Psychiatric Symptoms Among Specific 
Sociodemographic Groups

The COVID-19 pandemic has exacted differential impacts on various groups based 
on sociodemographic, familial, and occupational factors. In this section, we provide 
an overview of results documenting rates of psychological distress and psychopa-
thology among subgroups of individuals defined by age, gender, education, occupa-
tional status, and racial/ethnic minority group. Here, our aim is to provide only 
descriptive results among these various subgroups; evidence for potential demo-
graphic, occupational, and clinical risk factors for COVID-19-related distress and 
psychiatric symptoms is covered in section “Risk and Protective Factors for 
Psychological Distress and Psychiatric Illness During the COVID-19 Pandemic”.

 Children and Adolescents

Substantial concerns have been raised about the potential impact of the pandemic on 
children and adolescents due to the limitations in social interaction, reduced access 
to school and educational resources, and intrafamilial discord [19, 20, 25, 36, 37]. 
In tandem, the tragic deaths of parents and other caregivers have caused unimagi-
nable devastation to children throughout the world, as more than 1.5 million have 
lost primary or secondary caregivers globally [21]. Lockdown orders and school 
closures have left children in a mentally vulnerable position, as elevated rates of 
depression and anxiety have been noted in children as young as 6 years old [40]. In 
adolescents, pandemic- era rates of anxiety and depression were reported to be 
approximately 12% and 19%, respectively [22]. As of March 2021, estimates of the 
global prevalence rates of depression and anxiety among children and adolescents 
were 25.2% (depression) and 20.5% (anxiety) [37], increased from earlier estimated 
rates of ~10–15% (e.g., [24]).

Disruption in daily routines, social interaction, and education have contributed 
significantly to the increased burden of distress and psychiatric conditions among 
youths. Digital education was found to be exhausting for many children, potentially 
impacting future scholarly performance [24]. Evidence exists showing disruptions 
in sleep-wakefulness patterns among children overall, with potentially greater 
impact on children with neurodevelopmental conditions [29]. Distance learning 
may be particularly challenging for children with ADHD [26, 27]. Of note, children 
with attention-deficit/hyperactivity disorder or poor emotion regulation before 
COVID-19 appear to suffer from greater exacerbations on mental health during the 
pandemic [36].
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For both children and adolescents, it is still unclear what the long-lasting effects 
of the drastic reduction in physical activities on mental and physical health will be 
[32]. Early data show clearly negative effects: a large cross-sectional survey of chil-
dren (ages 6–10  years) and adolescents (ages 11–17  years) found associations 
between lower physical activity, higher screen time, and greater mental health 
symptoms [33]. The heightened adverse effects on the mental health of children and 
adolescents with ADHD varies strongly by whether or not ADHD children partici-
pate in sports [211], suggesting particularly negative impacts of stay-at-home/
shelter- in-place orders on children with ADHD.

Familial discord due to stay-at-home orders, pandemic-related stress, and 
increased demands of online education have also contributed directly to distress 
among youth. Studies have found that increased familial quarrels have led to 
increased psychological distress in adolescents during COVID-19 [30, 31]. A 
direct, positive relationship has been documented between children’s COVID-19-
related fear and levels of parental anxiety, suggesting the possibility of self-rein-
forcing patterns of distress in the parent-child relationship [28]. Of particularly 
grave concern is the risk of increased child abuse in the context of these stressors, 
coupled with decreased contacts with mandated reporters. In the USA, the CDC 
reported that the proportion of emergency department (ED) visits related to child 
neglect and abuse that results in hospitalization increased despite an overall 
decrease in the number of such ED visits [35]. These data suggest that the severity 
of child abuse has worsened and/or that only the most severe cases are brought to 
medical attention. An independent study found that ED visits for suspected child 
abuse or neglect increased from March to October of 2020 compared to rates from 
the same period of time in 2019 [81]. Overall rates child and adolescent discharge 
from the ED for assault and maltreatment were lower in Ontario than pre-pandemic 
levels, but it is unclear if there were changes in the severity of injuries documented 
[34]. Alarmingly, the rates of children ages 0–5 years admitted to the hospital for 
physical abuse increased substantially in a French study [35]. For these reasons, it 
appears that children may be at increased risk of harm and mistreatment during the 
pandemic, although much further study and monitoring is warranted considering 
the severe negative consequences that abuse and neglect have on children’s men-
tal health.

 Students and Young Adults

Numerous studies have examined the psychological impacts of the pandemic on 
students and young adults. In the U.S., available evidence indicates high levels of 
psychopathology, with 43.3% of young adults having depression, 45.4% having 
anxiety, and 31.8% having PTSD symptoms; furthermore, 61.5% reported feel-
ings of loneliness [38]. These findings are aligned with results from studies of 
students in undergraduate, graduate, and professional school settings. Estimates 
of anxiety and depression among college students in the Guangdong Providence 
of China were 26.60% and 21.16%, respectively [42]. Among Chinese college 
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students quarantined at home, prevalence rates of PTSD and depression were 
found to be 2.7% and 9.0%, respectively. Data from Ukraine indicated that 24% 
of college students met criteria for generalized anxiety disorder (GAD) and 32% 
met criteria for depression [43]. A longitudinal study of U.K. college psychology 
students found that one-third could be classified as having clinical depression at 
the time of lockdown compared to 15% at baseline and that this rise in depression 
strongly correlated with worsened sleep quality and a shift toward a later sleep 
and wake time [41]. Increased consumption of alcohol and other drugs may con-
tribute to these findings, as a study of US college students found that, compared 
to pre-lockdown levels, rates of alcohol and cannabis use increased by 13% and 
24%, respectively [39]. Furthermore, a smartphone-based study found increased 
levels of sedentary behavior, anxiety, and depression among college students 
compared to previous term periods in a manner that correlated positively with 
COVID-19-related media consumption [40]. Across 40  U.S. medical schools, 
24.3% of students were depressed and 30.6% had anxiety [44]. Comparable esti-
mates were found among nursing students, with 38.8% and 37.4% had anxiety 
and depression, respectively [45]. Overall, the pandemic has had sweeping nega-
tive impacts on young adult students, in part due to the heightened vulnerability 
of younger individuals to COVID-19-related distress and psychiatric conditions 
(discussed below).

 Frontline Healthcare Workers

The pandemic has placed a burden on frontline healthcare workers that is unprec-
edented in recent history. Early in the course of the pandemic, several reports 
documented increased symptoms of depression, anxiety, insomnia, and stress 
among those working in medical occupations. More than half of healthcare work-
ers in Wuhan self-reported severe levels of perceived stress during the first few 
months of the pandemic [47] and greater than 50% in Chinese hospitals overall 
reported symptoms of depression and distress [48]. Medical workers, compared to 
non-medical workers, had higher rates of insomnia, depression, anxiety, somatiza-
tion, and OCD symptoms in the early stages of the pandemic [49]. Estimates of 
more clinically severe depression, anxiety, stress, and psychological distress were 
5.3%, 8.7%, 2.2%, and 3.8%, respectively [50]. Nurses in Hubei, China, were 
found to have a 16.83% incidence of PTSD in the context of the pandemic 16.83% 
[51]. In parallel, there has been a precipitous decline in workplace satisfaction 
among essential healthcare workers; one study reported that the proportion of 
those working in an obstetric hospital who were at least somewhat satisfied with 
their job declined from 93% pre-pandemic to 62% after it began and that the rates 
of anxiety related to their responsibilities increased substantially [52]. Overall, 
meta-analytic results suggest that the estimated rates of depression and anxiety 
among healthcare workers to be ~20% [53], indicating a substantial burden of 
psychopathology.
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 Other Essential Workers

Essential workers in occupations such as maintenance, retail, grocery, cleaning, and 
law enforcement, among others, were largely exempted from social distancing mea-
sures that required most others to work from home. Not surprisingly, the compara-
tively higher levels of potential exposure to SARS-CoV-2 infection and increased 
workplace demands have negatively impacted the mental health of these individu-
als. Fear of contracting and spreading the virus have significantly increased work-
er’s overall stress during the pandemic [12]. Surveys taken during the pandemic 
discovered that essential workers are more likely to report symptoms of anxiety or 
depressive disorders (42% vs. 30%), starting or increasing substance use (25% vs. 
11%), and suicidal thoughts (22% vs. 8%) than non-essential workers [54]. The 
American Psychological Association’s ongoing Stress in America research revealed 
that 29% of essential workers in 2020 reported that their mental health had deterio-
rated since the pandemic and that more than half have been relying on self- reported 
unhealthy habits to get through the pandemic, including 39% of workers who 
reported drinking more alcohol [55]. This same report also found that essential 
workers were more than twice as likely to have been diagnosed with a psychiatric 
condition since the pandemic began compared to those who were not essential 
workers (25% vs. 9%) [55]. Consistent with these findings are those from an online 
survey-based study of essential workers in Brazil and Spain which found that 27.4% 
had both anxiety and depression, 8.3% had depression alone, and 11.6% had anxi-
ety alone [56]. Data from Australia indicated that non-medical essential workers 
had higher rates of depression, anxiety, and stress and lower quality of life than both 
the general population and essential workers in healthcare [57]. Among retail gro-
cery store workers during the pandemic, the point prevalence of anxiety and depres-
sion were estimated to be 24% and 8%, respectively [58]. Without a doubt, the 
societal burdens placed on those working in these occupations has come at the cost 
of significant psychiatric morbidity and distress.

 Parents

Parents and primary caregivers of children face additional disruption and daily 
stressors due to the sudden and massive shift to online learning platforms as educa-
tion systems worldwide enforced social distancing measures. Thus far, data on 
parental perceptions of online education indicate general dissatisfaction and 
increased stress as well as a perception that teachers were expecting too much from 
them [59]. Furthermore, childcare has been cited as a leading cause for concern 
among parents in the USA [60]. These findings parallel survey-based research 
showing that an overwhelming majority of parents agreed that the COVID-19 pan-
demic made the 2019–2020 school year extremely stressful for them, especially 
among those with children ages 8–12 [61]. The challenges with childhood online 
education have been accompanied by increased symptoms of mood and anxiety 
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disorders among parents, as 47% of mothers and 30% of fathers who had children 
at home for remote education said that their mental health had worsened [62]. In 
parallel, half of all U.S. parents reported increased levels of stress compared to their 
pre-pandemic levels; this figure rose to 62% for parents with children at home 
engaged in remote learning [61]. Following the closure of schools, almost a quarter 
of caregivers reported anger and agitation, with over a third also noting anxiety 
stress and loneliness, suggesting up to a fourfold increase in psychiatric symptoms 
[63]. Similarly, Czeisler et al. identified more substance use (32.9%) and suicidal 
ideation (30.7%) among primary caregivers [12]. A longitudinal study of Canadian 
mothers found that within-subjects depression and anxiety scores increased by a 
mean of 2.3 and 1.04 points, respectively, and that one-third experienced clinically 
significant levels of depression and anxiety at the COVID-19 time point; these rates 
were higher than those observed at previous time points in the 8-year study period 
[64]. Parental stress associated with the COVID-19 pandemic may be even higher 
among caregivers of children with neurodevelopmental disorders and disabilities 
[65], a phenomenon that may vary with the mental health status of caregivers them-
selves, with low-mental-health caregivers experiencing even higher rates of 
increased psychological distress [66]. In a study of over 500 Portuguese mothers 
who gave birth to infants aged 0–12 months either before or during the pandemic, 
27.5% of mothers overall had clinically significant symptoms of depression and 
anxiety; furthermore, mothers who gave birth during the pandemic were found to 
have signs of decreased emotional awareness of their children and more impaired 
infant-mother bonding [67]. Although not surprising, these findings highlight the 
tremendous impact the pandemic has had on parents throughout the world.

 Pregnant Individuals

Pregnant individuals have had to confront heightened uncertainty during the pan-
demic due to worries about their health and that of their pregnancies, combined with 
restrictions to healthcare access resulting from social-distancing measures [68]. 
High rates of post-traumatic stress, anxiety, and depression have been documented 
in pregnant mothers during the pandemic, with worries associated with their preg-
nancies, delivery plans, family presence during and after the birthing process, and 
exposure of the fetus to COVID-19 cited as the top concerns [69]. Additional stud-
ies have found that about one-third of pregnant women reported elevated symptoms 
of depression [70] and that expected mothers had higher increases in depression, 
anxiety, and negative affect than non-pregnant women [71]. In contrast, however, a 
study in China found that pregnant women had lower overall rates of depression, 
anxiety, insomnia, and PTSD than non-pregnant women [72]. A study of routine, 
prenatal urinalysis screens in a large Californian healthcare-delivery system found 
a 25% increase in the proportion of expectant mothers using cannabis during their 
pregnancies [73]. Perhaps not surprisingly, a large, representative survey-based 
study of mothers in New York City found that about half of mothers who had been 
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trying to become pregnant before the pandemic ceased trying with the pandemic’s 
onset; importantly, ~43% of those who stopped trying to become pregnant reported 
that they would not resume after the pandemic, suggestive of potential negative 
perceptions of longer-term futures families in general and mothers and their chil-
dren in particular [74]. Thus, the preponderance of existing data shows high rates of 
distress and psychiatric symptoms among pregnant women during the COVID-19 
pandemic.

 Members of Racial and Ethnic Minority Groups

Individuals belonging to racial and ethnic minority groups have seen disproportion-
ately higher adverse mental health consequences during the COVID-19 pandemic. 
In 2021, non-Hispanic Black adults (48%) and Hispanic or Latino adults (46%) 
were more likely to report symptoms of anxiety and/or depressive disorders than 
Non-Hispanic White adults (41%) [12]. Similarly, Hispanic individuals have 
reported higher prevalence of COVID-19–related trauma symptoms, increased sub-
stance use, and suicidal ideation than non-Hispanic Whites or non-Hispanic Asian 
individuals. Those identifying as Black reported increased substance use and seri-
ous consideration of suicide in the previous 30 days more commonly than White 
and Asian respondents [12]. In 2020, Hispanic Americans had the highest levels of 
self-reported disruptions in sleep, and Black Americans were the most likely to 
report concerns about the future. Black and Hispanic children were found to be 
more likely to suffer adverse mental health effects of remove versus in-person learn-
ing [77]. As discussed below, rates of suicide have increased among Black residents 
in some states [76, 77]. In the U.S. overall, rates of overdose-related cardiac arrest 
events recorded by emergency medical services increased by ~40% in the initial 
months of the pandemic, but the highest increases were found among Latinx (49.7%) 
and Black or African American (50.3%) individuals [79]. Worse still, people of 
color have historically faced challenges accessing mental health care, and such bar-
riers have likely only increased during the pandemic [76]. For these reasons, 
expanded access to mental healthcare resources and community-driven research 
efforts to evaluate potential approaches to reducing these disparities are 
sorely needed.

We turn now to a critical evaluation of the potential impact of the COVID-19 
pandemic on levels of suicide throughout the world.

 Suicidality

With the enormous increase in depression, anxiety, trauma, and distress globally, 
there remains much concern about a parallel increase in suicide. Although the num-
ber of individuals with suicidal ideation and passive death wishes has clearly grown, 
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it is unclear if rates of completed suicide have increased in the population overall. 
Instead, where changes have been reported, they seem specific to certain sub-groups 
of people and also vary in the direction of change. Here, we discuss the current state 
of the evidence, making the important distinction between suicidal ideation, self- 
injurious behaviors and suicide attempts, and completed suicides.

Many studies have estimated rates of suicidal ideation from several countries 
during the COVID-19 pandemic. Assessment of trends in Google searches using 
terms indicative of users searching for suicide techniques found evidence that these 
searches were in fact lower than expected during the first month of the pandemic, 
even though there was an increase in searches related to help-seeking behavior and 
mental health problems such as depression, anxiety, and loneliness [82]. In the 
USA, a nationally representative study found that 10.7% of adults reported seri-
ously considering suicide in 2020, more than double a previous estimate from 2018 
[80], with greater increases among Hispanic and Black Americans, essential work-
ers, and unpaid caregivers for adults [83]. Similarly, a Canadian study found that 
there was an increase in passive suicidal ideation among the general population and 
especially among participants who were young, Indigenous, unemployed, single, 
and with pre-existing psychiatric conditions [84]. In contrast, a prospective cohort 
study of U.S. military veterans found a decrease in rates of suicidal ideation rates 
from November 2019 to December 2020 [85]. With the widespread surge in depres-
sion overall, it is generally not surprising that rates of suicidal ideation have 
increased, as it is a core symptom of the disorder.

In the case of self-harming behavior and suicide attempts, the picture appears 
more complicated. Data from over 1600 primary care clinic electronic health record 
systems indicated substantial decreases in the number of recorded instances of self- 
harm during the first several months of the pandemic; this may have been due to 
limited availability of on-site primary care, as this difference normalized by 
September of 2020 [86]. Among youths aged 13–17, there was an initial decrease in 
the incidence rates of suicide-related ED visits in the first 3 months of the pandemic, 
potentially due to stay-at-home orders and shifting needs in healthcare utilization 
[87]. After May, however, the overall rates returned to pre-pandemic levels observed 
during the summer months, and female youths had higher rates from June to 
December of 2020 compared to the same periods of time in 2019 [87]. Analysis of 
about 190 million US ED encounters found increased visit rates for suicide attempts 
as well as drug overdoses in March to October of 2020 compared to the same 
months in the year prior [36]. In contrast, a large study of Sri Lankan individuals 
found a 32% decrease in hospital presentations for intentional self-poisonings [88] 
in data analyzed from January 1st, 2019 to August 31st, 2020.

Finally, any changes in the levels of completed suicide appear to be specific to 
certain demographic groups and locations. An interrupted time-series analysis of 
data from an Australian register did not find evidence that rates of suicide increased 
during the first 7 months after Queensland proclaimed a public health emergency 
due to the pandemic compared to pre-pandemic estimates [93]. A similar analytic 
approach was used in a study that found no increase in rates of suicide across 21 
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middle- and upper-income countries from April to July of 2020; in fact, expected 
rates were lower than expected in some areas examined [94]. Data from 
Massachusetts did not find increased suicides during the initial stay-at-home orders 
from March to May of 2020 [89]. However, results from a Maryland study indicated 
an increase in suicide among Black residents during the first few months of the 
pandemic, while the rate among White residents decreased in the same period of 
time [90]. Similar results were found in a study comparing suicide rates among 
White and non-White residents of Connecticut [91]. Importantly, this took place in 
the context of already increasing suicide rates among Black and Asian or Pacific 
Islander Americans beginning in 2014 and continuing to 2019, with rates increasing 
by 30% for Black Americans and 16% for Asian or Pacific Islander Americans dur-
ing that time period [92]. A comprehensive study of monthly suicide rates in Japan 
found that while suicide slightly decreased in the first 5 months of the pandemic, 
there was a sharp increase during the second outbreak from July to October of 2020, 
particularly among females, children, and adolescents [95]. These findings were 
corroborated by a separate study reporting that monthly suicide rates in 2020 com-
pared to the same months in years prior did not increase until July (and including 
every month through November) for women and October (and through November) 
for men [93]. These important results indicate clearly that the mental health effects 
of the pandemic change over time with increasing durations of isolation, lock-down 
and social distancing-measures, and outbreaks.

 Heterogeneity and Temporal Variability of Adverse Psychiatric 
Effects Associated with the COVID-19 Pandemic

As suggested from above discussion on suicidality, new and exacerbated psychiatric 
symptoms and disorders have varied through time and affect subgroups of individu-
als within populations in a heterogenous manner. The most convincing evidence 
comes from a large longitudinal study in the U.K. that identified different trajecto-
ries of mental health-related symptoms during the pandemic over time [100]. Using 
latent class analysis, investigators uncovered five broad patterns of temporal change 
in psychological health and symptoms which varied by baseline level of psychopa-
thology at the onset of the pandemic, the direction of change in symptoms (increase 
or decrease), and the stability of symptoms over time. These findings have been 
generally consistent with those from other studies as well [96−98], further demon-
strating that the psychological wellbeing of individuals has not been uniformly 
impacted by the pandemic. Instead, there appear to be those who are resilient to 
adverse psychological effects, those whose level of symptoms remained constant, 
and even some who appeared to improve during the pandemic. These data have 
yielded crucial insights into risk and protective factors for distress and psychopa-
thology during the pandemic, as explored in the section that follows.
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 Risk and Protective Factors for Psychological Distress 
and Psychiatric Illness During the COVID-19 Pandemic

The previous section provided a description of the pandemic’s adverse effects on the 
mental health of the general population and specific subgroups of people. We now 
review existing evidence of differential psychological and psychiatric impacts of the 
pandemic that may reflect risk or protective factors.

 Potential Risk Factors for Increased Distress 
and Psychopathology in the COVID-19 Pandemic

 Younger Age

Numerous studies have documented associations between younger age and 
increased risk of psychopathology and general distress during the COVID-19 pan-
demic. The longitudinal UK study mentioned immediately above found that 
although psychiatric symptoms increased above pre-pandemic levels across the 
entire population, this spike was the most pronounced in those ages 16–24; further-
more, those in one trajectory characterized by consistently good mental health were 
more likely to be 45 years or older, while those in another trajectory characterized 
by deteriorating mental health were more likely to be ages 16–35 [100]. Higher 
rates of depression and anxiety among younger adults were also reported in an addi-
tional longitudinal study in the U.K. [13]. Increased psychological distress was 
documented among younger Chinese individuals during the early months of the 
pandemic [101, 102], and student status was associated with higher levels of stress, 
depression, and anxiety during the initial outbreak in China [104]. These findings 
are consistent with nationally representative data from Cyprus finding that young 
adults aged 18–29 reported higher levels of depression and anxiety than did those in 
other age groups [16]. During the initial lockdown period in Italy, older age was 
found to be associated with lower risk of PTSD [15].

In the USA, individuals aged 18–23 had the highest average level of self-reported 
stress in 2020, followed by those ages 24–41, and those in this age range had the 
greatest overall increases in stress from years prior [61]. In 2021, people ages 18–23 
were the most likely to state that their mental health had worsened due to the 
COVID-19 pandemic [62], and compared to all adults, young adults were more 
likely to report substance use (25% vs. 13%) and suicidal thoughts (26% vs. 11%) 
[103]. Younger individuals in the USA experienced higher rates of anxiety and 
depression in the first few months of the pandemic compared to older individuals 
[106]. College students, in particular, may be heavily impacted, as about half of 
students self-reported enhanced psychologic distress is a study from a large 
Northeastern U.S. university [105]. A Japanese study found that rates of internet 
gaming disorder increased overall during the pandemic but that individuals younger 
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than 30 years old were at heightened risk [107]. Although robust statistical models 
of the impacts social distancing and lock-down measures demonstrate clear benefit 
of these interventions on reducing risk of Sars-CoV-2 infection and COVID-19- 
related hospitalization and mortality (e.g., [108]), these measures have unintended 
adverse impacts on mental health: analyses from a nationally representative sample 
found that the mental health of U.S. young adults (ages 18–34) was more negatively 
impacted by social distancing, lockdowns, and quarantine measures [109].

Importantly, however, not all studies report a simple, linear relationship between 
age and adverse psychological impacts. For example, during the onset of the pan-
demic, Chinese individuals younger than 18 experienced the lowest levels of dis-
tress while those between ages 18 and 30 or above 60 years of age had the highest 
distress levels [1]. Additionally, it appears that older healthcare providers were more 
likely than younger ones to experience symptoms of stress, anxiety, and depression 
[50]. Overall, however, a meta-analysis of studies throughout the world found that 
younger age was indeed associated with greater increases in the prevalence of 
depression and anxiety disorders [18]. Undoubtedly, understanding of the additional 
factors mediating relationships between age and pandemic-associated distress and 
psychopathology remain incomplete and are a target of active investigation.

 Female Sex/Gender

Both in the general population and among particular subgroups, several studies have 
documented elevated levels of distress in females [110–112], albeit with conflicting 
results and a lack of clarity about whether sex or gender was the variable under 
study. In one of the earliest nationwide reports, Chinese females had higher levels 
of distress than males ([1], although this was not found in a separate study [101]). 
Another group reported that males, rather than females, had higher overall scores on 
the stress, depression, and anxiety subscales of the depression, anxiety, and stress 
scale [104]. Female gender was also found to be the leading risk factor for symp-
toms of depression and anxiety among Chinese high school students [46]. For 
symptoms of post-traumatic stress, women reported greater symptoms than did men 
1 month after the onset of the pandemic in China [4]. Among those who had been 
hospitalized for COVID-19 in Wuhan, China, female sex was associated with higher 
risk of prolonged fatigue 1 year after discharge [113]. In the Jordanian population, 
females were at the highest risk of depression and anxiety [17]. Similarly, Italian 
females were more likely to meet criteria for PTSD during the initial lockdown [15]. 
An Israeli study also found that women experienced higher rates of emotional dis-
tress during the pandemic than did men [114].

Female individuals from a longitudinal study in the U.K. were less likely to have 
a mental health trajectory characterized by consistently good mental health both 
before and during the COVID-19 pandemic and more likely to follow trajectories of 
deteriorating mental health throughout the pandemic or consistently poor before 
and after it [100]. Of note, the same study found a greater proportion of females in 
a trajectory characterized by an initial decline in mental health followed by a 
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recovery as the pandemic progressed [94]. In the USA, while men are more likely 
to report COVID-19 related substance use disorder and insomnia, women had 
higher rates of anxiety and depression [103] From a peak in April of 2020, rates of 
depression and anxiety declined overall, but began and remained elevated among 
female participants in a large US study [106]. Female sex was a leading risk factor 
for increased rates of positive depression and suicide screens among adolescents in 
a primary care setting, with a 34% increase in the proportion of female adolescents 
reporting suicide thoughts in the latter half of 2020 compared to the same time 
period in the year prior [23].

Higher rates of psychological distress were reported among female college stu-
dents compared to male college students [105]. Female gender was associated with 
higher rates of depression and anxiety in both medical [44] and nursing [45] schools. 
In the medical profession, female healthcare workers had higher rates of depression, 
anxiety, OCD, somatic symptoms, and insomnia than did their male counterparts 
[49]. Compared to male nurses, female nurses were reported to be at greater risk of 
PTSD [51], and this is consistent with findings from a meta-analysis of psychologi-
cal risk factors among healthcare workers during the COVID-19 pandemic [53].

Socioeconomic impacts of the pandemic, cultural factors, and the responsibili-
ties of raising children have likely influenced these disparities. Many early-career 
women were responsible for both consistent job performance and childcare [116, 
117]. As discussed previously, pregnant women faced additional stressors, such as 
concerns over prenatal care, fetal health, and quality of delivery procedures in a 
limited hospital environment [68]. Internationally, high levels of post-traumatic 
stress, depression, and anxiety have been documented among pregnant women [69]. 
Compared to men with children, women with children (49%) are more likely to 
report symptoms of anxiety and/or depressive disorder than men with children 
(40%) [28]. Additionally, women were exposed to an elevated risk of domestic vio-
lence due to forced co-habitation with their partners during stay-at-home orders 
[118, 119].

Overall, a global meta-analysis found a much greater increase in the prevalence 
of depression and anxiety disorders among females than in males [18]. Among chil-
dren and adolescents, global estimates of depression and anxiety were also found to 
be higher in girls than in boys [45]. Moving beyond broad point estimates, however, 
shows a complex pattern of associations between sex/gender and risk of psychologi-
cal distress and psychopathology that is likely influenced by familial and occupa-
tional roles, clinical factors, and pre-existing socioeconomic challenges.

 Pre-existing Psychiatric Conditions

Cross-culturally, the mental health of individuals with psychiatric conditions has been 
negatively affected by the pandemic, and emerging data suggest that pre- existing psy-
chopathology may be independently associated with additional psychopathology. 
During the peak of pandemic-related lockdown measures in China, those with a pre-
existing psychiatric disorder experienced the pandemic as more stressful overall and 

S. K. Powell et al.



219

had a higher magnitude of depressive and anxious symptoms than those without psy-
chiatric conditions; of note, more than one-third of those with a mental health disor-
der were estimated to meet full criteria for PTSD [120]. In the early months of the 
pandemic, substance use was associated with higher risk of both depression and anxi-
ety among Chinese adults [102]. Indeed, individuals with pre- existing anxiety disor-
ders reported higher COVID-related stress and self-isolation distress than those 
without prior mental health diagnoses [121]. Not surprisingly, those with mood and 
anxiety disorders had much higher rates of anxious and depressive symptoms, and 
this remained throughout the first 10 weeks of the pandemic beginning in early April 
of 2020, despite a general decline from peak levels overall [106].

Of note, patients with affective disorders fared worse than those with psychotic 
disorders due to increases in perceived loneliness/social restrictions [122]. Within 
inpatient psychiatry patient populations, those with affective disorders, as opposed 
to those suffering from substance use disorder or schizophrenia, also demonstrated 
substantially elevated stress [124]. The pandemic has also been associated with 
reduced inpatient admissions to psychiatric wards, as well as increased suicidality—
two observations that may very well be related [125, 126]. Among those with schizo-
phrenia, social anxiety is associated with even higher rates of COVID-19- related 
psychological distress and sleep disturbance [117]. In a study of Spanish psychiatric 
patients, depressive and negative psychotic-like symptom domains were specifically 
associated with greater risk of moderate to severe neurocognitive impairment [130]. 
Our group also found further elevations in stress and psychiatric symptoms in an 
underserved minority patient population at an outpatient psychiatry clinic [123].

Most convincingly, those with a pre-existing mental illness were more likely to 
follow a trajectory of deteriorating mental health in a longitudinal study during the 
COVID-19 pandemic [100]. An analysis of 12 longitudinal studies from the 
U.K. found that those with higher levels of psychological distress before the pan-
demic were at greater risk of significant life disruptions in housing, employment, 
and access to healthcare [128], directly supporting the hypothesis that those with 
pre-existing psychological struggles were more likely to experience major negative 
impacts of the pandemic, all of which are contributors to further exacerbations in 
psychological distress.

There is now robust evidence that pre-existing psychiatric conditions also place 
individuals at higher risk for negative outcomes from COVID-19; as discussed 
below, the psychiatric sequelae of COVID-19 may in turn exacerbate existing men-
tal health disorders and precipitate new ones. Psychiatric conditions overall, espe-
cially severe mental illnesses, are associated with increased risk for mortality from 
COVID-19 [206]. Those with Autism Spectrum Disorders and intellectual disabili-
ties were found to be at greater risk for SARS-CoV-2 infection and complications 
from COVID-19 [207]. Compared to those without a mood disorder, those with a 
mood disorder are at increased risk of COVID-19-related hospitalization (OR = 1.31) 
and death (OR = 1.51) but not for COVID-19 susceptibility nor severe events [208]. 
Those with tobacco use disorder, cannabis use disorder, and cocaine use disorder 
appear to be at higher risk of breakthrough infections after full vaccination; even 
when matching for lifetime comorbidities and indicates of socioeconomic 
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disadvantage, those with cannabis use disorder remained at higher risk of break-
through infection [209]. An independent study based upon retrospective chart-
review of electronic health records for over 73 million patients found that those 
diagnosed with a substance use disorder in the past year were at elevated risk for 
COVID-19, especially among those with opioid use disorder followed by tobacco 
use disorder [135]. In sum, these factors may interact synergistically to have dispro-
portionately adverse impacts on those with mental health disorders.

 Socioeconomic Disadvantage

The association between low socioeconomic status and mental health conditions 
has been long documented and has persisted during the COVID-19 pandemic. Even 
with adjusting for pre-pandemic levels, those facing socioeconomic adversity in the 
U.K. had elevated rates of depression and anxiety compared to those who did not 
[13]. Importantly, financial difficulties were associated with a trajectory of deterio-
rating mental health in the largest longitudinal study in the U.K. [100]. Overall, 
having lower income and/or less than $5000 in savings has been closely linked to 
increased depressive symptoms during COVID-19 [9]. Low household income was 
identified as a key driver of elevated depressive symptoms throughout the first year 
of the COVID-19 pandemic [138]. A longitudinal study found that decreasing levels 
of household income corresponded directly to increased levels of depression and 
anxiety throughout several early months of the pandemic [106]. Income disruption 
independently predicted greater increases in anxiety symptoms among mothers dur-
ing the pandemic [64]. Children from lower income households were more likely to 
suffer adverse mental health effects associated with school closures [77]. A nation-
ally representative survey-based study found that 46% of U.S. adults reported mod-
erate or severe psychological distress, and that those with housing insecurity had a 
higher likelihood of distress [136]. Unemployment is also associated with higher 
risk of depression and anxiety [16], and living in deprived neighborhoods predicted 
a consistently poor trajectory of mental health throughout the pandemic [100]. In 
the USA, living in impoverished neighborhoods was a risk factor for increased rates 
of overdose-related cardiac arrest events recorded by emergency medical services 
[79]. As is often the case in public health crises, those who are most negatively 
affected are those who were already struggling the most.

 Racism

The relationships between experiences of racism and adverse mental health effects 
have been previously documented [139], and the COVID-19 pandemic has led to a 
rise in racism and racial discrimination against Asian Americans [140]. Sentiment 
analysis of over 3,300,000 tweets from November 2019 to March 2020 found a sub-
stantial increase (from 9.79% to 16.49%, an increase of 68.4%) in negative tweets 
referencing Asian individuals, while there was little change in the number of nega-
tive tweets about other racial/ethnic minority groups [143]. A study of Asian 
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American families found that over 75% of both parents and children had experienced 
at least one instance of vicarious racism in person or online since the onset of the 
pandemic and that perceived racism and racial discrimination were associated with 
poorer mental health [141]. An online survey study found that about 1/3 of partici-
pants reported that they had experienced COVID-19-related racial discrimination 
and that this was positively associated with depressive symptoms [142]. Of note, 
Asian individuals in the U.K. were more likely experience longitudinal deterioration 
in mental health during the pandemic [100]. In these ways, a pandemic that is already 
taxing heavily the mental well-being of all has been associated with further determi-
nants to psychological health for some due to new and exacerbated racism.

 Possible Protective Factors Against Psychopathology During 
the COVID-19 Pandemic

Unfortunately, the evidence available on factors that may protect against or lessen 
distress and psychiatric conditions during the COVID-19 pandemic is more limited. 
Largely, these factors appear to be related to knowledge about the pandemic itself, 
behavioral adaptations aimed at decreasing risk of infection, coping styles, and 
higher age.

 Increased Age

Demographically, some data suggests that higher age may be a protective factor, as 
older age was associated with lower anxious and depressive symptoms in nationally 
representative Italian sample [144]. As discussed previously, the mental health pro-
files of individuals aged 45 and older were more likely to follow a trajectory char-
acterized by consistently good mental health both before and during the COVID-19 
pandemic [100]. Overall, however, the extent to which higher age protects against 
pandemic-related psychopathology remains unknown.

 Healthcare Knowledge and Adoption of Precautionary Measures

Recent evidence indicates that having appropriate healthcare knowledge and the 
adoption of safety behaviors may protect against psychological distress. In China, 
scores for COVID-19 knowledge, prevention and control measures, and trend pro-
jections were higher among high school students without depressive and anxiety 
symptoms than in students with depressive and anxiety symptoms [46]. In the over-
all population, receiving quality health information that was specific and up-to-date 
as well as adoption of appropriate precautionary measures such as wearing a mask 
and hand-washing were associated with lower levels of anxiety, depression, and 
stress [104]. A 10-week longitudinal study of rates of depression and anxiety found 
a negative correlation between levels of informedness and magnitude of depressive 
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symptoms overtime but a positive relationship between social media use and anxi-
ety [106]. Others studies have also found that a lack of understanding of the pan-
demic and increased use of social technologies (smartphones, social media, and 
gaming) led to increased psychological distress in adolescents during COVID-19 
[30, 31]. Among Canadian mothers, those who work in healthcare had smaller 
increases in depressive symptoms compared to mothers who did not work in health-
care [64]. In general, these findings are highly consistent with the notion that ade-
quate, timely knowledge about COVID-19 and precautionary measures may help 
reduce uncertainty and ameliorate distress during the pandemic.

 Psychological Traits and Behaviors

Finally, certain psychological traits and behaviors are associated with lower risk of 
distress and psychiatric symptoms. Not surprisingly, those who spend more time 
with close friends and family reported lower levels of distress [5]. Those with higher 
overall defensive functioning were less likely to develop PTSD during the first 
month of the pandemic-related lockdown [144]. Negative coping styles predicted 
higher psychological distress in the early stages of the pandemic among a large 
convenience sample of Chinese individuals [97], as well as increased risk of PTSD 
symptoms in Chinese young adults [135]. Other studies have found that coping 
strategies associated with better mental health include positive reframing, accep-
tance, humor, mediation, work distractions, and COVID-19 preventative education 
[177, 178]. In contrast, avoidant coping style predicted higher psychiatric symp-
toms among third-year medical students during the pandemic [143]. A separate 
report found that both secure and avoidant attachment styles appear to be protective 
against moderate-to-severe levels of psychological distress [136]. In parallel, there 
was a negative correlation between attachment anxiety and the quality of romantic 
relationships among couples during periods of lockdown [137].

While these preliminary findings are promising, much additional research is 
needed to better understand protective factors in order to adequately inform poten-
tial interventions that may be of benefit to those at risk for psychopathology during 
the COVID-19 pandemic.

 Psychiatric Manifestations of COVID-19 and Its Aftermath

There is an increasing recognition that COVID-19 is often accompanied by neuro-
psychiatric symptoms. Furthermore, the emerging phenomenon of “Long 
COVID-19” is frequently marked by subtle psychological and neurocognitive 
complaints. Orthogonal lines of evidence show substantial levels of psychiatric 
sequelae among those who survive and even completely recover, likely due to 
experiencing illness-related trauma. In this section, we review each of these impor-
tant topics, beginning first with psychiatric manifestations of COVID-19 and Long 
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COVID-19, briefly focusing on potential pathophysiologic mechanisms, and then 
covering research on the trauma-related sequelae documented among survivors of 
COVID-19.

 Neuropsychiatric Manifestations of COVID-19 and Putative 
Pathophysiologic Mechanisms

Although the respiratory tract is presently seen as the primary replication site of the 
virus, SARS-CoV-2 is also able to infect neurons [139]. Postmortem biopsy studies 
of COVID-19 patients have confirmed the presence of SARS-CoV-2 in endothelial 
cells of blood vessels supporting brain parenchyma [140]. It is therefore unsurpris-
ing that COVID-19 patients have reported a multiplicity of neuropsychiatric symp-
toms associated with their disease. Psychiatric complaints have been noted in almost 
60% of hospitalized COVID-19 patients [141]. These findings were corroborated by 
additional data showing that up to one-third of COVID-19 patients present with 
acute changes in behavior, personality, cognition, and level of consciousness [142]. 
Numerous sources have documented an expansive array of psychiatric symptom-
atology in patients with ongoing COVID-19 that has included agitation [143], mania 
[144], anxious and depressive symptoms [145], delirium [146], confusion [140], 
dysexecutive syndrome [147], and psychosis [142].

The pathophysiology driving psychiatric symptoms in COVID-19 remains 
uncertain; while precise mechanisms have not been established, a growing consen-
sus focuses on the immunological effects of the disease on brain tissue [158]. Some 
have suggested that direct neural infiltration by the virus could result in the afore-
mentioned symptoms [147], while others posit that these symptoms could be due to 
overabundant cytokine production [148]. This latter hypothesis is consistent with 
findings of a positive correlation between the magnitude of inflammatory markers 
in the blood of patients hospitalized with COVID-19 and the severity of depressive 
symptoms [145]. The inflammatory hypothesis is further corroborated by an ever- 
growing line of research supporting the potential role of heightened inflammation in 
the development and progression of psychiatric diseases [149], including psychoses 
[150], mood disorders [151], and anxiety disorders [152]. The extent to which neu-
ropsychiatric manifestations of COVID-19 are driven by non-specific inflammatory 
processes versus pathways unique to SARS-CoV-2 infection is presently under 
exploration by several investigative groups.

 “Long COVID-19,” Its Neuropsychiatric Symptoms, 
and Potential Mechanisms

A period of prolonged symptoms following acute COVID-19 disease, often extend-
ing many months after clearance of the SARS-CoV-2 virus, has been named “Long 
COVID-19” or “Post-Acute Sequelae of SARS-CoV-2 Infection” (PASC) [153, 
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154]. Although cardiovascular and pulmonary symptoms are the primary com-
plaints of those experiencing PASC, a significant body of work has shown that neu-
ropsychiatric symptoms are extremely common [155]. COVID “long-haulers” have 
been noted to suffer from headache, anhedonia, fatigue, and impaired memory and 
concentration [155, 156]. A large cohort study of individuals who had been hospi-
talized for COVID-19 in Wuhan, China found that fatigue and anxiety were among 
the most common symptoms reported at one-year follow-up after discharge [108]. 
One study found that more than half of patients hospitalized with COVID-19 expe-
rienced clinically significant cognitive impairment 3–4 months following discharge 
and that the magnitude of impairment was associated with d-dimer levels during 
acute illness as well as the degree of residual pulmonary impairment [157]. Although 
milder COVID-19 infection does not appear to be associated with cognitive impair-
ment, symptoms of anxiety and depression were elevated at follow-up compared to 
those individuals unaffected by PASC [158].

The pathophysiology of PASC remains unclear, although multiple hypotheses 
have been proposed in an attempt to account for the high prevalence of psychiatric 
symptomatology. One hypothesis suggests that the virus itself induces permanent 
systemic changes, including potential scarring and/or induction of autoimmune 
reactions, that, in turn, disrupt healthy neural functioning [154]. Others have pro-
posed that persistent viral reservoirs of SARS-CoV-2 cause chronic inflammation 
that brings about the myriad reported symptoms [159]. At the time of this writing, 
however, the causes and pathophysiological mechanisms of Long-COVID-19 are 
speculative, and it remains diagnostically challenging, if not impossible, to com-
pletely distinguish psychiatric symptoms of PASC from psychiatric consequences of 
the stressful and sometimes traumatic experience of COVID-19 itself, discussed next.

 Psychiatric Sequelae of COVID-19

Survivors of COVID-19 are at heightened risk of psychiatric sequelae. Several 
research groups have observed a positive association between mild infection cases 
and lasting psychiatric conditions, including stress, anxiety, and depression [160, 
161]. A follow-up study that took place 1 month after hospital discharge found that 
31% of patients reported depression, 28% reported PTSD, 42% reported anxiety, 
40% reported insomnia, and 20% reported symptoms of OCD [171]. 23% of patients 
discharged from a hospital in Wuhan, China, had anxiety or depression at 6 months 
follow-up [162]; strikingly, the same group found that this increased to 26% at 
12 months follow-up [163]. A meta-analysis found that fatigue (58%) and atten-
tional disorder (27%) were among the top-five most commonly experienced symp-
toms among those who had recovered from SARS-CoV-2 infection [169]. Whether 
these symptoms are due to PASC or secondary psychological consequences of 
COVID-19, or both, is unclear. Of note, however, is that rates of psychopathology 
due to COVID-19 are higher than those observed among patients admitted for influ-
enza or other respiratory tract infections [164]. A large retrospective cohort study 
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found that those without psychiatric histories had increased incidences of first psy-
chiatric diagnosis at 14–90 days compared to those who had experienced six other 
health conditions [165], indicating that not just symptoms but also full psychiatric 
disorders can occur after the disease.

COVID-19 has also been linked with higher incidence of PTSD due to trauma 
induced by infection itself, as well as pandemic-associated stress, loss, and restric-
tive measures. About 13% of Chinese young adults had symptoms of PTSD in the 
first month of the pandemic [135]. One study found that almost 30% of the Italian 
population had PTSD symptomatology during the onset of the pandemic [170]. 
Almost 30% of individuals who had presented for emergency care with COVID-19 
met DSM-5 criteria for PTSD 30–120 days later [172], although these rates have 
varied by the duration of follow-up [173]. Undoubtedly, the pandemic has precipi-
tated vast amounts of psychiatric illness and will likely continue to do so, thus 
necessitating the need for robust clinical monitoring and treatment interventions.

 Psychological and Behavior Adaptation Strategies

We have thus far described the substantial body of work showing adverse psycho-
logical impacts of the COVID-19 pandemic and those factors that may place indi-
viduals at increased risk of such effects. In the section that follows, we utilize 
empirical data to propose potential strategies for reducing negative psychological 
and psychiatric consequences of the COVID-19 pandemic as well as adaptive 
approaches to decrease the likelihood of additional worsening of mental health 
overall. Importantly, effective psychotherapeutic and psychopharmacologic treat-
ments are still the mainstay of treatment for new psychiatric conditions. At the same 
time, interventions developed specifically for the COVID-19 pandemic have shown 
early evidence of efficacy, and the delivery of mental health services through virtual 
approaches has expanded dramatically to meet individual needs during times of 
social distancing and quarantine measures.

While several factors inherently contribute to the risk of lasting psychological 
symptoms due to COVID-19, research during the pandemic has highlighted suc-
cessful methods of overcoming distress. From a cognitive perspective, mindfulness, 
optimism, and a sense of trust have been considered protective, as measured by 
tools such as the Mindfulness Attention Awareness Scale and the Life Orientation 
Test [39, 176]. An impressive clinical trial consisting of over 20,000 participants 
across 87 countries found that a brief intervention utilizing cognitive reappraisal, an 
emotion-regulation technique, was effective in both reducing negative emotions and 
increasing positive emotions [175]. Additionally, interventions to target uncertainty 
tolerance among children have been specifically suggested [214].

Many groups have called for improvement of remote psychiatric infrastructure in 
order to provide patients with the social support and mental health services they 
need during the pandemic [179–181]. Importantly, evidence-based guidelines on 
the appropriate and effective use of telepsychiatry-based mental health services 
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have been developed and continue to evolve as more data emerge [192]. Intriguingly, 
there may be adherence and attendance advantages to remote versus in-person psy-
chological service appointments for those with dementia [193] and adults receiving 
CBT for major depressive disorder [187], among others. Several successful remote 
clinical psychiatry efforts, which included the delivery of CBT, psychopharmaceuti-
cal management, and eye movement desensitization and reprocessing, improved 
symptoms and functioning for individuals of diverse backgrounds, including front-
line healthcare workers and those with an existing psychiatric disorder [118, 182–
186]. During the 6 months of lockdown in Wuhan, China, there was increased usage 
of a publicly available computerized CBT training program that was found to be 
effective in reducing the severity of both depression and anxiety [174]. Pilot data 
from a telecare-based model of case-management for home-bound elderly persons 
in China did not find evidence of benefit for overall self-efficacy and self-care 
behaviors; however, higher medication adherence and better quality of life were 
associated with the telecare intervention [210]. A small study found that patients 
with PTSD preferred face-to-face visits compared with telepsychiatry sessions, but 
most reported that they would continue treatment via virtual platforms [205].

Additional lifestyle factors and intervention programs aimed at relaxation train-
ing are of benefit to those both with and without psychopathology during COVID-19. 
Exercise was shown to deter psychological symptoms, while reliance on digital 
entertainment and the news actually increased the risk of depression and anxiety 
[38, 198–200]. Outdoor exercise has also been effective at counteracting perceived 
reductions in mental health during the pandemic, particularly in the context of 
increased time with several types of screens [201]. Alternative physical relaxation 
strategies that provided mental health benefits include yoga and progressive muscle 
relaxation [202]. Furthermore, progressive muscle relaxation showed benefit in 
reducing anxiety and improving sleep in a small study of patients hospitalized with 
COVID-19 [203]. A self-help relaxation and mindfulness training program may 
also be beneficial to those with COVID-19 and mild-to-moderate anxiety or depres-
sion [204]. Brief crisis intervention focused on psychological support led to 
improved quality of life and reduced stress, depression, and anxiety among those 
with COVID-19 [205].

The ability of individuals to have support networks, either in-person or digitally, 
during lockdowns was also highly protective against mental health deterioration 
[187–189]. However, lockdowns with other individuals have also been cited as a 
source of distress or even physical harm [190, 191]. For this reason, we believe that 
additional emphasis should be placed on remote couples or family therapy for the 
ongoing pandemic and future lockdowns, as strong bonds can be therapeutic. 
Information on interesting activities to do as a group should also be regularly dis-
seminated. Policy suggestions have been developed to further support and address 
new challenges faced by informal (unpaid) caregivers, such as parents, including 
assistance in helping families form “closed support bubbles,” consisting of small 
groups of families providing mutual support, companionship, and assistance to 
members in need [203]. Others [204] have developed perinatal planning guides in 
light of the unique burden the pandemic has placed upon perinatal women. These 
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guides are designed to help decrease the chances of and impacts from perinatal 
mood and anxiety disorders, and they consist of both concrete steps to prevent or 
alleviate future challenges that could be expected and information on available 
evidence- based treatments for women during this time [204].

Lockdown orders and school closures have also left children in a mentally vul-
nerable position, as elevated rates of depression and anxiety have been noted in kids 
as young as 6 years old [41]. This consideration is important from both the perspec-
tive of impaired social interaction skills and inability to access mental health atten-
tion, which is often provided in the school setting [194]. During this pandemic there 
was a dearth of information for guiding parents on child-raising during a lockdown 
and preventing a trajectory towards psychological distress. Based on cited risk fac-
tors, potential strategies include limiting screen time, regularly providing interactive 
activities and parent-child discussions, promoting digital interaction with other chil-
dren, and ensuring access to pediatric care [212–214]. Without sufficient additional 
supports to parents, especially those among low-income and disadvantaged groups, 
gaps in educational achievement and mental health are likely to become further 
exacerbated by the ongoing pandemic [127].

The well-being of healthcare workers similarly deserves special attention, and a 
small number of studies have reported on promising interventions aimed at increas-
ing coping skills and treating psychological distress. The Toolkit for Emotional 
Coping for Healthcare Staff (TECHS) is an online resource to help screen for trau-
matic stress reactions among healthcare workers that also has demonstrated efficacy 
in helping them develop coping skills based upon principles of family therapy and 
cognitive-behavior therapy [215]. Additionally, mindfulness-based stress reduction 
demonstrated efficacy in improving quality of sleep among nurses working 
COVID-19 hospital treatment units [216]. Finally, cannabidiol was found to further 
decrease symptoms of emotional distress and burnout among frontline healthcare 
workers caring for those COVID-19 when added to standard care [217]. It is our 
hope that continued research provides a robust foundation for evidence-based treat-
ment approaches for the prevention and treatment of psychological distress and 
psychiatric conditions associated with the COVID-19 pandemic.

 Conclusion

The adverse psychological and psychiatric impacts of the COVID-19 pandemic 
have been paralleled only by the devastating loss of life and physical illness affect-
ing individuals, families, and communities worldwide. Unprecedented in the result-
ing chronic social isolation, sweeping unemployment, and constant uncertainty, the 
pandemic has and will likely continue to negatively impact the mental health of the 
global population.

While there has been a broad and global increase in distress, psychiatric symp-
toms, and mental health disorders, investigators have identified heterogeneity in 
patterns of psychopathology over time and groups of individuals defined by several 
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sociodemographic, occupational, and familial factors. Young people, women, those 
with pre-existing psychiatric conditions, the poor, and members of racial and ethnic 
minorities have suffered disproportionately higher degrees of adverse psychological 
consequences of the pandemic. Increasing substance abuse, drug overdose, and sui-
cidal ideation pose active threats of elevated rates of suicide. Particularly troubling 
phenomena are already increased rates of suicide among people of color in the USA 
and suggestive evidence from multiple countries of worsening child abuse and 
neglect.

With a continually improved understanding of the negative psychological effects 
of the pandemic and the risk and protective factors for those effects, evidence-based 
treatment and prevention efforts may be implemented successfully to reduce the 
overall burden of mental illness; indeed, nascent research reviewed herein is cause 
for cautious optimism. Ongoing investigative efforts should continue to unveil ways 
in which individuals and societies can best adapt to a new world in which COVID-19 
is an inevitable fact of life.
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Chapter 11
Spatial Epidemiology of COVID-19 
Pandemic: Disease Risk, Prognosis, 
and Complications

Paddy Ssentongo, Claudio Fronterre, and Vernon M. Chinchilli

 Introduction

Spatial epidemiology is the study of the spatial variation in patterns of infections 
and diseases and the causes and consequences of such heterogeneity [1]. From the 
beginning of the COVID-19 pandemic in late 2019 to the present date, the evolution 
of SARS-CoV-2 infection susceptibility, transmission dynamics, mortality, and the 
psychological and behavioral consequences such as gun violence and post-acute 
sequelae of SARS-CoV-2 infection (PASC), have varied geographically. The pro-
posed chapter introduces the reader to the global and regional perspective of SARS- 
CoV- 2 infection transmission, mortality, and PASC dynamics. The three primary 
objectives of this chapter are as follows.

To elucidate the global and regional evolution of the pandemic. The role of vaccina-
tion and the emergent of various strains, including the Alpha, Delta, and Omicron 
variant of concern (VOC), are described. Subsequently, this chapter will discuss 
the evolution of the COVID-19 pandemic in time and space using data- driven 
space-time modeling approaches with a focus on Africa. Such data-driven mod-
eling can distinguish infections from local within- or neighbor-driven disease 
transmission.
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To delineate meteorological factors (temperature, humidity, UV radiation, rainfall, 
and air pollution) on the susceptibility of SARS-CoV-2 and mortality risk.

To assess the spatial and regional differences in psychological and societal effects 
of the pandemic. Specifically, we will focus on gun violence and PASC, includ-
ing neuropsychiatric disorders among survivors.

This chapters’ novelty lies in integrating the spatial epidemiology of COVID-19 
by characterizing the transmission dynamics, risk, prognosis, and consequences of 
COVID-19 at the population level. This chapter is critical to the book’s overarching 
goal to deepen our understanding of the current pandemic and provide a roadmap 
for preventing and treating future infectious disease pandemics.

 Global Variation in COVID-19 Case Incidence and Mortality: 
Impact of Vaccination and New Variants of Concern

Before vaccination was widely introduced in the population, the disease burden of 
COVID-19 was most significant in high-income countries (HICs). The point preva-
lence of COVID-19 on December 31, 2020 was 57 per 100,000 in the USA, 63 per 
100,000 in the United Kingdom compared to the 1.7 and 1.7 per 100,000 in Africa 
and Asia, respectively [2]. The transmission dynamics changed after introducing the 
vaccine in late 2020 and early 2021. The mean incidence rate per population 
declined in HIC but increased in low- and middle-income countries (LMICs), par-
ticularly in India and South America (Fig. 11.1). However, vaccine hesitancy in the 
USA in mid-2021 and the emergent of the highly transmissible Delta variant that 
also had shorter serial intervals facilitated increased case rates in the USA and the 
rest of the world.

SARS-CoV-2 can generate variants with significant genomic changes [3]. These 
mutations alter virus attachment and entry into human cells. The emergency of new 
variants complicated the dynamics of infection transmission, where mutations in 
spike protein increased transmissibility and enhanced escape from the host immune 
response. Starting late 2020, several variants of concern emerged globally, includ-
ing the Alpha variant (Pango lineage B.1.1.7), first detected in the UK); Beta (Pango 
lineage B.1.351), first detected in South Africa); Gamma (Pango lineage P.1) first 
detected in patients from Brazil); Delta (Pango lineage B.1.617.2), first detected in 
India; and Omicron (Pango lineage B.1.1.529) variant first detected in South 
Africa [2, 4].

The Alpha variant was first detected in southeast England in September 2020. In 
just a few months, it spread to become the dominant lineage in the United Kingdom 
(more than 98% of positive SARS-CoV-2 infections in England (Fig.  11.2) and 
spread to over 114 countries worldwide by April 2021 [5]. The variant had a 43–90% 
higher basic reproduction number than pre-existing variants. In addition to higher 
transmissibility, the Alpha variant had a 61% (42–82%) higher mortality risk than 
the original virus identified in Wuhan, China [3]. Nevertheless, the higher 
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a b

c d

Fig. 11.1 Disparity in vaccination rates and its effect on COVID-19 evolution and case burden. 
Proportion of population who received at least one dose of a COVID-19 vaccine by Dec 31, 2020 
(a) and the corresponding daily confirmed COVID-19 cases per million people on Dec 31, 2020 
(b). In c and d, vaccination rates by May 31, 2021, and daily confirmed COVID-19 cases per mil-
lion people on May 31, 2021. Maps from Our World In Data for cases (https://ourworldindata.org/
covid- cases) and vaccination (https://ourworldindata.org/covid- vaccinations)

vaccination rates in communities reduce both transmission and mortality rates. The 
Pfizer- BioNTech vaccine was 92% effective against this variant 2 weeks after the 
second dose, and two doses of the AstraZeneca vaccine were 81% effective against 
symptomatic disease [6]. In Europe, the dominant strain of the Alpha variant was 
rapidly replaced by the Delta variant. The Delta variant, also known as lineage 
B.1.617.2, was first identified in Maharashtra, India, in late 2020 [7]. By Mid-2021, 
it accounted for 99% of all infections in Europe [8]. In the USA, the Delta variant 
represented 30.4% of cases nationwide in June, 52% in July, and 99% by 
September 2021.

Compared to the Alpha variant, the risk of COVID-19 hospital admission was 
approximately doubled in those with the Delta variant [6, 9]. The number of pre- 
existing comorbidities was effect modifiers, with the risk of admission increasing in 
individuals with five or more comorbidities [6]. Furthermore, the Delta variant had 
enhanced transmissibility, was more lethal, less sensitive to serum neutralizing anti-
bodies from recovered individuals, and less sensitive to vaccine-elicited antibodies 
than the wild-type SARS-CoV-2 [10]. Nevertheless, in Europe, preliminary data 
demonstrated the Pfizer-BioNTech and the AstraZeneca vaccine to be 79% and 60% 
effective against RT-PCR confirmed SARS-CoV-2 infection by the Delta strain 
2 weeks after the second dose. Vaccine effectiveness against symptomatic COVID-19 
at 2  weeks after the second dose was 75% and 60% for Pfizer-BioNTech and 
AstraZeneca, respectively. In the USA, among nursing home residents, two doses of 
mRNA vaccines (Pfizer-BioNTech and Moderna) were 75% effective against 
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Fig. 11.2 Spread of the 
Alpha variant (lineage 
B.1.1.7) in England. 
Spatial distribution of 
Alpha variant in England 
from October 2020 to 
January 2021 [5]. Figure 
from Davies et al. [5]

infection early in the vaccination program in the pre-Delta variant period (March 
1  to May 9, 2021). However, waning vaccine-induced immunity was noted, evi-
denced by the substantial decline of vaccine effectiveness to 53% during June 
21 to August 1, 2021, when the Delta variant circulation predominated the USA [11].

Vaccination roll-out was unequal globally, with HIC having over 60% of the 
population vaccinated by mid-June of 2021, compared to less than 5% vaccination 
rate in LMICs (Fig. 11.3). The vaccination rates changed the transmission dynamics 
of the virus and mortality globally. It is clear the burden and hotspots of COVID-19 
cases increased in India, Africa, and South America by mid-2021 but decreased in 
North America and some countries in Europe (Fig. 11.1). Vaccine inequities might 
have led to the emergence of the new variant, Omicron, first identified in South 
Africa on November 25, 2021. Rapidly the variant spread globally. This variant was 
associated with an S-gene target failure and more likely to be transmissible, evade 
immune system compared to the Delta variant [13]. High HIV prevalence and a low 
vaccination rate were suggested risk factors for the emergent of Omicron [14, 15].
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Fig. 11.3 Disparities in SARS-CoV-2 vaccination rates. By June 1, 2021, the North America and 
Europe had the highest vaccination rate. Africa demonstrated the lowest vaccination rate (top 
panel). By the end of September of 2021, vaccination was less than 5% in majority of African 
countries (lower panel). Data analysis and figures from Mathieu et al. 2021 [12]

In early 2020, Africa experienced a slow trajectory in SARS-CoV-2 and death 
from COVID-19. The observed phenomena were explained by the overall younger 
population and the technical know-how of handling previous viral and bacterial 
outbreaks such as Ebola, Lassa fever, Polio, HIV, TB, and meningitis epidemics, 
endemic in the Africa meningitis belt [16]. However, in 2021, significant infection 
rates with associated morbidity and mortality occurred in Africa. For example, in 
2021, on average attack rate in Uganda was 0.5 cases per 100,000 population. On 
June 19, 2021, cases had increased to 3 per 100,000 population.

Africa has a heterogeneous economy, climate, demography, and human develop-
ment. These factors influenced that the dynamics of the infection and the associated 
mortality. Furthermore, the advent of new variants substantially impacted the 

11 Spatial Epidemiology of COVID-19 Pandemic: Disease Risk, Prognosis…



246

dynamic of the pandemic in Africa [17]. For example, the Beta variant first recog-
nized in South Africa was resistant to the AstraZeneca vaccine. South Africa was the 
most affected African country in 2020. By December 2020, nearly one million peo-
ple in South Africa were infected, which accounted for approximately 50% of all 
known African infections according to the Africa Centres for Disease Control and 
Prevention (CDC) (https://africacdc.org/covid- 19/). The rates of infection and the 
excess mortality from COVID-19 consistently remained the highest in South Africa 
(Fig. 11.4). The increasing burden of COVID-19 in Africa necessitated developing 
spatiotemporal forecast models to help mitigate disease transmission.

0 500 1000 1500 2000 2500 km

N

0 − 61
61 − 79
79 − 130
130 − 175
175 − 226
226 − 271
271 − 318
318 − 699
699 − 1877
1877 − 3460

Total cases reported per 100,000 up to 06−29−2021

Fig. 11.4 Geographic distribution of COVID-19 cases in up to June 29, 2021. South African 
region, Libya, Egypt, Djibouti showed greatest case numbers per 1,000,000. Data analysis and 
figures from Ssentongo et al. 2021 [18]

P. Ssentongo et al.

https://africacdc.org/covid-19/


247

In their modeling framework, Ssentongo and colleagues leveraged a massive 
near-real-time dataset, remote-sensed temperature, precipitation, and specific 
humidity, and governmental response policies to create a COVID-19 tracking and 
prediction tool for the African continent [18]. The data-driven spatiotemporal model 
developed by Held and colleagues is a fusion of purely statistical and entirely mech-
anistic [19]. In summary, new COVID-19 cases Yit from country i at time t are 
assumed to be conditionally independent given past observations Yi, t − d, i = 1, …, N, 
d = 1, …, D, and distributed according to a negative binomial distribution with mean

 µit rand overdispersion parameter as> 0  

 
Y Y Y rit t t D it− −…  ∼ ( )1, , NegBin ,µ

 

The conditional variance of Yit is μit (1 + μitr) demonstrate the role of the overdis-
persion parameter to capture variability greater than the mean. The conditional 

mean µ λ φit it it it it
i j

ij jtY w Y= + +−
≠

−∑ 1 1  is decomposed into three additive components: 

(1) the endemic part (ϵit), which is not driven by previous case counts but may 
account for factors such as seasonality, sociodemographic, animal reservoirs, and 
population + (2) past within-country cases (λitYit − 1) + (3) past cases from all other 

countries φit
i j

ij jtw Y
≠

−∑








1 , which is the epidemic components. wij is intercountry 

transmission susceptibility. The contributions from these various mechanisms are 
estimated from the data. These components depend on other factors to determine 
their ability to predict new cases. These factors include space-dependent: human 
development index (a composite index of life expectancy at birth, education, and 
per capita income), geographic region, access to the coastal line, and connectivity 
with the rest of the countries in the continent. Time-dependent factors included test-
ing capacity, satellite-based gridded meteorological factors (daily rainfall, tempera-
ture, and specific humidity), and testing policy. The government response to the 
current pandemic is captured in the stringency index (lockdown measures). 
Stringency index combines eight policy indicators and three health measures, such 
as school closing, border closing, public transit, shelter in place, private gatherings, 
internal movement between cities/regions. This stringency index ranges from 0 (no 
government stringency policies) to 100 (very strict stringency). In this spatial mod-
eling approach, 81% of landlocked countries had substantial contributions of cases 
from their neighboring countries (Fig. 11.5).

In countries or geographical regions with lower fiscal capacity, border closures 
are a challenge since they rely on open borders for needed trade revenue [20]. 
Nearly 30% (16 out of 54) of African countries are landlocked. These countries 
have 1.5 times less GDP than their non-landlocked counterparts. This modeling and 
forecast tool was freely available to the African countries to help them monitor and 
control the pandemic.
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 Spatial Variation of Risk Factors for SARS-CoV-2 
Transmission and Mortality

 Pre-existing Comorbidities and the Risk of COVID-19 Mortality

Early in the pandemic, the transmission of SARS-CoV-2 had a predilection for the 
elderly. Indeed, those with pre-existing comorbidities, including cardiovascular dis-
eases, hypertension, diabetes, congestive heart failure, cerebrovascular disease, 
chronic kidney disease, chronic liver disease, and cancer, had a higher risk of death 
from COVID-19 [21, 22]. The effect of HIV/AIDS on susceptibility, and poor prog-
nosis of COVID-19 was not appreciated initially due to the limited data. However, 
as the pandemic progressed, it became increasingly clear from large systematic 
reviews that individuals with HIV had a higher susceptibility and risk of mortality 
from COVID-19 [23]. Spatially, regions with a higher burden of cardiovascular dis-
ease and HIV also demonstrated a higher mortality rate (Fig. 11.6). This geographi-
cal variation in the pre-existing conditions further increased the disparities in 
COVID-19 mortality. However, this relationship was moderated by the variant of 
the virus. For example, the Beta variant from South Africa did not respond well to 
the AstraZeneca vaccine in late 2020. This led to the second surge of cases in early 
2021 [25].

 Spatial Variation of Genetic Predictors of SARS-CoV-2

Based on the global distribution of COVID-19, the cases and mortality rates in the 
first year of the pandemic were higher in the European and the American popula-
tions [26]. There is mounting evidence of genetic variations in various genes that 
code for the receptors involved in the transmission dynamics of SARS-CoV-2 and 
the pathogenesis of COVID-19. These include angiotensin-converting enzyme 2 
(ACE2) receptors, Transmembrane Serine Protease 2 (TMPRSS2), and 
FURIN.  The primary receptor for SARS-CoV-2 entry into the host cell is the 
ACE2 [27].

The entry is facilitated by FURIN cleavage [28, 29], and the spike protein of 
SARS-CoV-2 is primed by TMPRSS2 [30]. Interethnic and interpopulation vari-
ability in the distribution of ACE2 genetic variants associated with COVID-19 
comorbidities exists globally. ACE2 variants associated with COVID-19 comorbidi-
ties are highly prevalent in the European and admixed American populations [31]. 
On the other hand, ACE2 variants with a protective role are more prevalent in the 
East and South Asian populations. A study of natural variations in the ACE2, 
TMPRSS2, and FURIN genes in individuals from the Middle Eastern populations 
(Kuwait, Qatar, and Iran) identified two activating variants (K26R and N720D) in 
the ACE2 gene that are more common in Europeans than in the Middle Eastern, 
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East Asian, and African populations [32]. It was postulated that K26R could activate 
ACE2 and facilitate binding to S-protein RBD, while N720D enhances TMPRSS2 
cutting and, ultimately, viral entry. In addition, the study detected deleterious vari-
ants in FURIN that are frequent in the Middle Eastern but not in the European 
populations.

 Meteorological and Environmental Predictors of COVID-19 
Transmission and Mortality

Seasonal variation driven by responses to a changing environment has been shown 
to affect the transmission intensity of several coronaviruses [33, 34]. In the USA 
and other countries within 30° N to 50° N latitude corridor, lower temperatures and 
humidity were correlated with increased SARS-CoV-2 transmission rates [35, 36]. 
On the other hand, studies conducted in Africa demonstrated lower temperatures to 
have a protective effect, but humidity had a similar relationship seen in the temper-
ate regions [18]. Importantly, the impact of environmental predictors on transmis-
sion rate was dampened in the face of lockdowns [33]. In a dynamic metapopulation 
model informed by human mobility data, Ma et  al. examined the effect of three 
meteorological factors (mean air temperature, specific humidity, and UV light) on 
basic reproduction number in the 2298 counties for the USA from March to December 
2020 (Fig. 11.7). Lower air temperature (within the 20–40 °C range), lower specific 
humidity, and lower ultraviolet radiation were significantly associated with increased 
transmission rates of SARS-CoV-2. The attributing factor for meteorological fac-
tors was highest (21%) in December with colder and drier weather and lower UV 
radiation of their study period [37].

Combined effects of higher titers of viral particle shedding, greater viral stability 
in nasal passages, impaired nasal mucociliary clearance, viral inactivation via break-
down of their lipid layers are proposed mechanisms in which cold temperatures and 
high humidity impact survival and transmissibility of SARS-CoV-2 [38–41]. 
However, divergent behavioral patterns during higher temperatures may affect the 
transmission of the virus in the tropics and temperate regions. In the tropics, during 
higher temperatures, people spend more time indoors. But in temperate regions, 
people spend more time indoors during colder winter months, facilitating virus 
transmission [42, 43].

In addition to the meteorological factors, chronic exposure to air pollutants such 
as long-term (historical) PM2.5 exposure contributed to the transmission and out-
comes of COVID-19. Using ecological regression analysis of United States coun-
ties, Wu and colleagues found an increase of 1 g/m3 in the long-term average PM2.5 
to be associated with an 11% (95% CI, 6–17%) increase in the county’s COVID-19 
mortality rate [44].
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a b

c d

Fig. 11.7 Fractions of basic reproduction number attributable to meteorological factors by county. 
The distribution of the fraction of reproduction number (Rt) attributable to temperature (a), spe-
cific humidity (b), ultraviolet radiation (c), or the sum of the three meteorological factors (d) (i.e., 
attributable fraction [AF]) in each county. Figure and data from Ma et al. 2021 [37]

In the first wave of the pandemic, the Italian cities of Lombardia and Emilia 
Romagna suffered very high mortality rates from COVID-19, perhaps one of the 
highest per capita in the world. Using aggregated index termed Air Quality Index 
(AQI), a metric for pollutants in geographical regions, it was postulated that pol-
lution was correlated with an extremely high COVID-19 mortality rate of 12% 
seen in northern Italy (Lombardy and Emilia Romagna) compared to 4.5% 
observed in the rest of Italy which also had a lower AQI [45]. The AQI is based 
on concentration values for up to five key pollutants: PM10, PM2.5, O3, SO2, 
and NO2. Indeed, SARS-CoV-2 RNA was found on particulate matter in samples 
from the Bergamo area (the epicenter of the Italian COVID-19 epidemic in 
Italy) [46].

Potential biological mechanisms that may explain the relationship between air 
pollution and COVID-19 infection outcomes include overexpression of the alveolar 
ACE2 receptor and the impairment of host defenses. Furthermore, air pollution- 
induced systemic and local inflammation leads to an innate immune system hyper-
activation and endothelial injury [47, 48].
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 Mental Health and Psychological Stress Consequences 
of COVID-19 Pandemic

While the purpose of lockdown orders was to decrease disease transmission, there 
were unintended consequences. The orders forced businesses to close, leaving mil-
lions unemployed. Furthermore, the physical distancing necessary to curb transmis-
sion of the virus also disrupted social support networks. Combined, these forces 
may have created a climate that fosters domestic violence, mental health disorders 
and negative psychological effects, including post-traumatic stress symptoms, con-
fusion, and anger [49, 50].

In a study conducted early in the pandemic, the prevalence of depression symp-
toms was more than threefold higher during the COVID-19 pandemic than pre- 
pandemic [52]. In this study, lower-income, and having exposure to more stressors 
were contributing factors to greater risk of depression symptoms during COVID-19. 
In addition, unemployment, and financial strain, increased unscheduled time, and 
increased substance abuse may result in increased risk-taking behaviors, elevating 
the risk of violent crimes, homicide, and firearm-related suicides [53]. COVID-19 
pandemic had alarming implications for emotional and social functioning, leading 
to increased aggression and possibly gun violence. Ssentongo and colleagues esti-
mated the rate of gun violence in the USA during the pandemic and compared it to 
the similar months pre-pandemic. They found an overall 30% increase in the rate of 
GV [51]. Spatially, there were clusters of increased risk. They indicated that psy-
chological stress and the panic induced by the pandemic might have led to increased 
gun purchase, translating to increased events (Fig. 11.8).

Among survivors of COVID-19, the rate of post-acute sequelae of SARS-CoV-2 
infection (long-COVID) is 50% [54]. Mental health disorders are one of the mani-
festations of long-COVID. The mechanisms that lead to neuropsychiatric symptoms 
in survivors of COVID-19 are not well understood. However, widespread acute 
injury to cortical/sub-cortical and white matter fiber bundles may impact brain func-
tion and impede distal brain connectivity, respectively [55, 56], leading to neuropsy-
chiatric sequelae in the survivors. The burden of these PASC is predicted to be 
higher in LMIC than HICs [54].

 Conclusion

In summary, the transmission, mortality, and consequences of the global COVID-19 
pandemic displayed regional and national heterogeneity. Population genetic varia-
tion, environmental factors, health access disparities, and the burden of preexisting 
conditions were drivers and modifiers of the spatial epidemiology of the pandemic. 
Emphasis should be placed on global public health to identify risk factors of height-
ened disease risk to create strategies to prevent, control, and treat the acute and 
post-acute cases of COVID-19 and other future pandemics.
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Chapter 12
Eye Disorders and Neuro-ophthalmic 
Manifestations of COVID-19

Elias Premi, Roberto Acampora, Greta Karen Wood, Ingrid Andreea Ilie, 
Benedict Daniel Michael, and Francesco Lanfranchi

 Introduction

Since the start of the coronavirus (COVID-19) pandemic, numerous works have 
described ocular involvement [1–3]. The quality of evidence has often been limited 
by difficulty performing ophthalmic clinical evaluation and instrumental 

E. Premi 
Ophthalmology Unit, ASST Sette Laghi, Circolo Hospital and Macchi Foundation,  
Varese, Italy 

Department of Biotechnologies and Life Sciences, University of Insubria, Varese, Italy 

R. Acampora 
Milan Center for Neuroscience (NeuroMI), Milan, Italy 

Neurology and Stroke-Unit, Hospital Ospedale del Mare, Naples, Italy 

G. K. Wood · B. D. Michael 
Department of Neurology, The Walton Centre NHS Foundation Trust, Liverpool, UK 

Clinical Infection Microbiology and Neuroimmunology, Institute of Infection,  
Veterinary and Ecological Science, Liverpool, UK 

The NIHR Health Protection Research Unit for Emerging and Zoonotic Infection, 
Liverpool, UK
e-mail: greta.wood@liverpool.ac.uk; benedict.michael@liverpool.ac.uk 

I. A. Ilie 
Department of Life Sciences and Biotechnology, School of Biology, University of Ferrara, 
Ferrara, Italy 

F. Lanfranchi (*) 
Department of Health Sciences (DISSAL), University of Genoa, Genoa, Italy
e-mail: flanfranchi@hotmail.com

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
S. Adibi et al. (eds.), Frontiers of COVID-19, 
https://doi.org/10.1007/978-3-031-08045-6_12

mailto:greta.wood@liverpool.ac.uk
mailto:benedict.michael@liverpool.ac.uk
mailto:flanfranchi@hotmail.com
https://doi.org/10.1007/978-3-031-08045-6_12


260

Fig. 12.1 Graphical summary of eye disorders and neuro-ophthalmic manifestations associated 
with SARS-CoV-2 infection. Created with BioRender.com

examination in the pandemic period. Initial investigations focused upon the poten-
tial mechanisms that could lead to infection of ocular tissues by severe acute respi-
ratory distress coronavirus 2 (SARS-COV-2). The aim of this chapter (graphically 
summarized in Fig. 12.1) was to display current evidence about ocular involvement 
in patients presenting SARS-CoV-2 infection, describing possible underlying 
mechanisms and illustrating the most common manifestations occurring in both 
superficial and profound eye structures as well as neuro-ophthalmic presentations. 
Topic of interest included clinically detectable signs and symptoms, reliable meth-
ods for early diagnosis, and proper treatments of these complications.

 Pathophysiological Mechanisms

Polymerase chain reaction (PCR) testing of ocular samples has shown an extremely 
variable detection rate between different studies, ranging from 0% to 57.1% [4, 5], 
potentially because of varying sample collection methods. As suggested by experi-
ments conducted on Rhesus macaques [6], eye exposure and subsequently systemic 
infection could follow three main different pathways. Despite these hypotheses are 
recurrent in different clinical and preclinical studies, available data suggest multiple 
mechanisms but do not establish a confirmed pathway [6].

The direct infection of the eye surface from droplets or from the contact with 
contaminated hand or objects is supported by the expression on conjunctival cells of 
many virus-bindable receptors [6, 7], such as angiotensin converting enzyme 2 
(ACE-2), furin, transmembrane serine protease 2 (TMPRSS-2), A disintegrin and 
metalloproteinase 17 (ADAM-17), the cluster of differentiation 147 (CD-147), 
cathepsin L and dipeptidyl peptidase 4 (DPP-4) (Fig.  12.2). In fact, ACE-2 and 
TMPRSS-2 are the main expressed co-factors in epithelial superficial cells of the 
cornea (namely, basal corneal epithelium, limbal niche, corneal wing cells, transit 
amplifying cells, limbal superficial cells, corneal epithelial superficial cells, and 

E. Premi et al.

http://biorender.com


261

Fig. 12.2 Overview of SARS-CoV-2 entry molecules expressed by conjunctival cells. Figure and 
caption modified from Kitazawa et al. [7] and licensed under Creative Common License CC BY 
4.0 (https://creativecommons.org/licenses/by/4.0/)

limbal stem cells), potentially allowing SARS-CoV-2 to entry. This hypothesis is 
further corroborated by a study conducted on cornea-explanted patients, showing 
more than 80% of patients being positive for SARS-CoV-2 ribonucleic acid (RNA) 
[8]. However, in the same study viral isolation was unsuccessful. Regarding the eye- 
driven transmissibility, the most notable evidence is provided by an observational 
clinical study [9], reporting that among hospitalized patient there was a lower preva-
lence (5.8%; 95% CI: 3.0–8.6%) of subject wearing glasses for more than 8 h per 
day compared to age-matched general population (31.5%). Despite limitations in 
the study design, the results are consistent with the involvement of the eye in trans-
mitting the disease, probably by direct contagion from air and self-touching with 
hands [4, 6].

Moreover, a post-viremia secretion of the virus from the lacrimal glands has been 
proposed as a possible mechanism [4], supported by analogous findings in other 
viral infections [10]. SARS-CoV-2 could penetrate aqueous humor fluid through 
cornea or trough ciliary body secretion. The apparently contrasting detection of 
viral mRNA in aqueous humor in patients with negative nasopharyngeal swab [8] 
could suggest the SARS-COV-2 persistence in immunoprivileged spaces in absence 
of systemic involvement [11].

Considering the high vascularization of structures such as retina and choroid, a 
third hypothesis is hematogenous dissemination in the eye. A case-control study 
linked alteration in vascular density of the choroid and a cystoid degeneration of the 
retina with the microanatomical changes in the retina and choroid in post-mortem 
COVID-19 patients [12]. Evidence of the presence of SARS-CoV-2 in lens, vitreous 
humor, retinal and choroidal tissues is limited by the difficulty taking in vivo sam-
ples, however, a dedicated study [8] detected SARS-CoV-2 RNA in vitreous humor 
in 3 of 11 patients.
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 Eye Disorders

Many studies reported ocular signs and symptoms among COVID-19 patients and 
assessed the viral presence in tears and conjunctiva samples collected with swab or 
Schirmer test [13, 14]. Despite the limited number of reports and the studies’ het-
erogeneity, current findings suggest a potential involvement of both superficial and 
deeper ocular structures, namely conjunctiva, cornea, retina, and choroid.

 Conjunctivitis and Keratitis

Most studies have been performed on heterogeneous patient groups with a small 
proportion of PCR-positive cases and infrequent ocular manifestations [3, 13–22]. 
Despite a low prevalence of ocular signs and symptoms, one study [4] has shown a 
high prevalence of SARS-COV-2 positive conjunctival samples among 91 
COVID-19 patients (57.1%; 95% CI: 46.3–67.5%). Thus, from available data, no 
correlation between the viral presence on ocular surface and ophthalmic signs and 
symptoms seems to be demonstrated.

The metanalysis conducted by Nasiri and co-colleagues [2], including 38 studies 
with a cumulative number of 8219 COVID-19 patients, the pooled prevalence of 
ocular manifestations was to be 11.03% (95% CI: 5.71–17.72%). The most com-
mon ocular symptoms were dry eye or foreign body sensation (16%), redness 
(13.3%), tearing (12.8%), itching (12.6%), eye pain (9.6%), and discharge (8.8%). 
Among patients with ocular symptoms, conjunctivitis was the most prevalent 
(88.8%). A previous metanalysis by Loffredo and co-authors [23], based on three 
studies including 1167 patients, showed an increased incidence of conjunctivitis in 
hospitalized patients (odds ratio: 3.4; 95% CI: 1.1–10.2) and an association between 
COVID-19 severity and the frequency of conjunctiva inflammation (3% and 0.7% 
in severe and non-severe COVID-19 patients, respectively).

Keratitis seems to be a very rare presentation of COVID-19 involving the eye, 
reported in only one study describing a young patient presenting to the emergency 
department with COVID-19 respiratory symptoms and keratitis diagnosed at slit 
lamp examination [24].

 Retinal Disorders and Choroiditis

Retinal vascular disorders reported in COVID-19 patients included central 
(Fig. 12.3) or branch retinal artery occlusion [25–27] presenting with typical mani-
festations, such as a reduction in best corrected visual acuity (BCVA) and a low 
recovery. However, all the described patients had a medical history predisposing to 
both ocular and vascular complications, such as hypertension, smoking, and arterial 
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b c

Fig. 12.3 (a) Fundus photography of the left eye showing the presence of a pale optic disc, diffuse 
arterial narrowing, a mild “cherry-red spot” macula and peripheral areas of retinal pigmented epi-
thelium hyperpigmentation. (b, c) Infrared reflectance and spectral domain optical coherence 
tomography acquisition over the macular region of the same eye denoting atrophy of the inner 
retina layers with loss of foveal depression and temporal macular thinning. Figure and caption 
modified from Montesel et  al. [25] and licensed under Creative Common License CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/)
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hypertension. A single study [28] reported a young patient with the classic pattern 
of a branch retinal vein occlusion in the absence of known thrombotic risk factors. 
Ophthalmologic examination revealed no visual loss except a paracentral scotoma 
and fundus examination of the affected eye showed rare, scattered hemorrhages in 
the inferior part of the retina and dilated and tortuous vessels, while the other eye 
appeared normal. Fluorescein angiography (FA) demonstrated marked delay in fill-
ing of the inferior venous arcade and a late vessel staining. Optical coherence 
tomography (OCT) evaluation showed no sign of central macular edema. Higher 
quality evidence is required to correlate SARS-CoV-2 infection with retinal vascu-
lar illnesses.

A rare clinical entity potentially associated with retinal microvascular capillary 
micro-thrombotic phenomena is paracentral acute middle maculopathy (PAMM) 
[29, 30], an acute onset disease characterized by paracentral scotoma, potential 
reduction of BCVA, and typical OCT alterations. PAMM has previously been asso-
ciated with viral infections [30] and has been described in a small number of 
COVID-19 patients presenting with paracentral scotoma [31, 32]. At ophthalmic 
evaluation, small white lesions can be seen at fundus examination and the definitive 
diagnosis is based on OCT findings (Fig.  12.4), including focal hyper-reflective 
changes in the inner and outer plexiform layers with inner nuclear layer volume loss 
in the parafoveal region. Recovery is typically spontaneous, but a minority of cases 
have persistent paracentral scotoma and various degrees of visual impairment [30]. 
Thromboembolic events are a well-recognized complication of COVID-19 [34], 
and vascularized tissue in the retina and choroid could be susceptible to this phe-
nomenon. The current literature is limited to retinal vessel alterations observed in a 
small number of case reports. Thus, it is not possible to establish a causal relation-
ship with SARS-CoV-2 given the very limited number of patients described and the 
high risk of a misinterpretation due to confounding.

There is currently a single report of potential choroid involvement which 
describes atypical manifestations of choroiditis in a young patient with monocular 
vision loss in the right eye after 5 days of systemic symptoms in confirmed SARS- 
CoV- 2 infection [35]. Fundus examination revealed multiple yellow-whitish plac-
oid lesions at the posterior pole. At FA, lesions showed early and mild late staining, 
and no neovascularization signs were detected. OCT scans demonstrated irregular 
retinal pigment epithelial elevation, diffuse interruption of the outer retinal layers, 
and the retinal pigment epithelium and choroid thickness. After 11 days of cortico-
steroid treatment, there was clinical improvement and lesion resolution. Given the 
very limited evidence, it is impossible to demonstrate an association between cho-
roid alterations and SARS-CoV-2 infection.
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a b

c d

e f

Fig. 12.4 (a, b) Near-infrared imaging of right eye (a) and left eye (b) show multiple hyporeflective 
lesions in the paracentral macula in both eyes. The small lesions have a petaloid shape, but the 
majority of lesions are large and confluent, almost forming a ring around the fovea. (c, d) Spectral- 
domain OCT of right eye (c) and left eye (d) at the level of the green line in Fig. a, b, shows inter-
ruption of the ellipsoid zone and the interdigitation zone (black arrows). There are also hyperreflective 
changes (white arrow) within the outer nuclear layers. (e, f) OCT angiography of the right eye (e) 
and left eye (f) shows multiple areas of decreased vascular flow signal (asterisks) at the level of the 
deep capillary plexus corresponding to the lesions visible in the near-infrared reflectance imaging. 
Figure and caption modified from Giacuzzo, Eandi, and Kawasakiet [33] and licensed under 
Creative Common License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)
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 Neuro-ophthalmic Manifestations

 Optic Neuritis

There are several studies reporting optic neuritis (ON) in patients with a positive 
PCR for SARS-CoV-2 and a single case diagnosed by positive IgM [36]. Ophthalmic 
symptoms are most frequently described after respiratory illness, however, Benito- 
Pascual and co-authors [37] presented a case of ON as a possible first manifestation 
of SARS-CoV-2 infection, occurring 10 days prior to respiratory symptom onset. 
Ophthalmic pathology is unilateral in most reports, with a small number of cases 
demonstrating involvement of both optic nerves and a full recovery after treatment 
with corticosteroids [22, 38]. In some cases, patients with concomitant neurological 
symptoms [39–41], as well as reports of myelin oligodendrocyte glycoprotein anti-
body detection [22, 36].

A small number of studies have reported neuroimaging abnormalities in ON, 
including hyperintensity and gadolinium enhancement of the optic nerve in brain 
magnetic resonance imaging (MRI) [38, 39, 42] and orbit MRI [38, 43, 44] 
(Fig. 12.5). In all other reports, MRI was negative or non-specific. Burgos-Blasco 

a

b c

Fig. 12.5 Postcontrast T1-weighted fat-suppressed MRI of the orbits. (a) Coronal MRI of the 
orbits reveals bilateral (but left dominant) uniform enhancement of the optic nerve. (b) Sagittal 
MRI of the right orbit reveals a slightly ill-defined appearance of the optic nerve and slight 
enhancement of optic nerve sheaths. (c) Sagittal MRI of the left orbit reveals uniform enhancement 
along with optic nerve sheaths. Figure and caption modified from Kogure et al. [43] and licensed 
under Creative Common License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)
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and co-authors additionally demonstrated [45] an increase in retinal nerve fiber 
layer thickness at OCT in patients with a positive PCR test, including in the absence 
of clinical ocular manifestations. There is, however, no evidence of alterations in 
optic nerve vascular density in patients recovered from SARS-CoV-2 infection [46].

 Ocular Motor Nerves Palsy

Involvement of cranial nerves innervating the ocular muscles has also been reported 
in COVID-19 patients, including abnormalities detected on imaging [42, 47]. There 
are a series of reports of oculomotor nerve palsy with typical symptoms and SARS- 
CoV- 2 confirmed by PCR or serology in most cases [48–52]. A unique case of iso-
lated monocular fourth nerve palsy has been described by Pascual-Prieto and 
colleagues [53], presenting with diplopia after respiratory symptoms onset. The 
patient had a positive PCR test, and favorably recovered. Unilateral abducens nerve 
palsy with typical symptoms has been reported in multiple PCR-confirmed SARS- 
CoV- 2 infections [53–56]. A rare case of internuclear ophthalmoplegia in a 
COVID-19 PCR-positive patient with a typical and unilateral clinical presentation 
has been described [57]. After off-label treatment with vitamin B12, vitamin C, and 
ivermectin, the patient fully recovered. In contrast to findings from an MRI case 
series of cranial nerve palsy in COVID-19 patients conducted by Corrêa and co- 
authors [42], few studies have detected neuroimaging abnormalities in patients with 
clinical ocular motor cranial nerve pathology [54, 56].

Despite a growing number of reported cases, the association between ocular cra-
nial nerve manifestations and SARS-CoV-2 infection remains weak. Further neuro-
imaging studies including routine brain or orbital MRI would be particularly 
valuable, alongside studies into the potential underlying pathophysiological mecha-
nisms including direct neuroinvasion and immune-mediated phenomena [58].

 Miller Fisher Syndrome

Classified as a rare variant of the Guillain–Barré syndrome (GBS) spectrum [59, 
60], Miller Fisher syndrome (MFS) has been observed with typical symptoms 
including ataxia and areflexia [61]. The most common neuro-ophthalmic symptoms 
detected in these patients were palsy of the oculomotor [62, 63] and abducens [62, 
64] cranial nerves, ophthalmoparesis or ophthalmoplegia [63, 65–67], and impair-
ment in pupillary reflex [68]. A minority of studies have reported positive anti- 
ganglioside (GD)-1b immunoglobulin G (IgG) antibodies [62], or abnormal 
neuroimaging findings including gadolinium enhancement and T2-weighted hyper-
intensity of the clinically involved ocular motor nerve on MRI [63]. In most studies 
evaluating these parameters, anti-GD1b-IgG results have been borderline [63] or 
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negative [62, 64, 65, 67], and no abnormality has been detected on neuroimaging 
[64–66, 68].

Most commonly, SARS-CoV-2 infection diagnosis was performed by PCR [62, 
63, 66, 67]; in one recently exposed patient presenting a negative molecular test, the 
diagnosis was based on serological assay [64]. In all cases, patients recovered either 
after intravenous immunoglobulin (IVIG) administration [62–65, 67, 68] or, less 
frequently, even without a specific treatment [62, 66]. Lowery and colleagues [69] 
described an atypical variant of GBS with positive anti-ganglioside antibodies in an 
immunosuppressed COVID-19 patient with concurrent severe respiratory illness 
requiring intensive care and intubation. Despite treatment with IVIG, the patient 
reported long-term sequelae.

Available findings suggest GBS occurs in association with SARS-CoV-2 infec-
tion and has a typical clinical picture [70–72]. Epidemiological data on MFS in 
association with SARS-CoV-2 are limited by the small number of reported cases and 
heterogeneous nature of diagnostic assessments [73]. Well-designed case- control 
studies and investigations into disease mechanisms would enhance the evidence base.

 Looking to the Future

It is necessary to find effective remote procedures for assessing and monitoring 
suspected or confirmed COVID-19 patients. De Arrigunaga and colleagues [74] 
reported teleophthalmology as providing excellent results in visual acuity examina-
tion, although the self-administrable test accuracy has not been clearly validated. 
Additionally, a mobile application for pupil assessment showed great concordance 
with traditional examination [75]. As expected, remote examination of the anterior 
segment resulted easier and more reliable than tools for assessing the posterior 
chamber [74]. Newman-Casey and co-authors [76] reported that appropriately 
remote-conducted triages appeared to be a safe way to reduce in-person assess-
ments. High patient satisfaction rates in teleophthalmology were described by sev-
eral studies [77–80], especially for video consultation. Less than 20 percent of 
patients under 65 years old requested a face-to-face visit [78]. Moreover, physicians 
reported high rate of satisfaction in using remote tools [77] . Available evidence for 
teleophthalmology is therefore encouraging, and further implementation research 
should be conducted to verify the role of the practice [74].

Evidence suggestive of ocular involvement in COVID-19 patients are growing 
[1–3]; however, the lack of standardized prospective studies, the heterogeneity of 
inclusion criteria and diagnostic assessment, and small number of patients included 
in any single study represent a major limitation [2]. Further studies should investi-
gate the underlying mechanisms and sequelae of potential acute and post-acute ocu-
lar complications of SARS-CoV-2. This could include functional imaging such as 
positron emission tomography [81–83], which has not yet been conducted in 
COVID-19 patients with neuro-ophthalmic manifestations as well as routine 
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post- mortem analyses of the ocular tissues. Correlation of clinical phenotypes with 
neuroimaging, pathology results as well as metabolic and immune markers of dis-
ease, will be central to improve current understanding about disease mechanisms.
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Chapter 13
Evaluation and Management of Dysphagia 
During the COVID-19 Pandemic

Peter K. M. Ku, Alexander C. Vlantis, Raymond Fong,  
Zenon W. C. Yeung, Erin P. L. So, Thomas Law, Ryan H. W. Cho, 
Jason Y. K. Chan, Becky Y. T. Chan, Eddy W. Y. Wong, Kathy Y. S. Lee, 
Andrew van Hasselt, and Michael C. F. Tong

 Introduction

The global healthcare system has faced an unprecedented challenge since the decla-
ration of the global novel coronavirus disease 2019 (COVID-19) pandemic by the 
World Health Organization (WHO) on March 12, 2020. On June 13, 2021 the num-
ber of confirmed COVID-19 cases had exceeded the number of cases that were 
reported as of April 1, 2020 by over 218-fold, which were 800,000 [1]. Although 

P. K. M. Ku (*) · Z. W. C. Yeung · R. H. W. Cho 
Department of Otorhinolaryngology, Head and Neck Surgery, United Christian Hospital and 
Tseung Kwan O Hospital, Hong Kong, China 

Department of Otorhinolaryngology, Head and Neck Surgery, The Chinese University of 
Hong Kong, Shatin, New Territories, Hong Kong 

A. C. Vlantis · R. Fong · T. Law · J. Y. K. Chan · K. Y. S. Lee · A.  van Hasselt · M. C. F. Tong 
Department of Otorhinolaryngology, Head and Neck Surgery,  
The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong
e-mail: lexvlantis@ent.cuhk.edu.hk; raymondfong@ent.cuhk.edu.hk;  
thomaslaw@ent.cuhk.edu.hk; leeys@ent.cuhk.edu.hk; andrewvan@ent.cuhk.edu.hk; 
mtong@ent.cuhk.edu.hk 

E. P. L. So · B. Y. T. Chan 
Department of Speech Therapy, Prince of Wales Hospital,  
Shatin, New Territories, Hong Kong
e-mail: cyt628@ha.org.hk 

E. W. Y. Wong 
Department of Otorhinolaryngology, Head and Neck Surgery,  
The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong 

Department of Ear, Nose and Throat, Prince of Wales Hospital,  
Shatin, New Territories, Hong Kong

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
S. Adibi et al. (eds.), Frontiers of COVID-19, 
https://doi.org/10.1007/978-3-031-08045-6_13

mailto:lexvlantis@ent.cuhk.edu.hk
mailto:raymondfong@ent.cuhk.edu.hk
mailto:thomaslaw@ent.cuhk.edu.hk
mailto:thomaslaw@ent.cuhk.edu.hk
mailto:leeys@ent.cuhk.edu.hk
mailto:andrewvan@ent.cuhk.edu.hk
mailto:mtong@ent.cuhk.edu.hk
mailto:mtong@ent.cuhk.edu.hk
mailto:cyt628@ha.org.hk
https://doi.org/10.1007/978-3-031-08045-6_13


276

this pandemic has commanded tremendous resources from healthcare systems, it 
must be remembered that patients with other illnesses still require medical attention.

Dysphagia is a global healthcare burden that requires multidisciplinary care. In 
2019, Hong Kong public hospitals reported 101,840 inpatient and 8,736 outpatient 
attendances for dysphagia management. Patients with strokes, degenerative neuro-
logical diseases, cancers, trauma, head and neck infections, and musculoskeletal 
diseases may experience dysphagia and aspiration which require evaluation. Besides 
bedside assessment, a fiberoptic endoscopic evaluation of swallowing (FEES) and a 
videofluoroscopic swallow study (VFSS) are commonly used to assess the swallow-
ing function of patients. As FEES and VFSS both have advantages and limitations 
in the assessment of swallowing, they can supplement each other.

During the COVID-19 pandemic, most elective services performed in hospitals 
have been suspended to accommodate patients with confirmed COVID-19. On 
January 28, 2020 the dysphagia clinic at the Prince of Wales Hospital was sus-
pended due to the onset of the local outbreak of COVID-19 in Hong Kong and the 
subsequent global shortage of personal protective equipment (PPE). As the duration 
of the COVID-19 pandemic has exceeded that of the 2003 severe acute respiratory 
syndrome (SARS) pandemic, a practical workflow has become necessary to manage 
dysphagia and to avoid a backlog of patients while protecting the safety of patients 
and healthcare workers.

 Mode of Transmission of SARS-CoV-2 Infection

Reports of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) trans-
mission by droplets and aerosol production may be confusing and seem to imply 
differing risks of viral transmission, which would then require different specifica-
tions for PPE. In fact, aerosols are smaller-sized droplets (usually <5 μm in diame-
ter) that may penetrate surgical masks and can remain suspended in air for longer 
and travel further than larger droplets can. For these reasons, high-level PPE such as 
an N95 respirator is required during any aerosol-generating procedure (AGP). 
However, few studies have attempted to verify specific AGPs other than by general-
ization and rationalization at the beginning of the outbreak, and according to obser-
vation and expert opinion [2]. Therefore, we have conducted our clinical work 
according to current evidence.

The SARS-CoV-2 virus spreads primarily through droplets of saliva when an 
infected person coughs or through droplets of nasal mucus when an infected person 
sneezes, and so it is important to take precautions seriously and to practice respira-
tory etiquette. Current evidence indicates that coughing can generate droplets rang-
ing from 0.1 to 100 μm in size, which includes the range of aerosol generation [3]. 
Consequently, we can simply categorize a FEES as a procedure that induces cough-
ing as an aerosol generating procedure, and accordingly we should adopt a high 
level of PPE including a face shield or goggles and an N95. This is especially 
important when testing laryngeal sensation using an air-pulse stimulator, which 
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fires air pulses with pressures of 2–10 mmHg at 50 ms intervals to elicit reflexive 
vocal cord twitching prior to an endoscopic swallowing examination [4]. Air pulses 
may either create a pharyngeal air current or induce coughing if the air pressure is 
high, both of which can generate droplets and aerosols.

The risk of transmission of SARS-Co-2, the pathogen responsible for COVID-19, 
during nasal endoscopic surgery has elicited concerns from neurosurgeons, otolar-
yngologists and respiratory physicians regarding the level of PPE required during 
any trans-nasal procedure. These concerns increased further after reports of health-
care workers being infected during trans-nasal endoscopic intracranial surgery [5], 
which suggests a potentially higher level of viral shredding in the nasal cavity. 
Recent reports of hyposmia, anosmia, and dysgeusia in many confirmed that 
COVID-19 cases further support this observation [6]. Recent reports suggest R0 
values of 5.71–7.23 for SARS-CoV-2 [7], which are higher than the values reported 
for SARS-CoV in 2003 [8]. Therefore, SARS-CoV-2 is far more infectious than 
SARS was, which may explain the seemingly uncontrolled pandemic situation in 
many countries.

 The Characteristics of Dysphagia in Patients After Recovery 
from COVID-19

Several studies [9–13] have been published recently which provide an understand-
ing of the characteristics of dysphagia post COVD-19 as the attention in the pan-
demic shifts from acute critical care to care along a continuum including 
rehabilitation. Early studies on this issue have used observational cohort studies [9, 
10, 14] and case reports [11, 13, 15]. The methodology varied but most described 
the prevalence and characteristics of dysphagia based on clinical evaluation and 
functional outcomes of swallowing [9, 10, 14]. This is understandable as it has been 
stated in guidelines that instrumental assessment of swallowing should only be con-
sidered when necessary during the pandemic [16].

In one of the largest cohorts studied, 208 COVID-19 patients who were referred 
for swallowing assessment were profiled in terms of dysphagia presentation and 
management [10]. Of the 208 patients, 49.0% (102/208) were admitted to an inten-
sive care unit and 39.4% (82/208) underwent a tracheostomy [10]. Of the patients 
assessed, 21% (39/193) were recommended altered (thickened) fluids while 76% 
(145/193) were recommended modified diets [10]. The longitudinal data for this 
cohort is not available as many of them were transferred to community rehabilita-
tion beds. The study concluded that patients with a tracheostomy require more 
speech language therapy sessions than those without or who were not admitted to an 
intensive care unit [10]. In a study from Ireland, 100 patients who had been intu-
bated were studied. In the cohort 90% (90/100) had some alteration of their oral 
intake, 59% (59/100) were on tube feeding and 36% (36/100) could not tolerate any 
oral feeding [14]. Risk factors were analyzed and age, pre-existing respiratory 
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conditions prior to COVID-19 and the use of the prone position during treatment of 
the respiratory system were predictors of severe dysphagia [14]. In this group, 37% 
(37/100) of patients received dysphagia rehabilitation and 27% (27/100) voice reha-
bilitation. On discharge from hospital, 27% (27/100) had residual dysphagia and 
37% (37/100) residual dysphonia [14]. Although the prevalence varied across stud-
ies and the studied populations were not homogeneous, there is a general consensus 
that patients with COVID-19 are at risk of subsequently developing dysphagia.

Several case studies of COVID-19 patients with dysphagia have been published. 
In one report, a patient needed a tracheostomy for a right vocal fold paralysis and a 
left vocal fold paresis due to an undetermined cause post COVD-19 [11]. The 
patient received medical therapy and swallowing rehabilitation and eventually the 
patient resumed oral feeding and was decannulated after the function of the left 
hemilarynx returned [11]. Another case study reported impaired sensation of the 
pharynx and larynx which was postulated to contribute to swallowing dysfunc-
tion [13].

In summarizing the findings of published literature, the mechanisms of dyspha-
gia in COVID-19 patients include pharyngo-laryngeal trauma and prolonged intu-
bation associated with mechanical ventilation, neuromuscular, and neurosensory 
pathology associated with disuse and critical illness, the use of the prone position, 
and respiration-swallow discoordination in patients with respiratory compromise. 
In one of the cohort studies, there was a significant positive correlation (p < 0.01) 
between number of days intubated and the latency to resuming oral intake (from the 
intubation date) in patients with or without tracheostomy [10]. In another study of 
164 patients, of which 78.7% (129/164) had been intubated and 52.4% (86/164) had 
been tracheostomized, it was concluded that both intubation and premorbid impair-
ment were important factors as to whether dysphagia would persist or not, although 
it could not be established statistically that patients with dysphagia had been intu-
bated for longer [9].

Neuromuscular weakness and sensory problems were also present in some 
patients with dysphagia post COVID-19. One study found that 13.4% (19/164) of 
patients developed new neurological deficits compared with their baselines [9]. In a 
treatment study using pharyngeal stimulation, it was reported that the stimulation 
level was abnormally high at the first session, which could be due to impaired pha-
ryngeal sensation [15]. This was also supported by a case report of a patient with 
neurosensory dysphagia who had no sensation as indicated by the absence of a 
cough reflex when an endoscope was introduced into the laryngeal inlet [13]. The 
authors of that study postulated that a common pathogenic background could exist 
that accounted for the sensory problem in the pharynx and larynx, together with 
anosmia and ageusia, which are common symptoms of COVID-19 patients [13]. 
Disuse atrophy, a long sedation period and the use of neuromuscular blockers were 
also hypothesized to lead to muscle weakness, which could lead to impaired bolus 
propulsion in the oral cavity and the pharynx, impaired laryngeal closure and ulti-
mately aspiration [11]. This was supported by the hypothesis that stroke, encepha-
lopathy, critical illness neuropathy, and skeletal muscle injury were all possible as a 
direct or indirect consequence of COVID-19 [17]. With such causes, the swallowing 
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pathway from the cortical level to the central pattern generator in the brainstem, 
cranial nerves, and muscles responsible for swallowing could all be affected [17].

Some authors have proposed that the use of the prone position, which is a strat-
egy to improve oxygen saturation levels in COVID-19 patients [12], could have 
negative effects on the swallowing mechanism and increase the risk of aspiration 
pneumonia. The rationale is that the position predisposes patients to aspiration of 
saliva and secretions and makes it difficult for healthcare workers to perform regular 
oral hygiene [12]. However, this was not confirmed in a study of 164 patients and 
proning did not affect the prevalence of dysphonia or dysphagia [9]. The authors 
suggested that further investigation of the duration of proning and its effects on 
swallowing and voice should be studied [9]. In conclusion, the causes of dysphagia 
in patients with COVID-19 are likely to be multi-factorial. The clinical course of 
patients could affect the outcome of swallowing, while the neurological involve-
ment by the disease and the treatment provided for the respiratory system could also 
affect swallowing to differing degrees.

 Videofluoroscopic Swallowing Study Findings After Severe 
COVID-19

A VFSS has often been used to assess swallow function as it is able to visualize the 
swallowing process across phases. Reports of swallowing function using videofluo-
roscopy in patients with COVID-19 are limited, presumably due to the novel dis-
ease and the risks of infection in conducting the examination [16]. In a cohort of 164 
patients who were referred for speech and swallowing management, only 4.3% 
(7/164) had undergone a VFSS [9]. In a study of 21 patients with COVID-19, VFSS 
was performed just before or at most 14 days after discharge from the intensive care 
unit [18]. It was found that 90.5% (19/21) of the patients had dysphagia. Findings 
confirmed that patients were likely to have sensory problems in their pharynx and 
larynx, as was found in 71.4% (15/21) of patients with penetration/aspiration during 
swallowing who did so silently, and in 23.8% (5/21) who had penetration/aspiration 
after swallowing of pharyngeal residue and who also did so silently [18]. In terms 
of swallowing physiology, results showed problems in the oral phase with lip seal 
impairment (14.3%; 3/21), impaired tongue control leading to posterior spillage 
(42.9%; 9/21), and a prolonged oral phase (23.8%; 5/21) [18]. In the pharyngeal 
phase, delayed initiation of swallow (71.4%; 15/21) and reduced tongue base retrac-
tion (57.1%; 12/21) were prominent, while impaired pharyngeal contraction (33.3%; 
7/21) and laryngeal vestibule closure (42.9%; 9/21) were also present in some 
patients [18].

The preliminary findings of this study were that swallowing was affected in both 
oral and pharyngeal phases. The most significant finding that concurred with the 
hypothesis and case reports was the high prevalence of penetration/aspiration with-
out response in the cohort, which could suggest sensory deficits may be one of the 
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main factors for dysphagia [18]. As instrumental assessment is needed to confirm 
the presence of such “silent” penetration or aspiration, the use of FEES and VFSS 
should be considered once the risk of infection to the healthcare workers has been 
taken into account. It has been recommended that FEES could be considered for 
patients 7–10  days after extubation as this would strike a balance between the 
patient’s condition and their clinical needs [13].

 Clinic Setup and Precautions Necessary When Assessing 
Patients with Dysphagia During the COVID-19 Pandemic

In our experience with FEES procedures at the Prince of Wales Hospital, relatively 
few patients experience intense intraprocedural sneezing and coughing that led to 
the termination of the investigation. In a review of 982 patients seen at our dyspha-
gia clinic, we found that 78% had an impaired laryngeal protective reflex while a 
similar proportion had lost their gag reflex. The incidence of coughing and sneezing 
should be low in these patients when the pharynx is not over sensitive to instrumen-
tation and when using fiberoptic endoscopes of a smaller diameter. However, 
researchers have noted that even oral speaking can transmit SARS-CoV-2 via drop-
lets, especially important when patients are generally not able to wear face masks 
during swallowing evaluations [19]. Therefore, healthcare workers must be mindful 
of this when considering endoscopic examinations during this critical period. If pos-
sible, FEES and VFSS procedures for high-risk patients with COVID-19 (according 
to their history and symptomatology) should be postponed until the patient is no 
longer considered to be infectious and reconsidered for a swallowing study when 
safe and at a later date. For urgent cases, a polymerase chain reaction (PCR) test for 
SARS-CoV-2 should be done prior to any swallowing evaluation. Here, VFSS is 
superior to FEES because it does not involve intraprocedural instrumentation and 
the operators can maintain a distance from the patient. However, VFSS must be 
performed in a radiology suite. In contrast, FEES is more ambulatory, has lower 
setup costs and can be conducted at the bedside. We prefer to perform FEES and 
VFSS with IQAir® HealthPro® (Incen AG, Switzerland) facilities with a high effi-
ciency particulate air or HEPA class H13 filtration system which can filter out 
99.97% of all particles >0.3 μm (Fig. 13.1). The number of healthcare workers in 
the consultation room at any one time should be minimized. All healthcare workers 
should wear personal protective equipment with an N95 respirator and a face shield 
if an AGP is anticipated in the swallowing clinic. Direct vision through the flexible 
endoscope by clinicians should be avoided, instead a monitor should be used to 
observe the findings during endoscopic assessment of the pharyngo-larynx and 
swallowing functions. This helps to keep a distance between the endoscopist and the 
patient to minimize the risk of cross-infection. Figure 13.2 summarizes our work-
flow for swallowing evaluations in patients with dysphagia during the COVID-19 
pandemic.
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Fig. 13.1 Audiovisual facilities for fiberoptic endoscopic evaluation of swallowing with an IQAir® 
air filter in the room

 The Selection of Patients with Dysphagia and the Selection 
of Their Assessment During the COVID-19 Pandemic

In certain facilities, screening tests are carried out as routine procedures. Patients 
who fail are referred to speech-language pathologists (SLPs) for clinical swallow-
ing evaluation. Patients who pass or are in facilities without routine screening tests 
may also be referred if there are any concerns indicating the need for a more detailed 
assessment. For instance, if family members express concerns related to swallowing 
and feeding or if physicians need to elucidate the relationship between dysphagia 
and a medical condition including but not limited to dehydration, malnutrition, 
weight loss, and recurrent pneumonia [20].

A bedside swallowing examination is the first step in the swallowing assessment 
done by SLPs for almost all patients. There are several circumstances that prompt 
SLPs to proceed with an instrumental examination after a clinical swallowing evalu-
ation. First, when a patient’s signs of oropharyngeal dysphagia are inconsistent with 
their swallowing physiologies of the bedside examination. Second, when silent 
aspiration is strongly suspected. Third, when there is an unexplained repeated chest 
infection. Fourth, when documentation of progress is required before/ during/ after 
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Screening of Fever, Travel, Occupation, Contact and Clustering
Phenomenon History in last 14 days and/or Respiratory
Symptoms (Cough, Expectorant, Shortness of Breath,

Smell or Taste Disturbance) 

Yes

Non-urgent
•  Observation for 21 days
    and reassess
•  Refer infection control
Urgent
•  PCR test for SAR-CoV-2
   (NPS/Deep throat swab
   or saliva)

VFSS:
•  Standard/high level PPE (Surgical
   mask/N95 respirator, gloves, face
   shield/goggles, isolation gown)
•  IQAir® preferred
FEES
•  High-level PPE (N95 respirator,
   gloves, face shield/goggles,
   isolation gown)
•  IQAir® preferred

VFSS
•  Staff need hig-level PPE (N95
   respirator, gloves, face
   shield/goggles, isolation gown)
•  IQAir® is mandatory
FEES
•  Staff need ultra high-level PPE
   (N95 respirator, gloves, face
   shield/goggles, isolation
   gown)
•  Negative pressure room or
   IQAir® is mandatory

No

PCR Negative

PCR Positive

Note:
Avoid unnecessary suction of pharynx or
tracheostomy to reduce coughing and choking

Fig. 13.2 Workflow for swallowing studies in patients during the COVID-19 pandemic. NPS 
nasopharyngeal swab, PPE personal protective equipment, PCR polymerase chain reaction, PAPR 
positive airway pressure respirator, SAR-CoV-2 novel coronavirus

rehabilitation. Lastly, when appropriate intervention strategies need to be deter-
mined [21]. Objective information and measurements are required for all these con-
ditions, and are applicable for both FEES and VFSS.

There are occasions when SLPs prefer FEES to VFSS or vice versa. The selec-
tion of FEES is considered more appropriate if a direct or apparent visualization of 
nasopharyngeal and laryngeal structures is required, e.g., patients with suspected 
vocal cord pathology, asymmetrical pharyngeal contraction or a history of head and 
neck surgery, or if clinicians aim to clearly assess pharyngeal stasis post-swallow 
[24]. Nevertheless, contraindications include bilateral choanal atresia, a history of 
epistaxis and laryngospasm on insertion of the endoscope, severe confusion or poor 
cooperation for the procedure [22].

VFSS can be adopted if a patient is intolerant of FEES. Other indications favor-
ing VFSS over FEES include the SLP’s interest in the entire swallowing anatomy 
from the oral cavity to the upper esophagus, the function of the upper esophageal 
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sphincter, and the exclusion of an anatomical anomaly such as an esophageal diver-
ticulum [23]. Likewise, there are contraindications to VFSS, in particular, patients 
who are pregnant, who find it difficult to maintain the required physical position 
during the study, or who have a known history of an allergic reaction to contrast 
media [24].

If signs and symptoms of dysphagia persist after oropharyngeal dysphagia is 
ruled out as above, patients should be further assessed for possible esophageal dys-
phagia if symptoms are suggestive. Endoscopy is recommended as the first instru-
mental examination to exclude the presence of structural problems or inflammation. 
If found unremarkable, manometry is then suggested to evaluate for any esophageal 
dysmotility [25].

 Management of Dysphagia in Head and Neck Cancer Patients 
During the COVID-19 Pandemic: A Practical Strategy

While our routine clinical service has been reduced during the COVID-19 pandemic 
due to the global shortage of personal protective equipment and to minimize cross 
transmission of the SARS-CoV-2, our head and neck cancer service has been main-
tained as it has in numerous countries [26–30]. One of the common presentations of 
advanced head and neck cancer is dysphagia, occurring in up to 53–59% [31, 32] of 
patients with an associated mortality rate of 9% due to aspiration [32]. These dys-
phagic patients are often elderly, malnourished, immunocompromised and have 
multiple medical comorbidities such as diabetes, cardiovascular or cerebrovascular 
diseases, and who are more likely to suffer severe COVID-19 if they develop a 
SARS-CoV-2 infection [33]. Therefore, otolaryngologists and speech-language 
pathologists must stringently adhere to infection control measures to prevent cross 
transmission of infection while assessing and managing patients with dysphagia.

To minimize the chance of nosocomial infection, all patients who are admitted 
for head and neck cancer surgeries or swallowing assessments at our institution 
must be tested and confirmed to be negative for SARS-CoV-2 1–2 days prior to 
admission. The assessment of swallowing involves a wide range of tools including 
a bedside swallowing assessment, a fiberoptic endoscopic evaluation of swallowing, 
a videofluoroscopic swallowing study and cough reflex testing. These dysphagia 
screening tools may have the potential to lead to the generation of aerosols [16, 34]. 
Moreover, dysphagia rehabilitation and nursing care, for instance, feeding tube 
insertion or oral care, may also lead to aerosol generation, and potentially also cause 
cross transmission of infection to healthcare workers and other patients [33, 35, 36]. 
When direct patient contact is necessary, a distance of between 1 and 2 m (3–6 ft) 
should be maintained [16, 37, 38]. The highest level of personal protective equip-
ment with a face shield or goggles, an N95 respirator, a waterproof gown and gloves 
should be worn. Assessment should be conducted by a skilled speech language 
pathologist with extensive experience in endoscopic procedures and be completed 
within a time frame of 10–15 min [16, 38]. Careful donning and doffing of isolation 
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gowns is critical to minimize potential contamination. Hand hygiene should be 
carefully performed before and after attending to each patient using liquid soap and 
water when hands are visibly dirty or soiled with body fluid. When hands are not 
visibly soiled, hand hygiene with a 70–80% alcohol-based hand rub is an effective 
alternative [39].

Fiberoptic endoscopic evaluation of swallowing (FEES) and videofluoroscopic 
swallowing studies (VFSS) remain the two standard swallowing assessment tools 
for head and neck cancer patients. FEES involves the use of a fiberoptic endoscope 
to dynamically assess the anatomy of the pharynx, larynx and the presence of laryn-
geal penetration and aspiration of food materials into the airway [40]. FESS is con-
sidered to carry a higher risk of aerosolization when compared to VFSS, which 
involves the use of real-time X-ray to assess swallowing and aspiration into the 
airway. Therefore, VFSS is a preferable option to FEES in the context of the 
COVID-19 outbreak. During any swallowing assessment procedure, patients may 
sneeze and/or cough due to aspiration of food material, which may cause aerosol-
ization, requiring proper personal protective equipment including N95 respirators to 
be worn by clinical staff.

A tracheostomy is prevalent in head and neck cancer patients. It is recommended 
that a closed suction system and a heat moisture exchanger should be used to protect 
clinical staff who are involved in nursing care. Nursing staff should be reminded 
that a tracheostomy wound dressing and a tracheostomy tube change are high risk 
procedures, necessitating personal protective equipment to be worn at these times. 
During suctioning, splashes must be anticipated due to coughing. Nursing staff 
should stand at the side of patients and not in front of patients to avoid tracheal 
secretions being coughed onto them by patients [33]. When in doubt, a tracheos-
tomy tube or dressing change can be postponed until the COVID-19 status is con-
firmed to be negative unless there are obvious signs of soiling or infection [33]. 
When a tracheostomy tube is in place, the use of a close proximity IQAir HealthPro 
(Incen AG, Thal, Switzerland) air-filter is recommended. Such a filter is capable of 
removing 99.97% of all particles >0.3 μm from the environment and thus reduce 
environmental contamination by respiratory droplets [40].

 Implementation of Rehabilitation of Swallowing During 
the COVID-19 Pandemic: From the Acute Hospital  
to the Old Age Home

For the protection of patients and healthcare workers, guidelines for swallowing 
assessment and dysphagia management during the COVID-19 pandemic have been 
published by professional bodies and societies across the globe [35, 41, 42]. Early 
guidelines published by professional bodies such as the European Society for 
Swallowing Disorder recommended that no cough inducing techniques should be 
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used for swallowing rehabilitation [41]. As a cough is an aerosol generating event, 
the avoidance of a cough in techniques such as the supraglottic swallow is advo-
cated [41]. The guidelines also recommend that clinicians adopt primarily compen-
satory techniques such as postural modification, and fluid and diet modification 
instead of active rehabilitation exercises [41]. It also recommends that the treatment 
session duration should be as short as possible to minimize risk to healthcare work-
ers. Guidelines from various societies have been reviewed [16] and conclude that, 
for dysphagia rehabilitation, techniques such as thermal tactile stimulation, and 
expiratory and inspiratory muscle strength training should also be avoided in 
patients diagnosed with COVID-19.

Apart from measures to reduce transmission risk, the review also advocated the 
change from an oxygen mask to a nasal cannula during oral feeding and rehabilita-
tion if the patient’s condition allows [16]. The importance of oral hygiene was 
stressed, as this could possibly reduce the risk of aspiration pneumonia [16]. 
Guidelines have also suggested that patients perform oral hygiene independently, if 
possible, to minimize the risk of transmission to healthcare workers during the pro-
cess [41, 43]. On discharge from hospital, it is recommended that patients are fol-
lowed up to normalize swallowing function as much as possible [16], as swallowing 
dysfunction in the long run could affect nutrition, hydration and quality of life. The 
use of telehealth technologies to facilitate follow-up of discharged patients is also 
recommended [40].

 Telemedicine and the Evaluation and Management of Patients 
with Dysphagia

Clinical swallowing evaluation should include instrumental and quantitative swal-
lowing measures to allow objective documentation of swallowing functions. Many 
validated patient-reported outcome (PRO) measures and clinician-rated scales are 
available to assess the swallowing condition of patients suffering from dysphagia 
after treatment of a head and neck cancer. This assessment can also be implemented 
through telecare and is offered to patients who have no access to inpatient or outpa-
tient care during the outbreak of COVID-19. The MD Anderson Dysphagia 
Inventory is a 20-item PRO that helps to assess the patient’s perception of their 
dysphagia and is widely used in head and neck cancer patients [44, 45]. Other avail-
able swallowing specific PROs that can be used include the Royal Brisbane Hospital 
Outcome Measure for Swallowing (RBHOMS) [46], the Sydney Swallow 
Questionnaire [47] and EAT-10 [48]. There are several clinician related tools that 
can be applied to assess dysphagia and its outcomes in subjects presenting with 
swallowing difficulties. The Performance Status Scale Head and Neck (PSSHN) 
[49] is commonly used in head and neck cancer patients to evaluate the impact of 
dysphagia on their lives. Moreover, the Food Intake Level Scale (FILS) [50] and the 
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Functional Oral Intake Scale (FOIS) [51] can be used to document the level of their 
dysphagia diet based on the subject’s swallowing status. All these measures provide 
invaluable information to clinicians when combined with the clinical history and 
findings on examination which guide the treatment plan and recommendations to 
allow for safe swallowing.

Swallowing therapy is also an important rehabilitation that should be imple-
mented during the COVID-19 pandemic. This can be safely offered to subjects 
through telecare to minimize the risk of transmission of COVID-19, especially 
when mobile communication devices are so ubiquitous nowadays. There is further 
evidence which demonstrates the benefits of the application of telecare in swallow-
ing training that has good compliance compared to traditional on-site therapy [52]. 
Clinicians should optimize the application of telecare to the patient’s needs while it 
is not possible for them to access onsite clinical care and provide them with the 
same quality and standard. In Hong Kong, patients with a history of nasopharyngeal 
cancer and radiotherapy may find such mobile apps and telecare beneficial as they 
are relatively younger, knowledgeable in technology and open minded to innovative 
ideas [53]. While telecare does not allow routine oro-motor examination and other 
endoscopic procedures, they can still be offered in subsequent follow-ups during 
swallowing rehabilitation to review the progress and receive feedback from patients. 
Thus, clinicians may also adopt a more conservative approach to dysphagia man-
agement with close attention to potential markers of complications such as increased 
cough, fever and weight loss. Table 13.1 summarizes the guidelines for telemedi-
cine for speech therapy and swallowing management.

Table 13.1 Guidelines for telemedicine in speech therapy for voice and swallowing management

Type of 
patients

1. Inpatient
   Active cases
2. Outpatient/Day Hospital patients/CST patients
   Active cases
   New cases with history known to the clinicians

Selection 
criteria

1. Patients/carers receptive to tele-care
2. Problems that can be tackled by education, advice, monitoring and indirect 
training. For example:
Dysphagia/feeding problem
   Monitoring of diet tolerance, meal observation, swallowing exercises, 

oromotor exercises, education on feeding techniques, and diet modification
Voice disorder
   Voice therapy, vocal hygiene, alaryngeal speech training
Acquired speech and language disorder
   Dysarthria and aphasia therapy, oromotor exercises
Developmental speech and language disorder
   Articulation training, parent education on language facilitation skills

Intervention Patient and career education and advice, home exercise and program 
prescription, home program delivery and monitoring, communication for 
discharge planning
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 Management of Dysphagia in the COVID-19 Era: 
A Multidisciplinary Approach

Dysphagia is more common than dysphonia in COVID-19 patients and may be 
associated with other symptoms such as choking, sore throat, shortness of breath, 
and copious sputum. Any patient who suffers from aspiration pneumonia after pre-
vious endotracheal intubation should be worked up properly by endoscopy and 
swallowing studies to rule out silent aspiration. The management of dysphagia 
requires a multidisciplinary approach to yield the optimal outcome of diagnostic 
and therapeutic measures. Otolaryngologists and speech language pathologists are 
two specialties who receive referrals for patients with oropharyngeal dysphagia and 
who can coordinate or manage the evaluation process [54]. Other members of the 
healthcare team such as neurologists, respiratory physicians, surgeons, radiologists, 
physiotherapists, and occupational therapists can be consulted for subsequent evalu-
ation depending on the initial assessment on history, physical examination, bed-side 
swallowing examination, and specific swallowing studies such as FEES and 
VFSS. In the era of the COVID-19 pandemic, when a joint consultation is not fea-
sible due to the potential risk of transmission of infection, a telecare consultation 
that involves multiple specialties is still possible based on existing technology and 
electronic communication devices [55]. This allows each member of the healthcare 
team to work together to accomplish the goal in the patient’s care but still function 
independently [56]. This transdisciplinary model of service also allows a team 
member from different hospitals to participate in a patient’s care and to solve diffi-
cult and complex swallowing problems [57].

 Conclusions

During the current COVID-19 pandemic with healthcare systems under unprece-
dented pressure, priority must be given to the safety of healthcare workers and 
patients. Dysphagia can result in complications such as aspiration pneumonia and 
should be addressed in patients following decannulation after endotracheal intuba-
tion or tracheostomy. Asymptomatic carriers can be screened with a suitable PCR 
test prior to swallowing assessment. An instrumental swallowing study of a high- 
risk COVID-19 patient with acute respiratory symptoms can be safely performed 
with suitable precautions. Alternatively, in high-risk patients, the assessment of 
their swallowing function can be possible through tele-medicine using various non- 
instrumental methods. Telecare can also be used to implement swallowing training, 
monitoring and progress review during rehabilitation.

13 Evaluation and Management of Dysphagia During the COVID-19 Pandemic
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 Gastrointestinal Manifestations

 Clinical Background and Pathogenesis of Gastrointestinal 
Manifestations in COVID-19

The clinical concentration when dealing with the current coronavirus pandemic is 
always shifted to the respiratory manifestations, including pneumonia, and respira-
tory failure associated with the systemic inflammatory response of the virus. 
However, GI manifestations are a common presentation of the disease, either ini-
tially before the respiratory symptoms or concurrent with them, and they could help 
in establishing the severity of the illness and its prognosis. Several studies researched 
the viral shedding and GI infectivity of the COVID-19 disease and their effect on 
the disease course [1, 2]. This chapter aims to discuss the current situation regarding 
the GI manifestation presented in COVID-19 infection.

Recurrent GI manifestations association with coronaviruses’ infection was pre-
viously explained in the literature by “Tropism” to the gastrointestinal tract observed 
in coronavirus infection [3]. The colon, terminal ileum, and esophageal mucosa 
possess the highest prevalence of angiotensin-converting enzyme 2 (ACE-2) recep-
tors expression reaching 30%, thus these areas are at high risk for SARS-CoV-2 
infection. In contrast, the liver and the stomach show a lower receptor expression 
prevalence of <1%, with lower risk of infection [4, 5].

Viral shedding causes spreading of infection, which takes place through fecal- 
oral or fecal-aerosol respiratory routes  [6], please see Fig. 14.1. This viral shedding 
is apparent through the presence of the virus in the stool and anal samples of 43% 
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circle of feco-oral infection
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of infected patients, as detected by viral polymerase chain reaction (PCR) [7]. 
Moreover, acidity of the stomach does not appear to cause destruction of the corona 
viral particles, as live virus is present in the stool of the patients, which renders the 
feco-oral route for COVID-19 infection a plausible one. However, gut infection 
does not result in systemic viremia as in the case of respiratory infection [8, 9].

Furthermore, ACE-2 receptors have an important role in amino acid metabolism, 
as the entry of tryptophan through the B0AT1 (neutral amino acid transporter) 
receptors causes the induction of an antimicrobial response, along with the induc-
tion of incretins’ release (glucagon like peptide-1 (GLP-1) and gastric inhibitory 
peptide (GIP) responsible for glucose metabolism). As a result, deficiency of tryp-
tophan metabolism and cellular entry causes dysbiosis and hyperglycemia in 
COVID-19 patients. This dysbiosis enhances the growth of opportunistic bacteria, 
increases lipopolysaccharides, and induces GI inflammatory response [9–11].

A well-established theory in COVID-19 is “The Gut-Lung Axis”; known as the 
interaction between the gut and lung where an inflammatory response in one organ 
affects the other. Clinically, COVID-19 patients with GI manifestations presented 
with more severe respiratory symptoms, than those without GI manifestations [12]. 
Please see Fig. 14.2.

A recent meta-analysis on global metabolomics datasets showed that other 
metabolites such as propanoate and selenocompound could be affected by the gut 
microbiota and could change in the severity of COVID-19 infection as well [13].

Regarding hepatic manifestation, normally the liver possesses a low amount of 
ACE-2 receptors, but in case of chronic inflammatory conditions, the ACE-2 recep-
tors level rises due to the associated hepatocellular hypoxemia. SARS-CoV-2 causes 
a decrease in ACE receptors level and consequently causes elevation of liver 
enzymes and induction of hepatocyte inflammation [10].
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Fig. 14.2 The GUT-LUNG axis and the effect of dysbiosis
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 Gastrointestinal and Hepatic Presentations of COVID-19

Gastrointestinal and hepatic manifestations that present in COVID-19 patients are 
shown in Table 14.1 [14]. The commonest GIT manifestations with COVID-19 are 
abdominal pain, diarrhea, and vomiting [3]. A study by Wang et al. showed that only 
abdominal pain is associated with increased risk of ICU admission [15]. Moreover, 
Wong et al. showed that diarrhea was the most prevalent symptom in SARS-CoV-2 
infection studies (ranging from 13.8 to 73.3%) [16], with pooled diarrhea preva-
lence of 13.8% [17] and 10.4% in two different meta-analyses [18]. Patients with 
diarrhea symptom tend to have longer disease course of COVID-19, but with more 
enhanced immunity. Besides, viral shedding in their stool tends to lag for a longer 
duration after resolving their symptoms [19]. In addition, COVID-19 severity of 
infection and mortality incidence differ according to the presence of GIT symp-
toms. The severity of COVID-19 disease’s risk increases with presence of GIT 
manifestations, odds ratio (OR) of 2.07. The risk of mortality increases with pres-
ence of hepatic manifestations, OR of 1.26, but not with presence of GIT manifesta-
tions, OR 0.92 [3]

In a recent meta-analysis the pooled prevalence of GIT manifestations included 
diarrhea 16.5%, nausea 9.7%, elevated liver enzymes 5.6%, abdominal pain 4.5%, 
while vomiting, loss of taste, and anorexia were  <  2%. Furthermore, GI related 
mortality was 3.5% and GI related ICU admission had odds ratio of 1.01. But the GI 
related mortality was different from one country to another (<1% in China and > 10% 
in the USA) [20].

The hepatic interaction with COVID-19 includes hepatotoxicity from drug regi-
mens, viral entry through the ACE-2 receptors, hepatocellular hypoxia due to respi-
ratory failure, increased inflammatory markers in systemic inflammatory response, 
and exacerbation of preexisting chronic liver disease [21]. This is shown in 
Fig. 14.3.

Table 14.1 GIT and 
hepatic manifestations  
of COVID-19 among the 
studies performed  
in China [14] 

Symptom or lab variation
Prevalence in studies 
(minimum to maximum)

Diarrhea 2–75%
Nausea 1–29.4%
Vomiting 1–18.6%
Jaundice (increased bilirubin) 2–18%
Anorexia 1–78.6%
Abdominal pain 2–13%
ALT elevation 6–28%
AST elevation 2–18%
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 Diagnosis and Treatment of GIT and Hepatic Manifestations 
of COVID-19

Laboratory diagnosis for hepatitis includes assessment by liver enzymes and 
abdominal ultrasound.

Viral PCR of the diarrhea stool samples shows viral shedding was validated by 
many studies. Although, recent Chinese guidelines are using this method as their 
gold standard for diagnosis, it is still not widely accepted. A recent meta-analysis of 
the reported Chinese cases by Cheung et al. found an overall viral prevalence of 
48.1% in stool samples [22], with the presence of live virus in fecal PCR samples 
[23]. The great variability in viral detection among studies was attributed to direct 
freezing of stool samples, which causes disintegration of the viral particles and 
lower yield [8, 24]. This problem could be resolved simply by adding a special buf-
fer to the stool samples before freezing, in order to preserve the viral particles [25].

 Protection of the Health Care Workers

Viral shedding through the GIT in latent SARS-CoV2 virus causes spread of infec-
tion among healthcare workers during certain procedures that involve contact with 
gastrointestinal fluids as with: dentists during dental procedures, gastroenterologists 
during endoscopies (upper GIT endoscopy or colonoscopy), and otolaryngologists.

14 Gastrointestinal Manifestations of COVID-19 and Inflammatory Bowel Disease…
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At the beginning of the pandemic, all elective procedures were halted, even cal-
protectin testing for inflammatory activity was prohibited due to the risk of infection 
from stool samples, and a significant reduction in therapeutic drug monitoring was 
noticed in patients receiving adalimumab (75%) and infliximab (36%) [26].

The risk of infection of the health care workers depends on the degree of applica-
tion of the protective measures. It was found that physicians, although directly inter-
acting with the patients, are the least infected with infection rate of 13.3%. Whereas 
the infection rate in the cleaning staff reached 33.3% and in the administrative staff 
reached 42.9%, thus they are more likely to get infected, owing to the less strict 
follow-up of the protective measures. This confirms the importance of awareness 
spreading to all healthcare workers [27].

In a recent report on outpatients who had GI endoscopy procedures, it was found 
that infection rate risk was very low, providing that the patients follow stringent 
protective measures [28], including “minimization” of airborne infection [29] and 
“green pathways” for detection of infection before preparation to endoscopy.

 Inflammatory Bowel Disease (IBD) in the COVID-19 Era

 Clinical Background of the Condition

IBD is an autoimmune disease involving the gastrointestinal tract with two sub-
types: Crohn’s disease and ulcerative colitis. Crohn’s disease (CD) affects mainly 
the intestine but could also affect the whole GI tract. The main presentations of the 
disease include diarrhea, abdominal pain, fistula or intestinal obstruction. CD 
pathology is transmural, with three subtypes: intestinal inflammation, stricturing, or 
fistulizing disease. Ulcerative colitis (UC) mainly affects the colorectal part of the 
GIT and could present with bleeding per rectum, diarrhea, and abdominal pain. UC 
pathology is transmembranous with crypt abscess. UC could be complicated with 
toxic megacolon or associated with high risk of colon cancer [30].

Both CD and UC have extra-gastrointestinal manifestations such as hypercoagu-
lable state, uveitis, hepatitis, arthritis, secondary biliary cholangitis, etc. [31].

Surveillance Epidemiology of Coronavirus Under Research Exclusion 
(SECURE)-IBD is a worldwide registry (https://covidibd.org/) which depends on 
the voluntary collaboration of physicians, reporting on IBD patients worldwide 
[32]. It helps in documenting the cases and providing clinical updates across its 
platform, thus offering valuable information for decision-making worldwide.

 Effect of COVID-19 on IBD

During the pandemic, COVID-19 could alter the management of IBD patients. So, 
we have to weigh the benefits versus the risks of acquiring COVID-19 infection 
with respect to the following measures, administering subcutaneous instead of 
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intravenous biologics; using telemedicine instead of actual clinical examination; 
delaying initiation of therapy; delaying follow-up of elective GI endoscopies, delay-
ing elective surgeries related to the condition; among others [33]. Furthermore, we 
have to consider certain measures in the medical treatment of IBD. For example, we 
found that Infliximab (a drug used for induction and maintenance of remission in 
IBD), when received in active IBD patients was associated with ameliorating of the 
cytokine storm and pulmonary manifestations of COVID-19 [34].

Patients, who continue their maintenance biologic regimens of vedolizumab or 
Infliximab, still have no increase in the risk of COVID-19 infection [35]. It was 
proposed that the use of mesalamine/sulfasalazine does not affect the severity of 
COVID-19 infection and can be used safely in IBD patients [36]. However, clinical 
data presented by a metaanalysis included 525 cases on the SECURE-IBD database 
from 33 countries. The study showed that any of the following factors could trigger 
the occurrence of severe manifestations including increase in age, presence of ≥2 
comorbidities, and treatment with sulfasalazine, 5-aminosalicylate, or systemic cor-
ticosteroids, while tumor necrosis factor alpha (TNF-α) antagonists did not [37]. In 
addition, using azathioprine either in mono or combination therapy is associated 
with severe COVID-19 [38].

The IBD patients’ perspectives are crucial when dealing with COVID-19. First, 
they are more aware of the risk of acquiring infections from their immunosuppres-
sive medications, so they are more cautious. Second, they seek advice through dif-
ferent media and consultations, so their level of awareness is higher than the general 
population. Third, their maintenance of biological therapy could be delayed out of 
fear of “going to the hospital,” thus they need specific formulated measures to guide 
them and follow their adherence to medications [39]. These measures include can-
cellation or rescheduling of elective visits and procedures as follow-up colonoscopy 
while enhancing the telemedicine communication with the patients such as email, 
telephone, WhatsApp, video calls, etc. [40].

Telemedicine showed tremendous benefit during the pandemic when compared 
to the standard of care, providing a safe and efficient medium of interaction between 
the IBD patients and the specialists, resulting in reduction of hospital admissions.

Conversely, limitations include the low availability of IBD specialists using tele-
medicine and the unclear health insurance policies covering this online method. 
Moreover, concerns about the ideal methods of drug delivery to the patients need 
further assessment when using telemedicine in IBD patients [41].

 Effect of IBD on COVID-19

COVID infection risk is ameliorated in IBD due to patients’ awareness of the pro-
tective measures, and their avoidance of hospital visits unless they have severe dis-
ease presentations, physicians postponing elective endoscopies and surgeries, and 
tapering of the steroid dose or even complete withholding for fear of lowering the 
immunity of the patients [34].
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A recent systematic review examined the vulnerability of IBD patients to 
COVID-19 infection and concluded that there is no increased risk associated. 
However, they stated that COVID-19 could exacerbate IBD symptoms [5]. With 
most reports showing that there is no increase in the incidence of acquiring 
COVID-19 in IBD patients, it remains important to differentiate IBD exacerbation 
from COVID-19 GI manifestation [32].

The risk of COVID-19 infection in IBD was 0.3%, similar to the infection rate in 
the general population [34, 42]. The presence of bowel inflammation and the admin-
istration of immunosuppressives will not increase the expression of ACE-2 recep-
tors in the gut, hence no increase in the risk of COVID-19 infection [43]. Furthermore, 
no increase in the severity of COVID-19 infection is detected in IBD patients as 
compared to the general population [37].

The differentiation between gastrointestinal symptoms caused by IBD flare ver-
sus COVID-19 infection is important. Mostly, we follow the “Wait And See” policy, 
where after 5–7 days the COVID-19 GI manifestations resolve, while GI manifesta-
tions of the IBD flare increase. Calprotectin could help differentiate between the 
two illnesses [34]. This is shown in Fig. 14.4.

Gastrointestinal manifestations in IBD patients are triggered by many factors 
including: IBD exacerbation, incompliance to medications, low or ineffective dose 
of IBD medication, antibiotic associated dysbiosis, side effects of the IBD medica-
tions, or concomitant COVID-19 infection [5, 44]. This is shown in Fig. 14.5.

GIT manifestations in IBD patients

COVID-19 positive

Fecal calprotectin and treatment
compliance

Yes
measure drug trough levels of

thiopurines and biologics

Mild
Add topical and locally acting

medications

Moderate to severe

Treat as indicated weighing benefits
versus harms

Taper steroids to <40mg/day

Avoid stopping or starting
immunomodulators or Tofacinib 

Escalate biologics as necessary.

No
Restart last prescribed medications

COVID-19 Negative

Fig. 14.4 Flow diagram of the treatment algorithm of IBD patients presenting with GI manifesta-
tions during the COVID-19 pandemic
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IBD  flare

COVID-19
presented
with GIT

symptoms

GI manifestations in IBD patients

Incompliant
to treatment

or side
effects to
treatment

Fig. 14.5 The causes of 
GI manifestations in IBD 
patients during the 
pandemic

 Guidelines for IBD Treatment and Follow-Up, Dilemmas, 
and Differences

When designing the guidelines for IBD patients during the pandemic, our data and 
clinical experience with this new virus are still limited. Thus, we have to weigh the 
benefits of decreasing the IBD medication doses to enhance the patient’s immunity 
versus the risk of exacerbating the disease but could increase the risk of relapse and 
hospitalization.

European Crohn’s and Colitis Organization (ECCO) guidelines stated that all 
immunomodulators are to be stopped on confirmation of infection (contact with a 
patient) including thioprine, methotrexate, tofacitinib, TNF, vedolizumab, 
ustekinumab. However, nonimmune modulators such as antibiotics, local 
budesonide, aminosalicylate, or rectal therapy could be continued. As for American 
Gastroenterology Association (AGA), and International Organization for the Study 
of Inflammatory Bowel Disease (IOIBD), they recommended applying the same 
measures for both confirmed or suspected cases (exposed to COVID-19 patients) [34].

American Gastroenterological Association (AGA) recommendations state that as 
patients with IBD are not in an increased risk of acquiring COVID-19 infection, 
there is no need for withholding the maintenance therapy for fear of being infected 
by SARS-CoV-2 as this will burden the health care system, with consequent relapse 
of the IBD disease [45].

We need strict following of the protective measures the infusion centers [46], 
along with mandatory screening of patients. Moreover, infusion centers should con-
sider shifting to subcutaneous drug alternatives and shorten the duration of infusion 
in their centers [46].

Asian Pacific Association of Gastroenterology (APAGE) guidelines are similar to 
the ECCO and IOIBD in tapering the steroids dosage and withholding the JAK 
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inhibitors and immunomodulators. But, they do not recommend switching of the 
biological therapy from intravenous to subcutaneous, unless there are no open infu-
sion centers available [47].

Gastrointestinal endoscopy indications during the pandemic include newly diag-
nosed IBD, acute episodes of bleeding, bowel obstruction, or UC flare [48].

Concerning the care of hospitalized patients [49], ECCO added another category 
of COVID-19 patients who are asymptomatic but have positive PCR testing; they 
recommended the same as mildly symptomatic disease. Please see Table 14.2.

In relation to guidance for restarting medications after a period of withholding 
them, ECCO recommended that we follow the “Symptom-based” and “Test-based” 
strategies when restarting IBD medications after a period of withholding, caused by 
COVID-19 infection. Symptom-based strategy depends on the severity of symp-
toms of both COVID-19 and IBD. It was shown that the more clinically severe the 
COVID-19, the more inclination to delay restarting of IBD medications, whereas 
the more severe or hard to control the IBD, the more inclination to fasten the restart-
ing of IBD medications. While test-based strategy depends on two consecutive 
(24-h apart) negative PCR tests for SARS-CoV-2 and then restart [50].

Regarding thromoprophylaxis, it is given to patients with high-risk factors or 
presenting with severe COVID-19 infection requiring hospitalization, this is inde-
pendent of their IBD stage (mild, moderate, or severe) [34]. These patients have a 
double risk for hypercoagulability, from both IBD and severe COVID-19 [51]. 
Please see Table 14.2. Furthermore, adding thromboprophylaxis in pregnant IBD 
patients is empirical, whether the patient is infected with COVID-19 or not, with 
avoiding steroids administration if possible [52].

Table 14.2 Areas of agreement across the current IBD treatment guidelines in mild and moderate- 
severe COVID-19 infection

Drug
Effect on immune 
system

Mild COVID-19 
Infection decision

Moderate to severe 
COVID-19 infection 
decision

Budesonide Do not increase the risk 
of infection

Continue Continue

5-aminosalicylic 
acid

Do not increase the risk 
of infection

Continue Continue

Corticosteroids Increase the risk of 
infection

Withdraw or taper to 
<20 mg/day
Shift to local steroids

Withdraw or taper to 
<20 mg/day

Thiopurines/
methotrexate

Cause leukopenia Withhold Withhold

Tofacitinib/JAK 
inhibitors

Decrease interferon 
alpha

Withhold Withhold

Biologics Anti-TNF
Anti-integrins

Delay for 2 weeks 
and monitor clinical 
symptoms

Delay for 2 weeks and 
monitor clinical 
symptoms

Anticoagulation Protection from 
thromboembolism risk

None 4 weeks of heparin or 
direct oral anticoagulants
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 Guidelines for Vaccination

Vaccination is recommended in the IBD management guidelines including influ-
enza and pneumococcal vaccines and is imperative during the pandemic [47]. The 
IBD management guidelines recommends influenza vaccination to IBD patients 
during the COVID-19 pandemic. This vaccination will protect IBD patients from 
acquiring infleunza infection by elevating the protecting antibody levels against the 
hemagglutinin portion of the virus. Also, the influenza vaccine plays an important 
protective role in COVID-19 infection itself [5]. Gastroenterologists should be 
aware of the vaccination history of IBD patients, especially when commencing a 
new immunosuppressive regimen, and vaccinations should be administered only 
during the disease remission [53].

A recent survey found that half of IBD patients are willing to receive COVID-19 
vaccination. This could be due to patients’ concerns about safety and long term side 
effects [54]. Moreover, there is a debate, whether vaccination in IBD patients could 
achieve desirable effects on immunity, as the immunosuppressive and immunomod-
ulatory drugs may prohibit the antibody and cellular protective response of the vac-
cine. However, it was noticed that new biological therapies such as ustekinumab or 
vedolizumab do not affect the immunological response to flu vaccination, and 
increasing the dose of flu vaccine in patients receiving anti-TNF-a elucidates an 
effective response. Thus, the IOIBD panel recommends vaccination of all IBD 
patients regardless of the type of treatment received, without stopping their medica-
tions; but the administration of live (viral vector) or attenuated virus vaccines is 
forbidden [34, 55].

Furthermore, both the British Society of Gastroenterology IBD section and IBD 
clinical research group recommend vaccination for IBD patients independent of 
their TNF-a medications. They stated that vaccination is safe in this population and 
benefits outweigh the risks [56].

However, IBD could induce a hypercoagulable state, increasing the risk of 
thromboembolism and affecting both the arterial and venous systems [57]. As safety 
concerns have risen recently from the AstraZeneca vaccine, with hypercoagulable 
state noticed in some patients receiving the vaccine, we have to be more cautious 
when dealing with high-risk populations such as IBD patients [58].

 Future Research Points

More data becomes available each day on IBD patients; this will help modify the 
existing guidelines during the pandemic and after. In addition, clinical trials will 
expand our therapeutic armamentarium in both IBD and COVID-19. It goes without 
question that patient’s safety is a priority when conducting clinical trials [59]. 
Special populations such as pregnant women or children with IBD will have more 
cohorts and clinical trials to know more about their management with SARS-CoV2 
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especially the vaccination issue, hence most of the recommendations for this cate-
gory is based on expert or theoretical opinions from previous outbreaks.

As awareness of the disease overcomes the initial “disease scare,” and the disease 
pathophysiology becomes more understandable, these will help build more struc-
tural and easy protective measures, which could be easily followed and also 
cost-effective.

Data are updated on a daily basis for IBD patients. This will help modify the 
existing guidelines during the pandemic and after. In addition, clinical trials will 
expand our therapeutic armamentarium in both IBD and COVID-19. However, 
since the patient’s safety is the main priority when conducting clinical trials [59], 
special populations such as pregnant women or children with IBD will need more 
cohorts and clinical trials to establish their management plans regarding SARS- 
CoV2, especially the vaccination issue. Hence, most of the recommendations for 
this category are based on expert or theoretical opinions from previous outbreaks.

As awareness of the disease overcomes the initial “disease scare,” and the disease 
pathophysiology becomes more understandable, more structural, cost-effective, and 
easier protective measures will be available.

Scarce data could be found on the difference between the two IBD subtypes (UC 
and CD) and their association with COVID-19. In a large cohort by Singh et al. UC 
had more severe presentation of COVID-19 than CD. However, further studies are 
needed for confirmation. This difference in presentation between the subtypes could 
be explained by many factors, UC patients tend to be older than CD patients; CD 
patients tend to receive biological therapy earlier in their disease, while UC patients 
could try a lot of regimens or be controlled on ASA-5, which is an associated with 
more severe COVID-19 disease. In addition, the different distributions of ACE-2 
and transmembrane protease, serine 2 enzyme (TMPRSS2) receptors in the two 
subtypes may play an important role in COVID-19 presentation [60, 61]. We need 
further research in this area.

The implementation of virtual clinical practice technologies (i.e. telemedicine) 
gained a tremendous usage expansion in the COVID-19 pandemic [61]. As for the 
impact of COVID-19 on telemedicine efficiency in antenatal care of IBD patients, a 
cohort of 244 pregnant IBD patients showed that nevertheless most of the antenatal 
care was conducted through telephone, there was no deterioration in the level of 
medical care, no increment in maternal or fetal complications, while there was a 
higher rate of biological therapy maintenance. But more research is required in this 
special category of IBD patients [62].

Regarding the relation between IBD and COVID-19 risk of infection, a cohort of 
500 IBD patients showed no COVID-19 cases [63]. However, the tendency towards 
hasty conclusions, after small cohorts or weak conducted studies, is not recom-
mended. We must examine the level of evidence at each step and request more 
research with high quality evidence. In addition, we should consider the epidemio-
logical factors, including the proper sample size calculation before conducting the 
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study, and the balance between different confounders as a source for possible 
bias [64].

Special categories such as pregnant women and children are always excluded 
from the clinical initial trials of vaccines and drugs because we have to establish all 
the safety issues first. Fortunately, children with IBD have low risk of COVID-19 
infection. In addition, recent data from the Pfizer vaccine trials on children with 
IBD aging 12–15  years are promising in their safety profile, and an emergency 
authorization for this special age group was approved in the USA. Moreover, there 
is an ongoing trial on the vaccination of 6 months to 11 years old children with 
IBD. Moreover, recent data on COVID-19 vaccination in pregnant women showed 
a high safety profile [65].

Furthermore, as of August 11, 2021, the Centers for Disease Control and 
Prevention (CDC) has updated its recommendations for vaccination of all children 
of 12 years or older and pregnant women, especially high-risk patients [66].

 Conclusions

Gastrointestinal manifestations of COVID-19 infection are common, and COVID-19 
diagnosis should be suspected upon presentation of GI symptoms. Inflammatory 
bowel disease flare or activity could be confused with COVID-19 GI presentation. 
Patients with IBD should follow strict protective measures during the pandemic, 
along with the recommended vaccinations. Medications should be adjusted accord-
ing to both the severity of IBD and COVID-19.
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Chapter 15
Post COVID-19 Conditions:  
The New Challenge to Mankind

Iana Simova, Denis Nikolov, Denislava Hristova, Hristina Tzanovska, 
Anyuta Ivanova, Maria-Magdalena Pintova, Diliana Iakova, 
Vladimir Kornovski, Todor Kundurzhiev, and Toni Vekov

 The Post COVID-19 Syndrome

Post COVID-19 conditions include all signs and symptoms of COVID-19 that per-
sist after the end of the acute phase (3–4 weeks), without a limit of duration (as for 
the knowledge we have so far). Another term for these conditions, introduced by 
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Antoni Fauci, is “Post-Acute Consequences of SARS-CoV-2 Infection” (PASC) [1]. 
The available data demonstrates that the consequences after the infection can be just 
as serious and continue for an unusually long period of time after the onset of the 
disease. It is the long persistence of complaints and manifestations after the acute 
phase of the infection that are known as post COVID-19 conditions. So far there is 
no precise scientific definition for the reason, duration, and prognosis of PASC [2]. 
The severity of the acute phase of the disease does not determine the onset of post 
COVID-19 syndrome. There are reported cases of patients with PASC who were 
with mild or even asymptomatic infection. There is no age limit for the manifesta-
tion of post COVID-19 conditions, but the reported frequency is higher in the 
elderly population [3, 4]. According to the latest data from the World Health 
Organization, the consequences of an infectious disease can last for 2–3 years [5].

One of the many pathogenetic hypotheses for PASС is direct cell damage by 
binding of SARC-CoV-2 to ACE2 receptors, initiating an immune response, leading 
to increased cytokine production, and triggering procoagulation states. It was later 
discovered that the reason for prolonged viral replication is the fact that SARS- 
CoV- 2 can be transmitted through a different pathway—the gastrointestinal tract, 
which could be considered a second hypothesis. The gastrointestinal tract has its 
own specific microbiome and a disturbance in it leads to dysbacteriosis. Furthermore, 
intestinal inflammation increases the expression of ACE2, and the virus stays in the 
gut for much longer, which in turn modulates immune responses and causes pro-
longed symptoms. This has been proven by an intestinal biopsy, which detects the 
presence of the virus. In some cases, SARS-CoV-2 can cause autoimmune reac-
tions, leading to a more severe course of the disease and the development of post 
COVID-19 conditions [6, 7].

The suboptimal immune response leads to a higher viral load and is associated 
with disturbances in interferon production. In severe cases of the disease the body 
lacks IFN-beta, and the level of IFN-alpha and IFN-lambda is reduced. Lymphopenia 
and unregulated inflammation have been observed in patients with severe COVID-19 
and prolonged persistence of the infection as a result of decreased production of 
granular lymphocytes (NK cells), CD16 + monocytes, plasmacytoid dendritic cells, 
which are responsible for innate immunity [7, 8].

The range of the symptoms can vary from mild to inability of performing normal 
daily activities. All systems can be involved, with a typical changing of symptoms 
over the course of time. Prolonged exposure to viral load can cause multisystem 
inflammatory syndrome (MIS) or trigger autoimmune conditions. The involvement 
in PASC is multi-organ, with the most common being complaints from the nervous 
system [9]. Post COVID-19 conditions are more common among people with 
chronic diseases such as hypertension, kidney diseases, diabetes mellitus, obesity. 
Genetic predisposition to the disease has not yet been described. The most frequent 
systems to be affected are the nervous, cardiovascular, pulmonary, and excretory 
systems, musculoskeletal system, and integumentary. Many healthcare centers are 
opening specialized wards to provide clinical care for people with persistent symp-
toms after COVID-19. It is important to note that most patients who have COVID-19 
recover successfully. The scientific community should focus on that part of the 
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people in whom the effects of the disease leave persisting traces and worsen their 
quality of life. The duration of PASC is still not known. In approximately 30% of 
COVID-19 survivors, symptoms may persist indefinitely. 76% of patients reported 
persistence of at least one symptom of PASC for at least 6 months after the acute 
phase [10]. Many COVID-19 survivors cannot return to their normal lifestyle. At 
this stage, there is no accurate scientific data on whether these long symptoms can 
lead to a chronification of the disease.

In conclusion, understanding the pathogenesis of PASC may provide answers 
and guide the medical community to the right management of the condition. The 
loss of human lives, the disability of the population, the increase in the costs of 
health care and services burden the health care systems. Persistence of post 
COVID-19 conditions affects various levels of medical and social life, and the nega-
tive effects on healthcare and the economy may be fully appreciated in the future. 
The psychological and social consequences of ongoing COVID-19 should be con-
sidered as part of clinical care models [10].

 Cardiovascular Involvement in COVID-19

The primary target for SARS-CoV-2 is the respiratory system, but the cardiovascu-
lar system can be involved as well. Apart from the mild flu-like symptoms, 
СOVID-19 often causes serious damage to the cardiovascular system—endotheli-
itis, microangiopathy, thrombosis, heart failure, myocarditis, pericarditis, cardiac 
arrhythmias, and acute coronary syndromes. Once in the nasopharynx, the SARS- 
CoV- 2 enters the body by binding through its S-binding protein to angiotensin 
I-converting enzyme 2 receptors (ACE2-r), found predominantly in the lungs, car-
diomyocytes, and endothelial cells. ACE2 is known to have protective effects by 
catalyzing the hydrolysis of angiotensin II and therefore lowers the activation of the 
renin–angiotensin–aldosterone system (RAAS), which occurs in conditions of car-
diovascular disease (CVD) such as hypertension, congestive heart failure, and ath-
erosclerosis. Entering the cells via endocytosis, the virus begins to replicate, causing 
widespread infection. Since ACE2 converts angiotensin I and II to cardioprotective 
peptides, angiotensin 1–9 and angiotensin 1–7, its loss on cell surface may potenti-
ate cardiac damage, resulting in endothelial dysfunction, inflammation, and throm-
bosis. ACE2 activity is known to be reduced in vessels with established 
atherosclerotic plaques and diabetes, while it is increased in women and young 
people due to the action of estrogens [11–14]. Reduction in ACE2 activity may 
potentiate the so- called cytokine storm. It involves elevated levels of circulating 
cytokines and immune cell hyperactivation caused by dysregulating RAAS and acti-
vating ACE2/bradykinin axis. The overproduction of cytokines and hyperinflamma-
tion leads to exacerbation of underlying cardiovascular diseases or triggering new 
ones. According to the latest epidemiological data, about 80% of patients with 
COVID-19 have mild symptoms, about 45% require hospitalization, while 5% of 
patients need mechanical ventilation. The difference in the course of the disease is 
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related to the degree of viral load, host immune response, age of the patient, and the 
presence of other diseases such as hypertension, diabetes, and coagulation abnor-
malities. Aging is associated with increased oxidative stress and reduced role of 
endogenous defense mechanisms. With aging there is a reduced efficiency of throm-
bolysis, lower protection against myocardial ischemia, and more frequent manifes-
tation of heart failure and other CVD. It has not yet been established whether the 
patient’s older age or greater immune response to the virus or both are responsible 
for myocardial damage with consecutive complications [15–18].

 Cardiovascular Complications in COVID-19

Direct viral infection, cytokine dysregulation, and direct cardiomyocyte involve-
ment can lead to acute myocardial injury in patients with COVID-19. Thus except 
for the high levels of CRP (C-reactive protein), elevated troponin levels suggest 
acute myocardial injury. It can be a result of myocarditis, ischemic injury, 
Takotsubo’s cardiomyopathy, septic cardiomyopathy, pulmonary embolism [7, 
19, 20].

Acute coronary syndromes can be a manifestation of imbalance between myo-
cardial supply and demand as a result of systemic changes—hypoxemia, tachycar-
dia, hypotension, vasoconstriction, or acute thrombosis in the coronary arteries. 
Often, when the right coronary artery is affected a complete atrioventricular heart 
block can be provoked. Other location of the coronary lesion may lead to severe 
ischemic cardiomyopathy, left ventricular aneurysm formation with apical throm-
bosis [21–23]. The most frequent arrhythmia seen in COVID-19 patients is atrial 
fibrillation, which is a result of acute respiratory failure. Electrolyte imbalance such 
as low levels of potassium or magnesium can also lead to arrhythmic states [24]. 
Some of the medications used in the treatment of COVID-19 have proarrhythmo-
genic effects and should be used with caution, as they can provoke long QT interval, 
ventricular tachycardia, and sudden cardiac death [25, 26].

A hypercoagulable state and thrombotic events, that are related to markedly ele-
vated D-dimer and fibrin degradation products, are thought to be secondary to sys-
temic inflammatory response [27, 28].

Takotsubo cardiomyopathy is mainly a result of increased stimulation of the 
sympathetic nervous system, which is usually observed in patients with COVID-19. 
It can be due to physical and psychological stress. This state can mimic acute coro-
nary syndrome, which can develop within severe sepsis, hypoxemia, or metabolic 
acidosis [29–31].

Acute myocarditis due to myocardial inflammation can lead to ventricular dys-
function because of focal or global myocarditis or necrosis [25]. Life-threatening 
arrhythmias can be a consequence of myocarditis. When linked with pericardial 
effusion, further deteriorating of the hemodynamics might lead to acute heart failure 
(HF) and cardiogenic shock [26, 32].
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 Life After COVID-19: Results of the First National  
Campaign in Bulgaria

Bulgarian Cardiac Institute (BCI) is an organization for cardiac treatment, which 
leads the largest and fastest growing medical group in Bulgaria. Covering 2/3 of the 
patient flow and 3/4 from the territory of the country, BCI is a leading center in 
medical activity, applying the most modern methods and equipment for diagnosis 
and treatment in the field of cardiology, cardiac surgery, neurology, neurosurgery, 
vascular surgery, oncology, surgery, orthopedics, genetics, immunology, radiother-
apy, and radiosurgery. In correlation with this, maintaining the trend of laying the 
foundations for innovation, we launched the first national, free, and long-term cam-
paign “Life after COVID-19.”

The campaign focused on all citizens who had suffered from COVID-19, regard-
less of the form of the disease. Through a survey available on an Internet platform 
or conducted through a telephone conversation, participants reported their health 
status. The questions they answered were closed-ended, with two possible answers—
yes (i.e. there is a problem) or no (i.e. no problem). The data was processed and 
every citizen with at least one persistent symptom was offered a free-of-charge 
medical examination. It was conducted by leading cardiologists in the country and 
included a detailed history, status, blood pressure measurement, electrocardiogram. 
In case of pathological deviations, additional examinations, treatment, and consul-
tations were performed. The participants were followed up for a long time and in 
case of persistent symptoms, despite the performed medical-diagnostic procedures, 
they were hospitalized in high-tech hospitals for continuous treatment.

The overwhelming interest in the campaign led to the participation of over 2300 
citizens who survived COVID-19. We found that 75% of the respondents received 
treatment at home, while 25% had a more severe course of the disease, which 
required treatment in a hospital (1% in the intensive care unit). Of all respondents, 
68% reported persistent complaints months and even a year later. The main ques-
tions that received a positive answer (yes, i.e. there is a problem) were those related 
to signs and symptoms of fatigue (62%), palpitations (39%), shortness of breath 
(32%), chest pain (28%), joint pain (25%), headache (20%), impaired concentration 
(16%), dizziness (16%), persistent cough (14%) (Fig. 15.1).

A medical examination was performed on 1547 patients (57% women and 43% 
men). The most common pathological finding was destabilization of blood pressure 
control (52%), among which hypertension was predominant (95%), followed by 
hypotension (3%), and instability in blood pressure values (2%). Cardiac arrhyth-
mias were found in more than 1/3 of those examined—manifesting as tachycardia 
(96%) or bradycardia (4%). Manifestations of decompensated heart failure were 
observed in 16% of cases.

These pathological abnormalities necessitated additional examinations in 61% 
of those examined. The main instrumental method supporting the diagnostic pro-
cess was echocardiography, performed in 43%. It was followed by Holter ECG 
(4%) and radiography (3%). Laboratory tests were performed in 10% of cases. 
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Signs and Symptoms
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Fig. 15.1 Persistent signs and symptoms after COVID-19

These included complete blood count, NT-proBNP, D-dimer, blood sugar profile. 
The various signs and symptoms determined the need for multidisciplinary medical 
care (9%). Consultations were conducted with a neurologist (30%), pulmonologist 
(24%), endocrinologist (12%), vascular surgeon (6%), rheumatologist (5%), and 
others. Summarizing the results of the medical examination, a change in therapy 
was required for 56% of those followed.

At the secondary examination, new studies were performed in 6% and a change 
in therapy in 3%. Despite the performed medical-diagnostic procedures, in 10% of 
the cases the symptoms persisted, which necessitated hospital treatment.

Our experience showed that the care of patients with COVID-19 did not stop 
with the control of the acute phase of the disease. Most of the citizens who took part 
in the campaign suffered from a mild form of the disease and were treated in an 
outpatient setting. However, the signs and symptoms persisted in 68% of cases, and 
their duration could reach a year after the illness. The most common complaints 
were fatigue, palpitations, shortness of breath, chest pain, joint pain, headache, 
impaired concentration, dizziness, and persistent cough. High values   of blood pres-
sure, tachycardia, and manifestations of heart failure were the leading objective 
changes. In half of the cases additional examinations were needed, and treatment 
was changed. The various symptoms required the collaboration of doctors with dif-
ferent specialties. Despite the dedicated medical care, every tenth citizen with per-
sistent symptoms required re-hospitalization and hospital treatment.

COVID-19 does not stop spreading. If at the beginning of the pandemic the virus 
mainly affected the countries in the northern hemisphere, today it is a fact that even 
the warmest countries have been diagnosed with cases. The increase in the number 
of affected children is another alarming statistic, alerting that along with newly 
diagnosed cases, post-COVID conditions will increase in waves and will be among 
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the leading problems in healthcare systems. That is why it is extremely important to 
identify health problems, methods for diagnosis and treatment of post-COVID con-
ditions. Only in this way we will deal with the disease after the disease.

 Imaging Methods of Choice in COVID-Related 
Cardiovascular Complications

As COVID-19 is a highly contagious disease, clinical personnel should use methods 
of imaging that minimize the risk of spreading the infection. Most suitable are trans-
thoracic echocardiography and point of care ultrasound (POCUS). They are the 
first-line cardiac imaging techniques in this clinical setting, due to their portability, 
bedside feasibility in emergency settings, and low cost [33]. Ultrasound is a diag-
nostic method for imaging the heart structures, valves, and regional wall motion. 
According to the European Association of Cardiovascular Imaging (EACVI) it is 
recommended to perform echocardiography in patients with abnormally high levels 
of cardiac biomarkers and/or ECG signs of myocardial damage, while acknowledg-
ing that other imaging diagnostic tests are not routinely used in the emergency con-
text of the COVID-19 pandemic [34, 35]. CT scan and MRI can also be used for 
distinguishing cardiovascular complications, but they have higher cost and lower 
availability [36, 37].

Every hospital should develop appropriate protocols for rapid diagnosis, triage, 
isolation, and management of patients with COVID-19 and concomitant cardiovas-
cular complications. These protocols should be well-rehearsed for proper use of 
health services and to minimize the exposure of the medical staff [38].

Transthoracic echocardiography (TTE) is the most frequently used imaging 
method, which gives us information about the heart function. Global longitudinal 
strain (GLS) is an important additive method for evaluation of LV function at global 
and regional levels. It is a more sensitive method for detecting myocardial dysfunc-
tion, compared with left ventricular ejection fraction (LVEF) [39]. MRI is also an 
informative method; however, it is not used that often, due to higher expenses and 
due to the fact that it is more time-consuming. Almost all patients with severe 
COVID-19 and most of the patients with moderate disease have a certain degree of 
myocardial damage. Echocardiography usually does not show significant changes 
in the LVEF and LV sizes in patients with mild or moderate COVID-19. However, 
in one trial in China, 78.3% of the patients with mild infection and 98% of the 
patients who were in critical condition had echocardiographic deviations. For exam-
ple, the motion of the LV walls was abnormal, and the wall thickness was slightly 
thickened, particularly for the septum. But in patients who were in critical state, 
lower LVEF was found. The changes are in correlation with elevated serum levels 
of cardiac troponin I (cTnI) and N-terminal pro-B-type natriuretic peptide 
(NT-proBNP), pulse oxygen saturation (SpO2), and inflammatory markers, such as 
C-reactive protein and cytokines [40, 41]. Even though echocardiographic 
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deviations are found mostly in patients with severe COVID-19, GLS can identify 
subclinical myocardial dysfunction. Moreover, measuring GLS gives us the oppor-
tunity for earlier diagnosis of myocardial injury, even before a reduction in the 
LVEF occurs. Studies showed that reduced LV-GLS is more frequent, occurring in 
80% of the patients, while LV function parameters such as reduced EF and wall 
motion abnormalities were less frequent findings. 2D-speckle tracking echocar-
diography is a method, which evaluates myocardial function at global and regional 
levels. It shows the percentage of deformation between two points in the myocar-
dium. Studies in COVID-19 patients show that the abnormal GLS predominantly 
involves the basal-septal and basal-lateral segments of the left ventricle. This pattern 
reminded of a “reverse Takotsubo” morphology and is not typical for other viral 
myocarditis. Another interesting finding is that the reduction of the LV-GLS is usu-
ally reversible, with normalization of the findings for 1–3 months [42, 43].

Cardiac magnetic resonance (CMR) is currently the gold standard for evaluation 
of cardiac morphology and function. It has higher sensitivity for detecting occult 
cardiac dysfunction than hs-cTnI.  With its mapping techniques, such as T1, T2, 
extracellular volume (ECV), and late gadolinium enhancement (GLE), this method 
can assess quantitatively diffuse or local myocardial fibrosis and edema [44]. One 
study in Frankfurt with patients recently recovered from COVID-19 showed that 
78% of them had abnormal CMR findings, more specifically—lower LVEF, higher 
left ventricle volumes, raised signals in native T1 and T2 mapping, which illustrates 
edema and changes in LGE, showing myocardial fibrosis. Endomyocardial biopsy 
was performed in patients with severe findings which revealed active lymphocytic 
inflammation [30].

Our experience in “Life after COVID” campaign shows that about two-thirds of 
PASC patients referred for echocardiography have the typical post COVID-19 GLS 
impairment, involving predominantly the basal segments. We observe such findings 
in severe as well as non-severe COVID-19 cases. Our management strategy in these 
cases includes prolongation of antiaggregant therapy, initiation of cardioprotective 
therapy (could include some or all of the following: beta-blocker, trimetazidine, 
molsidomine), antiviral therapy (hydroxychloroquine), and advice to reduce vigor-
ous physical activity, although maintaining moderate physical activity. Our initial 
experience with 3-month follow-up of these patients shows a resolution of the 
abnormality in about 80% of the cases in this period.

 Acute Coronary Syndrome as Part of the Post 
COVID-19 Conditions

Apart from the direct damage to the lungs, COVID-19 is associated with damage to 
other systems and organs, including the heart, and causes conditions such as con-
gestive heart failure, myocarditis, conduction abnormalities, arrhythmias, and acute 
coronary syndromes [45, 46]. The SARS-CoV-2 infection can also induce 
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coagulation abnormalities that are associated with cardiopulmonary damage and 
therefore worsening the prognosis.

The range of clinical complications to COVID-19 is extremely broad. Endothelial 
injury is an underlying mechanism that precedes the inflammation and consequent 
thrombosis [47, 48]. It is currently hypothesized that the ACE-2 receptor is the entry 
way for the virus to invade and infect tissues [49]. The vascular endothelium appears 
to be targeted directly by the virus as ACE-2 is expressed extensively in the blood 
vessels and the heart. The result is exocytosis of multiple endothelial granules con-
taining vWF (von Willebrand’s factor), P-selectin, and other proinflammatory cyto-
kines, which mediate platelets adhesion, aggregation, and leukocyte adherence to 
the vessel wall, leading to intravascular thrombosis [50].

Many patients with severe COVID-19 face thromboembolic events, due to this 
coagulopathy [51, 52]. One of the most life-threatening types of this coagulation 
abnormality is the one involving the coronary blood flow and provoking a heart 
attack. In this situation many additional problems arise—for example: access to a 
Cath lab, exposure of additional medical personnel during the additional procedures 
needed, more complications, and increased mortality for the patients. Coronary 
angiography for COVID-19 patients is a logistic challenge and, in some cases, there 
is not a need for intervention since the main problem is the thrombosis and the dys-
function in the microcirculation.

Hence, we evaluated in detail a case series of 26 patients referred for primary 
percutaneous coronary intervention (pPCI) for MI in our catheterization laboratory 
during COVID-19 infection. The main goal we set ourselves was to evaluate if there 
are parameters that could predict the presence of an interventional target, infarct 
related artery (IRA), prior to catheterization, and to determine their sensitivity and 
specificity.

During the period between November 2020 and April 2021 twenty-six patients 
were referred to the Cath lab with MI defined by the fourth universal definition [53]. 
Most of the patients in our study were sent to our hospital due to acute coronary 
syndrome, while others developed ACS during their stay in the COVID-19 
department.

After coronary angiography, we found that 17 patients (65.38%) had an IRA, and 
they underwent pPCI.  The other 9 (34.62%) did not have an IRA, they did not 
require pPCI, and the diagnosis of myocardial infarction with no obstructive coro-
nary arteries (MINOCA) was made, most probably due to myocarditis or microvas-
cular dysfunction.

Comparing the patients with IRA to those without we found that the subjects 
who required pPCI had significantly higher hsTRI values, and more often typical 
chest pain. The other observed variables did not differ significantly between the two 
groups (Table 15.1).

We performed a ROC analysis for hsTrI values and we found that hsTrI cut-off 
>2.63 showed sensitivity of 70.6%, specificity of 77.8%, positive predictive value 
(PPV) of 85.7%, and negative predictive value (NPV) of 58.3% for detecting the 
presence of IRA and need for pPCI in ACS COVID-19 patients (area under the 
curve—AUC 0.771; 95% confidence interval 0.59–0.96; p = 0.025), Fig. 15.2.
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Table 15.1 Comparison between the groups with and without an IRA and need for a PCI

Variable

Patients with IRA and 
pPCI
n = 17

Patients w/o IRA and 
pPCI
n = 9 p value

Age (years) (mean ± SD) 68.35 ± 10.92 64.33 ± 9.62 0.363
Male (n, %) 9 (52.9) 6 (66.7) 0.683
AH (n, %) 17 (100.0) 8 (88.9) 0.346
DLP (n, %) 14 (82.4) 8 (88.9) 1.000
DM (n, %) 5 (29.4) 2 (22.2) 1.000
Typical chest pain (n, %) 17 (100.0) 2 (22.2) <0.001

ST elevation (n, %) 11 (73.3) 5 (55.6) 0.635
Symptoms of HF (n, %) 9 (52.9) 3 (33.3) 0.429
Symptom onset (days) 
(mean ± SD)

12.00 ± 7.51 14.8 ± 8.7 0.725

Home treatment (n, %) 4 (23.5) 1 (11.1) 0.628
SatO2 at admission (%) 
(mean ± SD)

79.50 ± 8.39 83.80 ± 12.46 0.843

Hospital stay (days) (median, 
IQR)

4.50 (5.00) 5.00 (4.00) 0.863

ICU stay (days) (median, IQR) 3.50 (12.00) 3.00 (5.00) 1.000
Mechanical ventilation (n, %) 8 (47.1) 1 (11.1) 0.098
hsTrI (ng/ml) (median, IQR) 7.13 (61.00) 1.28 (2.94) 0.025

CK (U/l) (median, IQR) 348.00 (1028.50) 227.00 (281.50) 0.319
CK-MB (U/l) (median, IQR) 51.00 (154.50) 25.40 (29.15) 0.131
D-dimer (ng/ml) (median, IQR) 960.00 (1460.50) 221.00 (1319.00) 0.195
hsCRP (mg/l) (median, IQR) 36.90 (131.65) 55.50 (159.93) 0.771
Leu (× 109 g/l) (mean ± SD) 13.34 ± 5.56 10.94 ± 5.98 0.324
Lym (× 109 g/l) (median, IQR) 1.03 (1.13) 0.55 (0.64) 0.295
LDH (U/l) (mean ± SD) 846.00 ± 610.58 775.33 ± 391.49 0.800
ASAT (U/l) (median, IQR) 136.00 (221.50) 39.00 (73.50) 0.063
ALAT (U/l) (median, IQR) 55.00 (70.25) 25.00 (124.00) 0.403

We performed a binary logistic regression and we found that hsTrI values >2.63 
was the only independent predictive factor for the presence of IRA and need for 
pPCI (odds ratio 8.4; 95% CI 1.27–55.39, p = 0.027).

According to our published data search, we were not able to find another study 
analyzing the predictors for the presence of IRA and the need for pPCI in COVID-19 
MI patients.

So in conclusion, most of the patients in our study group (34.62%) with MI dur-
ing the acute or post-acute COVID-19 infection did not have an IRA and hence did 
not need a coronary intervention. Patients with MI and IRA had significantly higher 
hsTrI values and exclusively typical chest pain compared to patients with MI but 
without an IRA, whose hsTrI values were lower and chest pain was atypical or non-
stenocardic. ECG changes had no statistical significance for distinguishing between 
MI patients with or without IRA.  Our results suggested that in patients with 
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COVID-19 and acute coronary syndrome, the diagnostic accuracy for identifying 
type 1 MI with an indication for pPCI could be significantly increased using a higher 
cut-off value for hsTrI.

 Pulmonary Embolism in COVID-19 Patients

Due to procoagulant effects SARS-CoV-2 infection can in some cases be the cause 
of a pulmonary thromboembolism (PE) [54, 55]. Due to the lack of large prospec-
tive studies, little is known about the pathogenesis underlying PE, caused by 
COVID-19 (80). Additional conditions complicating the diagnosis are the presence 
of risk factors for PE in almost all patients with COVID-19, as well as the overlap 
of the clinical presentation between PE and COVID-19.

We designed a single-center study, conducted at the Heart and Brain Center of 
Clinical Excellence Hospital, Pleven in the period Dec 2020 to Feb 2021, to try and 
find the indicators that predict the presence of PE in patients with COVID-19. It 
included 27 consecutively hospitalized patients with recent pneumonia caused by 
COVID-19 and clinical presentation suggesting PE. The patients were divided into 
two groups—with and without definite PE, confirmed by CT pulmoangiography.

Our results showed that 8 patients from the group had PE, and 19 did not have 
PE. The mean age of the group was 65 years. Eighteen of the patients were women. 
Тhe two groups did not differ significantly in age and distribution between the 
sexes. In the two groups statistically significant differences were observed in the 
electrocardiographic findings. In patients without PE, 18 (94.7%) had no S-waves 

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



320

greater than 1.5 mm in I, aVL. In the group with PE in 3 (37.5%) this ECG criteria 
was not present, and in 5 (62.5%) it was present (p = 0.004). Similar ratios were 
found in terms of the presence of Q-wave in III, aVF. In patients without PE, 18 
(94.7%) did not have this ECG sign, while it was present in half of the patients with 
PE (p = 0.017). In patients without PE, the median value of oxygen saturation was 
92.0% (69–97), and in those with PE 88.5% (83–95) (p < 0.001). Statistically sig-
nificant differences between the two groups were observed in the indicator—the 
ratio RV/LV diameters ≥1.0 (p = 0.001). In patients without PE there was none with 
an increase in the ratio ≥ 1  in favor of the right ventricle, while in the group of 
patients with massive form 5 (62.5%) had the ratio RV/LV diameters ≥1.0, and 3 
(37, 5%) did not have it. Right ventricular dysfunction was more prevalent in the PE 
group, and none of the patients in the non-PE group had right ventricular dysfunc-
tion (p = 0.001). The RV/LV diameter ratios ≥1.0 as well as right ventricular dys-
function showed both a sensitivity of 62.5%, specificity 100%, positive predictive 
value 100% and negative such 86.4% to verify the PE diagnosis.

D-dimer values differed significantly in the two groups. In patients without PE, 
the mean D-dimer value was 1546  ng/ml (109–8840), while in those with PE 
6489.75 ng/ml (570–17,051) (p = 0.021). For our laboratory, the upper limit of the 
normal range is 500  ng/ml. As a result of the ROC analysis, we found that the 
D-dimer cut-off value of 1032 ng/ml (2064 times higher above the upper limit of the 
normal range) had an optimal sensitivity (Se) of 87.5%, specificity (Sp) of 57.9%, 
positive predictive value (PPV) of 46.7%, and negative predictive value (NPV) of 
91.7% for the diagnosis of PE (p = 0.021) (Fig. 15.3). Having D-dimer as a binary 
variable (cut-off 1032 ng/ml), we found that in the group without PE, in 11 (57.9%) 
of patients the D-dimer was ≤1032 ng/ml, while in 8 (42.1%) it was >1032 ng/ml. 
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Of the patients with massive PE, only 1 (12.5%) had a D-dimer ≤1032 ng/ml, and 
the remaining 7 (87.5%) were >1032 ng/ml (Fisher’s exact tests, p = 0.043).

When performing binary logistic regression, part of the ECG criteria, S-wave 
over 1.5 mm in I lead and aVL (p = 0.007), Q-wave in III and aVF (p = 0.020), as 
well as the D-dimer as quantitative variable (p = 0.025) proved to be independent 
predictors of PE.

Our results show that against the background of acute and post-acute COVID-19 
conditions ECG and echocardiographic criteria remain predictive of PE. As for the 
D-dimer values, we found that a cut-off concentration with optimal Se, Sp, PPV, and 
NPV for diagnosis of PE is two times higher than the upper limit of normal, with 
high Se and NPV. Our study suggests that a higher D-dimer cut-off value should be 
applied in COVID-19 and post-COVID-19 patients to raise a significant suspicion 
for the presence of PE.

 Conclusion

The conclusion we can make from everything we have observed and experienced 
during the past 2 years is that the COVID-19 pandemic is not something mankind 
cannot handle. We have learned a lot from our mistakes and now we have a new 
understanding about the disease and its treatment. With the massive vaccination 
programs combined with adequate medical treatment, the number of casualties and 
the spreading of the disease will soon decline to a point, where it will become a 
memory of a dire part of our history. Unfortunately, here comes the next chal-
lenge—we are yet to face the long-term complications. This is a topic not to be 
underestimated and is of crucial importance for the near future of the mankind. We 
still have a lot of research and clinical work to answer many unanswered questions, 
regarding the exact prevalence, range, and duration of long-term COVID-19 conse-
quences, our possibilities to predict, prevent, and treat them, questions about the 
immunological response, coagulation status, and genetic susceptibility. But as we 
all know—a journey of a thousand miles begins with a single step.
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Chapter 16
Association of Alpha 1 Antitrypsin 
Deficiency with COVID-19 Mortality: 
Basis for Clinical Trials

Atanu Kumar Dutta and Kalyan Goswami

 Introduction

COVID-19 has emerged as a major cause of suffering and destruction of life and 
livelihood for mankind with 177,439,911 cases and 3,842,439 deaths as of 18th 
June 2021 [1]. Though the pandemic has hardly spared any nations there have been 
significant differences in the case fatality ratio globally with Asian and African 
countries reporting lower mortality statistics compared to other continents [1] 
(Fig. 16.1).

This difference has been confounded by several factors like the availability of 
testing resources and medical care, stage of the epidemic wave, the prevalence of 
co-morbidities like diabetes mellitus, heart disease, cancer, chronic respiratory dis-
eases, a higher percentage of the population over the age 70 years, kidney diseases, 
outdoor air pollution, and smoking [2]. However, the contribution of viral and host 
genotypes also has a definitive impact on the observed difference. It has been shown 
that based on hierarchical clustering for various established mutational signatures of 
SARS-CoV-2, countries can be classified into different clusters which correlate 
with the case fatality rate [3]. A systematic review identified C14408T and A23403G 
variants to be the most prominent causes of life-threatening infections [4].
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Covid - 19 countrywise case fatality rate
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Fig. 16.1 World map showing country specific case fatality rates as on 7th May 2020 highlighting 
low case fatality rate in East Asia

 Host Genetics of COVID-19

Since the start of the pandemic, major international efforts have been focused on 
pooling human genotype data from multiple research groups across the world to 
find out both common and rare variants to establish any possible correlation with 
the severity and clinical outcome of SARS-CoV-2 infections [5]. The recent-most 
genome-wide association meta-analysis data release 6 released by this group 
included 61 studies from 25 countries leading to a combined sample size of 126,621 
COVID-19 infected cases, 25,027 hospitalized cases, and 2,575,347 controls [6]. 
The most recent data release 6 identified 20 loci associated with severity of disease 
in hospitalized COVID-19 patients, which include genes involved in antimicrobial 
defense (OAS1, TAC4, DPP9, IFNAR2, SFTPD), transport of ions (SLC6A20, 
SLC22A31), transcription (FOXP4, KANSL1, RAVER1, FBRSL1, NR1H2), cellular 
differentiation (ELF5), adhesion (RPL24, THBS3), cilium assembly (LZTFL1), 
regulation of cardiac conduction (TMEM65), glycosylation (ABO, MUC5B), and 
lipid biosynthesis (PLEKHA4). This data release also identified HLA-DPB1 and 
ACE2 locus to be associated with susceptibility to SARS-CoV-2 infection. For the 
ACE2 rs190509934 polymorphism, the minor allele decreases the expression of 
ACE2, thereby decreasing the risk of severe disease [7]. Incidentally, this variant is 
most common in South Asians with the allele frequency of 0.02 in gnomAD which 
could partially explain the lower case fatality rate in South Asians. Similarly, the 
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ELF5 rs766826 is also a protective polymorphism where the minor allele decreases 
the expression of ELF5. ELF5 is co-regulated with TMPRSS2 in the publicly avail-
able RNAseq data [8]. Both the genes are co-expressed in the lung, as reported in 
the GTEx portal data [9] (Fig. 16.2).

 Targeting TMPRSS2 to Treat COVID-19

Thus, TMPRSS2 is associated with the risk of severe COVID-19. TMPRSS2 or 
transmembrane protease serine 2 is an androgen-induced membrane-bound serine 
protease that is expressed in the prostate, stomach, colon, pancreas, lung, and small 
intestine in the gradual lower order of magnitude [9]. TMPRSS2 is essential for 
processing both the ACE2 receptor and SARS-CoV-2 spike protein, thereby facili-
tating the interaction between them and consequent viral entry into the host cell 
[10]. Mice lacking TMPRSS2 did not have reduced fertility or life span [11]. 
Targeting TMPRSS2, therefore, is considered as an approach to decrease the viral 
entry as both ACE2 and TMPRSS2 are expressed in the lung [12]. Camostat mesyl-
ate which is a synthetic TMPRSS2 inhibitor [13] has already been approved in 
Japan for the treatment of pancreatitis and reflux esophagitis. The predominant cir-
culating serine protease inhibitor alpha 1 antitrypsin (A1AT) is protecting against 
viral entry both in the broncho-alveolar lavage fluid [14] and in cell-based assays 
[15]. Therefore, A1AT as an innate immune defense against SARS-CoV-2 can be 
readily repurposed for treating patients with COVID-19. Conversely, patients with 
AlAT deficiency were found to be both at higher risk of infection as well as adverse 
outcomes [16] highlighting the urgent need to screen for A1AT deficiency for popu-
lation risk stratification and prioritization of vaccine delivery [17].

 Correlation of COVID-19 Case Fatality Rate 
with A1AT Deficiency

Many studies were able to correlate the geographical differences of COVID-19 
severity with the prevalence of A1AT deficiency. For example, early in the pan-
demic, the northern Lombardy region of Italy with the highest burden of the mutant 
PI*ZZ allele was having the highest case fatality rate [18]. Using the estimated 
countrywide carrier frequency of PI*Z and PI*S mutations [19] it was shown that 
the prevalence of mutation carrier status correlated with the severity of COVID-19 
and case fatality rate with a correlation coefficient of 0.87 for the PI*Z mutation 
[20]. The correlation also persisted when adjusted for confounders like testing strat-
egy, urbanization, and population age distribution [21]. As the PI*Z mutation was 
rare in South Asia, we used a different approach and estimated the ethnicity-specific 
combined frequency of all pathogenic SERPINA1 mutation in the gnomAD v2.1.1 
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Carrier percentage of Alpha 1 Antitrypsin Deficiency
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Fig. 16.3 Carrier percentage of alpha 1 antitrypsin deficiency among ethnic groups represented in 
gnomAD data retrieved on 9th May 2020

database [22] as per ACMG criteria [23]. We found the combined allele frequency 
of 32 pathogenic variants was highest in Amish (0.12) and lowest in East Asians 
(0.001) [24] (Fig. 16.3).

Our findings also corroborated with the finding that countries with the highest 
case fatality rate also had the highest A1AT pathogenic mutation rate as Europeans 
have a mutation frequency of 0.066 and Latins have 0.064 [24]. Consistent with 
these findings it was also shown that the SARS-CoV-2 mutant subtype 614G spread 
much slower in East Asian countries with lower A1AT deficiency [25]. The 614G 
substitution created a neutrophil elastase cleavage site in the viral spike protein 
which enabled faster viral spread in the population with higher neutrophil elastase 
activity due to a higher burden of A1AT deficiency [25].

 Mechanism of the Protective Effect of A1AT

The mechanism of protective action of A1AT is not just limited to inhibition of 
TMPRSS2 but also its general anti-inflammatory role (Fig. 16.4).

The biological mechanisms of A1AT protective effects range from antiviral to 
immunomodulatory effects. These are as follows:

 1. A1AT is known to inhibit RNA viruses like HIV 1 [26], influenza A and B [27]. 
The various antiviral mechanisms include blockage of viral entry and induction 
of autophagy.

16 Association of Alpha 1 Antitrypsin Deficiency with COVID-19 Mortality: Basis…
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Alpha1 Antitrypsin

TMPRSS2

NF B

TNF

ADAM17

Neutrophil Elastase

Neutrophil extracellular trap
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Entry of SARS-CoV-2 
in host cell

Cytokine storm

Neutrophil infiltration
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Immunothrombosis

Fig. 16.4 Alpha 1 antitrypsin inhibits TMPRSS2, NFκB/TNFα, ADAM17, neutrophil elastase, 
neutrophil extracellular traps, plasmin, and endothelial apoptosis, thereby preventing viral entry, 
cytokine storm, neutrophil infiltration, alveolar damage, and immunothrombosis. Smoking, air 
pollution, and vitamin D deficiency in turn inhibit alpha 1 antitrypsin

 2. A1AT decreases the level of proinflammatory cytokines like IL-6 [28] by inhib-
iting the NfκB signaling [29]; caspase 3,6,7 [30]; binding of TNF-α to TNFR1 
and TNFR2 [31]. A1AT inhibits the caspase 3 induced lung damage [32]. 
Interestingly IL-6 is implicated in the cytokine storm seen in COVID-19 
patients [33].

 3. A1AT also binds IL-8, thereby preventing it from binding CXCR1 receptors 
which in turn blocks the activation of the Akt signaling pathway [34]. This 
effect also blocks cytokine storm [33].

 4. A1AT also inhibits the TGFβ signaling, thereby mitigating inflammation and 
fibrosis in COVID-19 patients [35].

 5. Another protease, ADAM17, is involved in SARS-CoV-2 infection [36]. 
Through its membrane shedding function, ADAM17 cleaves ACE2 and thereby 
increasing its serum level which is a poor prognostic factor for COVID-19 [37]. 
ADAM17 increases pulmonary inflammation by activation of TNF-α and cleav-
age of IL6 receptors [38], leading to a cytokine storm. A1AT is known to inhibit 
ADAM17, independent of its effect on neutrophil elastase [39].

 6. Neutrophil elastase, which is also a serine protease, has a significant role in viral 
pathogenesis by damaging the alveolar elastin and collagen [40]. A1AT has the 
physiological role of inhibiting the neutrophil elastase activity in the alveoli.

 7. A1AT mediated inhibition of ADAM17 and consequent decrease in the shed-
ding of ACE2 preserves the inhibition of bradykinin production and thereby 
prevents neutrophil infiltration [41].

 8. Due to such effect ACE mediated conversion of angiotensin II to angiotensin 
(1–7) and (1–9) is retained, both of which have anti-inflammatory properties 
[42, 43].

 9. Both pulmonary and venous thromboembolisms are the leading causes of mor-
tality due to COVID-19 [44]. This is also the major cause of hypoxia seen in 
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this disease [45]. As most of the coagulation factors belong to the serine  protease 
class, hence A1AT has the potential to circumvent this immunothrombosis [46]. 
Neutrophil extracellular traps (NETs) consisting of neutrophil products like 
elastase, cathepsin, etc. play a central role in immunothrombosis [47]. A1AT 
has been shown to decrease the adherence of NETs preventing the thrombotic 
effects [48].

 10. In addition A1AT also inhibits neutrophil chemotaxis and thereby its recruit-
ment in COVID-19 [34].

 11. A1AT also inhibits endothelial apoptosis [32] and therefore can decrease the 
endothelial cell injury leading to lung damage, increased vascular permeability, 
and also severe pre-eclampsia [49] in pregnant women with COVID-19.

 12. A1AT modulates macrophage cell polarization to the M2 phenotype which is 
critical for tissue repair in SARS-CoV2 infection [50]. The M1 phenotype in 
turn secretes proinflammatory cytokines [51].

 13. A1AT also helps in the differentiation of T cells to Treg subtype [52] which 
helps in modulating the immune response away from the cytokine storm [53].

 14. Some of the environmental co-morbidities associated with the severity of 
COVID-19 can also interfere with the biological effects of A1AT like damage 
due to smoking [30] and/or air pollution [54] and vitamin D deficiency [55].

 Clinical Trials of A1AT in COVID-19

To date, there are eight clinical trials registered in the https://clinicaltrials.gov using 
A1AT/Prolastin as an intervention in COVID-19 or using A1AT as a biomarker for 
disease severity (NCT04799873, NCT04547140, NCT04495101, NCT04675086, 
NCT04385836, NCT04473170, NCT04348396, and NCT04366089). One small 
study that has published results showed beneficial effects of intravenous or inhaled 
A1AT [56]. Following positive results in 2D and 3D respiratory epithelial organoid 
cultures, A1AT was administered in nine patients with mild to moderate COVID-19. 
The CRP level fell within a day in all the patients and all patients recovered without 
any adverse event. The investigators underlined the utility of A1AT either in the 
early disease as an antiviral agent or in severe disease as an immunomodulator [56]. 
Results of double-blind placebo-controlled trials are awaited [57]. Apart from a 
therapeutic role A1AT also has substantial utility as a prognostic marker with low 
levels correlating with higher mortality in severe COVID-19 patients [55].

 Conclusion

With this perspective, it appears that A1AT, due to its crucial role in the prevention 
of the pathogenesis of the COVID-19 infection and associated complications, has 
the significant potential not only in predicting the susceptibility and prognosis but 
also demands its justified place in the anti-COVID therapeutic repertoire.

16 Association of Alpha 1 Antitrypsin Deficiency with COVID-19 Mortality: Basis…
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 Introduction

While global COVID-19 cases and deaths continue to decrease as a result of 
COVID-19 vaccines and other measures, daily infection and mortality rates remain 
a public health threat in many nations, particularly those with low vaccination rates. 
Most countries have seen a decrease in infection and mortality rates since April 
2021, but cases in countries with high population densities and limited access to 
vaccinations continue to increase, such as India, Brazil, Argentina, and Columbia. 
According to the World Health Organization, in June 2021, over 2.6 million new 
cases and 72,000 deaths attributed to COVID-19 were reported globally [1]. Until 
sufficient widespread immunity from mass inoculation is achieved, promotion of 
engagement in behaviors that prevent the spread of infections (e.g., physical dis-
tancing, hand hygiene practices, reducing mass gatherings) remains important for 
virus containment [2, 3]. While recent meta-analytic evidence supports the efficacy 
of behavioral measures in stemming COVID-19 infections [4], the success of behav-
ioral strategies depends on behavioral compliance. There is therefore a necessity for 
public health organizations to develop behavioral interventions that are efficacious 
in promoting uptake and continued maintenance of COVID-19 preventive behaviors.

Behavioral scientists have advocated the application of behavioral theories, par-
ticularly social cognition theories, to inform the development of behavior change 
interventions [5], including in the context of a pandemic [6, 7]. The application of 
these theories is predicated on the recognition that producing efficacious interven-
tions requires a fundamental understanding of human behavior. The theories enable 
the identification of determinants that are reliably related to the behavior of interest 
which then become targets for intervention by matching evidence-based behavior 
change strategies proposed to affect change in the targeted determinants [8–10]. The 
identification of modifiable determinants of COVID-19 preventive behaviors is, 
therefore, central to informing public health efforts aimed at stemming COVID-19 
infections [6].

Social cognition approaches, such as the theory of planned behavior [11] and 
health action process approach [12, 13], have been applied extensively to predict 
health behavior and to inform the development of behavior change interventions 
[8]. These theories have had demonstrable efficacy in accounting for variance in 
health behavior [14–16]. Although research applying these models to identify the 
determinants of COVID-19 preventive behaviors and associated mechanism is, by 
comparison, limited, there is emerging evidence that they can be effective in 
accounting for variance in COVID-19 preventive behaviors [17–25]. For example, 
prospective correlational evidence indicates the utility of many social cognition 
constructs that reflect motivational, volitional, and automatic processes in explain-
ing physical distancing behavior in samples of Australian and USA community 
members [21, 22], with longitudinal evidence supporting the sustained effects of 
these constructs on behavior over time [26]. Research has also tested the efficacy of 
interventions utilizing persuasive communication, imagery, and implementation 
intention techniques to target social cognition determinants of hand hygiene 
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practices during the COVID-19 pandemic [25]. This growing body of research pro-
vides useful preliminary data that can inform public health communications pro-
moting performance of COVID-19 preventive behaviors.

The purpose of this chapter is to provide an overview of research applying key 
theoretical frameworks to explain and predict COVID-19 preventive behaviors and 
the mechanisms involved. The chapter also outlines how this research may inform 
potential interventions to promote engagement in these preventive behaviors. 
Building on this evidence, the chapter provides example materials used in behavior 
change interventions based on social cognition theories, which may have applica-
tion across a broad range of COVID-19 preventive behaviors. This is followed by a 
discussion of future directions and challenges in moving behavior change research 
forward, and bridging divides between theory, practice, and research.

 Social Cognition Theories Used to Explain 
and Change Behavior

Research examining the determinants of health behavior has commonly applied 
social cognition theories, which consider enactment of future health behavior is the 
consequence of a reasoned process determined by beliefs about the behavior and its 
outcomes, and the associated social conditions and constraints [8]. The theory of 
planned behavior typifies social cognition theories and has been widely applied to 
predicting health behavior and used to inform interventions [16, 27]. The theory of 
planned behavior [11] posits that behavioral intention is the most proximal determi-
nant of a given target behavior. Behavioral intention is a motivational construct 
reflecting how hard a person is willing to try to perform the behavior. Behavioral 
intention is a function of three sets of belief-based constructs: attitudes toward the 
behavior, subjective norm, and perceived behavioral control. Attitudes are individu-
als’ positive and negative evaluations of the behavior. Subjective norms are percep-
tions of social approval or pressure to engage or not engage in the behavior. 
Perceived behavioral control are individuals’ beliefs in their ability and confidence, 
and the resources they have to perform the behavior. To the extent that perceived 
behavioral control reflects actual behavioral control, perceived behavioral control is 
also proposed to directly predict behavior, although original theorizing suggested a 
moderation effect [11, 28]. The theory has successfully been applied to explaining 
a diverse range of health behaviors; a meta-analysis of prospective studies found 
theory of planned behavior constructs predicted 44.3% of the variance in intention 
and 19.3% of the variance in behavior [16].

Another prominent social cognition approach that has widely been applied to 
understanding health behavior is the health action process approach [12]. The health 
action process approach is a dual-phase model that includes constructs that repre-
sent two key processes or phases relating to intentional action: a motivational phase, 
in which an individual engages in deliberative or reasoned consideration of the 
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future performance of a target behavior leading to the formation of goals and inten-
tions. In this phase, intentions are considered to be the key determinant of behavior 
and are a function of three belief-based constructs: outcome expectancies, action 
self-efficacy, and risk perceptions. Outcome expectancies are beliefs that perform-
ing the behavior will lead to the desired health outcomes. Action self-efficacy refers 
to beliefs about personal capacity to perform the behavior. Risk perceptions refer to 
perceived vulnerability to, and severity of, any health condition that may arise due 
to performing, or avoiding, the behavior. When an individual has formed an inten-
tion to perform the behavior, the theory predicts that individuals then enter a voli-
tional phase. In the volitional phase, key determinants of behavior include 
self-regulatory strategies and volitional stage-specific forms of self-efficacy. 
Regulatory strategies encompass action planning, which is plans formed detailing 
when, where, and how to enact the behavior; coping planning, which is plans 
formed that detail strategies to overcome obstacles to engaging in the behavior; and 
action control, which reflects maintenance of behavior—which is achieved through 
the use of self-regulatory skills to regulate the behavior, with self-monitoring being 
the key component of action control. Volitional stage-specific forms of self-efficacy 
include coping self-efficacy, which is beliefs about one’s capacity to overcome 
obstacles to maintaining the behavior; and recovery self-efficacy, which is beliefs 
about one’s ability to get back on track after performing the behavior has been 
derailed. The health action process approach has successfully been applied to under-
standing and increasing engagement in a range of health behaviors [13]. A recent 
meta-analysis [15] found that the health action process approach constructs 
explained 26.1% of the variance in intentions and 17.5% of the variance in behavior. 
However, risk perceptions are suggested to only be relevant in certain contexts and 
only tend to exhibit small effects on intention with limited association with behavior.

 Social Cognition Determinants of COVID-19 
Preventive Behaviors

Researchers have begun to apply social cognition theories to identify the determi-
nants of COVID-19 preventive behaviors such as physical distancing, mask wear-
ing, and hand hygiene practices [17–25]. For example, a recent prospective 
correlational study applied the health action process approach to predict physical 
distancing behavior in Australia and USA samples during the pandemic [22]. Health 
action process approach constructs with respect to physical distancing and behavior 
were measured at an initial point in time and again 1 week later. Results indicated 
that the motivational and volitional constructs from the model including self- 
efficacy, intention, and action control predicted physical distancing behavior in both 
samples. Such findings are consistent with other research on physical distancing 
behavior [17], hand hygiene behavior [29], mask wearing [30, 31], or an aggregate 
of multiple COVID-19 preventive behaviors [18, 24, 32, 33]. However, although 
risk perception and volitional processes, such as action and coping planning, were 

S. R. Smith et al.



341

not identified as important predictors of physical distancing, it does not preclude 
them as important predictors of other COVID-19 preventive behaviors. For exam-
ple, action planning and coping planning may be better predictors of mask wearing 
than physical distancing—and risk perception and planning have been shown to 
significantly predict aggregate COVID-19 preventive behaviors [23]. Taken together, 
these findings provide preliminary support for the proposed effects of the constructs 
reflecting both processes in the health action process approach on behaviors to pro-
tect against COVID-19.

Another recent study applied an integrated social cognition model to identify the 
determinants of physical distancing behavior and the processes involved [18, 22]. 
The integrated model was based on the theory of planned behavior and augmented 
to include additional predictors including moral norm and habit. The study adopted 
a three-wave longitudinal survey design with measures taken over a 4-month period. 
Results indicated that subjective norm, moral norm, and perceived behavioral con-
trol, but not attitude, were consistent predictors of physical distancing intention on 
each occasion, and intention and habit were consistent predictors of subsequent 
physical distancing behavior. Other studies have identified perceived behavioral 
control, normative beliefs, and attitude as significant correlates or predictors of 
COVID-19 preventive intentions and/or behaviors, including physical distancing 
[34], mask wearing [30, 31], vaccination against COVID-19 [35–37], or aggregate 
measures of COVID-19 behaviors [18–20, 24, 38, 39].

Overall, evidence from studies applying social cognition theories indicates their 
efficacy in accounting for variance in intentions or behaviors in a number of 
COVID-19 preventive behaviors including physical distancing, mask wearing, vac-
cination, and hand hygiene practices. The most prominent predictors include nor-
mative beliefs (e.g., subjective and moral norms), control perceptions (e.g., 
self-efficacy and perceived behavioral control), and volitional processes (e.g., action 
control and planning). This research provides useful guidance for the development 
of future behavioral interventions aimed at promoting COVID-19 preventive behav-
iors by providing indication of the constructs that should be targeted for change.

 An Application of Theory- and Evidence-Based Strategies 
to Promote a COVID-19 Preventive Behavior

The identification of potentially modifiable psychological constructs of COVID-19 
preventive behavior may provide some indication of the constructs that might need 
to change in order to bring about behavior change. It might also signal potential 
intervention techniques that might have utility in changing behavior. This is predi-
cated on the assumption that techniques that have been verified through consensus 
and evidence synthesis as potentially being able to bring about change in these 
constructs may work in the context of changing COVID-19 behaviors [40, 41]. 
Identification of determinants that are reliably related to the behavior of interest 
through theory and formative research is a first step in intervention development. 
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Change ‘method’ or
‘technique’

Psychological
mediator Behavior

Outcome

Fig. 17.1 Basic process model of health behavior change

Matching evidence-based behavior change strategies or techniques proposed to 
affect change with the targeted determinants forms the second step [8–10]. Together, 
these steps imply a mechanism of action, which is illustrated in the basic process 
model in Fig. 17.1. In the figure, behavior change technique is applied in an inter-
vention setting to initiate change in the theoretical construct (i.e., the psychological 
mediator); with change in the determinant of the behavior expected to result in 
change of the behavior itself. Over time, change in the behavior is expected to lead 
to specific adaptive health outcomes.

A recent study provides an illustration of an intervention developed through this 
process, and its evaluation, in the context of COVID-19 preventive behaviors. The 
intervention targeted increased engagement in hand hygiene practices to prevent 
COVID-19 infection through the “mapping” of behavior change strategies on theo-
retical predictors of behavior [25]. Specifically, the target behavior was avoidance 
of touching the face with unwashed hands, based on international guidelines advo-
cating for regular handwashing with soap and water and avoiding touching the face, 
particularly the eyes, nose, and mouth, to avoid infection through transfer of the 
virus from contaminated surfaces [42]. The key constructs targeted were attitudes, 
subjective norms, and perceived behavioral control from the theory of planned 
behavior; and risk perceptions and action planning from the health action process 
approach. Given the relative novelty of engaging in avoidance of touching one’s 
face with unwashed hands to prevent COVID-19 transmission, and the dearth of 
research identifying its determinants from social cognition theories, the theoretical 
targets of the intervention were informed by research identifying the theoretical 
predictors of other COVID-19 preventive behaviors (e.g., physical distancing) [21–
23] and prior research in other health behaviors [15, 16]. Behavior change tech-
niques derived from previous theory and evidence that were expected to target 
change in the identified determinants were selected. Table 17.1 provides a summary 
of the behavior change methods and the corresponding theoretical constructs 
adopted in the intervention. Specifically, the intervention adopted persuasive com-
munication, mental imagery, and implementation intention techniques to target 
change in the theory of planned behavior and health action process approach 
constructs.

One aspect of the intervention comprised persuasive communication techniques, 
which are designed to guide individuals toward the adoption of an attitude or action 
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Table 17.1 Behavior change methods, targeted theoretical constructs, and intervention content 
from [43]

Intervention 
component

Behavior change 
technique(s) Content of component

Target theory 
construct

Education Information provision Provide information about the 
risks of contracting COVID-19 by 
touching face with unwashed 
hands

Attitude, risk 
perception

Formation of a 
goal intention

Personalize risk; 
scenario-based risk; 
information provision; 
provide opportunities 
for social comparison; 
goal setting

Providing information about the 
personal risk and risk to others; 
performance of the behavior 
described as rewarding for oneself, 
desirable to others, and achievable; 
formation of goal to perform 
behavior

Intention, 
attitude, 
subjective norm, 
perceived 
behavioral 
control, risk 
perception

Implementation 
intentions

If-then contingency 
plans; goal setting

Provide examples of scenarios in 
which behavior should be 
performed; record if-then plan

Intention, action 
planning

Process mental 
imagery

Planning behavioral 
responses; guided 
practice; using 
imagery

Imagine steps involved in 
performing the behavior when in 
the relevant scenario(s); process 
mental simulation exercise; record 
summary of process imagery

Intention, 
perceived 
behavioral 
control, action 
planning

Outcome mental 
imagery

Personalize risk; 
information about 
others’ approval; 
provide contingent 
rewards; using 
imagery

Encouragement to think about 
benefits and risks of performing 
and not performing the behavior, 
respectively; imagine what 
important others will think. 
Outcome mental simulation 
exercise; record summary of 
outcome imagery

Intention, 
attitude, 
subjective norm, 
perceived 
behavioral 
control, risk 
perception

by presenting arguments which highlight the advantages and disadvantages of 
engaging in, or failing to engage in, a behavior. Evidence supports the use of persua-
sive communication to promote attitude, intention, and behavior change [44], with 
meta-analyses showing that such interventions promote simultaneous change in 
attitudes and behavior in health contexts [44–46]. The way in which the strategy 
was applied was that participants were guided through a slideshow that included 
images and messages designed to highlight the potential risks of touching the face 
with unwashed hands (e.g., contracting the virus themselves; transmitting the virus 
to others) and to facilitate the visualization of virus transference through hand-to- 
face contact (e.g., image of a hand touching an escalator handrail contaminated with 
the virus; an image of a contaminated hand with exaggerated magnification so the 
virus is visible on the skin). This was developed to target intention, attitudes, and 
risk perception toward avoiding touching the face with unwashed hands. The slides 
also included messages describing avoidance of touching the face with unwashed 
hands as rewarding (targeting attitude), achievable (targeting perceived behavioral 
control), and desirable in the eyes of others (targeting subjective norm).
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Another aspect of the intervention consisted of implementation intentions, a 
technique in which individuals are prompted to form plans about when, where, and 
how to enact an intended behavior to achieve a specific goal [47]. This strategy was 
designed to target change in constructs intention and action planning. Research sup-
ports the effectiveness of implementation intentions in promoting effective enact-
ment of intended behaviors beyond mere formation of a goal intention [48]. 
Participants were guided through a planning exercise in which they were instructed 
to consider when, where, and how they will avoid touching their face with unwashed 
hands in the next week. Then, to increase the likelihood of following through on 
their intention, participants recorded their plan using an “If-then” format consistent 
with suggested guidelines [49, 50]. An example of an “If-then” plan to avoid touch-
ing the face with unwashed hands is “If… I visit the supermarket during the next 
week, then I will… ensure that I avoid touching my face until I have washed my 
hands afterwards.”

A final component of the intervention comprised mental imagery techniques, in 
which participants were instructed to mentally represent and rehearse future actions 
and consequences [51–53]. Imagery is proposed to target change in attitudes and 
perceived behavioral control or self-efficacy toward the behavior. Meta-analytic evi-
dence and previous intervention studies support the effectiveness of mental imagery 
techniques on behaviors and social cognition constructs [51, 54–58]. The study 
instructed participants to imagine the process of performing the behavior of avoid-
ing touching their face with unwashed hands in relevant scenarios in a very vivid 
manner, using their senses and imagination to make the imagery as realistic as pos-
sible. The process imagery exercise was designed to target intention and perceived 
behavioral control with respect to avoiding touching the face with unwashed hands. 
Participants were then guided through a second imagery exercise, this time imagin-
ing the outcomes of avoiding touching their face with unwashed hands. Participants 
were instructed to imagine the benefits of performing the behavior, and the conse-
quences of failing to perform the behavior, which targeted attitudes and risk percep-
tion; to picture themselves successfully avoiding touching their face with unwashed 
hands and imagining the satisfaction that comes with it, which targeted perceived 
behavioral control; and to imagine how their significant others will feel about their 
successful performance of the behavior, which targeted subjective norms.

Taken together, the process described above provides an illustration of how inter-
ventionists might develop a theory-based intervention targeting change in COVID-19 
preventive behavior.

 Key Challenges and Future Directions

Effective large-scale behavior change strategies aimed at mitigating the effects of 
the COVID-19 pandemic should be informed by behavioral science [59]. While the 
body of literature applying theories of social cognition to predict and change 
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COVID-19 preventive behaviors is growing, there are challenges that still need to be 
addressed. First, there is a need for more longitudinal research to model changes in 
COVID-19 preventive behaviors and the social cognition constructs over time and 
to specify temporal order in model predictions. Second, while prospective correla-
tional research is useful for identifying the theoretical predictors of COVID-19 pre-
ventive behaviors, the design precludes causal inference about the relationships 
between the constructs. This is a problem for intervention design because targeting 
change in constructs correlated with behavior may not lead to behavior changes if 
changes in the constructs have not also been shown to be associated with changes in 
behavior. Researchers are encouraged to use the findings of preliminary prospective 
correlational research as a basis for developing studies that test change through 
experimental or intervention designs. Intervention or experimental studies that show 
how techniques that target change in theory constructs in the context of COVID-19 
preventive behaviors are therefore paramount to providing this evidence. This would 
permit evaluation of the extent to which such techniques lead to change in the con-
structs themselves and, particularly, change in the respective COVID-19 preventive 
behaviors.

A further problem is that studies applying social cognition theories to COVID-19 
preventive behaviors often adopt aggregate behavior measures. This is problematic 
given that the determinants of the types of COVID-19 preventive behaviors may 
differ. For example, descriptive norms, which refer to the extent to which people 
perceive others are engaging in a behavior, are likely to be a stronger determinant of 
high-visibility behaviors such as mask wearing, compared to behaviors that are not 
as easily observable in a public setting, such as handwashing. When different pre-
ventive behaviors are grouped together, it makes identification of the salient predic-
tors, and subsequent selection of behavior change strategies that target change in the 
salient predictors, of specific COVID-19 preventive behaviors, difficult. As such, to 
optimize the utility of research applying theories of behavior change to predict 
COVID-19 preventive behaviors, it is recommended researchers ensure individual 
measurement, and modeling, of different COVID-19 behaviors and their related 
social cognition constructs.

Finally, there is likely to be variability in individuals’ responses to interventions, 
which may be explained by any number of sociodemographic characteristics (e.g., 
age, sex, education, income, relationship status, ethnicity, location, etc.), individual 
trait differences, or individuals’ current and previous experience with COVID-19 
preventive behaviors. For example, there are subgroups within a population who are 
likely to need greater encouragement to adhere to recommended behavioral guide-
lines than others, such as those that are vaccine hesitant [60]. In order to improve the 
efficacy of interventions moving forward, it is suggested that identification of the 
individual differences likely to influence individuals’ responses to messaging and 
interventions is needed. This information can be used to tailor messaging to target 
subgroups with the lowest behavioral compliance.
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 Conclusion

The goal of this chapter has been to provide an overview of some of the research 
applying social cognition theories to predict COVID-19 preventive behaviors, and 
how interventions based on these theories to promote and maintain COVID-19 pre-
ventive behaviors may be developed. The chapter provides example materials that 
have been used in behavior change interventions based on social cognition theories 
and may be efficacious in changing COVID-19 preventive behaviors in interven-
tions going forward. This information is important as public health organizations 
seek to develop messaging and strategies that promote population-level compliance 
with preventive behavioral strategies for current and future pandemics.
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 Introduction

Ever since novel coronavirus disease (COVID-19), neurological complications have 
been observed in patients at all stages of the disease [1–3], even if it is a predomi-
nantly respiratory virus. At the beginning of the pandemic, evidence was limited to 
case reports and case series [4, 5], but their rising prevalence has been detected 
quicker, and they appeared to be strongly linked with severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) infection, to exert a detrimental effect on 
COVID-19 morbidity, and to increase patients’ mortality.

The prevalence of neurological symptoms in general has been documented 
extensively, highlighted by large retrospective and prospective cohort studies [1, 6, 
7]. This has been taken further with a large meta-analysis highlighting the ubiquity 
of neurological and neuropsychiatric symptoms [5]. However, considering the het-
erogeneity of the diagnostic criteria adopted, it is quite tough to predict their real 
prevalence. A projection based on neurological complications seen with previous 
coronaviruses was performed, but they did not incorporate neurovascular syn-
dromes, strongly witnessed in COVID-19, in their calculations [8, 9].

More recently, cohort studies are highlighting the prevalence of specific neuro-
logical complications. Overall, the prevalence of neurological complications seems 
to range from less than 0.1% to 13.5% [10–15]. Stroke and encephalopathy consis-
tently feature as the most common complications, even across different countries 
and continents [11, 12, 14, 16–19]. This was closely followed by neuromuscular 
disorders and peripheral nervous system (PNS), such as Guillain-Barré syndrome 
(GBS), and central nervous system (CNS) inflammatory syndromes.

The demographics and clinical characteristics at higher risk are difficult to ascer-
tain. The cohort studies available enrolled selected populations, often represented 
by patients hospitalized or admitted to intensive therapy units (ITU), producing a 
selection bias. However, it is clear that severe COVID-19 patients have a greater risk 
of developing neurological complications [20, 21].

Consistent findings across studies have shown that neurological complications, 
in particular stroke, increase the risk of mortality and prolong the hospitalization 
time [10, 11, 20]. As with COVID-19 in general, age and frailty also correlate with 
negative outcomes. Furthermore, the mortality rate from neurological complica-
tions alone was found to be 4.1% in one Spanish cohort study [7].

The aim of the present chapter was to discuss neurological manifestations associ-
ated with previously known respiratory viruses and to classify and describe the large 
spectrum of neurological complications of COVID-19 (Neuro-COVID), in order to 
increase awareness about current and potential emerging complications, to facilitate 
their early recognition and effective management, and to evaluate adequate surveil-
lance protocols and preventive strategies for the future.
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 Neurological Manifestations and Neuropathophysiology 
of Respiratory Viruses

The first association between influenza virus and encephalitis was documented dur-
ing the H2N2 Asian influenza pandemic of 1958 by Anderson and Jaros [22]. More 
recently, neurological disorders such as encephalitis, meningitis, meningoencepha-
litis, GBS, and polyneuropathy have been associated with H1N1 influenza A pan-
demic of 2009, in both adults and children [23–25]. Moreover, current evidence has 
linked even the common seasonal influenza to influenza associated encephalopathy, 
especially in pediatric age; however, non-specific confounding symptoms are com-
mon and there is a lack of direct signs of central nervous system involvement 
[26, 27].

In addition, several coronaviruses have been associated with neurological com-
plications [28]. Epidemic SARS coronavirus (renamed SARS-CoV-1 after the iden-
tification of the novel coronavirus 2019) was isolated in brain culture and 
cerebrospinal fluid (CSF) by polymerase chain reaction (PCR) [29–31], and Middle 
Eastern respiratory syndrome (MERS) is associated with neurological complica-
tions ranging from encephalitis, acute disseminated encephalomyelitis (ADEM), 
and GBS [32, 33]. Beyond epidemic coronaviruses, even HCoV-OC43, a common 
seasonal coronavirus, has been identified in some children affected by neurological 
conditions; in particular, the virus has been detected in the CSF of a child with 
ADEM [34], in the nasopharyngeal swab of a three-year-old boy with GBS [35], 
and in the brain biopsy samples of two little children with encephalitis [36, 37].

Looking at previous evidence and reports, it is not surprising that SARS-CoV-2 
infection could lead to a wide array of neurological manifestations. However, the 
major question is whether these complications are caused by the viral infection, or 
they are merely coincidental [8, 9]. Nowadays, to clearly establish if the Hill key 
domains (strength of the association, specificity, consistency, temporality, and plau-
sibility) are satisfied [38], further robust and detailed research are necessary. 
Conversely, probably the first way for clarifying this topic is to assess the exact 
mechanisms underlying Neuro-COVID multifaceted symptoms; as suggested by 
the variability in temporal relationship, severity, and site of neurological complica-
tions with COVID-19, this goal seems to be as intriguing as complex.

The first step of this process is to discriminate the direct effect of SARS-CoV-2 
on CNS and the ones related to the host immune response. If complications arising 
acutely with incipient infection are more likely a para-infectious phenomenon, 
delayed neurological manifestations and sequelae likely represent a post-infectious 
process mediated by immune pathways.

There is significant evidence that SARS-CoV-2 disrupts the integrity of the 
blood–brain barrier (BBB), allowing systemic pro-inflammatory cytokines and cel-
lular populations to migrate across it, and so causing neuroinflammation [39–41]. 
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The importance of this mechanism is highlighted by the direct correlation between 
prevalence of neurological complications and illness severity. The process seems to 
be independent from direct viral neuroinvasion; in fact, it is demonstrated even in 
patients without viral detection in the CSF [42, 43]. Moreover, even post-mortem 
data support this hypothesis, showing a variety of inflammatory neuropathological 
findings like microglial activation, especially in the medulla oblongata [44, 45]. 
However, this may represent a sign of critical illness encephalopathy rather than a 
specific COVID-19 finding [46].

Direct viral invasion is substantiated by SARS-CoV-2 detection by using a vari-
ety of methods in CNS tissue [44]. However, this is not ubiquitous across all studies, 
it is not often correlated with the severity of neuroinflammation, and the sensitivity 
of applied detection methods is questionable [44, 45]. Moreover, there are a lot of 
mechanisms proposed as potentially responsible for this phenomenon [8, 9, 47], but 
it is still not clear their relevance and the potential impact on clinical 
manifestations.

One of the first hypothesis was that the virus could enter via the olfactory bulb, 
the only part of the CNS not protected by the dural meningeal membrane; this the-
ory is supported by the high prevalence of anosmia in COVID-19 patients, an early 
symptom even in mild stages of the disease, and by murine evidence with prior 
coronaviruses [48–50]. Conversely, the virus is frequently not detected in the olfac-
tory bulb [44]. Another hypothesis is that the virus could pass the BBB through 
infected cells. Endothelial cells are evidenced as a potential source of viral penetra-
tion through hematogenous spreading, and this theory is enhanced by the documen-
tation of the virus in this kind of cell [51–53]. Even infected immune cells could be 
responsible for SARS-CoV-2 neuroinvasion, and their cross through the BBB may 
be facilitated by the aforementioned disruption of the barrier itself [48]. While this 
mechanism has been documented with other coronaviruses [54], studies focused on 
SARS-CoV-2 are missing or still ongoing [44].

Beyond specific mechanism of neuroinvasion, cytokines storm and critical ill-
ness could determine neurological complications independently by their etiology, 
and because of the frequency of this phenomena in COVID-19, this infection should 
be considered a relevant potential cause of CNS disorders.

 Classification of COVID-19 Neurological Complications

The operative importance of characterizing and defining CNS complications was 
strongly highlighted by Varatharaj and colleagues [3]. By performing this, they pro-
vide clear and consistent case definitions for various neurological disorders, allow-
ing the harmonization of data collection and analysis [55, 56]. This tentative attempt 
of standardization is particularly relevant, because a lot of early published data con-
sists of case reports and studies often lacking uniform investigations, imaging find-
ings, and CSF analysis, leading to unreliable diagnoses [4, 8, 9].
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4. Cerebrovascular
    disorders 

Fig. 18.1 Graphical summary of the current classification of neuro-COVID manifestations. 
Created with BioRender.com

The need for a standardized classification was a concept stressed by Ellul and 
co-authors [8, 9] that suggests the definitions for confirmed, probable, and possible 
neurological complications related to SARS-CoV-2 infection, according to the 
World Health Organization (WHO) definition of COVID-19 case. While debate 
may occur over the minutia of these classifications, early implementation and adher-
ence will aid future research and data sets [8, 9, 57].

According to these definitions, Neuro-COVID manifestations (graphically sum-
marized in Fig. 18.1) could be classified as follows: (1) encephalopathies, (2) CNS 
inflammatory syndromes, (3) PNS and neuromuscular alterations, and (4) cerebro-
vascular disorders. In general, our discussion of neurological complications will 
follow these topics, including also early sensitive symptoms.

 Anosmia and Ageusia

Ever since the beginning of COVID-19 pandemic, the loss of smell (anosmia) and 
taste (ageusia) has been repeatedly reported in a growing number of COVID-19 
patients worldwide. To date, scientific evidence shows that anosmia along with 
ageusia are common findings in a relevant percentage of both symptomatic and 
paucisymptomatic COVID-19 patients. In these subjects they could be the first and 
often the only clinical presentation [58–60]. Systematic review data [61] including 
27 studies and 20,451 cumulative COVID-19 patients reported a pooled prevalence 
of 48.5% for anosmia and of 41.5% for ageusia, and the combined prevalence of the 
two symptoms was 35%.

Regarding the clinical onset of anosmia and ageusia, an Italian cohort study [58–
60] conducted during the first wave of the pandemic and recruiting patients affected 
by COVID-19 at every stage of severity has demonstrated that such chemo-sensitive 
disorders occur in the first three days in the cohort of symptomatic patients in about 
two-third of all cases and represent the first symptom of COVID-19  in about 
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one- third of the population investigated. In addition, the same study suggested a 
higher severity of hypo/anosmia and in the first four days from the clinical onset of 
the disease.

Considering the prognosis of these disorders, several COVID-19 case series [62, 
63] showed a remarkable recovery of olfactory function within 1 or 2 weeks after 
the onset of the dysfunction, while a multicenter questionnaire study [64] conducted 
on 417 mild to moderate COVID-19 patients affected by anosmia and ageusia 
revealed that 25% of the patients completely recovered both their sense of smell and 
taste during 2  weeks following resolution of COVID-19 general symptoms. 
Nevertheless, in the sample of patients investigated who recovered, at least half of 
them complained of hyposmia, while one-third of them had isolated hypo/ageusia 
or both the chemo-sensitive dysfunctions after 4 weeks from the disease recovery.

Even if the exact pathogenesis of these chemo-sensitive disorders has not yet 
been clarified, some authors have hypothesized that SARS-CoV-2 could infect cells 
through interactions between its spike protein and the angiotensin converting 
enzyme 2 protein receptor along with the cell surface transmembrane protease ser-
ine 2, both diffusely expressed on the surface of cells located in the oral cavity 
mucous membrane as well as in the nasal mucous of the olfactory bulb [65, 66]. It 
is possible that in the period of exposure to infection, the direct viral invasion or the 
virus-induced host inflammatory response interaction with these structures could 
lead to smell and taste alterations. Regarding ageusia, an additional mechanism 
postulated is the impairment of salivary sialic acid metabolism [58–60].

Taken together, the above-mentioned findings argue for olfactory and/or gusta-
tory acute or subacute impairment being a specific if not pathognomonic clinical 
feature of COVID-19, involving an elevated number of patients even in very early 
stages of disease. Thus, hypo/anosmia and hypo/ageusia represent a valid criterion 
to self-isolate and to start the diagnostic iter for SARS-CoV-2 demonstration, par-
ticularly when they occur alongside other non-specific flu-like common symptoms 
such as fever, fatigue, myalgia, joint pain, and gastrointestinal discomfort.

 Encephalopathies

Encephalopathy is an acute alteration in brain function presenting a multitude of 
causes including, but not limited to, metabolic disorders, toxins, medications, with-
drawal and inflammatory conditions, or a combination of predisposing factors. It 
can often manifest as a change in personality and behavior, cognition, and alertness 
(delirium), especially in elderly patients with underlying cognitive decline. 
Analyzing and comparing data about such a multifaceted spectrum is extremely dif-
ficult, because of the heterogeneous case definition, classification, and diagnostic 
criteria adopted [11, 12, 67].

Beyond the causes, encephalopathy is universally found as one of the most com-
mon neurological complications in hospitalized COVID-19 patients [11, 12, 16, 
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19], with a prevalence ranging from 2.3% to 6.8% [18, 68, 69]. Risk factors for 
developing encephalopathy include increased age and concurrent comorbidities, 
such as high body mass index, hypertension, and diabetes [70]. Once present, it 
confers increased morbidity and mortality, independently of the disease severity 
[70, 71] and it also increases the likelihood of intubation [70].

To recognize such a condition according to standardized criteria is crucial to 
allow robust investigation for the underlying mechanisms, causes, and specific 
prognostic value in COVID-19.

 CNS Inflammatory Syndromes

Central neuroinflammation includes several conditions, namely encephalitis, 
encephalomyelitis, and myelitis, generally caused by infections or immune- 
mediated responses. To diagnose such conditions, there must be objective evidence 
of inflammation, whether this is from CSF analysis or neuroimaging [8, 9, 11, 12].

 Encephalitis

Encephalitis is an inflammation of the brain parenchyma, early and frequently iden-
tified in COVID-19 patients even if without objective investigations [4]. Conversely, 
a large prospective observational study using strict definitions did not describe any 
cases of encephalitis or myelitis associated with SARS-CoV-2, and autopsy findings 
attributed changes to hypoxic-ischemic sequelae [11, 12, 72].

However, after the first documented case of encephalitis associated with SARS- 
CoV- 2 detection in CSF in a patient with negative nasopharyngeal testing, there 
have been multiple reports about this link [3, 7, 73–75]. Still, there is need for fur-
ther investigation to assess other potential pathogens and causes of encephalitis [76].

Evidence also shows that there is a wide variety of presentations of encephalitis, 
including post-infectious conditions such as acute disseminated encephalomyelitis, 
brainstem encephalitis, limbic encephalitis, and autoimmune encephalitis with spe-
cifically identified autoantibodies [74–79].

 Encephalomyelitis and Myelitis

Encephalomyelitis is widely documented, generally presenting as ADEM [80]. 
Isolated spinal cord inflammation has been documented in several adult case reports, 
but this presentation is more frequently in children combined with ADEM [81–83].
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 PNS and Neuromuscular Alterations

 Guillain-Barré Syndrome Spectrum

GBS, a heterogeneous group of acute immune-mediated neuropathies, is known to 
be a possible consequence of multiple infectious pathogens, and SARS-CoV-2 has 
been postulated as a further culprit. There have been several large case-control stud-
ies that have shown an increased incidence of GBS in association with COVID-19 
[84, 85].

The clinical features of GBS associated with COVID-19 are very similar to the 
usual disease presentation [86, 87]. A further systematic review undertook classify-
ing the variants of GBS and found that almost two-third of them were acute inflam-
matory demyelinating polyradiculopathy [88].

However, recent findings [83] indicated GBS as not consequent to SARS-CoV-2. 
A large observational study from Singapore showed a decreasing trend in GBS hos-
pitalization during COVID-19 pandemic [89]. Another epidemiological cohort 
study comparing COVID-19 and non-COVID-19 associated GBS found a similar 
lower incidence [90]. There were also no phenotypical differences between the two 
groups other than COVID-19 associated cases having a higher rate of intubation, but 
it is presumed to be related to pulmonary distress rather than to neurological causes. 
Both these studies argue this reduction is likely a result of decreased social contact 
and increased hygiene preventing spread of other pathogens that lead to GBS.

Therefore, current findings highlight the importance of screening for other 
pathogens in GBS presentations associated with SARS-CoV-2, especially because 
in many previous studies this process has not been performed [8, 9].

 Other Neuropathies and Neuromuscular Disorders

Aside from GBS and its variants, peripheral neuropathies have been described in a 
few isolated reports. Needham and colleagues, who followed up severe COVID-19 
patients, found several cases of vasculitic-like mononeuritis multiplex [55, 56]. 
However, PNS should even be associated with critical illness or medical 
interventions.

Concerning critical illness polyneuromyopathy (CIPNM), there are several case 
reports and case series [91, 92]. It is intriguing the fact that several risk factors for 
developing CIPNM (age, comorbidities, hyperglycemia, sepsis, acute respiratory 
distress syndrome, steroids, and neurosedatory medications) are observed in severe 
COVID-19 [93, 94]. Prone position, frequently essential in patients with viral pneu-
monia, may also lead to neuropathy, particularly brachial plexopathy [92].

Myopathy, and in particular myositis, has been described in case studies and case 
series and it has been postulated as an autoimmune consequence given the evidence 
of concomitant autoimmune disease, acute necrotizing myositis, its response to 

D. Walton et al.



359

immunosuppression, and of autoantibody development [95–99]. Myopathy was 
documented in 3.1% of patients with other neurological manifestations and it was 
associated with a longer ITU stay.

About myasthenia gravis (MG), there have been several documented cases of the 
development of antibody (Ab) positive MG after COVID-19 symptom onset [100–
102], presenting with a latency ranging from several days to several weeks. 
Speculation for an immune-mediated etiology secondary to SARS-CoV-2 is preva-
lent; nonetheless, further studies are necessary to establish possible causation and 
neuropathogenesis of this observed correlation. As with other patients who are 
immunosuppressed, there has been concern about MG patients’ susceptibility to 
COVID-19, mainly considering the risk of myasthenic crises and respiratory 
involvement. Observational data from small numbers of pre-existing MG patients 
who required hospitalization for SARS-CoV-2 infection, even if presenting very 
variable findings, globally showed high rates of ITU admission, risk of intubation, 
and death [101, 103, 104].

 Cerebrovascular Disorders

Multiple cerebrovascular complications have been associated with COVID-19, 
including ischemic stroke, intracranial hemorrhage (both intracerebral and sub-
arachnoid hemorrhage), cerebral venous sinus thrombosis, and cerebral vasculitis. 
Evidence from large national and multinational studies has shown that ischemic 
stroke is the most common cerebrovascular complication, followed by hemorrhage 
and then by thrombosis [57, 105, 106]. Individuals most likely to suffer cerebrovas-
cular complications are older, have cardiovascular risk factors, and have more 
severe COVID-19 [57, 105].

 Ischemic Stroke

Acute ischemic stroke (AIS) is one of the most common neurological complications 
of COVID-19. Prevalence across hospitalized COVID-19 patients in large observa-
tional and case-control studies is about 1.1–1.9%, but there is a significant variabil-
ity across the literature [57, 68, 105, 107, 108]. Risk factors for the development of 
acute ischemic stroke are increased age, more severe disease, and known cardiovas-
cular disease.

The most frequent neuroimaging features of AIS in COVID-19 are large vessel 
occlusion and multiple territorial infarct [109, 110], suggesting an embolic cause 
rather than a thrombotic one, even if investigations often reveal no sources justify-
ing such a phenomenon. Pro-thrombotic and hypercoagulable states are often found 
in these patients, presenting frequently high D-dimer levels and concomitant venous 
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thromboembolism [110, 111]. The pathophysiology behind the increase in AIS risk 
is likely multifactorial, but the most frequently postulated theory is that the systemic 
inflammatory response and the consequent cytokines storm could activate coagula-
tion cascades and thrombin production through endothelial cell dysfunction [55, 56].

While the pathophysiology is still debated, evidence clearly shows that ischemic 
stroke in the context of COVID-19 increases mortality, results in greater disability, 
and reduces the chance of recovery when compared to non-COVID AIS [107, 112]. 
Given the case number globally, this will put a significant strain on long-term reha-
bilitation and health services. Given these data and regardless of its pathophysiol-
ogy, the pro-thrombotic state caused by COVID-19 has led to the development of 
prophylactic anticoagulation guidelines, of course to be balanced with bleeding risk.

 Intracranial Hemorrhage

Intracranial hemorrhage (ICH) has been associated with COVID-19 with a preva-
lence ranging from 0.2% to 0.5%, with a mortality rate assessed to be about 
44.7–48.6% [57, 105, 108, 113]. Risk factors for developing ICH were older age, 
more severe disease requiring mechanical ventilation, and concurrent anticoagula-
tion therapy or documented coagulopathy [114, 115]; unsurprisingly, there is a sig-
nificant risk of ICH in patients who underwent extracorporeal membrane 
oxygenation treatment [116].

In a large observational case series [117], acute hemorrhages were found in 4.5% 
of computed tomography (CT) and magnetic resonance imaging (MRI) scans in 
neurologically symptomatic patients within 2  weeks of SARS-CoV-2 detection. 
However, no hemorrhages were present at the development of acute altered mental 
state, suggesting that imaging should be reserved for focal neurological deficits.

Nevertheless, despite substantial documentation of ICH with COVID-19, there is 
evidence that this finding could be related to acute respiratory distress syndrome 
rather than to COVID-19 itself [118].

 Cerebral Venous Sinus Thrombosis

Cerebral venous sinus thrombosis (CVST) in association with COVID-19 has been 
well documented by Baldini and colleagues [119], estimating a cumulative preva-
lence of less than 0.1%; this linkage is corroborated by the frequent recurrence of 
coagulopathy sequelae and peripheral venous thromboembolic phenomena in 
SARS-CoV-2 infection. A further supportive finding is that COVID-19 patients 
have fewer CVST risk factors when compared to CVST in absence of SARS-CoV-2 
infection [119–121].

Globally, CVST associated with COVID-19 typically affects older individuals 
and leads to a high mortality rate, ranging from 23.1% to 40%. However, data 
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currently available are scarce, and further studies combined with growing evidence 
about CVST occurring post-vaccine administration [122] could allow a deeper 
understanding of a possible rare but severe COVID-19 associated complication.

 Cerebral Vasculopathy

Cerebral vasculitis and vasculopathy have been documented in two studies by radio-
logical appearance [79, 123]. Thickening and enhancement of vessel walls on MRI 
scans have been discovered in another study including sixty-nine patients with neu-
rological manifestations [124]; the same study did not find these abnormal MRI 
features in the twenty-five patients without SARS-CoV-2, suggesting a possible 
specific association.

These phenomena could be a consequence of the aforementioned pathways, sys-
temic inflammation, and direct viral invasion of endothelial cells [51–53]. About the 
clinical impact of cerebral blood vessel disorders, they could be one of the contrib-
uting factors to the incidence of stroke in COVID-19 patients [125].

 Neuro-Covid Imaging

Despite the difficulties encountered carrying out radiological exams in relation to 
the need of infection control and to transport intubated or ventilated patients, neuro-
imaging findings of several studies conducted worldwide in COVID-19 patients 
documented a conspicuous involvement of the nervous system. A retrospective 
study conducted in March and April 2020, involving a cohort of 3000 COVID-19 
patients in three hospitals in New York, showed that acute stroke (mainly AIS) was 
the most common finding in neuroimaging, seen in 92.5% of patients with abnormal 
brain scans, and present in 1.1% of hospitalized COVID-19 patients. In addition, 
due to the increased mortality found in these patients, acute stroke has doubtlessly 
represented a common strong prognostic marker of poor outcome in COVID-19 
patients [126].

To date, scientific evidence from literature has revealed that central nervous sys-
tem involvement is mainly characterized by acute and subacute cerebral infarcts, 
embracing large vessel occlusion (Fig. 18.2a–f), small vessel, and watershed stroke 
representing the most common findings followed by cerebral micro-hemorrhages 
(Fig.  18.2g–i), acute spontaneous intracerebral hemorrhages (Fig.  18.2j–l), and 
cerebral venous thrombosis (Fig. 18.2m–o). All these findings could be explained 
by the severe coagulopathy often present in COVID-19 [130]. It is plausible that 
cerebral micro-hemorrhages could be a late complication of critical-stage COVID-19 
related to hypoxia and/or small vessel vasculopathy. Nevertheless, the underlying 
mechanism responsible for development of cerebral micro-bleeding is still uncertain.
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Fig. 18.2 Most common neuroimaging findings in COVID-19 patients with CNS involvement. 
Brain MRI (a–c) coronal T2-weighted imaging, and (d–f) axial diffusion-weighted imaging (DWI) 
of acute infarct (large vessel occlusion) involving the basilar artery territories (brainstem, bilateral 
thalami, occipital and inferior temporal lobes, and cerebellum). (g–i) Brain MRI axial susceptibil-
ity weighted imaging (SWI) demonstrates numerous cerebral microbleeds in the temporal, frontal, 
and parietal lobes, predominantly located at the gray/white matter junction. (j–l) CT head without 
contrast reveals extensive pontine and midbrain hemorrhage with intraventricular extension involv-
ing the third and fourth ventricles and early hydrocephalus: axial image at the level of the pons (j), 
coronal image centered at largest diameter of intraparenchymal hematoma (k), and sagittal image 
showing hemorrhage extending to fourth and third ventricles (l). (m–o) Cerebral venous thrombo-
sis: non-contrast brain CT asymmetric hyperdensity of the left of the left transverse sinus (dense 
vein sign; yellow arrow) (m), consistent with no associated parenchymal edema; magnetic reso-
nance venography (MRV) confirms cerebral venous thrombosis in the left transverse sinus and 
shows hypoplasia in the sigmoid sinus and jugular bulb (yellow arrows) (n); MRV after 5 weeks 
shows recanalization of the small caliber left transverse sinus (yellow arrow) with persistent hypo-
plasia of sigmoid sinus and jugular bulb. (Figures and captions modified from (a–f) Khedr et al. 
[127], (g–i) Paterson et al. [110], (j–l) Flores et al. [128], (m–o) Khan et al. [129], and licensed 
under Creative Common License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/))
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A multicenter study [43] highlights eight main patterns of MRI alterations 
between abnormal scans of 37 COVID-19 patients with neurological symptoms. 
Signal abnormalities in the medial temporal lobe (Fig. 18.3) resulted as the most 
frequent (16 of 37, 43%), followed by white matter hyperintensities associated with 
micro-bleeding on fluid-attenuated inversion recovery (FLAIR) sequences (30%) 
and by extensive and isolated white matter micro-hemorrhages (24%). Furthermore, 
the same study confirmed the correlation between cerebral hemorrhage and worst 
prognosis.

ADEM neuroradiological findings have been detected in adults (Fig. 18.4), espe-
cially in elderly with previous severe infection [131]. However, the exact patho-
physiology remains still unclear. Rare cases of post-infectious ADEM-like 
syndromes have been described in children [81], with patchy or confluent hyperin-
tensities on T2-weighted scans in both gray and white matter, with or without 
reduced diffusion or enhancement. However, these pediatric patients were found to 
be positive for antibodies against the myelin oligodendrocyte glycoprotein (MOG) 
and the N-methyl-D-aspartate receptor (NMDAR). Given that neurological illnesses 
related to anti-MOG-Ab and anti-NMDAR-Ab can appear in post-viral illness, 
these cases raise the likelihood that COVID-19 could have an association with 
immune-mediated CNS pathology.

MRI findings in myelitis, both isolated (Fig.  18.5a) and in combination with 
brain abnormalities (Fig. 18.5b), were predominantly characterized by the involve-
ment of central cord gray matter, presenting T2-weighted hyperintensities, like 
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Fig. 18.2 (continued)
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Fig. 18.3 (a–d) Axial FLAIR images show bilateral hyperintensity in the mesial temporal lobes 
(a and b), hypothalamus (c) temporal lobes, and thalamus (d). (e–h) Axial T2-weighted (e), DWI 
(f), (SWI) (g), and post-contrast T1-weighted (h) images show multifocal clusters of lesions 
involving the deep white matter of both cerebral hemispheres, intralesional cyst-like areas of var-
ied sizes, and some peripheral rims of restricted diffusion (f), some hemorrhagic changes (g), and 
T1 hypointense “black holes” without contrast enhancement (h). (i–p) Axial images at the level of 
the insula and basal ganglia (i–l) and at the level of the temporal lobes and upper pons (m–p). 
T2-weighted images (I and m), SWI images (j and n), DWI images (k and o), and contrast- 
enhanced images (l and p). There are extensive confluent areas of T2 hyperintensity (i and m), with 
hemorrhagic change on SWI imaging (j and n), restricted diffusion on DWI images (k and o), and 
peripheral contrast-enhancement (white arrows in l and p) in the insular region, basal ganglia, and 
left occipital lobe (i–l) as well as in the medial temporal lobes and upper pons (m–p). (Figure and 
caption modified from Paterson et al. [110] and licensed under Creative Common License CC BY 
4.0 (https://creativecommons.org/licenses/by/4.0/))
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Fig. 18.4 MRI images of two COVID-19 patients presenting ADEM. (a–d) Patient 1. Axial T2 (a 
and c) and DWI (b and d) images show multifocal lesions involving corpus callosum and corona 
radiata. (e–l) Patient 2. Axial T2-weighted images and sagittal T2-weighted of the spinal cord 
acquired on admission (e–h) and after 26 days (i–l). Axial T2-weighted images show multifocal 
hyperintense lesions in the brainstem (e and i), basal ganglia and supratentorial white matter (f and 
j). The pontomedullary hyperintensities have become more confluent (i) since admission (e). After 
26 days, the signal abnormalities in the basal ganglia and the supratentorial white matter (j) are 
grossly similar to baseline (f). Sagittal and axial T2-weighted images show diffuse high 
T2-weighted signal intrinsic to the spinal cord at baseline (g and h). After 26 days, the cord edema 
has reduced, and the spinal cord lesions appear less confluent and more discrete (k and l). (Figure 
and caption modified from Paterson et al. [110] and licensed under Creative Common License CC 
BY 4.0 (https://creativecommons.org/licenses/by/4.0/))
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other demyelinating myelopathies such as ADEM, neuromyelitis optica, anti-MOG-
 Ab associated encephalomyelitis, and idiopathic transverse myelitis. This pattern of 
spinal cord pathology resembled other few cases reported in children and adults 
with COVID-19 [134, 135]. MRI spinal nerve roots (Fig. 18.5c) and leptomeningeal 

a b

c

Fig. 18.5 (a) MRI sagittal T2-weighted image of thoracic spine showing hyperintensity in the 
spinal cord (white arrows) from the seventh through the twelfth thoracic level suggestive of trans-
verse myelitis. (b) Brain MRI axial T1-weighted fat-saturated post-contrast brain demonstrating 
bilateral facial nerve enhancement involving the labyrinthine segment (white arrows), tympanic 
segment, mastoid segment, and extracranial facial nerve. (c) MRI coronal short tau inversion 
recovery (STIR) image showing hyperintense signal abnormality of the upper trunk of the right 
brachial plexus (white arrow). (Figures and captions modified from (a) Durrani et al. [132], (b) 
Chan et al. [133], and (c) Paterson et al. [110] and licensed under Creative Common License CC 
BY 4.0 (https://creativecommons.org/licenses/by/4.0/))
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enhancement have been observed even in GBS associated with COVID-19 [136]. 
However, this finding seems to be more common in classical GBS, as previously 
shown in a study conducted about Zika virus infected patients [137].

Imaging findings regarding the olfactory neuronal network involvement are 
mostly limited to case reports and series in patients affected by anosmia. Some 
works have shown MRI abnormalities in patients’ olfactory bulbs (OB) [138].  
Moreover, one neuroimaging study has reported increased T2-weighted MRI signal 
in the OB and in the bulbar tracts, with subtle contrast enhancement [139]. In addi-
tion, olfactory bulb atrophy after COVID-19 has also been described in patients 
with prolonged post-infectious anosmia, suggesting persistent OB damage [140]. 
Conversely, Shor and colleagues [141] have highlighted how the OB signal intensity 
could depend on the field strength applied, the imaging manufacturer, and the acqui-
sition parameters adopted; moreover, OB abnormalities at MRI have been previ-
ously demonstrated even in non-COVID-19 patients with olfactory dysfunction [142].

Several studies investigated neuroimaging alterations occurring in long-COVID 
patients. One of them [143] has revealed a possible persistent disruption in micro- 
structural and functional brain integrity in sixty previously hospitalized COVID-19 
patients with neurological symptoms, even after a complete recovery from respira-
tory symptoms.

Fluorine-18 fluorodeoxyglucose positron emission tomography/computed 
tomography (18F-FDG PET/CT) studies have shown intriguing new evidence in 
long-COVID patients, such as brain hypometabolism in bilateral rectal and orbital 
gyrus (including the olfactory gyrus), right temporal lobe (including amygdala and 
hippocampus), right thalamus, bilateral pons and medulla oblongata and bilateral 
cerebellum [144]. Another PET/CT study has showed reduced 18F-FDG metabolism 
in right para-hippocampal gyrus and thalamus [145].

Furthermore, Donegani and colleagues [146] have demonstrated a relative 18F- 
FDG hypometabolism in bilateral para-hippocampal, fusiform gyri and in left 
insula, and an involvement of bilateral longitudinal fasciculi in patients with iso-
lated persistent hyposmia after recovery from COVID-19 (Fig. 18.6). These results 
suggest a persistent CNS involvement in COVID-19 long-haulers.
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Fig. 18.6 (a) Hypometabolism in patients still presenting with hyposmia during early recovery 
after SARS-CoV-2 infection was highlighted in para-hippocampal and fusiform gyri in both hemi-
spheres (Brodmann area 20, 36, 37) and in the insula in the left hemisphere (Brodmann area 13). 
Height threshold of significance was set at p < 0.05 family-wise error-corrected at the cluster level. 
Regions of significant difference are shown color-graded in terms of Z values. (b and c) Structural 
connectivity of regions of hypometabolism in patients with olfactory dysfunction generated 
through the Brain Connectivity and Behaviour toolkit (http://www.toolkit.bcblab.com), which 
includes diffusion MRI data from healthy control subjects. (a) The connectome map indicated a 
significant probability of connection of the hyposmia cluster with the inferior longitudinal fascicu-
lus. (b) Tractography results of the hyposmia cluster. (Figures and captions modified from 
Donegani et al. [146] and licensed under Creative Common License CC BY 4.0 (https://creative-
commons.org/licenses/by/4.0/))

 Moving Forward

Despite prevalence of neurological complications being lower than respiratory 
symptoms, Neuro-COVID is still a significant negative prognostic factor, strongly 
impacting on clinical outcomes and mortality of COVID-19 patients. Looking at 
prior respiratory viruses, it is totally reliable that such a plethora of neurological 
manifestations could be associated with SARS-CoV-2 infection. The pathophysiol-
ogy of these complications is likely multifaceted, including at least systemic cyto-
kines passage across a disrupted blood–brain barrier, host immune- mediated 
reactions, spreading via infected endothelial cells, and direct viral neuroinvasion.
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To date, almost all the aforementioned hypotheses seem to be simultaneously 
reasonable and questionable, confirming the well-established and loudly requested 
need for further standardized molecular, microbiological, radiological, and clinical 
research about neuro-COVID [147–149].

To gain such a target, a continuous and immediate data sharing is vital, and this 
goal can be achieved only through a worldwide, collaborative, and harmonized 
research engagement. Thanks to the efforts of several study groups, national and 
international research co-operations are being undertaken to answer this call, includ-
ing the Global Consortium Study of Neurological Dysfunction in COVID-19 [68], 
the COVID-19 Neuro Databank-Biobank [150], the European Academy of 
Neurology Neuro-Covid Registry Consortium [151], the CoroNerve Studies Group 
[152], the Post-hospitalization COVID-19 study [153], and the upcoming Post- 
Acute Sequelae of SARS-CoV-2 infection Initiative, announced by the National 
Institute of Health [154].

Agreeing with the Lancet Neurology Editorial [155], our greatest hopes lie in a 
global neuro-COVID network, because “approaches need to be standardized, and 
case definitions should be used consistently across studies. With the aim to refine 
guidelines for the management of patients with COVID-19 and characterize its 
long-term neurological manifestations, large-scale and multidisciplinary collabora-
tions will be essential.” Until this objective will not be achieved, a global “collabo-
ration to improve our knowledge of COVID-19, including its long-term neurological 
manifestations, must continue to be a high priority.”
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Chapter 19
The Impact of COVID-19 on Surgical 
Disease

Ali Elsaadi, Milos Buhavac, and Brittany K. Bankhead

 COVID-19-Induced Hypercoagulability

The pro-inflammatory state due to COVID-19 causes immune-mediated thrombosis 
similar to that of sepsis. The hypoxic state associated with COVID-19 also causes 
transcription of hypoxia inducible factor which further activates platelets and 
plasma coagulation [1]. While these complications are more likely to be seen in the 
pulmonary circulation, other organs such as the kidney and spleen have also been 
affected by this pro-thrombotic state.

Examples of this hypercoagulability and its effect on surgical patients can be 
seen in numerous case reports published throughout the pandemic. One case report 
by Xu et  al. describes a kidney-pancreas transplant recipient who developed an 
infarction in his transplanted kidney [2]. The patient received prophylactic antico-
agulation during his hospitalization for COVID-19, which was discontinued upon 
discharge. Eight days after his discharge, he returned with left lower quadrant pain 
and was subsequently found to have a cortical hypodensity on imaging consistent 
with an infarction of the lower pole of the kidney [2]. In another case series by 
Dakay et al., three patients at their institution were found to have cerebral venous 
sinus thrombosis with concurrent COVID-19 infection. These patients had no obvi-
ous risk factors for a hypercoagulable state or cerebral venous sinus thrombosis [3]. 
One large study done by Goldberg-Stein et al. looked at CT scans of the abdomen 
and pelvis in 141 COVID positive patients. Of these 141 patients, 25 (17.7%) had a 
GI tract abnormality, and 14 (9.9%) had solid organ infarction or vascular thrombo-
ses. Of these 14 events, 4 were splenic infarcts, 4 were renal infarcts, 3 were deep 
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Fig. 19.1 CT scan 
demonstrating severe aortic 
thrombosis in COVID 
patient. (de Roquetaillade 
C, Chousterman BG, 
Tomasoni D, Zeitouni M, 
Houdart E, Guedon A, 
Reiner P, Bordier R, 
Ga-yat E, Montalescot G, 
Metra M, Mebazaa 
A. Unusual arteri-al 
thrombotic events in 
Covid-19 patients. Int J 
Cardiol. 2021 Jan 
15;323:281–284. 
https://doi.org/10.1016/j.
ijcard.2020.08.103. Epub 
2020 Sep 10. PMID: 
32918938; PMCID: 
PMC7481127)

vein thromboses, and 3 peripheral-arterial occlusions [4]. In another study by de 
Roquetaillade et  al., 20/209 (9.6%) of patients admitted with severe COVID-19 
developed an acute thromboembolic event. These included 3 splenic infarcts, 9 cor-
onary occlusions, 6 strokes, 3 ischemic limbs, and 2 aortic thromboses including 1 
death (Fig. 19.1) [5].

To date, no data is available concerning sequelae of splenic infarcts in COVID 
patients such as rate of pseudoaneurysm formation, abscess, or need for surgery.

Intestinal malperfusion has been identified as another potential harmful byprod-
uct of COVID-19 infection. In one case report by Azouz et al. a patient who initially 
presented with a stroke secondary to COVID developed abdominal pain 1 day later. 
CT angiography showed a free-floating thrombus within the aorta, as well as occlu-
sion of the superior mesenteric artery, leading to intestinal ischemia [6]. In a larger 
study done by Etkin et al. looking at 43 COVID patients that developed thromboem-
bolic disease, 2 of 43 had intestinal ischemia [7]. A single center study by Bellosta 
et al. suggests a solution to this issue. In their study, 17/20 patients with acute limb 
ischemia due to COVID underwent revascularization, of which 12 were successful. 
Patients with successful revascularization procedures were routinely on postopera-
tive therapeutic heparin (0 vs 57%, p = 0.042). This suggests that therapeutic peri-
operative anticoagulation utilizing heparin may improve morbidity and mortality as 
well as increase the chances of limb salvage in COVID-19-induced acute limb isch-
emia [8].
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 COVID-19-Induced Gastrointestinal Pathology

One prevailing theory for the mechanism behind digestive system involvement in 
COVID-19 suggests angiotensin converting enzyme 2 receptor, which the virus 
attaches to so it can infect cells, is expressed highly in the gastrointestinal (GI) sys-
tem [9]. In a meta-analysis comprised of 29 studies performed by Mao et al. 15% of 
patients with COVID-19 had evidence of GI dysfunction. The most common symp-
toms were nausea/vomiting, diarrhea, or loss of appetite. A further 12 studies con-
sisting of 1267 patients showed 19% of study patients had an abnormal elevation in 
liver function enzymes Interestingly, patients with GI involvement had a delay in 
diagnosis and a poorer disease course with an odd’s ratio of 2.96 and 95% confi-
dence interval of [1.17–7.48] [10].

Digestive surgical complications in COVID-19 patients also include intestinal 
perforation. In one case reported by De Nardi et al., a patient developed an intestinal 
perforation 14 days after the onset of symptoms which started February 17th, 2020. 
On day 5 of their hospitalization, the patient developed diarrhea and subsequent 
abdominal pain. Computed tomography (CT) scans done at that time showed large 
amounts of free air and the patient was emergently taken to the operating room. The 
intra-operative findings included profuse amount of free air, distension of the entire 
abdominal colon, and a minimal perforation on the anterolateral aspect. Neither 
obstruction of the distal colon nor distension of the small intestine was noted. A 
right colectomy with ileo-transverse anastomosis was performed [11]. Another case 
report from September of 2020 details a spontaneous rectal perforation in a patient 
with COVID-19. In this case, the patient presented to the emergency room (ER) 
mildly hypotensive with a distended abdomen, Blumberg’s sign and a positive 
COVID-19 polymerase chain reaction (PCR). CT scan done showed perivisceral air 
indicative of a rectal perforation. In the discussion of this case, the predilection of 
COVID-19 for gastrointestinal angiotensin converting enzyme-2 receptor along 
with its propensity for causing thrombosis was the proposed causes for the perfora-
tion [12]. COVID-19-induced fistulas have also been seen and these sequelae can 
occur months after the initial infection. In one case report by Abbassi et al. a patient 
with COVID pneumonia 2 months prior presented to the hospital with a subacute 
obstruction and failure to thrive. Subsequent push enteroscopy revealed multiple 
jejuno-jejunal fistulas as well as a diffuse ulceration. On laparotomy, the patient was 
found to have a previous jejunal perforation which was the likely culprit for their 
issues [13].

 Tracheostomy in the COVID-19 Era

Tracheostomy placement has been identified as a high-risk procedure for providers 
and staff due to periprocedural aerosolization of viral particles. Aerosol-generating 
procedures were identified as a leading cause of viral transmission during the severe 
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acute respiratory syndrome outbreak in 2003, with super-spreading events occur-
ring throughout hospitals in Hong Kong, China, and Canada [14]. Patients with 
COVID-19 are sometimes on a ventilator for a disproportionally longer period of 
time before undergoing tracheostomy placement. Early in the pandemic, one guide-
line in the American Journal of Otolaryngology suggested a 21 day wait after intu-
bation [15]. This may be due to the early high fraction of inspired oxygen (FiO2) 
requirements COVID-19 patients are having, making them poor candidates for an 
airway exchange, in addition to theoretical decreased viral load after a more 
extended period of time [15]. Another shift seen in tracheostomy placement prac-
tices involves the operating room. Due to the high-risk nature of this aerosolizing 
procedure, personnel had to be restricted. Current recommendations are to limit the 
number of providers and staff in the room to the bare minimum required to safely 
do a procedure or operation. While this varies among cases and patient acuity, this 
will usually consist of an attending and one senior resident or assistant, along with 
necessary nursing and anesthesia personnel. Only the anesthesia team should be in 
the room during intubation [14, 15].

 Impact on Elective and Non-Urgent Surgery

Due to initial shortage of personal protective equipment (PPE), many centers can-
celled elective cases and only allowed emergent and urgent surgeries to take place. 
Naturally, certain subspecialties were hit harder than others. In one study by 
Bregman et al. looking at plastic surgery case volume, it was estimated that 286,327 
cases and 1.2 billion dollars will be lost due to the pandemic (Fig. 19.2) [16].

These estimates were based on 94 days of shutting down elective practice with 
regard to the top 5 esthetic procedures performed by plastic surgeons. Unfortunately, 
these numbers may grossly underestimate the true financial impact experienced by 
this subspecialty.

Another subspecialty suffering financial losses during the pandemic included 
bariatric surgery. A study by Beglaibter et al. showed that of 53 bariatric surgeons 
in the country, 86% of them in the public sector had ceased to operate [17] due to 
mandates by the government. Of the surgeons who did still operate, cases would 
still be cancelled citing patients with pulmonary issues or those living in communi-
ties heavily affected by COVID-19 as the reason why [18]. In a larger survey of 169 
bariatric surgeons, most preferred to postpone pre-operative endoscopies, defer 
postoperative visits to video chats and telemedicine, and others cancelled the proce-
dure entirely [18].

Some subspecialties, including cardiac surgery, converted to staffing intensive 
care units. In a paper by Fudulu and Angelini, these authors discuss how some col-
leagues have taken on roles as critical care nurses or other intensive care unit posi-
tions that were needed. Often the only cardiac surgeries that were permissible 
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Fig. 19.2 Regional estimates for lost case volume for the top five most common procedures if 
restrictions on cases extended from 3/19/20 to predicted date (94 days later) when invasive ventila-
tion required for <0.5 patients. (Bregman DE, Cook T, Thorne C. Estimated National and Regional 
Impact of COVID-19 on Elective Case Volume in Aesthetic Plastic Surgery. Aesthet Surg J. 2021 Feb 
12;41(3):358–369. https://doi.org/10.1093/asj/sjaa225. PMID: 32729892; PMCID: PMC7454284)

during the pandemic included aortic dissections, coronary bypass for vessel disease 
not amenable to percutaneous intervention, and valve surgery not amenable to trans-
catheter aortic valve replacement [19]. It was predicted that 28,404,603 operations 
would be cancelled or postponed during the 12-week peak of COVID-19. In the 
ensuing months, it was estimated this would require a 20% increase of operations 
for 45 weeks to make up for these missed cases (Fig. 19.3) [20].
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gery cancellations due to the COVID-19 pandemic: global predictive modelling to inform surgical 
recovery plans. Br J Surg. 2020 Oct;107(11):1440–1449. https://doi.org/10.1002/bjs.11746. Epub 
2020 Jun 13. PMID: 32395848; PMCID: PMC7272903)

 Impact on Trauma/Acute Care Surgery

Of all the surgical subspecialties, the trauma and critical care team were involved in 
the care and management of COVID-19 patients the most. Due to their expertise in 
managing critically ill patients, they were often expected to continue with emergent 
general surgery cases in addition to managing and staffing COVID-19 patients in 
the surgical and medical intensive care units. Interestingly, even emergency services 
declined in the wake of the initial COVID-19 surge. A large study from Australia by 
Jacob et  al. looked at trauma admissions during one of the peaks of COVID-19 
(March/April 2020) and compared it to those same months from the prior 4 years. 
They found that there was a 23–34% decrease in the mean monthly average trauma 
admissions during March/April 2020 compared with previous 4 years. In addition, 
there was a 40–52% decrease and 13–29% decrease in admissions due to road traf-
fic collisions and falls, respectively [21].

Another larger study by Berg et  al. found similar results. Looking at 12,395 
trauma patients across 88 centers during the first 5 months of 2020 compared to 
2019, it was determined that trauma admissions decreased overall. Motor vehicle 
collision numbers decreased (1249 to 628), while penetrating trauma increased by 
2.7% at a p value of 0.001, blunt trauma decreased by 3.1%, and head-injured 
patients presented with more severe traumatic brain injury based on injury severity 
score [22].

Penetrating trauma and traumatic brain injury trends were also demonstrated in 
a paper by Sherman et al. Looking at the US trauma registry from 2017 to 2019, 532 
trauma activations were predicted to occur during the pandemic period from March 
14th to May 14th 2020 based on linear trends. The actual number was only 372. 
There were also fewer blunt vs penetrating traumas, less motor vehicle collisions, 
and a higher number of gunshot wounds [23].
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 Delays in Care Due to COVID-19

As hospitals became filled with patients afflicted with COVID, patients became 
more wary of going to a physician for regularly scheduled visits or minor concerns, 
including reductions in preventative screening—such as colonoscopy for colorectal 
cancers and mammograms for breast cancer. The UK national cancer screening pro-
grams—accounting for approximately 5% of all cancer diagnoses in the UK each 
year—further contributed to this reduction in screening [24]. While patients would 
still present for alarming symptoms such as rectal bleeding, vague cancer symptoms 
such as fatigue would go without a checkup because of the fear of contracting 
COVID-19 [24]. A study by Maringe et al. estimated the possible effects of this on 
breast, colorectal, lung, and esophageal cancer in the UK. After looking at over 
90,000 patients with these cancers, they determined there would be a 7.9–9.6%, a 
15.3–16.6%, 4.8–5.3%, and a 5.8–6.0% increase in deaths due to each of these 
tumors, respectively. This corresponds to over 3000 deaths in total attributable to 
delay in diagnosis [25].

Due to shortage in personal protective equipment, decreased hospital beds, and 
ventilators, non-emergent surgeries were delayed. Along with these factors, surgical 
oncologists have dealt with delays in diagnosis of cancer patients. The domino 
effect of this is that cancer surgeries were being postponed. This led to a set of rec-
ommendations for the delay of surgery by The Society of Surgical Oncology [26].

Hepatobiliary cancers with an indication for surgery followed by systemic che-
motherapy would now be treated with neoadjuvant chemotherapy until the patient 
was no longer responding to therapy or was unable to tolerate the side effects. Breast 
cancer recommendations included delaying surgery for at least 3 months for atypia, 
prophylactic/risk-reducing surgery, reconstruction, and benign breast disease. In 
colorectal cancer, surgery was recommended to be postponed for all cancers in pol-
yps, or otherwise early-stage disease [26].

With these delays, there was naturally an increase in mortality and morbidity for 
these patients. In a study by Larson and colleagues, the effects of a 3-month post-
ponement of surgery for colon cancer were studied on 5-year survival. They found 
that patients who underwent surgery 1 month after diagnosis had a 25% mortality, 
while patients who underwent surgery at 4 months had a 37% mortality. In 2020, it 
was expected that there would be about 104,610 new cases of colon cancer in the 
USA. Using the estimates from earlier, this would amount to 30,965 deaths if delays 
of 4 or more months occur (Fig. 19.4) [27].

This effect carried over to other cancers as well. In a study by Mayne and col-
leagues, delays in surgery for certain stages of non-small cell lung cancer (IA2-IB 
adenocarcinoma and IB squamous cell carcinoma) led to an increase in mortality (p 
value <0.004) [28].
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Fig. 19.4 Risk of death within 5 years (a) and 1 year (b) after surgery according to the duration of 
the delay from diagnosis to surgery. Exp = expected. aDeath within 1 year after surgery. bDeath 
more than 1 year after surgery (the percentage presented is the number of deaths within 1 year 
divided by the number of deaths within 5 years). cThe expected number of deaths according to the 
duration of delay between the diagnosis and surgery. The estimated total number of cases of stage 
I to III colon cancer in 2020 is 83,688 patients.3 Of these patients, based on our previous study’s 
results, 21,759 deaths (26%) would be expected within a 5-year follow-up. To calculate the pre-
dicted number of deaths for each delay in surgery period category, the assumption was given that 
all patients will have the surgery within this period of time (delay), and the estimated number of 
deaths was calculated based on the results (percentages) as shown in the figure. (Larson DW, Abd 
El Aziz MA, Mandrekar JN. How Many Lives Will Delay of Colon Cancer Surgery Cost During 
the COVID-19 Pandemic? An Analysis Based on the US National Cancer Database. Mayo Clin 
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 Perioperative Effects of COVID-19

When it comes to perioperative risk, most studies arrived at the same conclusion. 
Being COVID-19 positive increases your perioperative risk. In an international, 
prospective cohort study performed by the COVIDSURG Collaborative, it was 
noted that risks of postoperative morbidity and mortality are greatest if patients are 
operated within 6 weeks of diagnosis of COVID-19 infection (Fig. 19.5) [29]. In a 
study by Karayiannis et al. these types of patients were looked at in the setting of 
trauma requiring surgery. They found that for 484 patients, 30-day mortality was 
1.9% in the postoperative period if they were COVID-19 negative. In COVID-19 
positive patients, of which there were 27, mortality was 14.8% [30]. In a larger 
study involving 1569 patients, Clements and colleagues reported similar findings. In 
this case, 68 patients were found to have COVID-19 in the postoperative/periopera-
tive period and their survival rate was 67.6% vs 95.8% compared to those without 
COVID-19 [31]. Unsurprisingly there was an increase in pulmonary complications 
post-op as well in COVID-19 patients. In a study done by the COVIDSURG 
Collaborative, 1128 patients diagnosed with COVID-19 7  days before or within 
30 days after surgery were evaluated for mortality and pulmonary complications 
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Fig. 19.5 Overall adjusted 30-day postoperative mortality from main analysis and sensitivity 
analyses for patients having elective surgery and those patients with a reverse transcription poly-
merase chain reaction (RT-PCR) nasopharyngeal swab positive result for SARS-CoV-2. “No pre- 
operative SARS-CoV-2” refers to patients without a diagnosis of SARS-CoV-2 infection. The 
time-periods relate to the timing of surgery following the diagnosis of SARS-CoV-2 infection. 
Sensitivity analysis for RT-PCR nasopharyngeal swab proven SARS-CoV-2 includes patients who 
either had RT-PCR nasopharyngeal swab proven SARS-CoV-2 or did not have a SARS-CoV-2 
diagnosis. (COVIDSurg Collaborative; GlobalSurg Collaborative. Timing of surgery following 
SARS-CoV-2 infection: an international prospective cohort study. Anaesthesia. 2021 
Jun;76(6):748–758. https://doi.org/10.1111/anae.15458. Epub 2021 Mar 9. PMID: 33690889; 
PMCID: PMC8206995)

from January first to March 31st of 2020. 30-day mortality was 23.8% (268 of 1128) 
and pulmonary complications occurred in 51.2% (577 of 1128) of patients 
(Fig. 19.5) [32].

While initial discussions between patient and surgeon may be to postpone sur-
gery, this must be carefully balanced with the consequences of delaying care as 
outlined above.

 Future Considerations

Whether elective or emergent, COVID-19 has wide ranging implications for the 
practice of surgery. The various presentations including thrombotic events and gas-
trointestinal manifestations have added COVID-19 induced diseases to our differen-
tials. If a patient previously had COVID-19, this now factors into determining their 
surgical risk due to the increase in perioperatively mortality with this virus. Delaying 
surgery due to this risk also has its own consequences and the backlog of cases 
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accumulating from this may be something we can never overcome. While the strain 
on our healthcare system during this outbreak was evident, the sequelae of 
COVID-19 may present us with a whole new set of issues in the future.
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 Introduction

After more than 1 year from the discovery of severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2), it is still a major concern how to manage this pan-
demic without generating an important pressure on health care systems (HCSs). In 
fact, while findings about standardized in-hospital procedures are increasing, there 
is a lack of evidence about home care. Patients severely affected by novel coronavi-
rus disease (COVID-19) need to receive proper treatment in hospital, but a different 
approach should be evaluated for categories at lower risk. Growing data about the 
multifaceted spectrum of long COVID syndrome [1, 2] lead to think at the pan-
demic as a long-term situation, imposing to look for sustainable future strategies. 
Numerous investigations illustrated the impact of the pandemic on health systems 
worldwide [3–7], highlighting the consequently reduced resources, drastic eco-
nomic efforts, and increased discrepancies between country at different income lev-
els. Moreover, several reports showed a decreasing number of hospital accesses and 
a rising severity presentation of patients affected by non-COVID acute emergencies, 
such as myocardial infarction [8, 9] and stroke [10–12].

Reducing pressures on HCSs is extremely important to guarantee a proper stan-
dard of care (SOC) for COVID-19 patients and for non-COVID ones, as well as for 
avoiding the concrete risk of health-workers burnout. The meta-analysis conducted 
by Phiri and co-authors [13] investigating health workers reported pooled preva-
lence of anxiety, depression, and post-traumatic stress disorder (PTSD) pair to 
21.9% (95% CI, 18.7–25), to 23.4% (95% CI, 20.6–26.3), and to 25% (95% CI, 
18.931.2), respectively. As observed in SARS and in Middle East respiratory syn-
drome (MERS) [14], persistent mental symptoms  are common in COVID-19 
patients after discharge [15–18] and their frequency resulted independent from the 
intensity of treatment received [16].

The aim of the present chapter (graphically summarized in Fig. 20.1) is to ana-
lyze data from meta-analyses or randomized clinical trials (RCTs) and to hypothe-
size their reproducibility in a pre-hospital setting according to the pathogenetic 
mechanisms of SARS-CoV-2 infection [19, 20].

a b c d

Fig. 20.1 Graphical summary of pre-hospital interventions for COVID-19 patients’ management. 
(a) Viral demonstration, (b) multidimensional assessment, (c) treatment, and (d) respiratory sup-
port. Created with BioRender.com
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 SARS-CoV-2 Diagnosis

The certain diagnosis of SARS-CoV-2 infection is based on the demonstration of 
the causative pathogen in biological samples. Available techniques included naso-
pharyngeal swab followed by viral ribonucleic acid (RNA) detection with real-time 
polymerase chain reaction (RT-PCR) or by identification of the spike protein; 
another option is to measure specific antibodies (Abs) serum levels.

The systematic review and meta-analysis conducted by Böger and co-authors 
[21], including sixteen studies for a cumulative number of 2297 patients, reported 
the sensitivity of RT-PCR methods in different biological samples. Namely, they 
found the following sensitivity values: 97.2% (95% CI: 90.3–99.7%) in sputum, 
73.3% (95% CI: 68.1–78%) in nasopharyngeal aspirate or swab and throat swab, 
62.3% (95% CI: 54.5–69.6%) in saliva, 24.1% (95% CI: 16.7–33.0%) in rectal stool 
or swab, 7.3% (95% CI: 4.1–11.7%) in plasma, and 0% (95% CI: 0.0–3.7%) in 
urine, respectively.

Pooled specificities and predictive were not estimated, because just two studies 
[22, 23] evaluated RT-PCR specificity in control groups, pair to 98.6% and 90% for 
throat swab and sputum samples, respectively, and to 100% when combined with 
the other samples. However, the best timing to perform RT-PCR and its effective-
ness in pre-symptomatic patients are still unclear. The meta-analysis conducted by 
Mallett and colleagues [24] showed a high percentage of viral RNA detection from 
0 to 4 days after clinical onset (Fig. 20.2). However, it is well known that the incuba-
tion time is very variable between different subjects, ranging from 4.5 to 6 days 
[25]. Identifying an optimal testing performance is complicated even more by the 
lack of standardized protocols for patients’ recruitment and RT-PCR timing in dif-
ferent clinical trials [21].

Fig. 20.2 Number of positive and negative RT-PCR test results since symptom onset. Throat 
included throat and oropharyngeal. Each panel shows 5-day time periods since the onset of symp-
toms: 0–4 days, 5–9 days, 10–14 days, 15–19 days, 20–25 days, 26–30 days, 31–34 days, and 35 
to max days. The number of positive RT-PCR tests is shown as dark blue bars and dark gray bars 
from 0 to 14 days and 15 to 40 days, respectively, and the number of negative RT-PCR results is 
shown similarly as light blue bars and light gray bars. Different colors are used before and after 
15 days to indicate caution, as after 15 days testing is enriched in more severely ill participants. 
Figure and caption modified from Mallett et al. [24] and licensed under Creative Common License 
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)
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Fig. 20.3 Kinetics of IgM 
(black) and IgG (white) 
antibodies against 
SARS- CoV- 2 in 
continuously monitored 
patients with COVID-19 
disease. Figure and caption 
modified from Qin et al. 
[29] and licensed under 
Creative Common License 
CC BY 4.0 (https://
creativecommons.org/
licenses/by/4.0/)

Meta-analysis data [26] reported extremely variable results about rapid antigen 
tests (RAT) accuracy, with sensitivity ranging from 28.9% (95% CI: 16.4–44.3%) 
and 98.3% (95% CI: 91.1–99.7%) and specificity from 92.4% (95% CI: 87.4–95.9%) 
and 100% (95% CI: 99.7–100%). However, RAT showed higher sensitivities when 
performed early after symptom onset [27] and it could be considered a potential 
useful method for pre-hospital assessment.

Abs sensitivity and specificity were higher when combining immunoglobulin of 
M and G type (IgM and IgG), reaching 84.5% (95% CI: 82.2–86.6%) and 91.6% 
(95% CI: 86–95.4%), respectively [21]. In the meta-analysis conducted by Zhang 
and colleagues [28], IgM and IgG showed pooled sensitivities of 74% (95% CI: 
65–81%) and of 85% (95% CI: 79–90%), respectively, and pooled specificities 
of 99% (95% CI: 97–100%) and 99% (95% CI: 98–100%), respectively. However, 
the main limit of serological testing is the delay from symptom onset and Abs peak 
[29] (Fig. 20.3) and the consequent low-test accuracy in early stages (Lisboa [30]).

 Home Setting

Before evaluating the possibility to manage a COVID-19 patient at home, it is nec-
essary to assess the domestic setting, considering even strict contacts. In accor-
dance with the World Health Organization (WHO) recommendations [31], the 
home evaluation should be performed by a dedicated health worker. When suspect-
ing a COVID-19 case, this figure should correctly and precisely instruct the house-
hold to perform correct hygiene measures [32, 33]. High-risk contacts should be 
isolated from the suspect or transferred to another location, with special regard to 
children.

Fever and flu-like symptoms should be frequently monitored [34]. Oxygenation 
could be easily determined by using pulse oximetry (PO), an effective method for 
the detection of hypoxic conditions [35] and for the evaluation of the risk of hospi-
talization [36]. Online free tools, such as the one provided by the Centers for Disease 
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Control and Prevention [37], could be helpful in clinical self-assessment. The most 
warning signs and symptoms are breathing difficulty, chest pain, confusion, motor 
impairment, and skin-color alteration. In these cases, patients should be informed 
about how to access hospital services [38].

 Multidimensional Assessment

 Early Clinical Symptoms

Between numerous clinical presentations associated with COVID-19 poor progno-
sis [39], only the most specific, independent, and typical ones were considered. 
Flu-like symptoms were of debatable value, considering their high frequency in 
COVID-19 [40]. According to the meta-analysis conducted by Li and co-authors 
[25], including 281,461 patients from 212 studies, acutely unmodifiable character-
istics associated with disease severity appeared to be older age, male gender, and 
comorbidities, especially hypertension, diabetes, malignancies, and renal, pulmo-
nary, or cardiac chronic affections. Comparing COVID-19 survivors with non- 
survivors, these differences were confirmed and resulted to be strongly associated 
with mortality.

The clinical presentations more frequently detected in severe COVID-19 com-
pared to milder stages included chills, abdominal pain, and dizziness. Meta- 
regression results indicated abdominal pain as independently associated with 
disease severity. Even if it is difficult to find a rationale for this result, this finding 
was confirmed by a subsequent analogous work [41]. However, no presenting symp-
tom seems to be associated with the mortality rate.

 Laboratory Biomarkers

PO is a bedside easily usable and cheap tool showing high prognostic value [35, 42], 
even in patients without clinical evidence of dyspnea and tachypnea [43].

According to the large study conducted by Li and colleagues [25], serum eleva-
tion of hepatic enzymes, urea, C reactive protein, and white blood cell and neutro-
phil counts resulted more frequent in severe patients; another remarkable feature 
was the reduction in circulating lymphocytes. However, meta-regression data con-
firmed only immunosuppression as associated with disease severity. Considering 
the mortality rate, these biochemical abnormalities were confirmed as independent 
predictors. In addition, the same study showed that raised levels of serum creatinine, 
lactate dehydrogenase, procalcitonin, and reduced concentrations of albumin were 
associated with a significantly higher risk of death.
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Coagulation state is an early discovered [44] and well-known predictor of 
COVID-19 prognosis. Routine tests such as D-dimer levels [45, 46], fibrinogen con-
centrations [47], and platelet count alterations [48, 49] emerged as reliable prognos-
tic indicators.

 Imaging and Instrumental Tools

Pulmonary involvement is a major criterion for bad prognosis [25] (Fig. 20.4). In 
fact, excluding systemic complications, pneumonia is the critical symptom occur-
ring in severe disease stages [51]. According to systematic review and meta-analysis 
data [52], computed tomography (CT) imaging was the most sensitive and specific 
tool, showing values pair to 87.9% (95% CI: 84.6–90.6%) and to 80.0% (95% CI: 
74.9–84.3%), respectively. Between the forty-one studies included for a cumulative 
number of 16,133 participants (with 8110 cases), only nine of them used specific 
staging scores, resulting in higher specificity values and in a parallel sensitivity 
decrease.

The analysis of nine studies about chest X-ray (CXR) (3694 participants with 
2111 cases) and of five works regarding lung ultrasound (LUS) (211 cases between 
446 participants) reported these methods being more sensitive (80.6%, 95% CI: 
69.1–88.6% and 86.4%, 95% CI: 72.7–93.9%) than specific (71.5%, 95% CI: 
59.8–80.8% and 54.6%, 95% CI: 35.3–72.6%). Assuming CT imaging as the gold 
standard, CXR appeared to be similar in both sensitivity and specificity [53], while 
LUS appeared comparable in sensitivity values [54]. Regarding the comparison 
between CXR and LUS, the first approach showed higher specificity, while the sec-
ond one resulted in more sensitive [55]. According to Finance and co-authors [50], 
LUS was a valid tool for early diagnosis and outcome prediction (Fig.  20.5). 
Portable scanners could obtain similar results than the standard ones [56], leading 
to the necessity of further investigations focused on the effectiveness of bed-
side LUS.

Fig. 20.4 Low-dose non-contrast chest CT scans with 3D volumetric reconstruction in patients 
with proven COVID-19 infection. (a) Minimal lung involvement, (b) moderate lung involvement, 
and (c) severe lung involvement. (Figure and caption modified from Finance et al. [50] and licensed 
under Creative Common License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/))
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a b

Fig. 20.5 Lung ultrasound images in patients with proven COVID-19 infection. (a) Longitudinal 
scan with a high-frequency linear probe showing pleural line irregularities (white arrows). (b) 
Longitudinal scan with a low-frequency convex probe showing subpleural consolidation (black 
arrow). (Figure and caption modified from Finance et al. [50] and licensed under Creative Common 
License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/))

Beyond pulmonary assessment, portable ultrasound devices could be used for 
cardiac investigation [57], in order to identify heart comorbidities or complications 
independently suggestive for hospitalization [58]. In parallel, electrocardiography 
(EKG) should be easily performed in confirmed positive patients eligible for phar-
macological treatment. In fact, several medications proposed as effective in 
COVID-19 could elongate QT interval. Even if subsequent findings led to recon-
sider the frequencies of drug-induced long-QT frequency [59, 60], it should be pref-
erable to identify a baseline EKG reference.

 Pharmacological Interventions

In the present chapter, interventions easily available, cheap, safe, well-tolerated, and 
applicable at home were considered. Assuming that flu-like symptoms are not spe-
cific, their therapies were not discussed.

 Monoclonal Antibodies

Monoclonal antibodies (mAbs) resulted beneficial in non-hospitalized patients 
when administrated in the first days since symptom onset. Patients showed a faster 
reduction in the viral load and a lower rate of hospitalization and frequency of hos-
pital accesses. However, data available are just provided by interim results 
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concerning Sotrovimab [61], Bamlanivimab both in monotherapy [62] and in mul-
tidrug treatment [63], and the combination of Casirivimab and Imdevimab [64]. 
Among non-hospitalized patients with mild-to-moderate COVID-19, treatment 
with Bamlanivimab and Etesevimab was associated with a statistically significant 
reduction in SARS-CoV-2 viral load at day 11 when compared with placebo [63]. 
Bamlanivimab resulted effective in COVID-19 prevention after a follow-up of 
8 weeks in exposed elderly [65]. However, this molecule could have reduced effi-
cacy against some virus variants [66]. Regarding immunomodulatory antibodies, 
Tocilizumab appeared to be effective in association with SOC [67] in terms of mor-
tality rate and discharging time (Fig.  20.6). This molecule appeared to reduce 
mechanical ventilation necessity and death [70, 71] in patients with pneumonia. The 
meta-analysis conducted by Tharmarajah and colleagues [72] concluded that inter-
leukin- 6 inhibition is associated with clinical improvement. However, other RCTs 
assessing Tocilizumab showed no significant reduction in the rate of intubation or 
death in patients with moderate or severe COVID-19 [73, 74]. For this reason, this 
molecule is recommended in addition with SOC just in severe or critical patients. 
Other immunomodulatory mAbs tested, such as Sarilumab [75] and Anakinra [76] 
did not show a beneficial effect.

To date, ongoing trial investigating mAbs did not report a strong rationale for a 
fast application in pre-symptomatic or very mild COVID-19 patients. Regarding the 
molecules demonstrated to be effective in early stages, currently available data are 
just provided by interim analysis, and it is necessary to wait for larger and definitive 
results.

a b

Fig. 20.6 Effect of allocation to Tocilizumab on (a) 28-day mortality and (b) discharge from 
hospital within 28 days of randomization. (Figure and caption modified from The RECOVERY 
Collaborative Group [67] and licensed under Creative Common License CC BY 4.0 (https://cre-
ativecommons.org/licenses/by/4.0/))
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 Antiviral Agents

The final report of the ACTT-1 study [77], including more than a thousand of hos-
pitalized patients with evidence of lower respiratory tract infection, showed a reduc-
tion in recovery time in the intravenous Remdesivir harm. The same trial reported a 
lower rate of death (6.7% vs 11.9%), even if not statistically significant. Conversely, 
interim results from the WHO Solidarity Trial indicated no effectiveness on mortal-
ity and time to discharge [78], confirming previous data aimed to evaluate the clini-
cal improvement rate [79] (Fig. 20.7a). In a big number of patients (1614 treated vs 
3424 placebo), the combination of Lopinavir and Ritonavir did not show any effi-
cacy neither in mortality (Fig. 20.7b), disease progression, and time to discharge 
[80], as previously detected in a smaller sample [81]. Favipiravir showed discordant 
benefits in studies investigating the viral shedding [82, 83]. Molnupiravir was 
announced as able to determine a faster RT-PCR negativity in two-hundred non- 
hospitalized patients [84], and its efficacy was demonstrated in pre-clinical studies 
[85, 86].

To date, antiviral agents assessed as a possible resource for SARS-CoV-2 treat-
ment showed discordant proof of efficacy. Intravenous Remdesivir is not eligible for 
home administration and its effectiveness in early stages of disease remains unclear.

Fig. 20.7 (a) Time to clinical improvement in the intention-to-treat population. Adjusted hazard 
ratio for randomization stratification was 1.25 (95% CI: 0.88–1.78). * Including deaths before day 
28 as right censored at day 28, the number of patients without clinical improvement was still 
included in the number at risk. (b) Effect of allocation to Lopinavir-Ritonavir on 28-day mortality. 
(Figures and captions modified (a) from Wang et  al. [79] and (b) from The RECOVERY 
Collaborative Group [80] and licensed under Creative Common License CC BY 4.0 (https://cre-
ativecommons.org/licenses/by/4.0/))
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 Corticosteroids

Corticosteroids (CS), especially Dexamethasone, were tested in several RCTs, giv-
ing proof of high efficacy in patients with advanced pulmonary disease. The meta- 
analysis conducted by Pulakurthi and co-authors [87] confirmed that the rate of 
mortality and the necessity of mechanical ventilation were significantly lower in 
patients receiving CS when compared to SOC.  No significant difference was 
detected regarding the frequency of adverse events and superinfections. However, 
no data justify an indiscriminate use of CS in COVID-19 patients, and this report is 
consistent with the pathogenesis of the viral infection itself. In fact, if Dexamethasone 
efficacy in critically ill patients requiring oxygen support was widely demonstrated 
[68, 88], its use in non-severe COVID-19 remains strongly not recommended [89].

The STOIC study [90] demonstrated a significant reduction in the number of 
hospital accesses and in clinical progression by early administration of inhaled 
Budesonide in adults with mild COVID-19. Inhaled CS are well-known, safe, and 
easily available and usable at home, making this result very interesting if confirmed 
in further larger studies.

 Other Drugs

Acetylsalicylic acid (ASA) was proposed as a possible therapy for COVID-19. A 
retrospective study [91] including 412 hospitalized patients reported lower rates of 
mechanical ventilation, admission to intensive care unit (ICU) and mortality in 
patients receiving ASA treatment. Conversely, the preprint paper from the 
RECOVERY Trial showed scarce benefits from ASA administration [69]. Thus, the 
role of ASA and the proper timing of its administration are still unclear.

Colchicine showed a decrease in the composite rate of hospitalization and death 
in treated outpatients compared to the placebo group in the COLCORONA trial 
[92], even if the difference is quite moderate (4.6% vs 6.0%). However, in the 
absence of pre-hospital SOC these results are not sufficient to confirm an effective 
role of Colchicine in COVID-19 therapy.

Most RCTs findings about hydroxychloroquine (HCQ), including the WHO 
Solidarity clinical trial for COVID-19 treatments [93], works conducted in mild 
patients [94] and in post-exposure subjects [95], did not find a significant positive 
effect. However, HCQ resulted effective against SARS-CoV-2 [96], and the very 
early administration of this drug in outpatients appeared to be associated with better 
outcomes in preliminary studies [97, 98]. This data suggested further prospective 
trials including subjects in very early phases of disease. In fact, if HCQ resulted 
ineffective in reducing the mortality rate [99, 100], it should be able to decrease the 
frequency of hospitalization [97]. Regarding safety and tolerability, the first evi-
dence of higher HCQ-induced cardiac mortality was retracted [101], and 
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subsequent findings about EKG alterations directly induced by the viral infection 
could lead to a re-evaluation of their frequency during HCQ therapy [59, 60].

The use of the antiparasitic agent Ivermectin was supported by pre-clinical 
results [102, 103] and limited findings in humans [104–106]. These benefits were 
not reported in mild COVID-19 patients recruited in a subsequent larger RCT [107], 
confirming results from Chaccour and colleagues [108]. Ivermectin showed a mod-
erate effect on symptoms resolution and a discordant efficacy in duration of viral 
load and of positive RT-PCR testing [109].

The usefulness of antimicrobial therapy is a debated topic, especially because the 
definition of secondary bacterial infections in COVID-19 was not standardized 
between different studies [110]. In fact, the bacterial infection rate ranged from 
6.9% [111] until 32% [112], with important differences depending on the stage of 
disease and the requirement of ventilation. Previous pre-clinical findings suggested 
antiviral and immunomodulatory effects of two antimicrobial molecules proposed 
in COVID-19 therapy, namely Azithromycin [113–117] and Doxycycline [118–
121]. Both these molecules showed in vitro properties against SARS-CoV-2 [96, 
122]. However, no clinical data supported their effectiveness in COVID-19 [123–
125], even if their use in early phases of disease remains to be assessed.

It is clearly established that thromboembolic phenomena are as frequent as 
potentially severe in patients affected by SARS-CoV-2 [126–128]. Anticoagulation 
treatments showed benefits in hospitalized patients [129, 130], and the prophylactic 
dosage in non-severe stages of disease resulted effective and safe [130, 131]. Thus, 
in absence of contraindications, prophylactic heparin therapy should be tested in 
prospective clinical trial to be conducted in home settings.

Several vitamins and antioxidant agents were tested in addition to SOC, but 
results are discordant, and their real efficacy is still debated. RCTs about both vita-
min C [132, 133] and vitamin D [134] showed no clinical benefits. Considering the 
differences in the SOCs they were addicted to, the discordant proof of effectiveness, 
the labile data about kinetics and bioavailability, and the not-specific mechanisms 
on which their action should be based on, it is not possible to express definitive 
conclusions about these molecules. However, the multifaceted benefits of vitamin 
and antioxidant supplements remain clear.

 Respiratory Support

Despite several proposed pathogenetic mechanism of SARS-CoV-2 infection, 
severe COVID-19 usually leads to atypical pneumonia [51]. Protocols for hypoxia 
treatment in COVID-19 patients are widely discussed, especially regarding the 
management of hospitalized patients in advanced stages of disease [135–140]. 
Conversely, data about hypoxia therapy and prevention are still lacking in outpa-
tients, resulting in clinical-practice-based interventions more than in evidence- 
based ones.
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 Oxygen Therapy

As summarized by Jiang and Wei [141], in-hospital ventilation options for 
COVID-19 pneumonia included oxygen nasal cannula and face mask oxygenation, 
high flow nasal oxygenation, non-invasive ventilation techniques (continuous posi-
tive airway pressure and helmet ventilation), and invasive mechanical ventilation. 
Between these procedures, just low-flow nasal cannula and mask oxygenation are 
applicable at home. However, no data driven SOC or guidelines about timing and 
duration of non-hospital oxygenation are available. For this reason, it could be use-
ful to base the research on the different SARS-CoV-2 pulmonary damage mecha-
nisms. In fact, as highlighted by Gattinoni and colleagues [142, 143], COVID-19 
pneumonia could be classified in two main phenotypes (Fig. 20.8), namely L (type 
1) and H (type 2). The first one occurred in early phases of disease with a relative 
higher frequency, and it showed a higher responsiveness to oxygen therapy. 
Increased fraction of inspired oxygen resulted quickly effective in early disease 
phases, with or without dyspnea. To reach this target, both nasal cannula and facial 
masks were easily usable at home. Aggressive ventilation approaches could be a 
concomitant cause of pulmonary damage [144] and they appeared to be linked to 
L-to-H phenotype shift [142], a pattern frequent in patients admitted to intensive 
care units (from 20% to 30%) and related to bad outcomes and to the need for SARS 
treatment. For this reason, when possible, it should be applied a gradual approach in 
patients requiring oxygen therapy, in order to minimize side effects and to avoid 
pulmonary stress.

Because of the lacking evidence about COVID-19 home ventilation, it is rea-
sonable to evaluate procedures adopted for other pulmonary conditions such as 
chronic obstructive pulmonary disease (COPD). In fact, COPD is a well-known 
home- treated lung disorder, and its protocols could be effective for guiding other 
pulmonary conditions’ management [145]. According to the 2020 Global 

a b

Fig. 20.8 CT scans of (a) type 1 and (b) type 2 COVID-19 pneumonia. (Figure and caption modi-
fied from Gattinoni et al. [143] and licensed under Creative Common License CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/))
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Initiative for Chronic Obstructive Lung Diseases report [146], PO is a reliable 
marker of long- term oxygen therapy effectiveness. As well established for clini-
cal monitoring of SARS-CoV-2 infection evolution, PO should be easily used 
even to guide the timing and the titration of oxygen support. Considering the 
availability and the effectiveness of these procedures, it is critically important to 
perform further trials to define peripheral oxygen targets specific for outpatients 
with COVID-19.

 Prone Positioning and Pulmonary Rehabilitation

As established by the PROSEVA study [147], prone positioning is a key feature in 
treatment of acute respiratory distress syndrome, and this finding was confirmed in 
several studies about COVID-19 respiratory syndrome [148–157]. Moreover, this 
intervention resulted effective and well-tolerated both in critically ill patients and in 
awake non-intubated ones [149]. Considering the benefits related to an early appli-
cation of the prone positioning [147], it could be used in a home setting [152]. 
However, further studies are necessary to detect standardized interventions and their 
proper most effective timing of application [148, 149, 156, 157]. In parallel with 
in-hospital developed international guidelines [158] and ongoing RCTs such as the 
PRO-CARF trial [159], bedside clinical investigations should be performed to con-
firm prone positioning effectiveness in early phases of disease and to eventually 
standardize protocols.

The prevalence of respiratory sequelae in COVID-19 patients [2] is not surpris-
ing, considering data reported about SARS and MERS [14]. As expected, subjects 
recovering after hospitalization showed better respiratory outcomes when undergo-
ing a pulmonary rehabilitation (PR) program [145, 160–163]. In some cases [164], 
the beneficial effect of PR resulted independent of  the severity of the infection, 
suggesting this tool as potentially effective even in mild COVID-19. Despite the 
availability of guidelines and recommendations [145, 165], a SOC for bedside pul-
monary rehabilitation is still missing. Thus, it is necessary to enlarge and to stan-
dardize home-based PR approaches, including telerehabilitation as proposed for 
COPD patients [166, 167].

 Future Perspectives

It is necessary to progressively shift COVID-19 patients management from hospital 
facilities to a pre-hospital or a home-based setting. Because of the lacking evidence 
about the effectiveness of outpatients’ interventions, it is reasonable to focus our 
effort on the following pathogenetic knowledge. In fact, reliable results can be 
obtained only if adopting specific clinical, diagnostic, and therapeutic measures at 
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the proper time. Retrospective studies could be of interest, but they are not sufficient 
[168], and prospective well-designed clinical trials are necessary.

Despite the daily large number of discharged or not hospitalized patients affected 
by COVID-19, data about standardized protocols dedicated to pre-hospital manage-
ment are limited. Extensive international open-access data banks should be insti-
tuted and the realization of pre-hospital clinical prospective trials should be 
encouraged. An early routine and commonly shared approach is fundamental for 
dealing even with the wide spectrum of the long COVID syndrome. In fact, current 
evidence shows too many discrepancies in patients’ baseline assessment and fol-
low-up. This high heterogeneity does not allow the immediate possibility to orga-
nize multicenter interventions.

Furthermore, remote approaches should be enlarged and widely investigated in 
COVID-19 management. These techniques could improve the clinical assessment 
and follow-up of suspicious or confirmed patients, as well as the monitoring of 
treatment effectiveness and side effects.

Sharing the idea that “[…] preventing hospitalizations and the chronic sequelae 
of COVID-19 will not only save lives, but also will help restore medical systems 
and other institutions that are overburdened by the effects of the pandemic” [169], a 
global effort should be done as early as possible in order to restore the essential 
function of health care systems.
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Chapter 21
Biotechnological Strategies 
in the Intervention and Treatment 
of COVID-19

Norma P. Silva-Beltrán, Ana P. Balderrama-Carmona,  
Juan-Carlos Gálvez- Ruíz, Marcelo A. Umsza-Guez, and Eduardo Ruiz Bustos

 Introduction

SARS-CoV-2 exhibits a rapid human-to-human spreading via the respiratory tract 
and is responsible for a syndrome known as coronavirus disease of 2019 (COVID-19) 
[1]. Since its discovery, COVID-19 has become a pandemic outbreak with more 
than 228.981 million people tested positive for the virus, and more than 4.6 million 
deaths around the world by mid-September 2021 [2]. In this sense, this spread still 
requires deceleration mechanisms that include pharmacological and immunological 
approaches, not only to treat infected patients, but also to prevent future infections 
or, at least, serious manifestations of the disease.

In order to establish intervention and treatment strategies, laboratories world-
wide strengthen their efforts to fully understand SARS-CoV-2, causative agent of 
the COVID-19, as well as its interactions with the host, resulting in over 140 
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thousand publications around the world, including those related with biotechnologi-
cal alternatives for the disease’s treatment and prevention, with some examples 
shown in Fig. 21.1. These studies include those with current drugs, mainly antivi-
rals, in order to determine their effect against COVID-19, as well as other medica-
tions and strategies used to treat signs and symptoms associated with this viral 
agent; due to the lack of specific anti-coronavirus antivirals, the reuse of currently 
available drugs used to treat unrelated diseases but capable of inhibiting the viral 
replication of SARS-CoV-2 and thus reducing the symptoms and complications of 
the disease has been the main focus to find a source of potential antiviral therapy. 
However, reuse has had some mixed results, which are shown in this chapter.

Undoubtedly, research has centered onto the design of an immunological 
approach to develop a vaccine against this pathogen using different platforms, such 
as modified viral mRNA, the use of different viral vectors and inactivated virus. This 
to such extent that different vaccines are being applied worldwide in order to reduce 
the infection’s impact on the population, with overall promising results. However, 
work is still necessary to determine the extent of the protection induced by the 
immunoprophylactic agents, as well as the median and long-term effects and the 
support actions required by the population, in order to maximize the positive impact 
of the vaccines in the reduction of the impact of SARS-Cov-2 and its variants.

Another approach that is being undertaken for the treatment of the disease is the 
use of monoclonal antibodies and natural products and/or their components, which 
are studied either to potentiate the effect of the drug used or to reduce the side 
effects associated with the vaccine. The substances used in these last studies include 
some vitamins, plant extracts, and propolis or component(s) extracted from them.

The purpose of this chapter is to summarize the main studies and advances within 
the context of the above-mentioned biotechnological approaches that have risen 
since the onset of the COVID-19 pandemic.

Biotechnological alternatives

Antiviral drugs

Nanotechnology

Natural compoundsVaccines

Monoclonal
antobodies COVID-19

Propolis
Vitamin D

Fig. 21.1 Biotechnological strategies studied by the scientific community to eliminate and control 
SARS-CoV-2 infection
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 Repurposing of Known Drugs Against COVID-19

Much effort has been set to find a drug, currently available, cost-effective, and safe 
enough to prevent the SARS-CoV-2 from entering cells, eliminate its replication or, 
if the person is already infected, minimize infection-related adverse effects. 
Scientists have focused on studying known broad-spectrum drugs (mainly antivi-
ral), including in silico studies of non-antiviral drugs that could repurpose or reposi-
tion in the fight against this disease. These studies have set the bases to synthesize 
potentially effective new compounds, considering the structure–activity relation-
ship, efficacy which should be tested in further studies.

The SARS-CoV-2 genome sequencing, the identification of the proteins involved 
in the mechanism of action, both virus and host, and the cumulated understanding 
about related viruses increase the possibility to succeed in the race for a protective 
or curative therapy. In this sense, computational chemistry is a valuable tool for an 
efficient drug discovery, design, or development, by applying the basic principles of 
medicinal chemistry, target identification, lead identification, and lead optimization. 
The elucidation of many viral druggable proteins crystal structure has allowed 
through computational techniques, to quickly study hundreds of thousands of drugs. 
Computational simulations, molecular docking, high throughput screening, deep 
docking, molecular dynamics, bioinformatics-based homology modeling, structure- 
assisted drug design, among others, have allowed the determination of binding 
energy, stability, and dynamic behavior of the target–drug interaction. The most 
used druggable targets for in silico studies are proteins related to the entry, replica-
tion, and release of SARS-CoV-2, including the receptor-binding domain of the 
Spike protein (RBD), 3CL protease (Mpro), angiotensin-converting enzyme-2 
(ACE-2), transmembrane serine protease-2 (TMPRS2), RNA-dependent RNA 
polymerase (RdRp). Some potentially effective known drugs with good physico-
chemical and pharmacokinetic properties identified are shown in Fig. 21.2.

In the same sense, using artificial intelligence and network medicine led to the 
proposal that Mefuparib may have more potent antiviral activity than remdesivir. 
Also, Toremifene shows to block the interaction of the virus with the Spike protein 
and ACE2, a fact supporting the observed antiviral activity shown in vitro assays [3].

Although computational studies give a very close idea of the drugs behavior 
against a pathogen, they cannot fully predict what may happen in vivo since other 
conditions will affect the outcome, resulting in vitro and in vivo studies essential to 
confirm whether the predicted properties of the compounds hold. In this regard, 
many of the drugs determined as candidates at the computational level were tested 
in vitro using different cell lines related to tissues that are potentially infected by the 
SARS-Cov-2 virus, showing only a few drugs a promising antiviral activity, from 
over ten thousand drugs. These include, amodiaquine, acitretin, apilimod, astem-
izole, clofazimine, chlorpromazine, hanfangchin A, imatinib, mefloquine, 
MLN-3897, and β-D-N4-hydroxycytidine-5′-isopropyl ester (Molnupiravir) [4–6].

The in vitro analysis focuses on their efficacy to stop the advance of the disease 
and the adverse events that may occur due to the interaction with other drugs that 
patients are being medicated with. Only some repurposed drugs have advanced into 
clinical trials to determine their effectiveness in reducing viral load, the severity of 
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Fig. 21.2 Some known drugs computationally detected as potential treatment against SARS- 
CoV- 2. The target is named in pare

symptoms, hospitalization time, and mortality. Thus, very few drugs have been used 
worldwide to treat the disease until now. The earlier clinical trials tested some 
known drugs such as arbidol (umifenovir), chloroquine, darunavir, favipiravir, fin-
golimod, hydroxychloroquine, lopinavir, methylprednisolone, molnupiravir, oselta-
mivir, pirfenidone, PB28, remdesivir, ritonavir, thalidomide, vitamin C [7].

Because of the urgent need for a drug that could be used for the treatment at dif-
ferent stages of disease severity, the FDA, based on available evidence from clinical 
trials, has given emergency authorization for the use of certain drugs against 
COVID-19. However, studies using more patients and conditions have shown that 
the utility was not as expected, and the authorization was revoked. An example of 
this is chloroquine and hydroxychloroquine, drugs used in China as treatment against 
COVID-19. In an in vitro study, these drugs showed anti-SARS-CoV-2 activity, and 
in a small clinical trial, the patients needed less time to recover. However, shortly 
after the emergency authorization, the FDA emitted a pharmacovigilance memoran-
dum due to adverse events related to these drugs [8]. This exemplifies the impor-
tance of balancing the need for a drug against the disease, with the quality and 
quantity of the results. Studies should encompass the most significant number of 
participants to represent all variables that could influence drug outcomes in patients., 
including age, general health status, pre-existing diseases, and infection duration.

Those and other parameters were employed during the clinical trials conducted 
with the drug remdesivir. Remdesivir is another repurposed drug that received the 
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FDA authorization for emergency use in severely ill patients. This drug blocks the 
virus replication by competing for viral ATP and then incorporated as a false nucleo-
side into the new viral RNA chain, interrupting the RNA synthesis and viral replica-
tion. Remdesivir is an inhibitor of RNA-directed viral RNA polymerase (RpRd). In 
addition, in vitro studies also consider its therapeutic target, nsp8 and nsp12 proteins 
of the RpRd of MERS-CoV [9, 10]. Remdesivir reduces the recovery time by 
4–5  days for clinical improvement in hospitalized patients (average age 65) with 
severe disease and mortality of 3% [11]. It also prevents the progression of the dis-
ease to a more severe or acute level reducing the number of days with supplementary 
oxygen in patients (average age 58) with lower respiratory tract infections [12]. Some 
adverse events observed during the administration of remdesivir include rectal hem-
orrhages, diarrhea, and liver damages. Furthermore, remdesivir is not currently avail-
able for oral administration, and thus, the intravenous application requires patient’s 
hospitalization [9]. By late October 2020, FDA formally approved the use of remde-
sivir in all hospitalized patients older than 12 years and 40 kg weight, regardless of 
the severity of the disease [13]. However, by the end of 2020, the WHO warned that 
improvement shown by this drug was slight in terms of hospitalization time, ventila-
tion, or mortality [14] (WHO Solidarity trial consortium, 2020). The use of remdesi-
vir remains controversial; however, it is the only drug approved by FDA for COVID-19 
treatment. During the pandemic, several remdesivir- resistant SARS-CoV-2 strains 
have appeared [15]. Two phase 2/3 trials in hospitalized and non-hospitalized patients 
using doses of Molnupiravir twice a day for 5 days indicate that this drug showed any 
clinical benefit in the hospitalized patient. However, it showed to be a promising 
treatment for the non-hospitalized patient, and this trial advances to phase 3 [16].

Another repurposed drug inhibitor of SARS-CoV-2 RdRp is favipiravir, used in 
Russia, Turkey, China, Chile, and other countries to treat COVID-19 patients. 
Favipiravir showed promising results in phase III clinical trial conducted in 156 
patients without severe pneumonia by reducing the recovery time from the disease 
[17]. However, there is evidence that Favipiravir increases plasma uric acid levels in 
patients that use this drug [18]. Analysis of results obtained from clinical trials using 
this drug suggests that it does not reduce mortality in patients with mild to moderate 
disease but could help patients in the initial stage of hospitalization [19, 20].

In order to improve the effect of some drugs that in individual therapy have not 
been as effective as expected, some therapies have been used combining two or 
more drugs considering the potential synergism. An illustration of this drug combi-
nation is that of lopinavir/ ritonavir. In vitro, lopinavir is a much more active selec-
tive protease inhibitor than ritonavir. However, in vivo, this is not the case since 
cytochrome P-450 enzymes inactivate it. The combination with ritonavir is crucial 
because this drug inhibits the cytochrome responsible for the inactivation of lopina-
vir, thus preventing lopinavir from avoiding or decreasing metabolic inactivation. 
Frequently, drugs are used to stimulate or mimic the immune system to support it in 
the defense against the virus and avoid further damage to the body’s tissues. For 
example, a clinical trial in 80 patients showed that the combination of favipiravir 
with interferon (IFN)-α generated a better patient response and led to better viral 
clearance than a combination of lopinavir, ritonavir, and IFN-α [21]. The combina-
tion of ribavirin, interferon beta-1b, and lopinavir-ritonavir reduced viral load, time 
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to symptom relief, and hospitalization in adult patients participating in phase II 
clinical trial [22]. The use of interferons to promote the recuperation of patients with 
COVID-19 is being explored in some clinical trials, having promising preliminary 
results. For instance, a clinical trial is ongoing with an inhaled form of interferon 
(SNG001), which reduces the risk of severe COVID-19 disease [23]. Artificial intel-
ligence techniques, such as a network-based methodology, had made it possible to 
find a combination of drugs potentially effective against COVID-19, such as 
dactinomycin- sirolimus, melatonin-mercaptopurine, emodin-toremifene, and 
toremifene- melatonin. A combinatorial therapy using toremifene-melatonin has 
been tested in patients at early stages of the disease [3].

While most efforts have been directed at finding drugs that target viral proteins, 
consideration has also been given to the use of specific host therapeutic targets that 
are known to be used by SARS-CoV-2 to enter cells and replicate. Many known 
drugs that can block these host proteins and prevent infection have been identified 
through in vitro studies. These include clemastine, cloperastine, haloperidol, chlo-
roquine, hydroxychloroquine, progesterone, siramesine, ternatine-4, zotatifine, 
PB28, PD-144418, and PS3061 [24]. The most used have been chloroquine and 
hydroxychloroquine that block angiotensin-converting enzyme-2 (ACE-2). 
Recently, plitidepsin, a drug used to treat multiple myeloma, has attracted attention 
due to promising preclinical results. The drug showed more potent anti-SARS- 
CoV-2 activity, in vitro, than remdesivir, low cytotoxicity, and reduced viral replica-
tion in mouse models. The drug works by blocking the eEF1A protein present in 
human cells and is used by SARS-CoV-2 to infect the cells; it is currently in phase 
II/III clinical study [25, 26]. It is crucial to keep in mind that this drug should be 
intravenously administrated and could limit its use in non-hospitalized patients. 
Even though drugs such as hydroxychloroquine, plitidepsin, and camostat can be 
highly active agents against SARS-CoV-2, caution must be applied since the target-
ing of host proteins such as ACE-2, eEF1A, and TMPRSS2 often leads to adverse 
effects such as cytotoxicity problems, making their use questionable.

To deal with the inflammatory response developed in patients with COVID-19 
causing multiple organ failure, dexamethasone, prednisone, methylprednisolone, or 
hydrocortisone has been used as a treatment for hospitalized patients with mechanical 
ventilators or oxygen (NIH 2021; WHO REACT-Working Group, 2020). FDA autho-
rized the emergency use of Baricitinib in combination with remdesivir to treat hospi-
talized patients (adults and pediatrics of 2 years and older) who require supplemental 
oxygen, invasive mechanical ventilator, or extracorporeal membrane oxygenation 
[27]. This combination of drugs reduces mortality, and the effect is more pronounced 
in patients receiving non-invasive mechanical ventilation [28]. In addition, the NIH 
recommends using Baricitinib in combination with remdesivir to reduce inflammation 
in hospitalized patients if corticosteroids cannot be used [29]. Fluvoxamine [30], col-
chicine [31], and EXO-CD24 [32] have shown some promising results to stop the 
inflammation in a patient with COVID-19, and some clinical trials are undergoing.

The repurposing or repositing of available drugs has had some mixed results. 
Some administered drugs have improved the recovery of COVID-19, Fig.  21.3, 
patients but others severely affect them, with even dangerous cardiovascular 
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Fig. 21.3 Approved, or promising, drugs against SARS-CoV-2

complications, which prompted the World Health Organization to suspend some 
ongoing clinical trials. It should be kept in mind that the same drug may not be the 
most effective to manage the disease from the first symptoms to the most severe 
stages that lead to hospitalization. In addition, the comorbidities that the patient 
may have could restrict the use of certain substances due to adverse events that may 
occur due to the interaction between drugs.

The presence of virus variants represents a new challenge since the effectiveness of 
a particular drug could vary and, in the worst case, cease to be effective because of the 
alteration in the target–drug interaction derived from the mutations. However, some 
advances in the knowledge of viral molecular biology, and the identification of main 
potential antiviral targets, seem to encourage the generation of future specific therapeu-
tics agents capable of inhibiting virus entry to the host cell. Those with protease activity, 
and antiviral ARN replication, alone or in combinations, are the most eligible drugs to 
improve pharmacological effectivity and reduce the risk of selecting resistant variants.

 First COVID-19 Vaccines: Efficacy and Clinical Symptoms 
After Application

The advancement of an effective vaccine that is developed on a large scale, in its 
initial stage is very important and requires a very wide diffusion and logistics for its 
application in the general population, especially in the initial stages when the 
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availability of the vaccine is still limited. Vaccines must generate a robust immune 
response. Currently, various vaccine platforms have been designed, this section 
describes the main platforms used to develop vaccines against COVID-19. 
Figure 21.4 shows the percent efficacy of the core mRNA vaccines.

 Vaccines from Modified Viral mRNA

Vaccines based RNA are the ones that have attracted the most attention due to their 
revolutionary techniques. By mid-2021, researchers were developing seven vac-
cines that use this technology (BNT162, mRNA-1273, CVnCoV, LNP-nCoVsaRNA, 

ARCT-021, mRNA Vaccine by PLA/Walvax Biotech/Abogen Biosciences). 

Fig. 21.4 Vaccine efficacy percentage (95% CI) for COVID-19 disease and severe disease per 
vaccine platform
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However, two mRNA COVID-19 vaccines are authorized for their use Pfizer and 
Moderna.

Tozinameran (BNT162b2) mRNA COVID-19 vaccine developed for the fusion 
of the American company Pfizer and the German pharmaceutical BioNTech shows 
the efficacy of 95.3% (94.9–95.7) against infection and 96.7% (96.0–97.3) for 
severe or critical disease both results in two doses (0.3 mL each) 3 weeks apart all 
age groups (≥16 years). It is approved in Argentina, Australia, Bahrain, Canada, 
Chile, Costa Rica, Ecuador, Hong Kong, Iraq, Israel, Jordan, Kuwait, Malaysia, 
Mexico, Oman, Panama, the Philippines, Qatar, Saudi Arabia, Singapore, South 
Korea, the United Arab Emirates, and administered in Europa and the USA [33, 34].

The National Institute of Allergy and Infectious Disease and the American phar-
maceutical Moderna developed Moderna (mRNA-1273 vaccine). Grants the user of 
94.1% (89.3–96.8) protection against COVID-19 illness and severe diseases after 
administering two doses in the same arm, in a volume of 0.5 mL containing 100 μg 
given 28  days apart [35–37]. The distribution of Moderna vaccine includes the 
USA, the European Commission, Japan, Canada, Switzerland, Israel, and Singapore.

 Vaccines Developed from a Viral Vector

Oxford University and AstraZeneca Company developed the adenoviral vector vac-
cine ChAdOx1 nCoV-19 (AZD1222). In India, this vaccine is called Covishield. 
The vaccine shows an 82.4% (62.7–91.7) efficacy against SARS-CoV-2 after two 
doses (0.5 mL) separately with 4 to 12 weeks [38] and 100% efficacy against severe 
disease [39]. In non-EU countries, including Argentina, Bangladesh, Brazil, the 
Dominican Republic, El Salvador, India, Malaysia, Mexico, Nepal, Vietnam, 
Pakistan, the Philippines, Sri Lanka, and Taiwan, this vaccine was approved.

Adenovirus (rAd)-based Sputnik V (Gamelaya GamCovidVac), also known as 
Gam-COVID-Vac, is the Russian vaccine that uses a heterologous recombinant 
adenovirus approach using adenovirus 26 (Ad26) and adenovirus 5 (Ad5) as vector. 
It shows the efficacy of 91.6% (85.6–95.2) and 100% for severe disease in two 
doses (0.5  mL per dose); approved in Algeria, Bolivia, Serbia, Czech Republic, 
Turkey, the Palestinian territories and distributed in India, Uzbekistan, Mexico, 
Nepal, and Egypt [40].

Ad26.COV2. S developed for The American multinational corporation Janssen 
of Johnson & Johnson has an efficacy of 66.3% (59.9–71.8) against symptomatic 
COVID-19 and 93% (71–98) against hospitalization in a single dose of 0.5 mL [33, 
41]. Ad5-nCoV Convidicea viral vector vaccine for COVID-19 developed by the 
China company CanSino Biologics and Wuhan Institute of Biological Products 
show 91% efficacy in preventing severe disease and 65.7% efficacy in preventing 
moderate symptoms of COVID-19  in a single dose; Pakistan, Mexico, Chile, 
Argentina, and Russia approved the vaccine. Figure 21.4 shows the different effi-
cacy of the platforms.
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 Inactivated Virus Vaccines

The Chinese vaccine made from the inactivated virus is Coronavac, developed by 
Sinovac Biotech, that demonstrated an efficacy of 50.7% (36.0–62.0) 14 days after 
the second dose (3 μg in 0.5 mL) and of 100% (56.4–100) against severe COVID-19 
[42]. In many low- and middle-income countries Sinovac is at present the principal 
COVID-19 vaccine [43]. In addition, BBIBP-CorV developed for the Chinese phar-
maceutical company Sinopharm reached 90% (88–91) efficacy against COVID-19 
infection in two-dose immunization with two μg/dose. However, the world health 
organization (WHO) reports that protection against severe disease is a moderate 
level of confidence [14]. On the other hand India developed covaxin BBV152, a 
whole-virion inactivated vaccine developed by Bharat Biotech, shown 78% (61–88) 
efficacy after a two-dose regimen delivered 28 days have 100% of efficacy against 
severe COVID-19 disease [44].

 Anaphylactic Reactions and Thrombotic Events

Since December 2020, anaphylactic responses after administering the Pfizer- 
BioNTech vaccine have been reported [45]; later, similar reactions occurred with 
the Moderna vaccine [2]. Although the primary adverse effects reported in clinical 
trials for COVID-19 mRNA vaccines are pain, swelling, redness at the application 
site, fever, fatigue, headache, chills, and vomiting [36, 46], these did not contem-
plate risk for allergies. Universal vaccination reduces the economic costs and pro-
vides the best health results [37], mainly since anaphylactic reactions to vaccinations 
are infrequent, occurring at a rate of about one per million to 30 per 100,000 vac-
cinations [45]. However, risk stratification is necessary because the reactions pre-
sented are not unique to allergies and may be due to other immune-mediated 
phenomena [47]. Therefore, the main recommendations for administering the vac-
cines are 30 minutes of observation for persons with mild allergy history, those who 
suffer from anaphylaxis, allergic to another type of vaccines, mastocytosis, severe 
acute illness, or women in pregnancy/breastfeeding. Only in persons with a history 
of allergy to any vaccine component (e.g., PEG, polysorbate) is the vaccination not 
recommended [46, 48].

Oxford-AstraZeneca vaccine was temporally suspended in March 2021 in sev-
eral European countries due to blood clot events and death reports. The case report 
by D’Agostino et al. [49] discloses that the only temporal factor associated with 
disseminated intravascular coagulation in a woman was the Oxford-AstraZeneca 
vaccine administration. Nevertheless, epidemiologists conclude that benefits out-
weigh the population’s risk, and multiple causative factors for blood clots events 
were untested and undetermined [50, 51].
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 Variants

Viruses constantly change through mutation and appear in new variants. Many vari-
ants of the virus have been documented during the pandemic. The top variants 
reported are the following B.1.1.7 (first detected in the UK), B.1.351 (first detected 
in South Africa), P.1 (detected in Manaus, Brazil), B.1.526 (identified in New York), 
B.1.427, and B.1.429 (first identified in California). AstraZeneca reports a 74.6% of 
efficacy for the B.1.1.7 variant for the approved vaccines. Conversely, Johnson & 
Johnson reports efficacy of 57% for the B.1.3.5.1 variant, and Novavax declares an 
efficacy of 85.6% for B.1.1.7 and 60% for B1.3.5.1 variants [1].

To date, 2.8 billion covid vaccines have been administrated 2.8 billion COVID-19 
vaccines, and about 40.8 million are now administered per day worldwide. However, 
vaccination coverage varies significantly by region and country’s income level. For 
example, more than 30% of people in North America and 28% of people in Europe 
are fully vaccinated, compared to about 11% in South America and 8% in Asia. On 
the other hand, less than 1% of the population of africa is vaccinated [52]. This lack 
of vaccines in low-income countries could cause second and third waves where poor 
hospital care would generate even more deaths from the pandemic.

 Neutralizing Monoclonal Antibodies for COVID-19 Treatment 
and Prophylaxis

The estimated production and distribution of COVID-19 vaccines worldwide is to 
take from 1 to 2 years approximately [53]. An alternative that has recently gained 
interest is passive immunization with neutralizing monoclonal antibodies, been this 
technology was previously used to treat several viral infections and autoimmune 
conditions. The monoclonal antibodies are molecules derived from B cells in plasma 
of recovering COVID-19 convalescent patients developed in a laboratory and 
designed as an imitator of the body’s natural immune system response; then are 
cloned to mass-produce neutralizing monoclonal antibodies to target different epit-
opes of SARS2 spike glycoprotein, blocking the viral attachment and entry into 
human cells as can be seen in Fig. 21.5 [54–56].

Monoclonal antibodies therapy is recommended for patients recently diagnosed 
with COVID-19 who do not have severe symptoms but do have some risk factors 
[53], as well as those with preexposure or postexposure such as the unvaccinated or 
recently vaccinated people [57], vulnerable populations, and high-risk patients 
including those older than 65  years, with a suppressed immune system, or with 
certain medical conditions including obesity. Monoclonal antibodies provide 
another path for the prevention of COVID-19, can produce direct protection from 
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Fig. 21.5 Monoclonal antibodies produced from B cells of recovered COVID-19 patients attach 
to the spike protein blocking the viral invasion. Bamlanivimab plus etesevimab and casirivimab- 
imdevimab are drugs developed from monoclonal antibodies, being tested in patients as a 
COVID-19 therapy or prophylactic treatment

infection. Inclusive with the new variants of the SARS-CoV-2 monoclonal antibod-
ies have been shown to be effective against the B.1.1.7 variant. However, mutations 
in the virus can cause variations in the spike protein that could inhibit the efficacy 
of monoclonal antibodies [56]. For the treatment, the intravenous infusion must be 
given as soon as possible within 10 days for outpatients who develop symptoms and 
have comorbid illness conditions with high risks for adverse outcomes [54, 56]. 
Therapeutic trials will include the treatment of SARS-CoV-2 infected patients with 
varying degrees of disease. To block the progression of the disease, the patient can 
receive an intravenous infusion of a monoclonal antibody, showing antiviral activity 
with treatment in early intervention for medical assistance and avoiding the devas-
tating impact of the virus [16, 53–55].

The FDA has authorized products developed with monoclonal antibodies like 
casirivimab-imdevimab, sotrovimab, basiliximabvimab, etesevimab, and bamla-
nivimab (Autrizan Amlanivimab, LY-CoV555) for emergency use against COVID-19. 
Therapeutic trials will include the treatment of SARS-CoV-2-infected patients with 
varying degrees of disease. To block the progression of the disease, the patient can 
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receive an intravenous infusion of a monoclonal antibody, showing antiviral activity 
with treatment in early intervention for medical assistance and avoiding the devastat-
ing impact of the virus [58]. Casirivimab-imdevimab (REGEN-COV2) is a two 
recombinant human immunoglobulin G1 monoclonal antibodies formulation; devel-
oped by Regeneron Pharmaceuticals, Inc. [59]. Sotrovimab (Xevudy VIR-7831, 
GSK4182136) is an investigational human neutralizing dual-action monoclonal anti-
body development by GlaxoSmithKline and Vir Biotechnology, Inc. [60]. All these 
monoclonal antibody drugs attach to the spike protein suppressing the ACE2 recep-
tor blocking the viral attachment and entry into the human to stop the spread of the 
virus, Fig. 21.5. This blockage prevents SARS-CoV-2 infection. These medications 
are recommended for adults and adolescents at high risk for severe COVID-19 and 
for patients with mild to moderate COVID-19 disease. These products are not autho-
rized in patients who are hospitalized for COVID-19, who require oxygen therapy, or 
who need an increase in baseline oxygen flow rate due to COVID-19 [16, 57–60].

Monotherapy patients receiving bamlanivimab show higher rates of COVID-19-
related hospitalization compared with patients receiving casirivimab-imdevimab 
treatment [61]. It is possible that this difference may be due to an increase in SARS-
CoV-2 viral variants that are resistant to bamlanivimab alone, due to the failure in 
the treatment FDA revoked the emergency use of bamlanivimab in April of 2021 
[58]. For these reasons Eli Lilly as a result of the collaborative efforts of the Institute 
of Microbiology of the Chinese Academy of Science developed later etesevimab, 
both monoclonal antibody compounds bamlanivimab plus etesevimab demonstrate 
a better mean reduction neutralizing monoclonal antibodies compounds bamla-
nivimab plus etesevimab demonstrate a better mean reduction in the viral load [16, 
62]. Some patients could show experience either an allergic or nonallergic infusion-
related reaction [56]. The only clinical complication observed with casirivimab-
imdevimab was secondary bacterial pneumonia in one patient, which was 
successfully treated with a 7-day course of antibiotic therapy [59]. Other conse-
quences of the administration of monoclonal antibodies are flushing, itching, short-
ness of breath, or low blood pressure [56]. Nevertheless, the benefits of neutralizing 
monoclonal antibodies significantly reduce hospitalizations and mortality, without 
posing significant risks based on case or control studies.

 Natural Products in the Treatment Against COVID-19

Several natural products (bioactive compounds, animal products (propolis), vita-
mins, and others) are promising antivirals against COVID-19. In addition, recent 
in vitro or silico reports have proposed natural substances against SARS-CoV-2. 
However, no drugs have been approved as specific antiviral therapy for coronavirus 
disease so far. Nevertheless, due to the urgency of an effective antiviral treatment 
against the infection, health specialists have been exploring a wide range of prod-
ucts that could be safely administered. This context includes herbal formulations, 
most of which are considered safe due to their long history of use; however, there 
are reports of toxicity due to misidentification or overdose [63]. In that sense, the 

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



434

use of approved natural substances is recommended. Nevertheless, there is already 
some evidence from clinical cases that study or demonstrate the effectiveness of 
natural compounds for the COVID-19 treatment.

 Bioactive Substances and Vitamins in the Treatment 
of COVID-19

There are more than 6597 clinical trials registered on ClinicalTrials.gov looking for 
effective interventions for COVID-19 infection (https://www.clinicaltrials.Gov/
accessed September 20, 2021). In these studies, the components of natural origin 
are being evaluated and the interventions indicating the doses of the drugs or natural 
compounds administered to the participants either as a prophylactic or therapeutic 
treatment in case of positive COVID-19 patients. Figure 21.6 shows the countries 
conducting studies with the approved natural components studied; it also shows the 
number of participants in these studies and the stages of clinical trials. Likewise, it 
can be observed that food supplements such as vitamins D and C are being studied, 
for the most part, followed by colchicine and the phenolic compound quercetin.

The oral consumption of the FDA approved quercetin has high availability and 
low toxicity. In vitro studies evaluated its effect (and derivatives); inhibits the 
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SARS-CoV-1 and MERS-CoV main protease, and the cellular unfolded protein 
response (UPR) modulation-anti-coronavirus effects have also been found to inhibit 
the protease of chymotrypsin type 3 (3CLpro) which is essential for the replication of 
the coronavirus [64]. Willianson and Keremy [65] have proposed nasal application 
of quercetin against the initial infection process of the viral spike protein SARS- 
CoV- 2. However, oral administration of even high doses of quercetin, either as a 
drug in pure form or in food, has low plasma concentrations.

Colchicine is a traditional anti-inflammatory obtained from the Colchicum 
autumnale plant; it inhibits chemotaxis and neutrophil activity in response to vascu-
lar injury, reduces the production of active interleukin-1β and neutrophil-platelet 
interaction and aggregation [66]. Studies in COVID patients using colchicine show 
that participants improved statistically significantly reduces cytokine levels as well 
as the activation of macrophages, neutrophils, and the inflammasome. However, 
they note that these findings should be interpreted cautiously [67].

Several studies suggest that vitamin D may mediate processes that regulate 
immunity, supporting antiviral activity and modulating inflammatory responses by 
reducing the receptive capacity of ACE2 [68]. As shown in Fig. 21.5 several coun-
tries are studying the administration of this supplement, England has the highest 
number of participants in clinical trials, followed by Mexico and the United States 
of America (USA), and studies carried out in this country have shown that vitamin 
D deficiency is strongly associated with an increased risk of disease COVID-19.

To date, only one study conducted in Brazil by the group Murai et al. [69] has 
reported results and observed that high doses of vitamin D3 did not significantly 
reduce hospital stay in patients with moderate to high COVID-19 infection. 
Conversely, Mexico has recently completed its study with 41 healthy participants 
who were administered vitamin D, and their serum levels of the vitamin were mea-
sured for 6 months but have not yet reported results.

Vitamin C is a powerful antioxidant that reduces oxidative stress by protecting 
tissues, in addition to promoting immune functions in the body, causing modulation 
of cytokines and promoting the production of interferon-α, this property has been 
used to treat COVID-19 [70]. Ongoing studies are mainly applying this compound 
intravenously in patients with hypoxia. Fowler et al. [71] show the effects in the 
treatment of sepsis and acute respiratory tract, indicating the administration of 
~15  g/day of vitamin C IV for 4  days with significant benefits in the patient. 
However, a recent replication carried out in its last study published in the JAMA 
journal shows that intravenous vitamin C in high doses can alter blood sugar levels 
and lead to inappropriate use of insulin. They recommend that vitamin C levels in 
plasma do not exceed approximately 250 μmol to avoid interference in devices 
https://jamanetwork.com/journals/jama/article- abstract/2761635.

Conversely, other natural compounds such as cannabinoids are being studied in 
clinical trials; for example, in the USA study with 200,000 patients with the admin-
istration of medicinal cannabis is being initiated, and the doses will also be follow-
ing state laws. Brazil is conducting a similar study and is in phase 2 with 100 
positive SARS CoV-2 patients given a daily dose of cannabinoids of 300 mg/day for 
14 days. Likewise, regarding plant extracts evaluation, Canada has a study with 480 
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patients administering one capsule (520 mg) of Açaí Palm Berry extract every 8 h, 
for 30 days. In China, berberine hydrochloride extract is administered 0.3 g, three 
times a day by oral or daily tube feeding, until day 14 of the study. In addition, pro-
phylactic studies are being carried out in Pakistan, with more than 1000 participants 
supplying natural honey mixed with Nigella Sativa extract [72].

 Propolis: A New Alternative Against COVID-19—Cases 
of Reports

Propolis (produced by bees) and its extract (usually ethanolic) are known to have 
positive effects in the treatment of various diseases due to their pharmacological 
activity complex mixture of substances, in which more than 300 chemical moieties 
have already been identified, among which the compounds with biological activities 
[73, 74]. The pharmacological with biological activities [73, 74], including antiviral 
[75, 76]. In silico, in vitro and in vivo studies show propolis as a promising source 
for SARS-CoV-2 inhibitor compounds [77]. Rapiri et al. [78] proposed investigat-
ing clinical trials to add propolis to antivirals and vaccines in order to reduce the use 
of medications and side effects. Thus, propolis could be used as a prophylactic or 
even as a therapeutic in the prevention of SARS-CoV-2, due to its biological proper-
ties including production of pro- inflammatory cytokines, p21-activated kinases 
(PAKs), inhibition of the angiotensin- converting enzyme (ACE), generation of reac-
tive oxygen species production of type I IFN by virus-infected cells, antibody pro-
duction (humoral immunity), and cell- mediated immunity, which can be increased 
by propolis.

 The Use of Propolis: Clinical Cases

Clinical research using propolis/propolis extract against coronavirus is scarce, most 
of the research is still in silico studies. Clinical studies referring to the safety 
(absence of acute toxicity) of the use of propolis extracts (ingestion of 375 mg/day 
for 5 days of Standardized Propolis Extract (EPP -AF®)) were carried out by Berreta 
et al. [79].

A recent clinical study, referring to the use of green propolis extract EPP-AF® 
(standardized green propolis extract) in the treatment of COVID-19 has been car-
ried out by Silveira et al. [80]. The researchers evaluated 124 patients hospitalized 
with COVID-19, divided into 3 groups: control (without propolis), 40 patients who 
received 400 mg/day of EPP-AF®, and 42 who received 800 mg/day of EPP-AF®. 
The researchers found that there was a reduction in post-hospitalization time in the 
two groups that used propolis compared to the control group of 7  days versus 
12 days (400 mg/day of EPP-AF®) and a median of 6 days versus 12 days (800 mg/
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day of EPP-AF®). Propolis administration did not significantly affect the need for 
oxygenation supplementation. In the group that received 800 mg/day of propolis 
EPP-AF®, there was a lower rate of acute kidney injury than in the controls (4.8 vs 
23.8%), and none of the patients treated with propolis (both concentrations) had 
their treatment stopped due to adverse events. Fiorini et al. [81] reported the first 
case indicating the therapeutic potential of propolis in SARS-CoV-2 infection 
observed with the administration of green propolis extracts (EPP-AFs, Apis Flora 
Indl. Coml. Ltda, Ribeirão Preto, Brazil) up to dose of 45 drops three times a day 
for 14 days. The patient showed improvement in clinical condition after 12 days 
with a negative RT-PCR test result.

Currently, there are ongoing studies [72] that use propolis or propolis combined 
with another natural compound for COVID-19 treatments. Likewise, many efforts 
are being made by the scientific community to identify the possible therapeutic 
benefits of propolis against SARS-CoV-2 infection [75, 79, 82].

 Concluding Remarks

The pandemic caused by COVID-19, there is still no adequate control of the pan-
demic, and prophylactic and therapeutic strategies are still being sought. Most of the 
reuse drugs that have been used to treat SARS-CoV-2 infection have shown a lim-
ited effect and some produce adverse consequences such as cardiovascular prob-
lems or bleeding, which have led to the suspension of drug administration. A 
combination of nucleoside drugs that directly target the viral target in combination 
with anti-inflammatory drugs appears to be the most promising alternative, as they 
show a reduction in hospitalization time and the severity of symptoms associated 
with COVID-19 infection. In addition to this, there are experimental drugs. The 
development of drugs using neutralizing monoclonal antibodies benefits unvacci-
nated people with high-risk comorbidities for preventing and treating COVID-19 
infection. Although current vaccines have shown an efficiency greater than 90%, 
recent results in their application to the general population have also shown adverse 
results and in some cases have led to the temporary suspension in countries of 
America and Europe, therefore, the use of natural products (vitamins, natural com-
pounds, propolis). Approved by the FDA, they have been used as a complementary 
biotechnology strategy for the treatment of this infection; however, more clinical 
trials are still required to adequately support their use. Therefore, regardless of the 
success of these current interventions, it is important to remain alert to viral genetic 
changes that could modify the serotype, as well as drug- targeting viral enzymes, 
resulting in the emergence of resistant strains. Likewise, we must consider the rapid 
genetic variation that SARS-Cov-2 has been developing, which has given rise to 
various waves of contagion in the world. Therefore, we must bear in mind that all 
biotechnological strategies must be reinforced with sanitary measures and timely 
diagnosis of the infection to stop the impact that COVID-19 has on the population.
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Chapter 22
Vitamin D: A Potential Prophylactic 
and Therapeutic Agent against COVID-19

Zaki A. Sherif

 Introduction

The dilemma for academic and clinical researchers is whether vitamin D has any 
role against COVID-19. This essential micronutrient is considered an important 
factor in immune homeostasis. Vitamin D deficiency or insufficiency is associated 
with suboptimal health across the spectrum. In the current coronavirus pandemic, 
the contribution of vitamin D deficiency to respiratory infections, inflammation, 
progressive disease, and cardiovascular dysregulation is not universally accepted. 
The novel coronavirus, which causes COVID-19 (Coronavirus Disease of 2019) 
and identified as Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-
CoV-2), has globally killed more people than SARS-CoV-1 (10%) and Middle East 
Respiratory Syndrome Coronavirus (MERS-CoV, 34%) combined, despite lower 
case fatality rate of 2% [1]. As of September 30, 2021, the global estimate of infec-
tions is about 3% (233,479,934) and 4,777,581 deaths linked to SARS-CoV-2, 
according to the latest data from the Johns Hopkins University tracking dashboard 
[2]. Although cases have been documented across virtually all demographics, 
patients over 60 years old and those with comorbidities experienced the highest 
mortality rate [3–7]. The coronavirus incidence was declared a global pandemic on 
March 11, 2020 by the World Health Organization (WHO). In the USA, which is 
the leading country in infection and mortality rates, approximately 43,370,976 
people have been infected, with a death toll of over 695,523 [2]. It seems that dis-
tribution of cases and deaths across the globe are unequal, with most African 
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Fig. 22.1 Global map tracking COVID-19 cases, deaths, and vaccinations [2]

countries being spared the worst of the pandemics as vividly demonstrated on the 
updated Global pandemic map dated September 29, 2021 [2] (Fig. 22.1) (https://
coronavirus.jhu.edu/map.html).

For over a year, avoiding transmission of the virus and prevention of the disease 
were only possible by donning personal protective equipment (PPE), keeping per-
sonal hygiene, social distancing, and wide-scale lockdowns by governments world-
wide. Those exposed to the virus or infected by it had to quarantine and isolate 
themselves for about two weeks during the mild and moderate phases of COVID-19. 
However, those exhibiting severe symptoms including persistent high fever and 
shortness of breath (dyspnea) had to be hospitalized with supplemental oxygen, or 
under critical situations, admitted to intensive care units (ICUs), intubated, and 
placed on ventilators where most of the early victims of the virus perished [8]. It is 
probable that the main vehicles or vectors for the widespread transmission of the 
virus among people in the local community and beyond were asymptomatic indi-
viduals who were not aware of their infection.

 SARS-CoV-2 and COVID-19

SARS-CoV-2 belongs to Coronaviruses (CoVs) family called Coronaviridae, which 
are a group of highly diverse, enveloped, positive-sense viruses, with single-stranded 
RNA genomes ranging from 26 to 32 kilobases in length [9]. All coronaviruses, 
which have been known to exist since the 1960s, share similarities in the organiza-
tional structure and expression of their genome, which consists of 16 nonstructural 
proteins (nsp1 through nsp16), encoded by open reading frame (ORF) 1a/b at the 5′ 
end, trimeric structural protein, spike (S), envelope (E), membrane (M), and nucleo-
capsid (N), which are encoded by other ORFs at the 3′ end. There are four genera in 
CoVs: alpha-CoV (group 1), beta-CoV (group 2), gamma-CoV (group 3), and delta- 
CoV (group 4) [10, 11]. These viruses vary broadly from benevolent infections like 
seasonal flu caused by rhinoviruses and influenza A or B to lethal infections like 
COVID-19 caused by the emerging SARS-CoV-2. The COVID-19 pandemic has 
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demonstrated that a significant number of infected subjects remain asymptomatic or 
experience only mild symptoms (e.g., fever, cough, dyspnea, myalgia, fatigue, or 
intermittent diarrhea). However, there are many others that develop moderate to 
severe disease, exemplified by interstitial pneumonia that can progress to acute 
respiratory distress syndrome (ARDS) and result in death from critical respiratory 
failure or other complications [12, 13].

The outcome of SARS-CoV-2 infection may also depend on the degree of imbal-
ance in the host immune system [14–16]. The immune system is divided into two 
types: innate (i.e., general) or nonspecific, and adaptive (i.e., specialized) or specific 
immunity. In the primary immune response against pathogenic antigens, the natural 
exertion will have a positive effect against infection, facilitating viral clearance. 
However, the hypothesis with respect to SARS-CoV-2 is that the secondary immune 
response, in a segment of the population, may be exaggerated and challenge tissue 
architectural integrity and perturb physiological homeostasis, which may lead to 
multiple organ failure, ARDS, and death [16]. Older age and the presence of major 
comorbidities (e.g., chronic obstructive pulmonary disease, chronic cardiovascular 
disease, chronic renal disease, diabetes mellitus, hypertension, obesity, and other 
endocrine disorders) may exacerbate the COVID-19 condition and lead to fatality 
due to elevated cytokine levels or other inflammatory markers virally driven by 
hyperinflammation, known as “cytokine storm” [4, 6, 7, 17, 18].

Despite rigorous attempts to curtail SARS-CoV-2 infection, transmission, and its 
adverse effects on the human body, even after seventeen months of this pandemic, 
there has been little progress in treatment options for almost a year until the vac-
cines came to the rescue. In the early stages of the pandemic, one persistent chal-
lenge in curtailing the course of the disease has been the absence of experimental 
evidence to support effective pharmacologic interventions to prevent or treat 
COVID-19. The early hospitalized victims of this megapandemic were subjected to 
varied levels of treatment regimen consisting of individual off-label drugs or a com-
bination of FDA-approved (i.e., under Emergency Authorization Use) antiviral 
drugs like remdesivir; antimalarial drugs like hydroxychloroquine; corticosteroids 
such as dexamethasone; monoclonal antibody infusions; convalescent plasma; and/
or a cocktail of minerals like zinc, vitamins C and D [19–23].

 Vitamin D, Its Various Forms, and Functions

Vitamin D is a fat-soluble vitamin that is stored in the liver and serves as a steroid 
hormone. There are several forms and metabolites of vitamin D. The two major 
forms are vitamin D2 (ergocalciferol), which is synthesized by fungi such as mush-
rooms, and vitamin D3 (cholecalciferol), which is naturally made by the body in 
response to sunlight. The chemical formulas and structures of vitamin D2 and vita-
min D3 are shown in Fig. 22.2.

Both vitamins D2 and D3, which undergo an identical metabolic process, can be 
used for supplementation. However, a meta-analysis of randomized controlled trials 
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Fig. 22.2 The structures of the two major forms of vitamin D in foods and dietary supplements. 
(Image Credit: https://pubchem.ncbi.nlm.nih.gov)

(RCTs) indicates that vitamin D3 is more efficacious at raising serum 
25- hydroxyvitamin D [25(OH)D] concentrations than vitamin D2 and may be a bet-
ter choice for supplementation [24]. This essential micronutrient is considered an 
important factor in immune homeostasis particularly due to vitamin D receptor 
(VDR) and Cytochrome P450 Family 27 Subfamily B Member 1 (CYP27B1) 
expression in most of the immune cells. As an essential nutrient, vitamin D has vari-
ous roles in the body including the development, function, and maintenance of 
healthy bones and teeth through the regulation of mineral homeostasis of the skel-
eton by promoting calcium and phosphorus absorption in the gut system [25]. 
Almost every cell in our body has a receptor for VDR, which is a member of the 
nuclear receptor/steroid hormone superfamily that also includes receptors for thy-
roid and steroid hormones as well as retinoids [26]. Vitamin D is also essential for 
immune system function and cardiovascular homeostasis, and can help protect 
against cancer [27–30]. Unfortunately, subclinical vitamin D deficiency is more 
prevalent and is linked to the occurrence of rickets in children, and osteomalacia 
(bone-softening) and osteoporosis (bone fracturing) in adults [31]. Nevertheless, 
additional research is required to examine the metabolic pathways involved in oral 
and intramuscular administration of vitamin D and the effects across age, sex, and 
ethnicity, which this review was unable to verify.

The sunlight source of vitamin D is ultraviolet B (UVB) radiation, which acti-
vates a photochemical reaction in the plasma membrane of epidermal keratinocytes 
and dermal fibroblasts in the skin, producing an unstable 7-dehydrocholesterol, 
which forms pre-vitamin D3, which upon thermal isomerization produces a stable 
form of vitamin D3 (cholecalciferol). The photosynthesized vitamin D3 binds to 
vitamin D binding protein (VBP) and is converted in the liver by 25-hydroxylase 
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(aka CYP2R1) to form a biologically inactive 25-hydroxyvitamin D3 (aka 
25-hydroxychlecalceferol or calcidiol or calcifediol), through the action of cyto-
chrome P450 enzymes [32]. The 25-hydroxycholecalciferol [25(OH)D3] is the stor-
age form of vitamin D. In the kidney, 25(OH)D3 undergoes further hydroxylation at 
the C-1α or C-24 positions by the enzyme 1α-hydroxylase (aka CYP27B1) to pro-
duce 1,25-dihydroxyvitamin D [1α,25(OH)2D3] or [1,25(OH)2D]), the active hor-
monal form in the body and the ligand for a transcription factor, the vitamin D 
receptor (VDR), as shown in Fig. 22.3.

The conversion of calcidiol to calcitriol (1,25-dihydroxycholecalciferol) mainly 
occurs in the kidney. But this conversion also occurs in the different cells and tissues 
of the immune system such as the lymph nodes, alveolar macrophages as well as the 
alveoli cells [33]. If so, vitamin D may be activated in the alveoli, the sac-like cells 
responsible for gas exchange between oxygen and carbon dioxide. These are the 
same cells that bacteria as well as viruses such as the influenza and coronavirus 
invade in our lungs. It is therefore possible that our lungs exert a natural ability to 
fight off respiratory infections.

The natural dietary sources of vitamin D include fatty fish like salmon, sardines, 
mackerel, and herring. Fortified products such as milk and cereals that are designed 
to reduce rickets in young children and osteomalacia in adults, also contain a small 
amount of vitamin D. The term vitamin D insufficiency has been used to describe 
low levels of serum 25-hydroxyvitamin D (aka calcidiol and abbreviated as [25(OH)
D],) that may be associated with an increased risk of death in adults from cardiovas-
cular diseases, cognitive impairment [34], chronic kidney disease [35] and cancer 
[36]. Mega doses from foods or supplements can be toxic. There is no international 
consensus on the right amount of vitamin D to supplement the diet since people can 
obtain the daily required dose both from sunlight and dietary sources. However, 
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Table 22.1 Serum 25-Hydroxyvitamin D [25(OH)D] Concentrations

Status
Serum 25-hydroxyvitamin D 
[25(OH)D]) ng/ml

Serum 25-hydroxyvitamin D 
[25(OH)D]) nmol/L

Normal levels Above 20 Above 50
Vitamin D 
insufficiency

12 to 20 30 to 50

Vitamin D 
deficiency

Less than 12 Less than 30

Adverse effects Above 50 Above 125
aSerum concentrations of 25(OH)D. are reported in both nanomoles per liter (nmol/L) and nano-
grams per milliliter (ng/mL). One nmol/L = 0.4 ng/ml, and 1 ng/ml = 2.5 nmol/L

there is a standard range of serum concentrations of 25(OH)D from deficient to 
adverse levels published by the Institute of Medicine, Food and Nutrition Board 
(https://www.ncbi.nlm.nih.gov/books/NBK56070/) [37] (see Table 22.1).

The chief source of Vitamin D3 is sunlight and not food. About 50% to 90% of 
vitamin D is absorbed through the skin via sunlight while the rest comes from the 
diet [38]. Twenty minutes of sunshine daily with over 40% of skin exposed is 
required to prevent vitamin D deficiency [39, 40]. Effective sun exposure is 
decreased in individuals who use sunscreens consistently. It is important to note that 
in humans, sunlight exposure is the primary determinant of vitamin D level mainly 
in northern latitudes from November to March, when there are insufficient UVB 
rays to produce vitamin D, whose status has become of a major health concern since 
2009 when U.S. population trend health study declared that 75% of U.S. teenagers 
and adults were deficient in vitamin D [41, 42]. This is also particularly true, as 
ecological studies report, for human populations in countries (with some excep-
tions) that lie at the 35 degrees north latitude, above which humans receive insuffi-
cient sunlight for vitamin D adequacy during winter [43, 44]. For comparison, 40 
degrees north latitude runs through the middle of the United States.

The cutaneous production of the vitamin involves several factors including geog-
raphy. Humans first evolved in Africa near the equator where the sun’s rays directly 
hit the earth most of the year, and for our ancestors who received adequate vitamin 
D, their sole protection from the damaging effects of UVB radiation came from 
melanin in their dark skin. However, as more humans moved away from the equator, 
their skins lightened to efficiently absorb vitamin D because of reduced direct sun-
shine. This is because during the winter months, the earth tilts away from the sun, 
causing less rays reaching the earth. Darker-skinned people will absorb less UVB 
light, leading to less vitamin D production. Therefore, the distribution of 25(OH)D 
concentrations presented in Table 22.1 may need to be elevated for dark-skinned 
people as demonstrated by a study that examined similar 25(OH)D serum levels by 
race and ethnicity (Fig. 22.4).

It is known that at higher latitudes, people with more melanin content in their 
skin tend to have lower blood levels of vitamin D even after exposure to sunlight. A 
recent article speculates that this vitamin D deficiency significantly linked to the 
disproportionately high COVID-19 cases and deaths among US Black and Latino 
populations [46].
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The aging process. also leads to less efficient production of vitamin D, which is 
common in older people. Vitamin D3, which is converted to the active form of vita-
min D, 1,25-dihydroxycholecalciferol (aka calcitriol), has many important roles in 
the body including signaling the intestine to absorb calcium into the bloodstream to 
avoid breaking down bones to enhance calcium levels in the blood; to reduce bone 
fractures in the elderly by preventing muscle deterioration. Lower vitamin D intake 
orally is more prevalent in the elderly population [47]. Recently reported cases of 
elevated COVID-19 cases occurred in Italy and Spain, two countries with high prev-
alence of vitamin D deficiency, which is associated with obesity, hypertension, dia-
betes, and ethnicity—features also common in COVID-19 patients [44].

 The Role of Vitamin D in Respiratory Infections 
and COVID- 19: A Case for Its Prophylactic Effect

Although, vitamin D testing has drastically increased recently, the relevance and 
widespread vitamin D deficiency are still under debate [48]. Some researchers even 
dismiss vitamin D’s role more as an associative than a causal factor in acute and 
chronic disease. On the other hand, a low vitamin D status is emerging as a public 
health concern worldwide, and several studies from basic science to clinical appli-
cations have highlighted a strong association with chronic diseases, as well as acute 
conditions. Moreover, the large amount of observational data currently available are 
also supported by pathophysiological links of vitamin D with energy homeostasis, 
as well as regulation of the immune and endocrine systems [49]. Furthermore, more 
recent reports indicate that vitamin D plays a protective role in reducing the risk and 
the severity of respiratory tract infections (RTIs) caused not only by seasonal viruses 
such as the human influenza A and B but also by the beta coronavirus family mem-
bers SARS-CoV-1, Middle East Respiratory Syndrome (MERS), and SARS-CoV-2 
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[41, 42, 50–53]. The beneficial effects of vitamin D on the musculoskeletal system 
and the pleiotropic extraskeletal effects of this vitamin are increasingly being recog-
nized and acknowledged [54–56]. Latest clinical reports also reveal that vitamin D 
deficiency contributes to ARDS because of SARS-CoV-2 infection, and that case- 
fatality rates increase concomitantly with age and viral load [57, 58]. The postula-
tion here is that vitamin D status may be important in determining the severity of the 
immune response to SARS-CoV-2 infection [59]. Vitamin D appears to enhance the 
capability of the immune system to inhibit pulmonary inflammatory responses 
while bolstering innate defense mechanisms against respiratory pathogens includ-
ing SARS. There are population-based studies currently underway that show signs 
of an association between circulating vitamin D levels and lung function.

In a recent Italian study, COVID-19 patients with severe symptoms exhibited 
significantly lower 25-hydroxy vitamin D [25(OH)D] levels (less than 18.2 ng/ml) 
than mildly symptomatic COVID-19 patients (30.3 ng/ml) and non–SARS-CoV-2- 
infected controls (25.4 ng/ml) [60]. Furthermore, even though no direct correlation 
can be made, 25(OH)D and interleukin-6 (IL-6) levels were significantly lower in 
mild and nonsymptomatic patients, but higher in critically symptomatic COVID-19 
patients admitted to intensive care Unit (ICU) compared to those not requiring ICU 
admission. These results, the authors concluded, suggest, at least in this Italian 
cohort, that low 25(OH)D (calcidiol) levels were inversely correlated with high IL-6 
levels and can independently predict the severity and mortality of COVID-19 [60].

Additional published report of vitamin’s role in reducing COVID-19 cases stud-
ied twenty European countries for average vitamin D levels, COVID-19 cases, and 
COVID-19 mortality and found that there is an inverse relationship between vitamin 
D levels and COVID-19 cases, and between vitamin D levels and mortality per mil-
lion population [50]. Racial/ethnic differences also exist in the USA with important 
implications for known health disparities regarding African American adults who 
have the highest prevalence rate of vitamin D deficiency followed by Hispanic 
adults [61]. The coronavirus pandemic of 2019, which has disproportionally affected 
Blacks and Hispanics, has revealed additional risk factors for vitamin D deficiency 
that included obesity, lack of college education, and lack of daily milk consumption 
[62]. COVID-19 risk increased among Black individuals with vitamin D level less 
than 40 ng/mL compared with those with 40 ng/ml or greater and decreased with 
increasing levels among individuals with levels greater than 30 ng/ml [63]. In the 
National Health and Nutrition Examination Survey (NHANES) in which there were 
8415 participants (25% Black and 24% Mexican American), there were racial dif-
ferences in the relationship between vitamin D, bone mineral density, and parathy-
roid hormone [45]. Calcidiol [25-hydroxycalciferol] can be considered as a 
supplement for patients with fat malabsorption or severe liver disease.

Vitamin D signaling is dependent on the availability and turnover of the active 
Vitamin D receptor (VDR) ligand, 1,25-dihydroxycholecalciferol and on the effi-
ciency of VDR transactivation. Activating and inactivating metabolizing-p450 
enzymes, are responsible for ligand availability based on substrate production in the 
skin and of nutritional intake of precursors. The presence of active hormone depends 
on the delivery of substrate and activating and inactivating enzymes. The critical 
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enzyme 1-alpha-hydroxylase, for example, is upregulated in the kidney by low cal-
cium intake and parathyroid hormone, but it is downregulated by proinflammatory 
signal transduction as demonstrated by patients with kidney disease (nephrotic syn-
drome) who lose vitamin D3 [64]. Lately, it has also been evident that many modi-
fiers of Vitamin D signaling are targets of disease patterns in the form of inherited 
and acquired syndromes. This is further evidence that vitamin D signaling is modu-
lated at multiple levels and is more complex than mere mechanistic ligand–recep-
tor–DNA interaction [32, 65].

 Can Vitamin D Deficiency Increase the Susceptibility 
to COVID-19?

COVID-19 can be described as an acute virally induced respiratory illness with a 
potentially severe outcome. A landmark 2017 meta-analysis published in the British 
Medical Journal assessing vitamin D supplementation to prevent acute respiratory 
tract infections in 11,321 non–COVID-19 subjects across 25 eligible randomized 
controlled trials (RCT) showed that vitamin D supplementation decreased mortality 
by reducing the risk of acute respiratory illnesses [66]. Recent studies have provided 
further evidence for the role of vitamin D as an immune function regulator espe-
cially with respect to the innate immune response against infectious agents. The 
vitamin D receptor (VDR) is expressed in various myeloid and lymphoid lineages 
of human cells and vitamin D may bolster the increased expression of antimicrobial 
peptides such as cathelicidin (hCAP-18), which is known to counteract the effects 
of respiratory tract pathogens in monocytes and neutrophils [67] Therefore, vitamin 
D deficiency may lead to suboptimal immune responses toward bacterial and viral 
infections such as SARS-CoV-2.

There was a study of 25-hydroxyvitamin D concentrations in 107 hospitalized 
patients with PCR for SARS-CoV-2 infection in Switzerland [68]. The investigators 
analyzed the vitamin D level of people with positive and negative PCR tests for 
SARS-CoV-2. The SARS-CoV-2–negative subjects had a higher vitamin D level 
than those with a positive test. Although these results were statistically significant, 
this negative correlation does not lend itself for a conclusive evidence that vitamin 
D deficiency is a causative effect for SARS-CoV-2 infection. This fact was high-
lighted in a small study where nine healthy nonsmoking individuals received an 
infusion of E. coli–derived endotoxin, a lipopolysaccharide (LPS), to induce sys-
temic inflammation, which resulted in a significant reduction in plasma 
25-hydroxyvitamin D [25-(OH) D] levels [69]. These findings suggest that con-
founders like LPS that cause systemic inflammation may be the culprit that lowers 
circulating 25(OH)D from its baseline levels in humans.

There are, however, several large population studies and relatively smaller ones 
that point to the association of low preexisting plasma 25-(OH)D level with 
increased risk of COVID-19 infection and positivity rates across ethnicities, age 
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groups, hospitalization settings, and geographical locations [70–73]. But these were 
mainly observational studies, which need to be confirmed with a large prospective, 
randomized placebo-controlled clinical trials. In the meantime, a pilot randomized 
clinical study assessing the requirements for admission to the intensive care unit 
(ICU) in patients hospitalized with COVID-19 (treated or not with calcifediol 
[25(OH)D3] revealed that only 2% of the intervention group receiving daily regimen 
of calcifediol was placed in the ICU as opposed to 50% of the placebo group, again 
suggesting that the therapeutic effect of vitamin D was beneficial in keeping patients 
away from the extreme outcomes of the disease.

There is also a casual association between vitamin D and BMI and older age. 
There is more than twofold decline in cutaneous pre-vitamin D3 level in older adults 
ranging in age from 77–82 [74]. In an observational study, it was shown that obese 
patients exhibited a reduced bioavailability of cutaneously synthesized cholecalcif-
erol (Vitamin D3), possibly due to the concentration of most of the vitamin in adi-
pose tissues where it is stored and less circulation in the blood [75–77]. Another 
observational but prospective study involving about 10,000 adult (50–75 years old) 
patients followed for 15 years in Germany to assess their vitamin D deficiency (less 
than 30 nmol/L) and insufficiency (30 to 50 nmol/L) and compared them to suffi-
cient vitamin D status (greater than 50 nmol/L) for mortality from respiratory dis-
eases prior to the COVID-19 pandemic reveals in their death certificates that those 
with above 50 nmol/L survived longer than those with less than 30 nmol/L [78]. 
This large study confirmed, after adjusting for several variables, the independent 
association of vitamin D sufficiency with reduction in respiratory mortality in this 
German cohort.

A growing number of contemporary reports support a prophylactic role for vita-
min D in abating the risk/severity of respiratory tract infections (RTIs), especially in 
the context of influenza and COVID-19 [41, 42, 50, 52, 53]. On the interventional 
side, a frequently cited landmark meta-analysis paper that compiled data from 
11,321 subjects in 25 randomized placebo-controlled trials (2009–2016), which 
examined the effect of vitamin D supplementation in preventing acute respiratory 
tract infections in a pre-COVID-19 pandemic era, concluded that there was “a major 
indication for vitamin D supplementation in the prevention of acute respiratory tract 
infections” [66]. Another randomized trial of vitamin D supplementation was con-
ducted in Japan to prevent influenza A in 334 school children. The children were 
given 1200  IU/day of vitamin D3 versus placebo. The endpoint was influenza A 
antigen testing by nasal swab. The results showed that the students with the vitamin 
D supplementation had an influenza A incidence of 10.8% compared to 18.6% in 
the placebo group with an absolute risk reduction (ARR) of 7.8% indicating a low 
NNT (number needed to treat) of 13 suggesting the potency of the supplementation 
even in school children to reduce infection with the flu [79]. The most recent meta- 
analysis study [80] that examined the link between vitamin D supplementation and 
prevention of acute respiratory tract infections (ARTIs) in an updated version of the 
2017 meta-analysis [66] confirmed that vitamin D supplementation was safe and 
overall reduced the risk of ARTI by administration of daily doses of 400–1000 IU 
for up to 12 months compared with placebo, although the risk reduction was small 
but significant [80]. The relevance of both the observational and interventional 
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findings of these studies to COVID-19 is not known and requires further investiga-
tion. These interventional studies confirmed the data that was generated from other 
observational studies with respect to vitamin D’s role in reducing general ARTIs.

 Immunophenotype of COVID-19 and Vitamin D Deficiency

Vitamin D modulates immune responses and may prevent the release of pro- 
inflammatory cytokines. The immunophenotype and biochemical data between 
COVID-19 and vitamin D deficiency are surprisingly very similar and may be indic-
ative of the cytokine storm syndrome (see Table 22.2).

The status of interferon gamma and T helper1 was detected late in disease (i.e., 
COVID-19) progression [97, 98]. These common immunophenotypes between vita-
min D and ARTIs also extend to seasonal viruses such as rhinoviruses, influenza 
viruses, and other coronaviruses. However, hypercoagulability seems to be the 
exclusive characteristic of COVID-19. This was demonstrated in a small number of 
autopsies of patients with COVID-19 who had a ninefold increase in pulmonary 
blood clots (alveolar capillary microthrombi) when compared to non–COVID-19 
autopsies of patients who died from acute respiratory distress syndrome (ARDS) 
secondary to influenza A(H1N1) infection, and uninfected control lungs [85]. 
Therefore, vitamin D can prevent the development of oxidative stress and multiple 
organ damage by reducing inflammatory cytokines in many tissues and protecting 

Table 22.2 The immune phenotypes of COVID-19 and vitamin D deficiency

COVID- 19
Vitamin D 
deficiency References

ACE-2 expression ↓ ↓ Aygun [81], Hanff et al. [82]
Coagulability ↑ ↑ Aygun [81], Quesada-Gomez et al. [83], 

Somasundaram et al. [84], Ackermann et al. 
[85]

Cathelicidins ↓ ↓ Jiang et al. [86], Hansdottir et al. [87]
C-reactive protein 
(CRP)

↑ ↑ Mehta et al. [15], Demir et al. [88]

D-dimer ↑ ↑ Mehta et al. [15], Demir et al. [88]
Interleuken-6 
(IL-6)

↑ ↑ Aygun [81], Palmer et al. [89]

Interferon-gamma 
(IFN-γ)

↑ ↑ Conti et al. [90], Huang et al. [91]

Th1 adaptive 
response

↑ ↑ Ardizzone et al. [92], Schleithoff et al. [93], 
Cantorna and Mahon [94], Aygun [81], Conti 
et al. [90]

TNF-α ↑ ↑ Conti et al. [90], Huang et al. [91], Chen et al. 
[95], Peterson and Heffernan [96]

Note: ACE-2 (angiotensin-converting enzyme 2); Th1 (T helper1); TNF (tumor necrosis factor). 
The arrows indicate the fall (↓) and rise (↑) of immune phenotypes affected by COVID-19 and 
vitamin D deficiency
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against symptoms of the COVID-19 infection, especially by increasing the level of 
ACE-2  in the lungs. Furthermore, a new study showed that human recombinant 
soluble ACE-2 treatment may significantly suppress early stages of SARS-CoV-2 
infections [99]. ACE-2 is the key SARS receptor that plays a protective role in 
SARS-mediated ARDS [81, 100, 101]. This is further supported by the decrease 
observed in COVID-19 PCR positivity in people with higher levels of vitamin D 
[68, 88, 102, 103]. Even among COVID-19–positive patients, those with vitamin D 
levels of >30 ng/ml had significantly lower D-dimer and C-reactive protein (CRP) 
levels as well as shorter hospital stays [88]. This does not necessarily suggest asso-
ciation or causation between vitamin D and ARTIs but gives credence to the postu-
lation that vitamin D deficiency plays a role in COVID-19 development and severity 
leading to progressive respiratory failure as the primary cause of death in Covid-19 
patients. Vitamin D plays a positive role against respiratory infections. Furthermore, 
its deficiency is associated with COVID-19 positivity and severity of disease [88]. 
There is no international consensus on a single optimal vitamin D dosage that is 
acceptable by all organizations, scientists, or doctors around the world.

 Management of Vitamin D Deficiency for a Therapeutic Effect

The global epidemic status of vitamin D deficiency is reflected by about 1 billion 
people who reportedly have vitamin D deficiency, while 50% have vitamin D insuf-
ficiency [104]. In the United States, the prevalence of patients with vitamin D defi-
ciency is highest (50–60%) in the elderly, obese patients, nursing home residents, 
and hospitalized patients, all common features of developed nations [105, 106]. 
Interestingly, the prevalence of vitamin D deficiency is 35% higher in obese indi-
viduals regardless of latitude and age [107]. Moreover, in the United States, 47% of 
African American infants and 56% of European American infants have vitamin D 
deficiency [108]. Therefore, the dosage required to treat vitamin D deficiency 
depends largely on the degree of the shortage and underlying risk factors. For non–
dark-skinned people, supplementation could start with a robust 8-week schedule of 
vitamin D3 either at 6000  IU daily or 50,000  IU weekly [109]. Once the serum 
25-hydroxyvitamin D level exceeds 30  ng/ml, a maintenance daily dose of 
1000–2000 IU is recommended. For dark-skinned people and high-risk adults with 
vitamin D deficiency (African Americans, Hispanics, obese, taking certain medica-
tions, malabsorption syndrome), a higher initial dose of vitamin D3 at 10,000 IU 
daily may be needed. Once serum 25-hydroxyvitamin D level exceeds 30 ng/ml, 
3000–6000  IU/day maintenance dose is recommended [40]. Children who have 
vitamin D deficiency may require 2000 IU/day of vitamin D3 or 50,000 IU of vita-
min D3 once weekly for 6 weeks [40]. Once the serum 25(OH)D level is stable above 
30 ng/ml or 50 nmol/L, 1000 IU/day maintenance regimen may be administered.

Similarly in England, an examination of the primary care records of 17,421,033 
revealed that the major risk factors among the 10,926 who died of COVID-19 were 
being male, older age as well as comorbidities such as diabetes, obesity, and ethnic-
ity with Black and South Asians being at higher risk than Whites [110]. These are 
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the same risks exhibited by vitamin D deficiency: older age, obesity—and its asso-
ciated metabolic syndrome—and dark-skinned people, suggesting that vitamin D 
may play a role in COVID-19 susceptibility. In another study that demonstrates the 
therapeutic agency of vitamin D, a meta-analysis of 18 randomized controlled trials 
(RCTs) with over 57,000 participants found that intake of daily doses of vitamin D 
supplements drastically reduced total mortality rates [111]. In the Women’s Health 
Initiative, the combined supplementation of calcium and vitamin D reduced the risk 
of total cancer including breast and colorectal cancer particularly in postmenopausal 
women [112, 113]. In a meta-analysis study from three randomized controlled tri-
als, vitamin D supplementation was found to reduce the rate of COPD exacerba-
tions in patients with vitamin D levels below 25 nmol/L [114]. It also possible that 
all these positive effects of vitamin D levels may be indicative of comorbidities that 
may themselves impact COVID outcomes.

 Regulation of Thrombotic Complications by Vitamin D—A 
Therapeutic Model?

Over-reactive inflammatory response leading to hypercoagulability has been the 
leading characteristic of disease severity in COVID-19 patients and marked with 
poor prognosis [115]. In the ICUs, severe cases of COVID-19 were exhibiting intra-
vascular hypercoagulability sometimes accompanied by pulmonary embolism and/
or deep vein thrombosis. Microthrombi in lungs and in other organs with marked 
inflammatory changes were common in the autopsy reports of COVID-19 patients. 
At the advent of the pandemic when treatment options were not available and dire 
conditions pervaded hospital wards, vitamin D supplementation was recommended 
by many clinicians across the globe to improve clinical symptoms of COVID-19 
patients, mainly due to its immunomodulatory roles on immune cells. In addition, 
vitamin D is known to regulate a variety of thrombotic pathways directly or indi-
rectly. It was even proposed that vitamin D supplementation would mitigate the risk 
of ARDS and play a role in reducing coagulation abnormalities in critically ill 
COVID-19 patients [115]. There are currently several randomized placebo control 
clinical trials investigating the efficacy of vitamin D supplementation in abating the 
risk of COVID-19 infection and reducing the risk of coagulopathy by measuring 
circulating D-dimer and fibrinogen levels in COVID-19 patients [116]. The first line 
of defense against viral infections and subsequent inflammation is the innate 
immune system followed by an adaptive immunity that eventually activates the 
coagulation pathway. Scanning electron micrographs of microvascular corrosion in 
the COVID-19-damaged lung show substantial architectural distortion and loss of a 
clearly visible vessel hierarchy in the alveolar plexus [85]. Activation of coagula-
tion, in turn, markedly affects the inflammatory activity [117]. Extensive cross talk 
between the two systems is associated with the formation of microvascular thrombi 
often leading to organ dysfunction in severe sepsis [85, 118]. Similar alteration in 
the lungs of COVID-19 patients can be seen in Fig. 22.5 [119].
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Fig. 22.5 Vascular injury in the lung of COVID-19 patient. (a) A gross image showing multiple 
thrombi. (b) Along with large thrombi, smaller caliber arteries showing fibrin thrombi. (c) Thrombi 
in small arteries, including precapillary channels). (d) In some cases, thrombi were predominantly 
composed of platelets, and were also seen in the capillary bed. (e) The endothelial basement mem-
brane was diffusely reduplicated. At higher magnification some putative viral particles were evi-
dent in endothelial cell cytoplasm. (f) Endothelial cells were swollen and showed numerous 
instances of cytoplasmic vacuolization. EC endothelial cell; EBM endothelial basement mem-
brane; Ly lymphocyte; RC red cell (a—gross photograph, Hematoxylin and eosin b, c, ×100, CD61 
diaminobenzidine immunohistochemistry, ×100, e–f transmission electron microscopy e × 12,000, 
inset ×70,000, f × 6000). (Adapted from Borczuk et al. [119])
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The protective role of vitamin D as a ligand using VDR against COVID-19 dis-
ease severity has been ascribed to its impact on the immune system. The circulating 
vitamin D becomes a barrier to the production of inflammatory cytokines and 
actively blocks the proliferation of proinflammatory cells, necessary for the patho-
genesis of inflammatory diseases. Furthermore, vitamin D improves the ratio of 
angiotensin-converting enzyme 2 (ACE-2) to ACE and consequently decreases the 
level of angiotensin II level by hydrolyzing the enzyme [43]. The ACE-2 receptor is 
expressed in multiple cells and tissues of the body including type II alveolar cells of 
the lungs, esophagus, upper and stratified epithelial cells, absorptive enterocytes 
from the ileum and colon, kidney proximal tubule cells, myocardial cells, bladder 
urothelial cells, and epithelial cells of the oral mucosa [120, 121]. Therefore, a 
reduction in ACE-2 expression during COVID-19 might be a greater risk of ARDS, 
acute lung inflammation, cardiac fibrosis, chronic kidney disease, and cardiovascu-
lar diseases including hypertension and heart failure [122]. The low ACE-2 expres-
sion in older people and men may be associated with high incidence of COVID-19 
infection [81]. It is also known that vitamin D and its partner molecules also have a 
substantial effect on coagulation pathways lessening thrombosis [123]. Altogether 
these positive effects bode well for vitamin D supplementation in reducing the risk 
and adverse effects of acute lung injury associated with COVID-19.

 Vitamin D and the Inflammatory Response

Vitamin D can activate the cellular innate immunity. The link between vitamin D 
deficiency and COVID-19 may have been established via the inflammatory response 
pathway. 1-alpha-hydroxylase (CYP27B1), the key enzyme involved in the conver-
sion of vitamin D to its active form, 1,25-dihydroxyvitamin D3, and VDR are both 
expressed in dendritic cells (DC), macrophages, and T lymphocytes. These immune 
cells are implicated in mediating key immune/inflammatory response, which deter-
mines the biological basis for the role of vitamin D in inflammatory diseases [124]. 
CYP27B1 and VDR are upregulated during the activation of the toll-like receptor 
(TLR1/2) heterodimer in macrophages, thus resulting in the induction of the antimi-
crobial peptide cathelicidin, which can act against nonenveloped and enveloped 
viruses such as SARS-CoV-2 [125].

To block an overactive immune response, both forms of vitamin D—25(OH)D 
and 1,25(OH)2D—counteract LPS-induced p38 signaling to deactivate cytokine 
(IL-6 and TNF α) production in monocytes/macrophages [126]. The 1,25(OH)2D 
active form of vitamin D can reduce MCP-1 and IL-6 expression by obstructing the 
activation of NF-κB in macrophages [127]. Additionally, vitamin D naturally allevi-
ates endoplasmic reticulum stress caused by COVID-19 and interferon (IFN)-γ- 
activated macrophages [128, 129]. The active form of vitamin D [1,25(OH)2D] 
impedes the maturation and differentiation of human antigen presenting dendritic 
cells in a VDR-dependent manner causing the induction of T-regulatory cells. 
1,25(OH)2D can also block the production of proinflammatory cytokines such as 
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IFNγ, IL-17, and IL-21, elevate the production of the anti-inflammatory cytokine, 
IL-10, and help maintain tight junctions and gap junctions usually disrupted by 
pathogens such as bacteria and viruses [130–132].

 The Positive Role of Vitamin D in COVID-19 Complications

One of the hallmarks of COVID-19 is coagulopathy. Vitamin D and its metabolites 
have emerged as effective anticoagulants because of their ability to regulate the 
various pro- and anti-thrombotic agents involved in the coagulation cascade. 
Vitamin D is known to upregulate thrombomodulin (TM) and downregulate the 
antigen expression and mRNA levels of prothrombotic factor (TF) that initiates the 
activation of coagulation [133]. Ohsawa and colleagues also showed similar regula-
tory effects on TF and TM using synthetic vitamin D analogs mediated through 
VDR, and they suggested these synthetic analogs could be used as readily available 
therapeutic agents under controlled conditions [134]. Other similar studies have 
shown that adding calcitriol (1,25(OH)2D3) and paricalcitol (19-nor-1,25-(OH)2D2) 
reduces the activity of TF and TNF-α-induced expression in vascular smooth mus-
cle cells. The mechanism by which reduction in these cytokines is accomplished is 
through the downregulation of PAR-2 expression and NF-κB signaling in which 
VDR plays a significant part [135]. A cascade of the activities that control the 
thrombotic regulation pathway also upregulates the tissue factor pathway inhibitor 
(TFPI) expression and restoration of VDR level. Topaloglu et al. also investigated 
the relationship between TFPI and vitamin D (serum 25(OH)D3) level and found a 
significant positive correlation between the two [136]. There are many clinical trials 
that have investigated the relationship (i.e., correlation) between vitamin D defi-
ciency and thrombosis and have provided their conclusive comments 
(Table 22.3) [115].

Further studies on the effect of suboptimal levels of 25(OH)D and thrombosis 
were reported in patients with idiopathic lower-extremity deep vein thrombosis 
(DVT) [138], as well as in patients with ischemic stroke [141]. A rise in thrombosis 
in patients from Switzerland was counteracted by a high-dose of cholecalciferol 
(vitamin D3) supplementation in patients in Switzerland [137]; and a similar high- 
dose of 1,25(OH)2D3 regimen administered to cancer patients as reported by Beer 
et  al. in a placebo-controlled randomized trial [140]. Lindqvist et  al. [139] also 
investigated a potential correlation between routine sun exposures and occurrence 
of venous thromboembolism (VTE) by following a cohort of 40,000 women for a 
decade (Table 22.1). They reported a 30% reduction in the risk of VTE in the women 
with sun exposure compared to women without routine sunlight exposure. The lat-
est evidence of vitamin D’s constructive role comes from the UK in which the elec-
tronic health record of two hospital cohorts was retrospectively examined [142]. 
The study, which involved 80, 670 patients, revealed that lower vitamin D levels 
(serum 25-hydroxyvitamin D lower than 25 nmol/L (10 ng/ml) were correlated with 
hospitalization with COVID-19. Similar studies also examined the incidence of 
VTE in COVID-19 patients and concluded that the adverse effects of the 
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Table 22.3 Clinical trials correlating vitamin D deficiency with elevated risk of thrombosis [115] a

Study
Sample 
size

Clinical feature/
coagulation 
parameter Findings Conclusions

Blondon et al. 
[137], Martinez- 
Moreno et al. 
[135]

48 Prothrombotic 
profile

Vitamin D 
supplementation 
resulted in decrease in 
thrombin generation

Severe vitamin D 
deficiency might be 
associated with a 
potentially reversible 
prothrombotic profile

Wu et al. [141], 
Ohsawa et al. 
[134]

180 DVT in patients 
with history of 
ischemic stroke

Serum vitamin D levels 
were significantly 
lower in the DVT 
group than in the 
non-DVT group

Low vitamin D level is 
independent predictor 
of DVT

Khademvatani 
et al. [138], 
Koyama et al. 
[133]

275 DVT 68.3% population in 
DVT group was 
vitamin D deficient

Vitamin D deficiency 
is associated with 
idiopathic lower- 
extremity DVT

Lindqvist et al. 
[139], 
Khademvatani 
et al. [138]

40,000 VTE Women with greater 
exposure of sun have 
30% lower risk of 
having VTE

Greater exposure of 
sunlight improves 
vitamin D status of a 
person resulting in the 
enhancement of 
anticoagulant property

Beer et al. [140], 
Topaloglu et al. 
[136]

250 Thrombosis in 
cancer patients

Events of thrombosis 
was only 2 in patients 
given calcitriol 
compared to 11 in 
placebo-treated control

High dose of vitamin 
D reduced thrombosis 
in cancer patients

aAdapted from Sengupta et al. with slight modification [115]

overactive  immune response (“cytokine storm”) and the subsequently induced 
hypoxia cause an increase induction in COVID-19-associated coagulopathy in ICU 
patients [143, 144]. The current standard of care for COVID-19 patients includes 
administering anticoagulants to prevent the potential occurrence of thrombosis. 
However, gastrointestinal bleeding has been one of the main concerns of clinicians 
[145]. Supplementing the anticoagulant therapy with vitamin D could offer one 
option to address the bleeding disorders in patients receiving anticoagulant therapy. 
Other investigators are promoting vitamin D as an adjuvant therapy for patients that 
receive anticoagulants [146]. Currently, there are no pharmacological or therapeutic 
antiviral agents administered to tackle the underlying SARS-CoV-2 infection that is 
causing hypercoagulability and the hyperactive inflammatory responses.

There are several large-scale randomized and prospective clinical trials that are 
underway in assessing and validating a direct relationship between vitamin D defi-
ciency and elevated risk of thrombosis [147]. These studies will shed light on the 
direct role of vitamin D in offsetting the risk of coagulopathy and the “cytokine 
storm” that lead to severe disease and death in COVID-19 patients.
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 Conclusions and Future Perspectives

This chapter has presented extensive yet not exhaustive data that indicate that one of 
the risk factors for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection is vitamin D deficiency. It is apparent that more robust and large-scale 
double-blinded randomized placebo-controlled clinical trial will be necessary to 
conclusively demonstrate that vitamin D supplementation must be part of the pre-
vention and treatment regimen to mitigate the deleterious impact of SARS-CoV-2 
infection and COVID-19-associated coagulopathy. The further exploration of the 
efficacy of vitamin D supplementation in reducing COVID-19 severity and mortal-
ity will be very helpful not only for newly infected patients but also the post-acute 
sequela of SARS-CoV-2 long haulers.
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Chapter 23
Rational Repurposing of Drugs, Clinical 
Trial Candidates, and Natural Products 
for SARS-CoV-2 Therapy

Sakshi Piplani, Puneet Singh, David A. Winkler , and Nikolai Petrovsky

Objective
To describe how drug repurposing can identify therapies for SARS-CoV-2 that can 
be used in short time frames.

 The COVID-19 Pandemic and the Urgent Need for Effective 
Drug Treatments

SAR-CoV-2 is a novel virus whose origin and mode of entry to human population 
remains unknown [1] Coronaviruses are a family of positive-sense single-stranded 
RNA viruses approximately 26–32 kb in length that cause disease across diverse 
mammalian species. The first coronaviruses causing human disease were identified 
in the 1960s when it was recognized that other types of virus could cause similar 
upper respiratory tract symptoms to those of common cold viruses [2]. Subsequent 
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electron microscope characterization revealed that these viruses shared similar mor-
phology, a crown-shaped (corona) spike protein, the unique feature giving these 
viruses their name [3]. Over 20 types of coronaviruses have now been identified.

Three coronaviruses have been responsible for human outbreaks over the last 
20  years: severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002; 
Middle East respiratory syndrome-related coronavirus (MERS-CoV) in 2012; and 
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) in 2019. The 
SARS-CoV outbreak infected over 8000 people in 29 countries until controlled by 
quarantine measures [4, 5]. MERS-CoV has caused periodic zoonotic outbreaks in 
more than 2500 people in 27 countries. While it is currently under control, MERS 
continues to pose a major pandemic threat [6].

The COVID-19 pandemic is still an ongoing global health crisis with no end in 
sight. The failure to implement early, strict quarantine measures when the outbreak 
first began has allowed the virus to spread rapidly across the world. It is now an 
endemic infection in most countries, making it very difficult or impossible to eradi-
cate by normal quarantine and social isolation practices. While several highly effec-
tive vaccines have been developed and have received emergency use authorization, 
they may not end the pandemic as it will take several years to immunize most of the 
world’s population and achieve herd immunity. Additionally, vaccine hesitancy and 
antivaccination sentiment, fueled by misinformation on social media and public fear 
of very rare vaccination side effects, has stalled the vaccination effort in many coun-
tries. The pandemic is rapidly becoming a pandemic of the unvaccinated. The domi-
nant product of SARS-CoV-2 mutation and adaptation to human hosts, the delta 
strain, is capable of being passed on my fully vaccinated individuals. A further 
threat to vaccine effectiveness is the likely emergence of vaccine-resistant SARS- 
CoV- 2 strains. Hence while vaccines remain vitally important, effective drugs are 
also essential to treat many millions of patients before vaccines finally bring the 
pandemic under control.

Symptoms of coronavirus infection include sore throat, loss of smell, fever, dry 
cough, shortness of breath, headache, muscle aches, fatigue, and diarrhea, progress-
ing to respiratory and multiorgan failure, thrombosis, neurological dysfunction, and 
ultimately death in the more severe cases [7]. Lung histology in fatal cases revealed 
marked diffuse alveolar damage, inflammatory cell infiltrate, bronchial epithelial 
denudation, loss of cilia, and squamous metaplasia [7]. Deaths resulted from respi-
ratory, heart, and/or liver failure with the highest fatality rates being in the elderly or 
individuals with comorbidities such as diabetes or cardiovascular disease. Infected 
individuals recovering from coronavirus infections may become susceptible to rein-
fection due to waning immunity [8, 9]. In fact, some with waning immunity may be 
at risk of even more severe disease if reinfected with coronavirus [10]. SARS-CoV-1 
reinfection studies showed that, although immune animals cleared lung virus much 
faster than naïve animals, the incidence and severity of lung inflammation were not 
reduced [11]. This suggests that CoV illness severity is not only dictated by viral 
load but is also influenced by host factors. It is also now clear that, even for patients 
who recover from COVID-19, some will experience long-term damage and symp-
toms known as “long COVID.”
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Clearly, in a pandemic situation, time is of the essence and traditional drug dis-
covery methods are much too slow to help patients as new drugs take on average 
10–15 years to reach the clinic. Thus, for very rapid development of COVID-19 
drugs, it is only feasible to usevn repurposed existing drugs or approved natural 
products that are already registered or have at least been assessed for safety in previ-
ous human trials. Computational screening algorithms have improved dramatically 
over recent years, as has the computational power available through cloud- accessible 
high-performance computing (HPC) services. Computational approaches are now 
sufficiently accurate to be used to rapidly screen drug libraries to identify potential 
drug candidates with activity against SARS-CoV-2. Hence computational methods 
can complement or substitute for more time consuming and expensive lab- based 
screening assays. In these computational screening approaches, specific virus pro-
tein targets are selected, their structures determined, key areas of the protein critical 
to its function identified, and docking algorithms used to screen drug libraries for 
potential binding to the critical functional site of the viral protein. The drugs with 
the highest docking score to each viral protein target are then subjected to molecular 
dynamic simulations to improve the binding pose in the protein and determine the 
binding strength (Fig. 23.1). The final ranked list of drugs with the best binding 
strength for each target viral protein can then be compiled. This process is then be 
repeated for each viral protein target and can even be run again for mutated viral 
proteins to counteract the development of resistance to a particular drug.

 Rationale for, and Examples of, Successful Drug Repurposing

Nearly all drugs, even those purposefully designed for a specific molecular target, 
exhibit polypharmacy. This means they modulate other off-target pathways as well as 
having their desired therapeutic effect. Consequently, drug repurposing is a useful, 
general strategy [12] catalyzed by important, serendipitous discoveries of blockbuster 
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drugs. For example, minoxidil (Rogaine®) was originally developed as an ulcer drug, 
then registered as an antihypertensive, and subsequently and unexpectedly found to 
have hair growth properties. Similarly, sildenafil (Viagra®) was first developed as a 
cardiovascular agent and then serendipitously found to be effective against erectile 
dysfunction [13]. Drug repurposing to discover new therapies for stroke [14], infec-
tious diseases [15], neglected tropical diseases [16], cancer [17–19], metabolic dis-
eases [20], and neurological disorders [21] has been reviewed recently.

 Computational Repurposing of Drugs

Given the estimated US$1–2 billion cost and timescale of ∼15 years to develop a 
new drug from scratch, it is clearly infeasible to do this for COVID-19 therapies. 
Registered drugs, clinically trials candidates, and approved natural products have 
been through regulatory processes and their pharmacokinetics and toxicology are 
known, providing scope for rapid deployment if they can be repurposed for use 
against SARS-CoV-2. Repurposing can be done using relatively time consuming 
and expensive in vitro high-throughput screening campaigns or by in silico virtual 
screening. The latter is much faster than the experimental approach and many stud-
ies have already reported the application of this approach to discovery of useful 
drug treatments for COVID-19.

The vast majority of in silico virtual screening studies use molecular docking 
algorithms such as AutoDock Vina (the most used open-source docking package) to 
predict the binding poses and energies of repurposing candidates from databases 
such as DrugBank, which contains ∼12,000 known drugs. It has been shown 
recently that simulating the interactions of the most promising hits from docking 
calculations with target proteins using molecular dynamics (MD) results in more 
reliable predictions [22]. The most reliable published repurposing studies have used 
this combined approach. As many candidate drugs can be large and flexible, ligand 
entropy is an important but often overlooked contribution to the free energy of bind-
ing between drugs and protein targets in SARS-CoV-2 [23]. Consequently, the 
accuracy of the computational ranking of candidate drugs for repurposing can be 
quite variable. Recent papers have critically reviewed the literature on computa-
tional docking directed toward identifying potential new treatments for COVID-19 
[24–27].

 SARS-CoV-2 Molecular Targets Used for Repurposing

To determine which viral proteins should be prioritized for drug screening, it is first 
important to understand the key features of SARS-CoV-2. Most pathogenic corona-
viruses to date have had a zoonotic origin, with bats being natural reservoirs and the 
viruses being transmitted to humans through intermediate host species. The 
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intermediate hosts for SARS-CoV and MERS-CoV are believed to be palm civets 
[28] and dromedary camels [29], respectively while the origin and intermediate host 
for SARS-CoV-2 remains unknown. SARS-CoV-2 genome shares a homology of 
almost 79% with SARS-CoV, but a similarity with MERS-CoV of only 50% [30]. 
Structurally, coronaviruses consist primarily of the same proteins, namely, (i) 
nucleocapsid, (ii) spike, (iii) envelope, and (iv) membrane proteins, plus additional 
accessory proteins [31]. The distinctive spike (S) protein, from which coronavirus 
derives its name, mediates attachment and viral entry into host cells, making it an 
attractive target for vaccines [32]. SARS-CoV and SARS-CoV-2 both employ 
angiotensin-converting enzyme-2 (ACE2) as a cell entry receptor, binding it through 
their spike proteins. In contrast, MERS-CoV uses dipeptidyl peptidase 4 (DPP4). 
The SARS-CoV-2 spike protein has a 10–20-fold higher binding affinity with 
human ACE-2 than does the SARS-CoV spike protein [33]. Transmembrane serine 
protease 2 (TMPRSS2) has been shown to be essential for cell entry for SARS-CoV, 
MERS-CoV, and SARS-CoV-2 as it primes the spike protein after receptor binding 
and allows for fusion of viral and cellular membrane [30, 34]. The expression levels 
and distribution of these receptors varies between cells and tissues in the body, 
which can influence disease pathology [35].

The SARS-CoV-2 genome encodes 29 proteins, many of which, especially the 
spike and the 16 nonstructural proteins (NSPs), are potential antiviral drug targets 
(Fig. 23.2) [36].

 Spike

In terms of human immune response and vaccine design, the most important fea-
tures of SARS-CoV-2 are its S protein and a functional polybasic cleavage site at the 
S1–S2 boundary. The S monomer consists of a fusion peptide, two heptad repeats, 
an intracellular domain, an N-terminal domain, two subdomains, and a transmem-
brane region. The angiotensin converting enzyme 2 (ACE2) is the main receptor for 
the SARS-CoV-2 S protein, as it is for SARS-CoV. Binding to ACE2 is the critical 
initiating event for infection, although recent work has also identified a potential 
role for neuropilin 1. ACE2 is relatively ubiquitous in humans, existing in cell mem-
branes in the lungs, arteries, heart, kidney, and intestines. It consists of an N-terminal 
peptidase M2 domain and a C-terminal collectrin renal amino acid trans-
porter domain.

 NSP3 (Papain-Like Protease) and NSP5 (3C-like Protease)

The two proteases (PL pro and 3CL pro) are essential for virus replication. These 
enzymes cleave the PP1A and PP1AB polyproteins into functional components. 
3-chymotrypsin-like protease (3CLpro, aka main protease, Mpro) catalytically 
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essential for assembly of the viral replication transcription complex needed for RNA synthesis. 
Used with permission from Katsnelson [37]

self- cleaves a peptide bond between a glutamine at position P1 and a small amino 
acid (serine, alanine, or glycine) at position P1’. This protease corresponds to non-
structural protein 5 (nsp5), the main protease in coronaviruses. 3CL protease is 
crucial to the processing of the coronavirus replicase polyprotein (P0C6U8), cleav-
ing it at 11 conserved sites. It employs a cys-his catalytic dyad in its active site 
where the cysteine sulfur is the nucleophile, and the histidine imidazole ring is a 
general base. Mpro is a conserved drug target present in all Coronavirinae. SARS-
CoV-2 Mpro does not have a human homolog, reducing the risk of drugs inhibiting it 
exhibiting side effects [38]. Very recent research has shown that strong Mpro inhibi-
tors can substantially reduce SARS-CoV-2 virus titres, reduce weight loss and 
improve survival in mice, [39] making Mpro a promising drug target for structure-
based drug discovery.
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 NSP7, NSP8 and NSP12 (RNA-Dependent RNA 
Polymerase, RdRp)

NSP7 and NSP8 are peptide cofactors that form a heterodimer that complexes with 
NSP12 and an NSP8 monomer to form the RNA polymerase that copies viral 
RNA. The complex with an NSP7–NSP8 heterodimer and an NSP8 monomer is 
essential to confer processivity of NSP12.

 NSP13 Helicase

The SARS-CoV-2 helicase (NSP13) has been much less studied than the above 
targets but has considerable potential for the discovery of drugs against, not only 
SARS-CoV-2, but other existing and emerging coronaviruses. It contains 601 amino 
acids, is part of the superfamily 1B, and is highly conserved in all coronaviruses. 
Helicases can have either 3′–5′ (SF1A subfamily) or 5′–3’(SF1B subfamily) trans-
location polarity, defined as the direction (characterized as 5′ → 3′ or 3′ → 5′) of 
helicase movement on the DNA/RNA single-strand along which it is moving. The 
SARS-CoV-2 helicase is a critical enzyme for viral replication as unwinds duplex 
RNA, initiating the first step of the RNA cap synthesis that is essential to protect to 
the virus from innate immune attack, stabilize it, and ensure its translation.

 NSP14 (3′ to 5′ Endonuclease, N7-Methyltransferase)

The guanine-N7-methyltransferase activity introduces the 5-cap of the virus. The 
γ-phosphate of the 5′ end of nascent mRNA is removed by the RNA triphosphatase 
(NSP13), a GMP moiety from a covalent enzyme-GMP intermediate is transferred 
to the resulting mRNA with a diphosphate end. Subsequnetly, the GpppA cap is 
methylated with S-adenosyl-methionine, which is catalyzed by the guanine- N7- 
methyltransferase (NSP14) to yield the cap-0 structure, and 2′-O-methylation by 
NSP16 of adenine gives the cap-1 structure.

 NSP15 (endoRNAse)

NSP15 of is an endoribonuclease that cleaves RNA at uridylates in the 3′-position 
to form a 2′ to 3′ cyclic phosphodiester product. It specifically targets and degrades 
the viral polyuridine sequences to prevent the host immune sensing system from 
detecting the virus.
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 NSP16 (2′-O-Ribose-Methyltransferase)

The viral RNA has a 5′-cap, which protects it from mRNA degradation by 5′-exori-
bonucleases, promotes mRNA translation, and prevents the viral RNA from being 
recognized by innate immunity mechanisms. The RNA cap is an N7-methylated 
guanine nucleotide connected through a 5′–5′ triphosphate bridge to the first tran-
scribed nucleotide (adenine). NSP16 methylates the 2′-hydroxy group of adenine 
using S-adenosylmethionine as the methyl sources.

 Computational Methods for Virtual Screening

 Protein Structure Preparation and Grid Preparation

All SARS-CoV-2 experimental crystal structures are archived in the Research 
Collaboratory for Structural Biology (http://www.rcsb.org) and are freely available. 
Protein structures must be curated and prepared prior to computational studies. 
Nonessential and nonbridging water molecules should be removed prior to molecu-
lar docking studies; in our case this was done using the UCSF Chimera package 
(https://www.cgl.ucsf.edu/chimera/). Docking packages frequently provide soft-
ware tools to assist with preparing the protein and small molecule ligand structures. 
As we were using the widely known and robust AutoDock suite of docking algo-
rithms, we used the accompanying AutoDock Tools (ADT) software to prepare the 
required files for use with AutoDock Vina. This assigns hydrogen to polar atoms, 
calculates Gasteiger partial charges on atoms in the protein structure, and converts 
the protein structure from the RCSB .pdb file format to .pdbqt format required by 
the AutoDock packages.

 Drug and Clinical Trials Databases for Screening

Fortunately, there are a several very large, small molecule databases available. For 
example, the ChEMBL database contains structures and biological data for 2.1 mil-
lion small molecules. For drug and natural product repurposing studies an appropri-
ate subset of molecules is available for download from the DrugBank [40] and 
CHEMBL database (FDA approved) [41]. For our in silico screening studies, a total 
of 8773 and 13,308 drugs were retrieved from DrugBank and CHEMBL database, 
respectively. The drugs were downloaded in .sdf file format that is accepted by most 
modeling software, and converted to AutoDock .pdbqt format using Raccoon (http://
autodock.scripps.edu/resources/raccoon) [42].
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 Molecular Docking

There are a wide range of public domain and proprietary software packages avail-
able for molecular docking. Each has their strengths and weaknesses as reviewed 
recently by Weng et al. and Kitchen et al. [43, 44]. We used the AutoDock Vina 
package (version 1.1.3) to dock small molecule ligand structures against protein 
structures. AutoDock Vina employs gradient-based conformational search and an 
energy-based empirical scoring function that includes an approximate correction for 
ligand conformational entropy. AutoDock Vina is also flexible, easily scripted, 
extensively validated in many published studies with a variety of proteins and 
ligands and takes advantage of large multi-CPU or -GPU machines to run calcula-
tions in parallel. The code has also been employed very successfully to dock mil-
lions of small molecule drug candidates into a series of protein targets to discover 
new potent drug leads. The package includes useful scripts for generating modified 
.pdb files required for grid calculations and for setting up the grid calculations 
around each protein automatically. The software requires the removal of hydrogens, 
addition of polar hydrogens, setting of the correct atom types, and calculation of 
atom charges compatible with the AutoGrid code. The algorithm generates a grid 
around each protein and calculates the interaction energy of a probe atom at each 
grid position outside and within internal cavities of the protein. The grid resolution 
was set to 1 Å, the maximum number of binding modes to output was fixed at 10, 
and the exhaustiveness level (controlling the number of independent runs per-
formed) was set at 8 for the studies summarized below. Docking employed a genetic 
algorithm to optimize the binding conformations of the ligands during docking to 
the SARS-CoV-2 target protein site. Drugs were docked individually to the active 
sites of the three SARS-CoV-2 enzymes, with the grid coordinates (grid centre) and 
grid boxes of appropriate sizes generated. The top scoring compounds from docking 
studies were identified and subjected to molecular dynamic simulation. We ana-
lyzed the docked structures using UCSF Chimera [45] and LigPlot+ software [46] 
to illustrate hydrogen-bond and hydrophobic interactions. A total of fifty top com-
pounds selected from each of the Drugbank and CHEMBL compounds by the 
molecular docking study and molecular dynamics simulations were conducted on 
these to obtain more accurate docking poses and binding free energies.

 Molecular Dynamics Simulation and Binding Free 
Energy Estimation

The structures of the top scoring docked compounds for each protein target were 
minimized with the CHARMm force field. Ligand topology files were prepared 
by Swissparam (http://www.swissparam.ch/) [47] and minimized in Gromacs2020 
(http://www.gromacs.org/) [48]. Docked complexes of ligands and target 
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SARS- CoV- 2 proteins were used as starting geometries for MD simulations. The 
simulations were carried out using the GPU accelerated version of the program with 
the CHARMm force field I and periodic boundary conditions in ORACLE server. 
Docked complexes were immersed in a truncated octahedral box of TIP3P water 
molecules. The solvated box was further neutralized with Na+ or Cl− counter ions 
using the tleap program. Particle Mesh Ewald (PME) was employed to calculate the 
long-range electrostatic interactions. The cutoff distance for the long-range van der 
Waals (VDW) energy term was 12.0 Å. The whole system was minimized without 
any constraints. The above steps applied 2500 cycles of steepest descent minimi-
zation followed by 5000 cycles of conjugate gradient minimization. After system 
optimization, the MD simulations was initiated by gradually heating each system 
in the NVT ensemble from 0 to 300 K for 50 ps using a Langevin thermostat with 
a coupling coefficient of 1.0/ps and with a force constant of 2.0 kcal/mol Å2 on 
the complex. Finally, a production run of 20 ns of MD simulation was performed 
under a constant temperature of 300 K in the NPT ensemble with periodic bound-
ary conditions for each system. During the MD procedure, the SHAKE algorithm 
was applied to constrain all covalent bonds involving hydrogen atoms. The time 
step was set to 2 fs. The structural stability of the complex was monitored by the 
RMSD and RMSF values of the backbone atoms of the entire protein. Calculations 
were also performed for up to 100 ns on few compounds to ensure that 20 ns is suf-
ficiently long for simulation convergence. Duplicate production runs starting with 
different random seeds were also performed to allow estimates of binding energy 
uncertainties to be obtained.

The binding free energies of the protein–protein complexes were evaluated in 
two ways. The traditional method is to calculate the energies of solvated SARS- 
CoV- 2 proteins and small molecule ligands and that of the bound complex and 
derive the binding energy by subtraction.

We also calculated binding energies using the molecular mechanics Poisson 
Boltzmann surface area (MM/PBSA) tool in GROMACS that is derived from the 
nonbonded interaction energies of the complex. The method is also widely used 
method for binding free energy calculations. The MMPBSA calculations were con-
ducted by GMXPBSA 2.160, a suite of Bash/Perl scripts for streamlining MM/
PBSA calculations on structural ensembles derived from GROMACS trajectories 
and to automatically calculating binding free energies for protein–protein or ligand–
protein complexes. GMXPBSA 2.1 calculates diverse MM/PBSA energy contribu-
tions from molecular mechanics (MM) and electrostatic contributions to solvation 
(PB) and nonpolar contributions to solvation (SA). This tool combines the capabil-
ity of MD simulations (GROMACS) and the Poisson–Boltzmann equation (APBS) 
for calculating solvation energy [49]. The g_mmpbsa tool in GROMACS was used 
after molecular dynamics simulations, the output files obtained were used to post-
process binding free energies by the single-trajectory MMPBSA method. In the 
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current study we considered 100 frames at equal distance taken from the 20 ns tra-
jectory files.

Specifically, for a noncovalent binding interaction in the aqueous phase the bind-
ing free energy, ΔG (bind,aq), is as follows.

 
D D DG G Gbind aqu bind vac bind solv, , ,( ) = ( ) + ( )  

(2)

where ΔG (bind, vac) is the binding free energy in vacuum, and ΔG (bind, solv) 
is the solvation free energy change upon binding.

 
D D -D -DG G G Gbind solv R L solv R solv L solv, , , ,( ) = ( ) ( ) ( ):

 
(3)

where ΔG (R:L, solv), ΔG (R, solv), and ΔG (L, solv) are solvation free energies of 
complex, receptor, and ligand, respectively.

Guterres and Im showed how substantial improvement in protein–ligand docking 
results could be achieved using high-throughput MD simulations [22]. As with our 
studies, they also employed AutoDock Vina for docking, followed by MD simula-
tion using CHARMM. The MD parameters they advocated were very similar to 
those used in our study. Over 56 protein targets of 7 different protein classes docked 
with 560 ligands they demonstrated a 22% improvement in the area under receiver 
operating characteristics curve, from 0.68 using AutoDock Vina alone to 0.83 when 
the Vina results were refined by MD.

 Examples of Virtual Screening—Results, Validation, Leads

Of the 19 proteins encoded in the viral genome, the most promising and viable tar-
gets for structure-based drug design are the SARS-CoV-2 main protease (3CLpro or 
Mpro), RNA-dependent RNA polymerase (RdRp) and helicase enzymes. The follow-
ing three case studies exemplify the computational repurposing approach we used 
to shortlist drugs and natural products for clinical use against COVID-19.

 Main Protease (Mpro)

We used AutoDock Vina and MD simulation to calculate binding poses and energies 
for repurposed drugs binding to the viral main protease Mpro (3CLpro) [50]. This 
study identified 84 promising compounds for treating SARS-CoV-2 infections. The 
top hits consisted of a mixture of antiviral agents, natural products, and drugs devel-
oped for other disease applications. These included: bemcentinib, an inhibitor of the 
kinase domain of AXL receptor (Fig.  23.3); montelukast, a leukotriene receptor 
antagonist used for asthma therapy; ergotamine and mergocriptine, ergot 
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Fig. 23.3 Hydrophobic 
protein surface 
representation of 
bemcentinib bound to 
pocket of Mpro protein

compounds with α-1 selective adrenergic and dopamine receptor agonist activities; 
and remdesivir and several other antiviral agents.

The prognostic value of our computational approach was demonstrated by the 
fact that it identified a diverse range of drugs that have been shown to inhibit SARS- 
CoV- 2 in vitro, or at a minimum had been reported as Mpro hits in other computa-
tional screening studies. For example, the antiviral agents we identified using this 
approach, simeprevir, sofosbuvir, lopinavir, ritonavir, and remdesivir are being 
tested in clinical trials against SARS-CoV-2. These drugs have also been shown in 
in vitro assays to bind to Mpro and have also been identified in other virtual screening 
studies. Drugs with greater novelty in our top 10 list, bemcentinib, PC786, monte-
lukast, ergotamine, and mergocriptine, had binding affinities similar to the antiviral 
drugs. In some cases, they have been shown to have in vitro activity against SARS- 
CoV- 2. Of the 80 drugs in our computational repurposing short list, at least 25% 
have confirmed in vitro or in vivo efficacy. This high success rate validates our vir-
tual screening approach for identifying compounds with potentially useful activity 
against SARS-CoV-2 and, by analogy, other coronaviruses. We identified 28 drugs 
with high predicted binding energies to Mpro that have not yet been screened for 
SARS-CoV-2 activity. These would be worthy of further consideration for testing.

 RNA-Dependent RNA Polymerase (RdRp)

The RNA-dependent RNA polymerase (RdRp) is another promising target for 
SARS-CoV-2 drug development. Again, we combined robust Vina docking to RdRP 
with MD simulations of the top 80 docking hits to yield a list of the most promising 
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RdRP inhibitors [51, 52]. Top hits included known antiviral drugs, paritaprevir, 
beclabuvir, remdesivir, voxilaprevir, setrobuvir, galidesvir, elbasvir, ciluprevir, 
faldaprevir, and tegobuvir. However, natural products and/or their synthetic analogs 
were also well represented in the top 20 hits, namely, ivermectin, digoxin, silibinin, 
rapamycin, novobiocin, eribulin, and ergotamine. These natural products are used to 
treat a diverse range of conditions including infections, cancers, cardiac insuffi-
ciency, liver damage, and circulatory issues. Almost all drugs in the top 20 hits have 
relatively large, complex structures and substantial ligand flexibility due to the large 
active site in RdRp. The literature revealed that more than 30% of our predicted 
RdRp inhibitors have reported in vitro activity or had been predicted by other mod-
elling groups to have activity. The novel hits revealed by our screen can now be 
tested for activity in RdRp inhibition assays. These agents could also be quickly 
assessed in COVID-19 trials, as their safety and pharmacokinetics is already well 
understood.

 Helicase

We used the same computational virtual screening approach using AutoDock Vina 
and MD simulation in tandem to calculate binding poses and energies for repur-
posed drugs binding to the SARS-CoV-2 helicase. The top twenty molecules with 
the highest predicted binding affinity to the helicase could largely be characterized 
as having one or more hydrophobic aromatic moieties, separated by a linker from 
another polycyclic moiety containing hydrogen bond donors or acceptors. The mol-
ecules come from diverse drug classes, with antiviral agents making up 25% of the 
hits. Antihistamines and antipsychotics were also well represented. The tightest 
binding drugs included the natural products hesperidin (citrus flavanone glycoside) 
and rutin (flavonol glycoside); the antipsychotics pimozide, fluspirilene, and sertin-
dole; the antihistamines fexofenadine and astemizole; and conivaptan (vasopressin 
inhibitor), aprepitant (NK1 antagonist), manidipine (Ca channel blocker, antihyper-
tensive), aminoquinuride (trypanocidal agent), antrafenine (analgesic anti- 
inflammatory), epirubicin (anticancer intercalator), and dicoumarol (anticoagulant, 
potentially also useful for combatting clotting disorders induced by SARS-CoV-2). 
Again, more than 30% of the drugs in our computational screen short list have con-
firmed in vitro activity or are in clinical trials. These agents could be quickly assessed 
in COVID-19 trials, as their safety and pharmacokinetics is already well understood.

 Summary and Perspective

The results of the current drug repurposing study can robustly identify potential 
candidate drugs for testing and use in the current pandemic. We present a rational 
computational paradigm for identifying therapeutic agents for future viral 
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pandemics and for identifying new therapies for other, important, nonviral diseases. 
Computational drug repurposing is extremely rapid, and by focusing on already 
approved drugs, provides a rationale for immediate use of the top hits in human tri-
als. There are also opportunities to extend these methods to identify drugs that have 
pan-coronavirus activity by running similar computational screens on a large vari-
ety of different coronaviruses. The method has identified several repurposed drugs 
that inhibit two or more viral target protein, opening the way for developing multi-
target drugs that viruses are less likely to develop resistance to. We predict that, 
increasingly, drug discovery will move from the wet lab to in silico, providing these 
enormous advantages in terms of time and cost. In silico approaches are particularly 
beneficial for rapidly screening for drugs active against pandemic viruses but clearly 
having much broader utility than this. Artificial intelligence and machine learning 
methods are also making rapid inroads into the drug repurposing field, recently 
reviewed generally [53, 54], and for COVID-19 treatment [55–57].
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Chapter 24
In Silico Drug Repositioning 
for COVID- 19: Progress and Challenges

Suresh Kumar

 Introduction

The process of discovering new uses for previously approved, discontinued, delayed, 
or drugs under investigation is referred to as drug repurposing. It is also referred to 
as repositioning, drug reprofiling, indication expansion, or indication shift [1]. 
Although drug reuse is not a new concept, it has gained popularity over the past few 
decades. More than a third of the authorized pharmaceutical products have been 
reconstituted, resulting in a 25% increase in overall annual revenue for the pharma-
ceutical operation [2].

According to CMR International’s recent Pharmaceutical Research and 
Development Handbook, more than 55 drugs were phased out during Phase III clin-
ical development between 2008 and 2010 [3]. Although some drugs have failed in 
preclinical and early human studies, they are safe. This aspect of drug safety is very 
attractive for drug repositioning. In general, approved drugs are more likely to be 
safe in new indications and patient populations. The growing body of drug knowl-
edge will shorten the development cycle and reduce the risk of development costs 
and costs associated with new molecular entities [4].

While drug repurpose is possible at any stage, it is most promising for drugs that 
are already approved [5]. Currently, advanced computer technology is being utilized 
to forecast novel drug targets or drug reuse. In comparison to high-throughput 
screening, which requires the assessment of hundreds of compounds, computer 
technology is rapid and affordable and may be used as a preliminary filtering 
approach. They are also beneficial for high-priority therapies that require more 
investigation and testing. The rationale for drug recycling is that numerous diseases 
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may use the same metabolic processes [6]. Drug repurposing has significant regula-
tory and scientific consequences, notably in situations like the COVID-19. This 
chapter addresses drug repurposing techniques and methodologies.

 Drug Repurposing

Traditional de novo drug discovery is an expensive and risky approach. Computational 
techniques for drug repurposing can significantly speed up the traditional drug dis-
covery process (Fig.  24.1). Developing drugs traditionally is costly and time- 
consuming. It takes an average of 14 years and costs more than U.S. $2 billion to 
bring a drug to market. Approximately 90% of drugs fail throughout the drug devel-
opment process owing to safety concerns or a lack of efficacy. The computational 
drug repurposing technique, which combines and analyses huge data sets on tens of 
thousands of drugs and diseases automatically, has the potential to significantly 
speed the traditional drug development process. As the COVID-19 epidemic 
expanded, two more impediments emerged: the speed with which therapeutic 
approval could be obtained and the urgency with which clinical requirements could 
be met. Appropriate regulatory measures should take the risk–benefit ratio into 
account. Drugs must be developed and authorized quickly to halt the spread of dis-
eases [7]. Even if the proposed drug shows early efficacy in animal and clinical 
studies, it will take at least 2 years to reach the market. Because the manufacturer 
will conduct safety studies before the start of the clinical trial, and the clinical study 
can be delayed for up to 2 years [8–10].

While rapid development and decision-making can result in a more rapid release 
of drugs, complete safety, and effectiveness data are compromised. Although drug 
development takes an average of 12 to 15 years, it can be completed in as little as 12 
to 18 months if the process is accelerated. To accelerate the completion of phase III 
clinical trials, shorter, fewer, or no phase III trials are required [11]. As a result, drug 
approval will require less information than usual in the event of a pandemic. This is 
possible when the period of low incidence coincides with the pandemic’s 
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Fig. 24.1 A comparison of traditional de novo drug discovery versus drug repositioning. (a) De 
novo drug discovery. (b) Drug repositioning
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recruitment phase [12, 13]. Although COVID-19 lacks a broad legal framework 
because it is based on disease incidence, a small number of reusable drugs have 
been approved, owing in part to the evaluation of COVID-19’s benefit–risk profile 
and biomarker evidence [14]. Drugs that have been repurposed for COVID-19 have 
been approved for an emergency, conditional marketing, or early access to drugs 
with limited clinical data [15].

Although postmarketing studies are commonly used to expand Phase II studies, 
approval decisions are typically based on data from Phase III clinical trials [16–20]. 
It is generally recognized that the safety information provided for all pharmaceuti-
cal drugs at the time of approval is insufficient. The goal of efficacy-focused clinical 
development is to improve efficacy. As a result, the postauthorization risk manage-
ment plan is data-driven to address any safety concerns that occur following autho-
rization. These problems are exacerbated by the need for rapid development and 
approval. As a result, this is strongly advised, although, in some circumstances, 
authorities will need to undertake a complete postapproval examination and report 
to the Food and Drug Administration (FDA) regularly [21].

 In Silico Drug Repurposing Methods

According to the Pharmaceutical Research and Manufacturers of America (PhRMA), 
only one out of every 5000–10,000 compounds discovered in drug research is likely 
to be commercialized [22]. The information age has transformed the process of drug 
development, providing massive amounts of data that have assisted in our knowl-
edge of the molecular pathways behind human disease. While significant advances 
have been achieved in the postgenomic era, researchers continue to encounter prob-
lems in finding, collecting, and analyzing all relevant data on any human disease 
effectively and completely. This problem necessitates the efficient use of bioinfor-
matics and computational methods. The primary obstacles include the following: (i) 
collecting relevant information from terabytes of data from various sources. (ii) data 
mining and knowledge management techniques are combined using coherent and 
manual search methods. (iii) effective data analysis to generate clinically relevant 
test hypotheses [23–25].

The complete sequencing of the human genome at the turn of the twentieth cen-
tury reshaped the landscape of drug development. Currently, a large amount of data, 
such as the genome, transcriptome, proteome, metabolome, and pharmacological 
data, is dispersed among many databases that are publicly available through the 
Internet [26]. In addition, with the creation of complex protein and signaling path-
way databases, the number of these databases has increased, and these databases 
collectively reflect the current understanding of disease mechanisms [27–30]. 
Likewise, the number of publications in scientific journals has increased along with 
the enormous amount of data. Due to these diverse resources, the development of 
bioinformatics and computational methods for collecting, analyzing, and interpret-
ing data is essential [31]. This strategy has also led to the development of new 

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



490

Knowledge
mining and
integration
strategies

Genetic
Analysis
Methods

In silico
Drug

Repositioning

Computer-
aided drug

design

Network
Analysis
Methods

Connectivity
Map

Strategy

Fig. 24.2 The 
computational approaches 
for drug 
repositioning:knowledge 
mining and integration 
strategies, genetic analysis 
methods, connectivity map 
strategy, network analysis 
methods and computer- 
aided drug design

theories linking disease with experimental or commercial drugs in conjunction with 
predictive algorithms [32–34]. These computational approaches to drug reposition-
ing can be divided into the five strategies: knowledge mining and integration strate-
gies, genetic analysis methods, connectivity map strategy, network analysis 
methods, and computer-aided drug design (Fig. 24.2).

 Knowledge Mining and Integration Strategies

Drug development is often divided into five stages: preclinical and discovery, safety 
evaluation, clinical research, FDA review, and FDA postmarketing surveillance. 
This is a lengthy and costly process with a high rate of failure. On the other side, 
drug repositioning is a four-stage process: The FDA is responsible for the identifica-
tion, acquisition, development, and postmarket safety monitoring of drugs [35]. 
Recent research has produced a large amount of experimental data on COVID-19. 
To discover new and hidden knowledge, a computer evaluation of the use of data 
science techniques must be carried out. To fully understand the biology and mecha-
nism of SARS-CoV-2 and its process, the data must be fully comprehended.

There has been a wealth of solutions because of the challenge computer biolo-
gists confront in gathering and understanding the most relevant data from many 
sources for the goal of hypothesis creation. At a high level, the main differences 
between these approaches relate to identifying and evaluating key sources. 
Consequently, the establishment of an opportunity to reposition a drug requires both 
a major computer effort and a biological evaluation of the feasibility of action for 
the new drug suggestion. A computer strategy for new drug suggestions in its 
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systemic form is typically an automated approach. This oversees the evaluation of 
proposed diseases as well as the design of experimental study concepts to test with 
the assistance of biologists or disease experts [36].

To incorporate knowledgeable disease-related data, a target-based information 
technology method can be combined with high-throughput data mining strategies. 
The challenge is not only determining which data to extract or which methodologies 
to employ but also which high-quality rich-content databases to use for hypothesis 
creation [37]. A critical component of any new approach for disease indicators is the 
final prioritization or classification of the different types of data necessary to con-
duct a thorough evaluation of the evidence for each disease assumption. In addition, 
one disease hypothesis is compared to another via an absolute score system. The 
efficacy data from Phase II/III clinical trials are the most significant evidence for 
combining a biological target and a new indication for premarket drug candidates. 
Ongoing trial with no published data from clinical trials suggests preclinical data 
with slightly lower evidence [38]. The third level of evidence for target participation 
in a novel indication would be genetic evidence from functional polymorphic or 
associated human disease research, as well as mouse knockout data. Finally, evi-
dence gathered from a variety of bibliographic databases can be used to generate 
new hypotheses for indications that can then be included in the disease classification 
system using advanced text mining techniques [39–42].

 Genetic Analysis Methods

Using genetic studies to identify “druggable” targets is one method to improve the 
chances of successful drug repositioning. The advent of large-scale genetic research, 
mostly in the form of genome-wide association studies (GWAS), has significantly 
expanded our understanding of the genetic basis of a variety of diseases and enabled 
researchers to use this information to develop therapeutic targets. Many GWAS con-
ducted in recent years represents a large number of potential new drug retargeting 
libraries. Disease–gene associations are identified by combining functional genomic 
data with advanced computational approaches. Genetic analysis is an effective strategy 
for coming up with new therapeutic indication hypotheses. This information is espe-
cially useful when it is backed up by other sources of information, such as clinical 
expression analysis or preclinical research [43–45]. The approach can provide several 
high-end repositioning hypotheses depending on the nature and source of genomic 
data. Because of the success of this technology, many sequencing, expression, and 
phenotype genetic analytical methodologies have been developed [46, 47]. One of the 
limitations of the GWAS study is that some of the top genes identified may not be drug-
gable. Second, relying exclusively on the impact of the most significant SNPs may lead 
to the omission of physiologically important target genes. Third, focusing upon only 
candidate genes may result in the omission of multi- target drugs, which may be more 
effective in some cases than single-target drugs. Fourth, due to the complexity of the 
human genome, there is no one-size-fits-all approach to accurate annotation.
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 Connectivity Map Strategy

The Connectivity Map concept may be the most unique strategy for discovering 
new indications in the process of drug repositioning. This is a computational method 
that uses microarray-based transcription profile data to generate new ideas for dis-
ease indications and is easy to apply to other “omics” platforms [48]. This technique 
can theoretically link small molecule drugs to their mode of action as well as novel 
diseases by using their corresponding gene expression. The stronger the relationship 
between the disease signature and the inverse drug profile, the more likely the drug 
is to reverse the disease genotype/phenotype [49].

Connectivity mapping is a method for assembling reference transcriptional pro-
files obtained from microarrays by assessing the differential expression of a cell line 
treated with a series of drugs in comparison to untreated controls. The differential 
expressions’ rank order for each compound is then generated. Disease signatures 
can be derived from a variety of sources, including disease microarrays and previ-
ously published data. By ranking all connection levels in descending order and set-
ting the relevance threshold, the drug with the greatest score is chosen [50, 51]. As 
a result, the ideal treatment will have an exact inverse signature of the disease state, 
restoring the normal phenotype. This technique has the advantage of being platform- 
independent for compound reference profiles and disease signature sources. Because 
it is a computational approach, it has the potential to quickly identify many probable 
direct and inverse correlations between a wide range of disease conditions. The 
Connectivity Map method is based on the Kolmogorov-Smirnov statistic and 
employs Gene Set Enrichment Analysis, a nonparametric, rank-based pattern- 
matching tool. The expression profiles of the compound reference genes are also 
nonparametrically represented, but each gene is rank ordered depending on its 
degree of differential expression relative to untreated controls [52]. This method has 
a limitation in terms of experimental replicates, which can be challenging given that 
most small compounds have only one copy per cell line per experiment. Another 
potential limitation is the occurrence of batch processing effects.

 Network Analysis Methods

Network analysis tools greatly simplify the investigation of the complexity of bio-
logical systems and the diversity of different types of data defining a disease state. 
These techniques can be used to mathematically and graphically represent the vari-
ous protein interactions that occur in higher species. In general, these strategies 
focus on concepts that are overrepresented in the pattern of the nodes and edges of 
a biological network [53, 54]. This approach could be extended to network hubs that 
appear to be key proteins in protein interactions. These hubs can be useful as impor-
tant intervention sites in a specific disease condition, making them potential drug 
targets [55]. The current state of knowledge about molecular interaction networks is 
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incomplete, and the associated configuration profiles are also very noisy, which are 
the limitations. Interactomes, on the other hand, only provide static snapshots of 
biological systems, whereas it contains dynamic systems. There is a paucity of 
information on precise interaction kinetics, and there is no obvious link between the 
molecular origin and the organism’s reaction.

Transcriptome data in the gene regulatory network may capture the dynamic 
features of cells and give an in-depth knowledge of drug action mechanisms. A 
network analysis approach for differential expression data has been developed to 
identify genes from specific disease linkage and associated regions. Most gene pri-
oritization methods necessitate prior knowledge of disease processes to identify 
potential drug targets. Differential gene expression studies show that gene expres-
sion patterns change systemically as diseases develop. Consequently, diverse gene 
expression patterns might be used as input to prioritize prospective therapeutic tar-
gets. However, this technique has certain drawbacks, such as the difficulty in defin-
ing robust gene features owing to noise in the expression of some genes. Furthermore, 
drug targets and genes controlled by targets may not always have significant expres-
sion changes [56].

Compounds and metabolites are depicted as nodes in the metabolic network. 
Excessive chemical concentrations (mass flow) produced by specific enzymes can 
result in disease. These enzymes may be therapeutic targets for this disease due to 
their ability to manipulate the concentration of disease-causing compounds via drug 
manipulation. Flux balance analysis is an example of an approach for identifying 
pharmacological targets.

The protein–protein interaction network (PPIN) is a form of a molecular interac-
tion network that displays the interaction between a known drug target and other 
proteins, as well as proteins that interact indirectly with the target. Due to the diffi-
culty of scanning the entire PPIN subnetwork space, advanced mathematical tech-
niques will be required to detect out-of-tune subnetworks effectively. While PPIN’s 
drug repositioning strategy has been extremely successful, it does have certain limi-
tations. PPINs include links to undefined potential functionalities derived from sev-
eral experimental sources. Additionally, the required data is noisy and incomplete, 
resulting in a bias in the generated network.

The network-based method is an effective way to link the molecular and pheno-
typic levels to determine drug targets. Determining the interaction between the drug 
and the target protein is an important step in drug discovery. Drug discovery and 
design are mainly based on the interaction between the drug and the target. Many 
drugs are nonspecific and respond to other targets in addition to the main target. In 
this case, a drug interaction is used to clarify the relationship between two drugs 
based on their similarity. The association with drug diseases includes various asso-
ciation modes, such as drug indications and drug side effects. In the disease–disease 
interaction, it has been proposed that two drugs with similar molecular pathophysi-
ology can be interchanged. When effective drug repositioning is required, each net-
work approach has limitations that can be overcome by combining data from several 
sources, such as molecular interaction networks and gene expression profiles.
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 Computer-Aided Drug Design

Drug design may be divided into two categories: structural drug design and ligand- 
based drug design. A structural drug design is predicated on knowledge of the three- 
dimensional structure of the protein target as determined by X-ray crystallography 
or nuclear magnetic resonance spectroscopy. To carry out the structural drug design 
paradigm, an atomic-resolution three-dimensional protein structure of the receptor 
is required. A well-resolved crystal structure is preferred, with a resolution of at 
least 2.5 is often regarded as sufficient. If the target’s three-dimensional structure is 
unknown, a protein model can be built by homology modeling to the nearest target- 
related protein having a known and accessible three-dimensional structure. 
Molecular docking can anticipate the intermolecular framework formed by a pro-
tein and a small molecule or another protein, as well as the binding modes that 
inhibit the protein. The virtual screening (VS) method compares the target protein 
to databases that contain millions of drug-like or lead-like compounds with well- 
defined three-dimensional structures [57]. To conduct the computational screening, 
the ligands’ binding affinities are compared using a docking method. Ligand-based 
drug design is a method for finding compounds that bind to a protein target without 
knowledge of the three-dimensional receptor. The quantitative structure–activity 
relationship (QSAR) and pharmacophore modeling techniques are essential in 
ligand-oriented drug discovery because they provide statistical models for finding 
and optimizing leads [58]. However, using molecular docking for drug reposition-
ing has several drawbacks. Docking applications are severely limited by the require-
ment for known chemical ligands and three-dimensional (3D) structures of protein 
targets because the structures of many physiologically significant proteins are still 
unknown. Furthermore, the molecular docking method is computationally inten-
sive, which could lead to longer processing times. Furthermore, molecular docking 
studies have a high rate of false positives due to structural flaws in some proteins 
and inadequate modeling of atomic and molecular interactions. Machine learning 
approaches appear to be less expensive than docking simulations, since they can test 
more potential candidates for subsequent experimental screening.

 In Silico Drug Repurposing for COVID-19

Previously approved FDA drugs for other diseases were repositioned for COVID-19 
treatment using various computational methods. Network-based algorithms, 
expression- based algorithms, and docking simulations were used to identify the 
drug that was predicted for drug repurposing in COVID-19 therapies. However, the 
accuracy of the predictions can be determined by comparing the reported computer 
studies’ final candidate drug lists to the drugs currently undergoing clinical trials on 
clinicaltrials.gov (https://clinicaltrials.gov/). Numerous computational studies pre-
dicted and repurposed drugs for COVID-19 treatment, include chloroquine, 
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hydroxychloroquine, remdesivir, lopinavir–ritonavir, ivermectin, favipiravir, oselta-
mivir, ribavirin, corticosteroids, and tocilizumab. This section will examine the 
clinical success of computationally predicted repurposed drugs [6]. This section 
contains comprehensive information on the drugs that have been largely repurposed 
and are currently being used to control SARS-CoV-2 infections as determined 
through computational methods. It is attempted to compile and review research on 
selected drugs using data from the WHO COVID guidelines, clinicaltrials.org, and 
a variety of other sources (at the time of writing this manuscript, September 2021).

 Chloroquine

Chloroquine has been repurposed as a COVID-19 drug due to its potent antiviral 
activity. Chloroquine is used to make chloroquine, a malarial drug that was tradi-
tionally found in the bark of Peruvian Kinchon trees. According to in-vitro research, 
chloroquine is a powerful bioactive agent against RNA viruses. Chloroquine has 
been found to have potential therapeutic effects against the coronavirus of SARS- 
CoV- 1. The extensive antiviral activity against COVID-19 evaluated for chloro-
quine. While these results are preliminary, they are widely welcomed by the media, 
and some well-known personalities, including certain health regulatory authorities, 
have encouraged the use of chloroquine and hydroxychloroquine to treat COVID-19 
[59]. However, little is known about the effect of chloroquine and hydroxychloro-
quine on the frequency and severity of adverse drug reactions (ADRs). Significant 
clinical studies have demonstrated that hydroxychloroquine and chloroquine are 
unlikely to be effective in treating or preventing COVID-19, prompting the 
U.S.  Food and Drug Administration (FDA) to revoke the drug’s emergency use 
authorization on June 15, 2020 [60]. According to the current meta-analysis of ran-
domized studies, the use of chloroquine in COVID-19 patients has no benefit [61].

 Hydroxychloroquine

Hydroxychloroquine (a chloroquine derivative) is an antimalarial drug with anti- 
inflammatory characteristics. It has been used successfully as a safe anti- 
inflammatory medicine in auto-immune diseases, and preliminary research suggests 
that it may decrease pro-inflammatory cytokine expression in COVID-19. However, 
whether it is effective in eliminating the SARS-CoV-2 virus in ICU patients with 
overactive immune systems, particularly when the lungs are severely inflamed, has 
yet to be scientifically demonstrated [62, 63]. The available clinical evidence 
appears to be insufficient to prove the efficacy of HCQ in severely ill COVID-19 
patients [61]. However, hydroxychloroquine, like chloroquine, has been demon-
strated to be unsuccessful in the treatment or prevention of COVID-19, forcing the 
U.S.  Food and Drug Administration (FDA) to revoke the drug’s emergency use 
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authorization on June 15, 2020. The recent solidarity trial, the UK’s recovery trial, 
and a Cochrane review of other evidence on hydroxychloroquine conclusively 
showed that hydroxychloroquine did not reduce deaths among hospitalized 
COVID-19 patients.

 Lopinavir–Ritonavir

In vitro and animal studies have shown that lopinavir is effective against MERS- 
CoV. Additionally, lopinavir inhibits SARS-CoV by inhibiting a critical reproduc-
tive protease that appears to be highly conserved in SARS-CoV-2. In several 
countries, lopinavir–ritonavir therapy is recommended as first- or second-line treat-
ment for COVID-19. Although several observational studies have demonstrated that 
lopinavir–ritonavir is associated with decreased viral shedding and fever in patients 
with COVID-19. Recent research on COVID-19, however, has found that regular 
lopinavir–ritonavir supplementation provides no benefit [64]. The lopinavir/ritona-
vir did not show efficacy in two large randomized controlled trials in hospitalized 
patients with COVID-19. The COVID-19 treatment guidelines panel recommends 
against the use of lopinavir/ritonavir for the treatment of COVID-19 in hospitalized 
patients [65].

 Remdesivir

Remdesivir is a novel and effective intravenous antiviral medication. It is effective 
against COVID-19 as well as other beta-coronaviruses in the same family. The labo-
ratory investigation has shown that human cells can be protected from becoming 
infected with COVID-19. Furthermore, the findings suggest that in vitro remedia-
tion is highly successful in eradicating COVID-19 infection. Remdesivir was 
approved for emergency use in over 50 countries during the COVID-19 pandemic. 
The FDA has approved Remdesivir for the treatment of COVID-19 infection in 
adults and hospitalized children (over the age of 12 and weighing less than 45 kg). 
In adult COVID 19 patients, remdesivir, on the other hand, was not associated with 
statistically significant therapeutic benefits. Additional international research is nec-
essary to establish the drug’s efficacy and safety in COVID-19 patients [66]. An 
interesting study revealed that RDV’s parent nucleotide, GS-441524, is more effec-
tive and less hazardous than its prodrug form and has been proven to be efficacious 
in vivo veterinary settings. As a result, future research into the parent nucleotide’s 
usage against COVID-19 should proceed at a quicker speed.
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 Favipiravir

Favipiravir is a novel RNA-dependent RNA polymerase (RdRp) inhibitor that is 
successful in the treatment of Ebola. Favipiravir is considered as a feasible treat-
ment for COVID-19 due to its efficacy against a variety of viral diseases. Some 
research has demonstrated that favipiravir can accelerate virological clearance and 
clinical improvement, but most investigations are hampered by potential confound-
ing factors (e.g., concurrent use of immunomodulators and other therapies). The 
study found no improvement in terms of mortality. A systematic review found that 
when given during the first seven days of hospitalization, there is a possibility of 
clinical improvement, but no statistically significant decrease in mortality for any of 
the groups studied, including hospitalized patients and those with mild or moderate 
symptoms. Other well-designed studies on dosage and duration of treatment, are 
essential to draw clear conclusions [67]. Any approval for the use of favipiravir, on 
the other hand, will require more clinical research, followed by approval for public 
use by the country’s competent regulatory body [68].

 Oseltamivir

Oseltamivir inhibits the neuraminidase enzyme, which is expressed on the viral 
surface against the influenza virus and is also effective for various avian influenza 
virus strains. The enzyme promotes the release of virus from infected cells and 
facilitates viral movement within the respiratory tract. In the presence of neuramini-
dase inhibitors, virions stay attached to the membrane of infected cells and are also 
entrapped in respiratory secretions [69]. Clinical trials are also being conducted 
using oseltamivir in combination with various chloroquine and favipiravir regi-
mens. A study showed that the drug exhibited no positive result on COVID-19. 
Additional clinical trials and larger, randomized controlled trials are required to 
demonstrate Oseltamivir’s efficacy in patients with COVID-19 [70].

 Ribavirin

Ribavirin is an antiviral drug that prevents viruses from replicating and spreading 
[71]. Ribavirin has been approved for COVID-19 therapy in combination with inter-
feron alfa or lopinavir–ritonavir. Ribavirin is effective against the Middle East respi-
ratory syndrome corona virus (MERS-CoV) in vitro and in vivo, and case reports 
demonstrate that ribavirin paired with interferon alfa resulted in virologic clearance 
and survival. Clinical trial evidence demonstrating ribavirin’s efficacy in treating 
COVID-19 is still insufficient [72].
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 Ivermectin

Ivermectin is a medication used to treat parasite infestations and it was repositioned 
for COVID-19 treatment. Throughout the COVID-19 epidemic, misinformation 
suggesting that ivermectin helps treat and prevent COVID-19 has been extensively 
propagated. These claims are unsupported by reliable scientific evidence. Multiple 
major health organizations, including the Food and Drug Administration, the United 
States Centres for Disease Control, the European Medicines Agency, and the World 
Health Organization, have declared that ivermectin is not authorized or approved to 
treat COVID-19 [73].

 Corticosteroid

Corticosteroids are anti-inflammatory drugs that suppress the immune system. 
Dexamethasone is a glucocorticoid drug used in the treatment of rheumatoid arthri-
tis, a range of skin diseases, severe allergies, asthma, and chronic obstructive pul-
monary disease. According to WHO guidelines, corticosteroids should be used only 
in patients with severe or critical COVID-19 infection and not in individuals with 
nonsevere COVID-19 infection (absence of criteria for severe or critical infection). 
Dexamethasone was authorized by the European Medicines Agency (EMA) in 
September 2020 for use in adults and adolescents (12 years of age and a weight of 
at least 40 kg) who need supplemental oxygen therapy. Prolonged corticosteroid 
treatment may lead to the development of the so-called long COVID syndrome, 
which is characterized by tiredness and psychological problems and may be exacer-
bated by steroid-related adverse medication responses such as myopathy, neuro-
muscular weakness, and mental symptoms. Thus, corticosteroids seem to be a 
double-edged sword in the battle against COVID-19 and should be used with cau-
tion, considering the risk–benefit ratio, as a short-course treatment drug in a limited 
group of patients with COVID-19 who have been documented to benefit from sur-
vival. The safety and efficacy of corticosteroids in combination with antiviral medi-
cation for the treatment of COVID-19 have not been extensively studied in clinical 
trials [74].

 Tocilizumab

Tocilizumab (TCZ) is a recombinant humanized anti-interleukin-6 receptor mono-
clonal antibody used to treat systemic juvenile idiopathic arthritis (SJIA), polyar-
ticular juvenile idiopathic arthritis (pJIA), and rheumatoid arthritis. In June 2021, 
the FDA issued tocilizumab an emergency use authorization for the treatment of 
COVID-19  in hospitalized patients aged two years and older who need 
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supplementary oxygen, noninvasive or invasive mechanical ventilation. The 
COVID-19 Treatment Guidelines panel recommends tocilizumab in combination 
with dexamethasone in certain hospitalized patients who are having rapid respira-
tory decompensation due to COVID-19 [75]. The European Medicines Agency 
(EMA) is now assessing tocilizumab for the treatment of hospitalized individuals 
with severe COVID-19 who are already undergoing corticosteroid therapy and need 
additional oxygen or mechanical ventilation as of August 2021.

 Opportunities and Challenges

The traditional approach to pharmaceutical drug development is costly, time- 
consuming, and prone to failure. Repositioning, on the other hand, is a low-risk 
strategy that saves time and money. Experiments like cell-based assays, protein- 
based assays, animal models, and clinical trials provide a direct, evidence-based, 
and accurate understanding of the drug–disease connection. As a result of the avail-
ability of experimental data, computational techniques for drug repositioning have 
gained popularity in recent years, and they are frequently merged with them to 
provide accurate results. While there are many excellent computer models for drug 
repositioning, creating a reliable model is a difficult and time-consuming process. 
One of the major challenges is that theoretical calculation techniques are difficult to 
put into practice due to the difficulty of mapping such theoretical approaches to 
replicate biological activity, as well as other barriers such as missing, distorted, or 
erroneous data. For example, creating an accurate gene expression profile may be 
difficult due to a variety of factors, such as changes in experimental conditions 
throughout multiple trials, resulting in data mismatches in gene expression features 
and hence data bias. Furthermore, when these genes are employed as pharmacologi-
cal targets, significant changes in gene expression may not occur consistently, 
resulting in incorrect findings. Furthermore, chemical structure and molecular 
information techniques are challenging to find probable drug–target interactions 
due to a lack of high-resolution structural data on drug targets. Another issue with 
computational drug repositioning models is the lack of a reliable gold standard data 
set for assessing their efficacy. Furthermore, the model’s recommended potential 
repositioning drugs cannot be evaluated without clinical validation of safety criteria 
and proof of their effectiveness against anticipated diseases.

Clinical trials are typically preceded by preclinical investigations, both in vitro 
and in vivo. In the event of drug repurposing, preclinical research on the impact of 
a drug on disease should be prioritized. However, it requires a thorough knowledge 
of the disease process, which in the case of COVID-19 may be difficult. In contrast 
to clinical trials, preclinical research may rapidly assess whether a certain pharma-
cological approach is likely to be worth pursuing. Preclinical studies, by definition, 
offer an inadequate picture of disease biology and may produce inconsistent find-
ings, and the knowledge they can provide regarding drug safety and efficacy is 
severely restricted. Randomized controlled trials are the gold standard for gathering 
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evidence on drug efficacy in clinical trials because they allocate possible confound-
ers to treated and untreated patients at random. The clinical proof is needed to dem-
onstrate a drug’s effectiveness and safety, even if preclinical research indicates 
biological plausibility. During a pandemic, conducting methodologically sound 
research may be difficult since the rapid spread of low-quality findings may have 
severe implications. Several considerations highlight the necessity of interpreting 
current clinical data with great care.

As a result, effective drug repositioning necessitates a combination of computer 
prediction and in-vitro validation or retrospective clinical history analysis. The 
comprehensive methodology, which includes a combination of computational and 
experimental methodologies, enables a comprehensive assessment of all reposition-
ing possibilities. Effectiveness and timeliness of repositioned drugs are greatly 
improved using a multimodal approach to pharmacological reconstitution [76]. 
Certain legal concerns may make it difficult to patent a novel therapeutic applica-
tion and/or enforce patent rights, reducing the incentives for drug repurposing. 
Certain national regulations make obtaining a patent for a second or subsequent 
medical use more challenging, although repurposed medicinal uses are protected in 
most of the major pharmaceutical markets. While patents can be awarded for off- 
patent drugs, enforcement may be an issue if the new indication makes use of cur-
rently available strengths and dose formulas.

Combining and integrating all the approaches will open up a plethora of new 
possibilities for drug development, most notably through the construction and 
access to massive databases of drug and disease omics data. Researchers now have 
access to the most up-to-date, reliable tools and data to investigate unknown mecha-
nisms of action/pathways based on the target protein and/or biomarkers associated 
with disease progression. Thanks to advancements in techniques such as genomics, 
proteomics, transcriptomics, and metabolomics, numerous datasets and tools and 
pathway analysis are publicly available [77]. Several algorithms have been devel-
oped to improve the speed and convenience of the recalculation methods. 
Pharmaceutical repositioning is similarly fraught with difficulties. Repositioning an 
existing drug by adding a new therapeutic indication is a difficult and complex task 
because it involves numerous factors, like technology, commercial strategy, patents, 
investment, and market demand. Selection of an appropriate medicinal product sec-
tor, clinical trial issues such as outdated or inadequate clinical or preclinical data on 
the original pharmaceutical or drug product are few prominent challenges.

 Conclusion

There are currently no drugs available that are effective in treating COVID-19 
patients. While research continues, some countries are experimenting with various 
combinations to treat their patients. While computing can aid in repurposing, data 
from in vitro drug screening, in vivo research, including animal models, ongoing 
clinical trials, electronic health records, literature mining, or expert knowledge must 
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be used to evaluate computational drug repurposing methods. Numerous candidate 
drugs continue to exhibit experimental flaws, necessitating comprehensive valida-
tion of candidate therapeutics to establish a baseline for technique accuracy. Because 
this is impractical, it has become even more critical to combine projections with 
expert knowledge. Researchers and scientists should avoid duplicating studies and 
organize studies so that the outcomes can be compared. It is also necessary to con-
duct a critical analysis of existing data to determine the efficacy and safety of a drug 
for possible repurposing. As a result, additional clinical trials and large randomized 
control studies are required through international collaboration to improve the treat-
ment options and safety of COVID-19 patients.

References

1. Saini M, Parihar N, Soni SL, Sharma V. Drug repurposing: an overview. Asian J Pharm Res 
Dev. 2020;8(4):194–212.

2. Talevi A, Bellera CL. Challenges and opportunities with drug repurposing: finding strategies 
to find alternative uses of therapeutics. Expert Opin Drug Discovery. 2020;15(4):397–401.

3. Poduri R. Pharmaceutical industry, academia, regulatory authorities and end user collaboration 
in successful drug discovery and development. In:  Drug Discovery and Development: From 
Targets and Molecules to Medicines. Singapore: Springer; 2021. p. 465–71.

4. Sonaye HV, Sheikh RY, Doifode CA.  Drug repurposing: iron in the fire for older drugs. 
Biomed Pharmacother. 2021;1(141):111638.

5. Shyr ZA, Gorshkov K, Chen CZ, Zheng W. Drug discovery strategies for SARS-CoV-2. J 
Pharmacol Exp Ther. 2020;375(1):127–38.

6. Galindez G, Matschinske J, Rose TD, Sadegh S, Salgado-Albarrán M, Späth J, Baumbach J, 
Pauling JK. Lessons from the COVID-19 pandemic for advancing computational drug repur-
posing strategies. Nat Comput Sci. 2021;1(1):33–41.

7. Garrison LP Jr, Towse A, Bresnahan BW. Assessing a structured, quantitative health outcomes 
approach to drug risk-benefit analysis. Health Aff. 2007;26(3):684–95.

8. Ross JS, Mulvey GK, Hines EM, Nissen SE, Krumholz HM. Trial publication after registra-
tion in ClinicalTrials. Gov: a cross-sectional analysis. PLoS Med. 2009;6(9):e1000144.

9. Paul SM, Mytelka DS, Dunwiddie CT, Persinger CC, Munos BH, Lindborg SR, Schacht 
AL. How to improve R&D productivity: the pharmaceutical industry’s grand challenge. Nat 
Rev Drug Discov. 2010;9(3):203–14.

10. Sultana J, Crisafulli S, Gabbay F, Lynn E, Shakir S, Trifirò G. Challenges for drug repurposing 
in the COVID-19 pandemic era. Front Pharmacol. 2020;6(11):1657.

11. Chong CR, Sullivan DJ. New uses for old drugs. Nature. 2007;448(7154):645–6.
12. Eichler HG, Pignatti F, Flamion B, Leufkens H, Breckenridge A.  Balancing early market 

access to new drugs with the need for benefit/risk data: a mounting dilemma. Nat Rev Drug 
Discov. 2008;7(10):818–26.

13. Eichler HG, Oye K, Baird LG, Abadie E, Brown J, Drum CL, Ferguson J, Garner S, Honig 
P, Hukkelhoven M, Lim JC. Adaptive licensing: taking the next step in the evolution of drug 
approval. Clinical Pharmacology & Therapeutics. 2012;91(3):426–37.

14. Eichler HG, Bloechl-Daum B, Brasseur D, Breckenridge A, Leufkens H, Raine J, Salmonson 
T, Schneider CK, Rasi G. The risks of risk aversion in drug regulation. Nat Rev Drug Discov. 
2013;12:907–16.

15. Sarkar C, Mondal M, Torequl Islam M, Martorell M, Docea AO, Maroyi A, Sharifi-Rad J, 
Calina D. Potential therapeutic options for COVID-19: current status, challenges, and future 
perspectives. Front Pharmacol. 2020;15(11):1428.

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



502

16. Baumfeld Andre E, Reynolds R, Caubel P, Azoulay L, Dreyer NA. Trial designs using real- 
world data: the changing landscape of the regulatory approval process. Pharmacoepidemiol 
Drug Saf. 2020;29(10):1201–12.

17. Schneeweiss S, Gagne JJ, Glynn RJ, Ruhl M, Rassen JA. Assessing the comparative effective-
ness of newly marketed medications: methodological challenges and implications for drug 
development. Clin Pharmacol Therapeut. 2011;90(6):777–90.

18. Sharma MR, Schilsky RL. Role of randomized phase III trials in an era of effective targeted 
therapies. Nat Rev Clin Oncol. 2012;9(4):208.

19. Raphael MJ, Gyawali B, Booth CM. Real-world evidence and regulatory drug approval. Nat 
Rev Clin Oncol. 2020;17(5):271–2.

20. Swift B, Jain L, White C, Chandrasekaran V, Bhandari A, Hughes DA, Jadhav PR. Innovation 
at the intersection of clinical trials and real-world data science to advance patient care. Clin 
Transl Sci. 2018;11(5):450–60.

21. Angus DC.  Optimizing the trade-off between learning and doing in a pandemic. 
JAMA. 2020;323(19):1895–6.

22. Prasad S, McOsker C, Foley M. Filling the drug discovery abyss. Drug Discovery. 2016;17:25.
23. Leelananda SP, Lindert S. Computational methods in drug discovery. Beilstein J Org Chem. 

2016;12(1):2694–718.
24. Ou-Yang SS, Lu JY, Kong XQ, Liang ZJ, Luo C, Jiang H. Computational drug discovery. Acta 

Pharmacol Sin. 2012 Sep;33(9):1131–40.
25. Kumar N, Hendriks BS, Janes KA, de Graaf D, Lauffenburger DA. Applying computational 

modeling to drug discovery and development. Drug Discov Today. 2006;11(17–18):806–11.
26. Kumar S. Online resource and tools for the development of drugs against novel coronavirus. In:  

Silico Modeling of Drugs Against Coronaviruses. Methods in Pharmacology and Toxicology. 
New York, NY: Humana; 2021. https://doi.org/10.1007/7653_2020_53.

27. Kumar S.  Protein–Protein Interaction Network for the Identification of New Targets 
Against Novel Coronavirus. In:  Silico Modeling of Drugs Against Coronaviruses. 
Methods in Pharmacology and Toxicology. New  York, NY: Humana; 2021. https://doi.
org/10.1007/7653_2020_62.

28. Kumar S. COVID-19: A drug repurposing and biomarker identification by using comprehen-
sive gene-disease associations through protein-protein interaction network analysis. Preprints. 
2020:2020030440. https://doi.org/10.20944/preprints202003.0440.v1.

29. Nana KS, Karuppanan K, Kumar S.  Identification of common key genes and pathways 
between Covid-19 and lung cancer by using protein-protein interaction network analysis. 
bioRxiv. 2021; https://doi.org/10.1101/2021.02.16.431364

30. Kumar S, Mathavan S, Jin WJ, Azman NA, Subramanaiam D, Zainalabidin NA, Lingadaran 
D, Sattar ZB, Manickam DL, Anbananthan PS, Taqiyuddin JA. COVID-19 Vaccine Candidates 
by Identification of B and T Cell Multi-Epitopes Against SARS-CoV-2. Preprints 2020. https://
doi.org/10.20944/preprints202008.0092.v1.

31. Mathavan S, Kumar S. Evaluation of the Effect of D614G, N501Y and S477N Mutation in 
SARS- CoV- 2 through Computational Approach. Preprints 2020. https://doi.org/10.20944/pre-
prints202012.0710.v1.

32. Kumar S, Ramanujam M.  Computational prediction of novel broad-spectrum drug targets 
against vibrio cholerae by integrated genomics and proteomics approach. Malaysian J Med 
Health Sci. 2020;16(2):99–104.

33. Kumar S. In Silico Identification of Novel Tuberculosis Drug Targets in Mycobacterium tuber-
culosisP450 Enzymes by Interaction Study with Azole Drugs. Preprints 2020.

34. Kumar S.  Computational identification and binding analysis of orphan human cytochrome 
P450 4X1 enzyme with substrates. BMC Res Notes. 2015;8(1):1.

35. Karaman B, Sippl W.  Computational drug repurposing: current trends. Curr Med Chem. 
2019;26(28):5389–409.

S. Kumar

https://doi.org/10.1007/7653_2020_53
https://doi.org/10.1007/7653_2020_62
https://doi.org/10.1007/7653_2020_62
https://doi.org/10.20944/preprints202003.0440.v1
https://doi.org/10.1101/2021.02.16.431364
https://doi.org/10.20944/preprints202008.0092.v1
https://doi.org/10.20944/preprints202008.0092.v1
https://doi.org/10.20944/preprints202012.0710.v1
https://doi.org/10.20944/preprints202012.0710.v1


503

36. Oprea TI, Nielsen SK, Ursu O, Yang JJ, Taboureau O, Mathias SL, Kouskoumvekaki I, Sklar LA, 
Bologa CG. Associating drugs, targets and clinical outcomes into an  integrated network affords 
a new platform for computer-aided drug repurposing. Mol inform. 2011;30(2–3):100–11.

37. Xue H, Li J, Xie H, Wang Y. Review of drug repositioning approaches and resources. Int J Biol 
Sci. 2018;14(10):1232.

38. Mazzarella R, Webb C. Computational and bioinformatic strategies for drug repositioning. 
Drug Repositioning. 2012;9:91.

39. Deftereos SN, Andronis C, Friedla EJ, Persidis A, Persidis A. Drug repurposing and adverse 
event prediction using high-throughput literature analysis. Wiley Interdiscip Rev Syst Biol 
Med. 2011;3(3):323–34.

40. Rebholz-Schuhmann D, Oellrich A, Hoehndorf R.  Text-mining solutions for biomedical 
research: enabling integrative biology. Nat Rev Genet. 2012;13(12):829–39.

41. Andronis C, Sharma A, Virvilis V, Deftereos S, Persidis A. Literature mining, ontologies and 
information visualization for drug repurposing. Brief Bioinform. 2011;12(4):357–68.

42. Loging W, Rodriguez-Esteban R, Hill J, Freeman T, Miglietta J. Cheminformatic/bioinfor-
matic analysis of large corporate databases: application to drug repurposing. Drug Discov 
Today Ther Strateg. 2011;8(3–4):109–16.

43. Nabirotchkin S, Peluffo AE, Rinaudo P, Yu J, Hajj R, Cohen D. Next-generation drug repur-
posing using human genetics and network biology. Curr Opin Pharmacol. 2020;51:78–92.

44. Vilar S, Hripcsak G. The role of drug profiles as similarity metrics: applications to repurposing, 
adverse effects detection and drug–drug interactions. Brief Bioinform. 2017;18(4):670–81.

45. Grenier L, Hu P.  Computational drug repurposing for inflammatory bowel disease using 
genetic information. Comput Struct Biotechnol J. 2019;17:127–35.

46. Hamid JS, Hu P, Roslin NM, Ling V, Greenwood CM, Beyene J. Data integration in genetics 
and genomics: methods and challenges. Hum Genomics Proteomics. 2009;2009:869093.

47. Hasin Y, Seldin M, Lusis A. Multi-omics approaches to disease. Genome Biol. 2017;18(1):1–5.
48. Michnick SW. The connectivity map. Nat Chem Biol. 2006;2(12):663–4.
49. Reka AK, Kuick R, Kurapati H, Standiford TJ, Omenn GS, Keshamouni VG.  Identifying 

inhibitors of epithelial-mesenchymal transition by connectivity map–based systems approach. 
J Thorac Oncol. 2011;6(11):1784–92.

50. De Bastiani MA, Pfaffenseller B, Klamt F. Master regulators connectivity map: a transcription 
factors-centered approach to drug repositioning. Front Pharmacol. 2018;9:697.

51. Koehler AN. Microarrays in chemical biology. Wiley Encyclopedia Chem Biol. 2007;14:1.
52. Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel MJ, Lerner J, Brunet JP, 

Subramanian A, Ross KN, Reich M. The Connectivity Map: using gene-expression signatures 
to connect small molecules, genes, and disease. Science. 2006;313(5795):1929–35.

53. Eckhardt M, Hultquist JF, Kaake RM, Hüttenhain R, Krogan NJ. A systems approach to infec-
tious disease. Nat Rev Genet. 2020;21(6):339–54.

54. Ideker T, Galitski T, Hood L. A new approach to decoding life: systems biology. Annu Rev 
Genomics Hum Genet. 2001;2(1):343–72.

55. Cheng F, Desai RJ, Handy DE, Wang R, Schneeweiss S, Barabási AL, Loscalzo J. Network- 
based approach to prediction and population-based validation of in silico drug repurposing. 
Nat Commun. 2018;9(1):1–2.

56. Sadegh S, Matschinske J, Blumenthal DB, Galindez G, Kacprowski T, List M, Nasirigerdeh R, 
Oubounyt M, Pichlmair A, Rose TD, Salgado-Albarrán M. Exploring the SARS-CoV-2 virus- 
host- drug interactome for drug repurposing. Nat Commun. 2020;11(1):1–9.

57. Surabhi S, Singh BK.  Computer aided drug design: an overview. J Drug Deliv Ther. 
2018;8(5):504–9.

58. Abdolmaleki A, Ghasemi B, J, Ghasemi F. Computer aided drug design for multi-target drug 
design: SAR/QSAR, molecular docking and pharmacophore methods. Curr Drug Targets. 
2017;18(5):556–75.

59. Cortegiani A, Ingoglia G, Ippolito M, Giarratano A, Einav S. A systematic review on the effi-
cacy and safety of chloroquine for the treatment of COVID-19. J Crit Care. 2020;57:279–83.

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



504

60. Manivannan E, Karthikeyan C, Moorthy NS, Chaturvedi SC. The rise and fall of chloroquine/
hydroxychloroquine as compassionate therapy of COVID-19. Front Pharmacol. 2021;12:1057.

61. Axfors C, Schmitt AM, Janiaud P, van’t Hooft J, Abd-Elsalam S, Abdo EF, Abella BS, Akram 
J, Amaravadi RK, Angus DC, Arabi YM. Mortality outcomes with hydroxychloroquine and 
chloroquine in COVID-19 from an international collaborative meta-analysis of randomized 
trials. Nat Commun. 2021;12(1):1–3.

62. Gasmi A, Peana M, Noor S, Lysiuk R, Menzel A, Benahmed AG, Bjørklund G. Chloroquine 
and hydroxychloroquine in the treatment of COVID-19: the never-ending story. Appl Microbiol 
Biotechnol. 2021;30:1–1.

63. Chen Y, Li MX, Lu GD, Shen HM, Zhou J. Hydroxychloroquine/chloroquine as therapeutics 
for COVID-19: truth under the mystery. Int J Biol Sci. 2021;17(6):1538.

64. Patel TK, Patel PB, Barvaliya M, Saurabh MK, Bhalla HL, Khosla PP. Efficacy and safety of 
lopinavir-ritonavir in COVID-19: a systematic review of randomized controlled trials. J Infect 
Public Health. 2021;14:740–8.

65. Young B, Tan TT, Leo YS. The place for remdesivir in COVID-19 treatment. Lancet Infect 
Dis. 2021;21(1):20.

66. Horby PW, Mafham M, Bell JL, Linsell L, Staplin N, Emberson J, Palfreeman A, Raw J, 
Elmahi E, Prudon B, Green C.  Lopinavir–ritonavir in patients admitted to hospital with 
COVID-19 (RECOVERY): a randomised, controlled, open-label, platform trial. Lancet. 
2020;396(10259):1345–52.

67. Dabbous HM, Abd-Elsalam S, El-Sayed MH, Sherief AF, Ebeid FF, Abd El Ghafar MS, 
Soliman S, Elbahnasawy M, Badawi R, Tageldin MA. Efficacy of favipiravir in COVID-19 
treatment: a multi-center randomized study. Arch Virol. 2021;166(3):949–54.

68. Butler CC, van der Velden AW, Bongard E, Saville BR, Holmes J, Coenen S, Cook J, Francis 
NA, Lewis RJ, Godycki-Cwirko M, Llor C. Oseltamivir plus usual care versus usual care for 
influenza-like illness in primary care: an open-label, pragmatic, randomised controlled trial. 
Lancet. 2020;395(10217):42–52.

69. Hassanipour S, Arab-Zozani M, Amani B, Heidarzad F, Fathalipour M, Martinez-de-Hoyo 
R. The efficacy and safety of favipiravir in treatment of COVID-19: a systematic review and 
meta-analysis of clinical trials. Sci Rep. 2021;11(1):1.

70. Rosa SG, Santos WC.  Clinical trials on drug repositioning for COVID-19 treatment. Rev 
Panam Salud Publica. 2020;8(44):e40.

71. Thomas E, Ghany MG, Liang TJ. The application and mechanism of action of ribavirin in 
therapy of hepatitis C. Antivir Chem Chemother. 2012;23(1):1–2.

72. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, Qiu Y, Wang J, Liu Y, Wei Y, Yu 
T. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumo-
nia in Wuhan, China: a descriptive study. Lancet. 2020;395(10223):507–13.

73. Ali MJ, Hanif M, Haider MA, Ahmed MU, Sundas FN, Hirani A, Khan IA, Anis K, Karim 
AH. Treatment options for COVID-19: a review. Front Med. 2020;31(7):480.

74. Singh AK, Majumdar S, Singh R, Misra A.  Role of corticosteroid in the management of 
COVID-19: a systemic review and a Clinician’s perspective. Diabetes Metab Syndr Clin Res 
Rev. 2020;14(5):971–8.

75. Salama C, Han J, Yau L, Reiss WG, Kramer B, Neidhart JD, Criner GJ, Kaplan-Lewis E, 
Baden R, Pandit L, Cameron ML. Tocilizumab in patients hospitalized with Covid-19 pneu-
monia. N Engl J Med. 2021;384(1):20–30.

76. Hurle MR, Yang L, Xie Q, Rajpal DK, Sanseau P, Agarwal P. Computational drug reposition-
ing: from data to therapeutics. Clin Pharmacol Ther. 2013;93(4):335–41.

77. Jin G, Wong ST. Toward better drug repositioning: prioritizing and integrating existing meth-
ods into efficient pipelines. Drug Discov Today. 2014;19(5):637–44.

S. Kumar



505

Chapter 25
Computationally Repurposed Natural 
Products Targeting SARS-CoV-2 
Attachment and Entry Mechanisms

Mark Tristan J. Quimque, Kin Israel R. Notarte, Von Novi O. de Leon, 
Joe Anthony H. Manzano, John Emmanuel R. Muñoz,  
Delfin Yñigo H. Pilapil IV, Justin Allen K. Lim, 
and Allan Patrick G. Macabeo

Abbreviations

ACE2 Angiotensin-converting enzyme 2
ADME Absorption, distribution, metabolism, and excretion
BE Binding energy
COVID-19 Coronavirus disease 2019
CT Cytoplasmic tail
CTD C-terminal domain

M. T. J. Quimque 
Laboratory of Organic Reactivity, Discovery and Synthesis, Research Center of Natural  
and Applied Sciences, University of Santo Tomas, Manila, Philippines 

Department of Chemistry, College of Science and Mathematics,  
Mindanao State University—Iligan Institute of Technology, Iligan, Philippines
e-mail: marktristan.quimque@g.msuiit.edu.ph 

K. I. R. Notarte 
Faculty of Medicine and Surgery, University of Santo Tomas, Manila, Philippines
e-mail: krnotarte@ust.edu.ph 

V. N. O. de Leon · J. A. H. Manzano · J. E. R. Muñoz · D. Y. H. Pilapil IV 
Laboratory of Organic Reactivity, Discovery and Synthesis, Research Center of Natural  
and Applied Sciences, University of Santo Tomas, Manila, Philippines 

Department of Biological Sciences, College of Science, University of Santo Tomas,  
Manila, Philippines
e-mail: vonnovi.deleon.sci@ust.edu.ph; joeanthony.manzano.sci@ust.edu.ph;  
johnemmanuel.munoz.sci@ust.edu.ph; delfinynigo.pilapil.sci@ust.edu.ph 

J. A. K. Lim · A. P. G. Macabeo (*) 
Laboratory of Organic Reactivity, Discovery and Synthesis, Research Center of Natural  
and Applied Sciences, University of Santo Tomas, Manila, Philippines
e-mail: agmacabeo@ust.edu.ph

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
S. Adibi et al. (eds.), Frontiers of COVID-19, 
https://doi.org/10.1007/978-3-031-08045-6_25

mailto:marktristan.quimque@g.msuiit.edu.ph
mailto:krnotarte@ust.edu.ph
mailto:vonnovi.deleon.sci@ust.edu.ph
mailto:joeanthony.manzano.sci@ust.edu.ph
mailto:johnemmanuel.munoz.sci@ust.edu.ph
mailto:johnemmanuel.munoz.sci@ust.edu.ph
mailto:delfinynigo.pilapil.sci@ust.edu.ph
mailto:agmacabeo@ust.edu.ph
https://doi.org/10.1007/978-3-031-08045-6_25


506

ER Endoplasmic reticulum
FP Fusion peptide
GRP78 Glucose-regulated protein 78/78-kDa glucose-regulated protein
hACE2 Human angiotensin-converting enzyme 2
HR1 Heptad repeat 1
HR2 Heptad repeat 2
LRo5 Lipinski’s Rule of Five
MDS Molecular dynamics simulations
NRP1 Neuropilin-1
NTD N-terminal domain
RBD Receptor-binding domain
RBM Receptor-binding motif
RMSD Root-mean-square deviation
RMSF Root-mean-square fluctuation
S1 Subunit 1
S2 Subunit 2
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SBD Substrate-binding domain
TM Transmembrane domain
TMPRSS2 Transmembrane protein serine protease 2

 Introduction

The global effort on genomic sequencing led to the identification of structural pro-
teins and enzymes that are crucial for SARS-CoV-2 inoculation and replication [1]. 
SARS-CoV-2 infection begins as the spikes interact with angiotensin-converting 
enzyme 2 (ACE2) receptor-enriched host cells. Viral fusion with the host cell is then 
triggered with the activation of transmembrane protease serine type 2 (TMPRSS2) 
[2]. Following endocytosis, the virus utilizes the host cellular machinery for its 
replication, assembly, and release of new virions [3]. Consequently, these patho-
logic mechanisms result to an overwhelming inflammatory response leading to mul-
tiple organ failure. In the absence of timely interventions, there could be worse 
prognosis and death becomes inevitable [4].

Although there are hundreds of clinical trials and preclinical studies designed to 
find cure for COVID-19, there are limited number of FDA-approved therapeutics 
for this widely spreading disease [1]. Most of these therapeutics are repurposed 
drugs, including hydroxychloroquine, remdesivir, and lopinavir [5]. There is also a 
delay in the global roll-out of vaccines due to increasing vaccine hesitancy [6]. 
Another impediment to wide-scale vaccine development is its delicate manufactur-
ing, storage system, and safety [1, 6].

In addition, there have been reports of new variants which are more infectious 
and virulent than the Wuhan strain [7]. These novel variants are known to decrease 
efficacy of vaccines and therapeutic antiviral regimens [8, 9]. With the rise of 
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infections, great efforts have been dedicated to discovering effective therapeutic and 
prophylactic agents against COVID-19 [1]. Computational methodologies have 
played an integral role in the discovery of new antiviral agents with the aim to accel-
erate and economize the process of drug design and development. Apart from the 
use of molecular docking and molecular dynamics simulations in screening drug 
candidates, the said computational tools have aided the mechanistic understanding 
of the potential drug’s interaction with specific viral targets [10–12].

Natural products and herbal medicines have been used for the prevention of viral 
infections over the years. They have shown a wide array of biological activities 
against pathogenic viruses such as influenza virus, hepatitis C virus, Herpes simplex 
virus, flavivirus, and human immunodeficiency virus [13–17]. These medicinal 
products also exhibited favorable efficacy and tolerable toxicity [1]. In the face of a 
global health crisis, exploring prophylactics and therapeutic regimens from natural 
products is a promising and practical strategy to contain COVID-19 [18].

In this chapter, we explored the potential of alkaloids, fatty acids and sterols, 
peptides, polyphenols, and terpenoids which showed in silico activity against 
SARS-CoV-2 target proteins obtained through virtual screening. Herein, we present 
the potential druggability of the aforementioned natural products that target struc-
tural spike protein particularly the receptor domains for angiotensin-converting 
enzyme 2 (ACE2), glucose-regulated protein 78 (GRP78), and neuropilin-1 (NRP-1) 
and host cell transmembrane protease serine type 2 (TMPRSS2) which facilitate 
host cell recognition, viral attachment, and fusion.

 Structural Features of SARS-CoV-2 Spike Protein

The SARS-CoV-2 spike is a transmembrane homotrimeric glycoprotein that pro-
trudes from the viral envelope crowning the virion surface. For coronaviruses, the 
ectodomain spike share the same structural organization composed of two func-
tional subunits: the N-terminal S1 subunit which is responsible for host cell receptor 
recognition and binding and the C-terminal S2 subunit which is responsible for 
fusion of the viral and cellular membranes. Wrapp and coworkers determined the 
trimeric structure of SARS-CoV-2 spike using high-resolution cryogenic electron 
microscopy and reported the structural features of the prefusion conformation of 
SARS-CoV-2 spike [19]. Each protomer of the spike trimer is composed of 1260 
amino acids. The S1 subunit is composed of four sub-domains: an N-terminal 
domain (NTD), a receptor-binding domain (RBD, or the C-terminal domain, CTD), 
and two subdomains (SD1 and SD2). The transmembrane S2 subunit is composed 
of 588 amino acids and contains an N-terminal hydrophobic fusion peptide (FP), 
two heptad repeats (HR1 and HR2), a transmembrane domain (TM), and a cytoplas-
mic tail (CT) (Fig. 25.1) [19–21].

The highly glycosylated spike is a class I fusion protein and exists in a metasta-
ble prefusion conformation. Upon interaction of the virus with the host cell, trig-
gered by the binding of the S1 subunit to a host cell receptor, the spike protein 
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Fig. 25.1 (a) Schematic representation of the overall topology of the SARS-CoV-2 spike mono-
mer. (b) Molecular surface representation of the “down” state of SARS-CoV-2 spike (PDB 6VXX). 
(c) Molecular surface representation of the partially “up” state of SARS-CoV-2 spike (PDB 6VYB)

undergoes considerable structural rearrangement to allow for fusion of the virus 
with host cell membrane. This process of receptor binding prompts the S2 subunit to 
transition from a metastable prefusion state to a more stable postfusion state which 
is essential for fusion [22]. Moreover, the RBD at the S1 subunit could adopt to two 
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conformational states— “down” and “up” (Fig. 25.1). The latter conformation is a 
result of hinging the RBD upward to transiently expose it during host cell receptor 
engagement corresponding to a receptor-accessible state [22–24].

As previously mentioned, the RBD is a critical part of the spike protein that is a 
target for development of inhibitors to viral attachment, neutralizing antibodies, and 
vaccines [25]. For coronaviruses, each viral species showcases distinct domains for 
the S1 subunit, particularly the RBD, to recognize various host cell receptors. Two 
independent groups reported the structural features of the SARS-CoV-2 spike RBD 
via high-resolution X-ray crystallography [22, 26]. The RBD region of SARS- 
CoV- 2 spike is composed of about 200 residues (amino acids 319–541) and share 
about 73–76% sequence similarity with SARS-CoV spike RBD [22, 27]. The por-
tion of the RBD that makes direct contact to human ACE2 (hACE2) is called the 
receptor-binding motif (RBM). Lan and coworkers reported that the interface 
between the RBM and ACE2 is a network of hydrophilic interactions, where 13 
hydrogen bonds from ten RBM residues (Asn487, Lys417, Gln493, Tyr505, Tyr449, 
Thr500, Asn501, Gly446, Tyr489, and Gly502) and two salt bridges from one RBM 
residue (Lys417) were shown to interact against the amino acid residues of ACE2 
[22]. The SARS-CoV-2 RBM was found to have more residue contacts with ACE2, 
a larger binding interface, and a higher binding affinity to ACE2 compared with 
SARS-CoV RBM which can be attributed to the higher infectivity and virulence of 
the SARS-CoV-2 [22, 26, 28, 29]. Several computational simulations corroborated 
with this observation, showing a more stable complex and increased affinity between 
SARS-CoV-2 RBD and hACE2 versus between SARS-CoV and hACE2 [30–34].

Although the primary entry of the virus to the host cell is through ACE2, the 
SARS-CoV-2 spike RBD may interact with the master chaperone protein, Glucose 
Regulating Protein 78 (GRP78). In a computational study by Ibrahim et al., it is 
demonstrated that the cell-surface receptor GRP78 may mediate viral entry through 
binding with the spike RBD, particularly via residues 480–488 [35]. Under reason-
able conditions, GRP78 is bound to the lumen of the endoplasmic reticulum (ER). 
However, under cellular stress, overexpression of GRP78 is initiated where this phe-
nomenon leads to GRP78’s dislodgement from the ER and its translocation to the 
host cell surface where it becomes susceptible to viral recognition by spike [35, 36].

Another secondary receptor for the viral spike or as coreceptor with ACE2 is a 
multifunctional transmembrane heptameric protein neuropilin-1 (NRP-1). NRP-1 
was identified from the study of Cantuti-Castelvetri et al. as a host factor relevant 
for SARS-CoV-2 infection. NRP-1 is abundantly found in the respiratory and olfac-
tory epithelium, particularly in endothelial and epithelial cells [37]. The SARS- 
CoV- 2 spike features a cleavage site that proteolytically activated by host cell 
protease furin. Such cleavage site is located in the subunit junction between S1 and 
S2, which is absent in SARS-CoV spike. NRP-1 reinforces the infectivity of SARS- 
CoV- 2 by binding to the spike S1 fragments upon proteolytic furin cleavage and 
allow penetration of the virus to the host cell [37–39].

To date, experimental and computational studies regarding the entry of SARS- 
CoV- 2 is primarily focused on ACE2 with potential assistance of TMPRSS2. 
However, evidence from researches do not discount the possibility that other 
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membrane receptors such as GRP78 and NRP-1 may likewise serve as secondary 
host factors and facilitate viral entry under specified conditions. The exploration of 
targeting the various regions of SARS-CoV-2 spike responsible for binding to these 
host receptor proteins by small-molecule inhibitors is a promising direction to dis-
cover therapeutic and prophylactic potentials focused on viral entry.

 Inhibitors of SARS-CoV-2 Receptor Binding Domain (RBD) 
for Angiotensin-Converting Enzyme 2 (ACE2)

 Alkaloids

Alkaloids are a widely distributed class of nitrogen-containing natural products and 
have been extensively studied for their medical use [40–42]. A variety of biological 
activities are associated with alkaloids and their biosynthetic precursors, including 
antiviral activity particularly against human coronaviruses [43, 44] has been 
explored.

The alkaloids bicuculine (1) and withasomnine (2) (Fig. 25.2) showed high bind-
ing affinities to the SARS-CoV-2 receptor binding domain for ACE2 receptor with 
binding energies (BE) of −9.9 and −8.0  kcal/mol using AutoDock algorithm, 
respectively. Alkaloid 1 interacted via hydrogen bonding, π–π and hydrophobic 
interactions with either one or more of the following residues of the receptor bind-
ing domain of SARS-CoV-2 spike protein: Tyr7020, Leu6820, Met6818, Leu6819, 
Ala7024, Arg6817, Val7021, and Asp7018 [45, 46].

Fig. 25.2 Structures of alkaloids 1–2, sterols 3–4, and cyclic peptides 5–6 active against SARS- 
CoV- 2 spike receptor-binding domain for ACE2
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 Sterols

Sterols are a subgroup of generally nonpolar steroids containing a 3-hydroxyl group 
in the A-ring of the cyclopentanoperhydrophenanthrene nucleus. Plant sterols, in 
particular, showcase a myriad of biological activities. Among them is their ability to 
block cholesterol absorption sites in the human intestine thereby controlling choles-
terol levels. However, a small number of sterols, including their synthetic deriva-
tives, have been shown to exhibit potent antiviral properties [47, 48].

β-sitosterol (3, BE = −8.1 kcal/mol) and stigmasterol (4, BE = −7.7 kcal/mol) 
(Fig. 25.2) docked onto the binding site of SARS-CoV-2 S-protein using AutoDock. 
Both compounds also showed in silico inhibitory effects against the host ACE2 
receptor binding domain with binding energy of −10.9 kcal/mol for sterol 3 and 
−9.8 kcal/mol for sterol 4 [49].

 Peptides

Naturally occurring peptides form an interesting group of pharmaceutical com-
pounds with structural resemblance between small molecules and proteins, but have 
distinct biochemical and pharmaceutical properties [50]. The cyclodepsipeptides 
chondramides exhibit biological properties such as antimicrobial, immunosuppres-
sive, and antitumor activities [51, 52].

Among the myxobacterial chondramides molecularly docked against ACE2 
receptor in the study of Fernandez and coworkers, chondramide C3 (5) exhibited 
highest binding propensity with binding energy of −8.7 kcal/mol (Figs. 25.2 and 
25.3). Cyclic peptide 5 formed hydrogen bonds with Glu406, Tyr449, Tyr453, 
Ser494, Tyr495, Gly496, and Tyr505. The docked complex was also stabilized via 
several interactions with Arg403 (π–cation), Lys417 (π–alkyl), Tyr453 (π–π 
stacked), Tyr505 (π–alkyl), and Gly496 (C–H bond). Evaluation of ADME proper-
ties and toxicity profile analysis revealed 5 to be highly druggable with no predicted 
toxicity risks [53]. Interestingly, the propensity of chondramide C3 (5) remained 
constant when docked against spike protein variants K417N/T, A475V, I472V, 
L452R, V483A, F490L, S477N, and N439K, while decreased binding affinity was 
observed for N501Y and E484K which may be attributed to the absence of interac-
tion between the ligand and Tyr501 and Lys484, respectively. Thus, chondramide 
C3 (5) was shown to confer lesser in silico inhibitory activity against the N501Y 
and E484K variants. However, another myxobacterial depsipepide, chondramide C 
(6) showed a stronger antagonistic potential particularly against N501Y (−9.1 kcal/
mol) and E484K (−8.7 kcal/mol) SARS-CoV-2 variants. One of the major differ-
ences between the structures of depsipeptides 5 and 6 is the presence of an ortho-
chloro substituent in the phenol moiety in 5 where the electronegative group is 
likely to associate with the hydroxyl group of the phenol ring via intramolecular 
H-bonding hindering 5’s potential to form intermolecular interactions with the polar 
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Fig. 25.3 Putative binding site of SARS-CoV-2 spike RBD for ACE2 showing the docked pose of 
a cyclic peptide chondramide C3 (5)

residues present in the spike RBD variants. Aside from the single-substituted vari-
ants, depsipeptide 6 also showed similarly strong affinities against the South African 
(N501Y-E484K-K417N, BE = −9.3 kcal/mol) and the Brazilian (N501Y-E484K- 
K417T, BE = −8.4 kcal/mol) variants. Evaluation of ADME properties and toxicity 
profile analysis revealed these compounds as highly druggable with no predicted 
toxicity risks.

 Polyphenols

Polyphenols, a family of widely distributed natural products known for their pro-
found antiviral activity, have been found to be potentially active at a molecular level 
against SARS-CoV-2 [54]. Polyphenols comprise the majority of screened natural 
compounds with in silico antagonistic effects on SARS-CoV-2 viral entry targeting 
its spike protein or the receptor binding domain of host ACE2 to the virus. Some 
curcuminoids, stilbenoids, flavonoids, and tannins were reported to exhibit this bio-
logical activity.

M. T. J. Quimque et al.
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Fig. 25.4 Structures of curcuminoid 7 and stilbenols 8–10 active against SARS-CoV-2 spike 
receptor-binding domain for ACE2

 Curcuminoid

Curcumin (7, Fig. 25.4) binds onto the active site of SARS-CoV-2 spike glycopro-
tein with binding energy of −9.3  kcal/mol using AutoDock Vina algorithm. 
Polyphenol 7 was reported to form four hydrogen bonds with the spike residues, 
namely, Gln744, Gln947, Ser985, and Gly981. This compound was also stabilized 
in the complex by a hydrophobic interaction with Phe741 [55].

 Stilbenols and Stilbenoid

Piceatannol (8), resveratrol (9), and pterostilbene (10) are stilbene derivatives 
reported to confer promising inhibitory activity against SARS-CoV-2 entry 
(Fig.  25.4). Polyphenols 8 and 9 demonstrated binding energies of −8.2 and 
−8.0 kcal/mol against the ACE2 receptor, respectively. Polyphenol 8 formed hydro-
gen bonds with Asn33, Phe390, Ser494, Gly496, and Lys353, and hydrophobic 
interactions with Asn33, His34, and Tyr505. Similarly, both Asn33 and Phe390 resi-
dues also interacted via hydrogen bonding with 9 which has shown stability in the 
receptor pocket of ACE2 to SARS-CoV-2 with RMSD of 1.78  Å and RMSF of 
1.19 Å for 50 ns [56]. Meanwhile, compound 10 was molecularly docked onto the 
active site of viral spike protein and exhibited high binding affinity (BE = −8.9 kcal/
mol). Polyphenol 10 was stabilized by hydrogen bonding with Gly496 and Ser494, 
and alkyl interaction with His34. Molecular dynamics experiments revealed stabil-
ity of 10–spike complex for 400 ns with RMSD of 1.96 Å and RMSF of 1.41 Å [57].

 Flavonoids

Twenty-seven flavonoidal compounds have been reported so far to confer in silico 
anti-SARS-CoV-2 activities by inhibiting viral entry by targeting either the host 
ACE2 receptor to SARS-CoV-2 or the spike protein of the virion itself (Figs. 25.5 
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Fig. 25.5 Structures of flavonoids 11–16 active against SARS-CoV-2 spike receptor-binding 
domain for ACE2

and 25.6). These flavonoids include puerarin (11), luteolin (12), luteolin 
7-O-neohesperidoside (13), quercetin (14), irisolidone (15), silymarin (16), hesperi-
din (17), chrysin (18), kaempferol (19), delphinidin 3,5-diglucoside (20), scutella-
rein 7-glucoside (21), avicularin (22), procumbentin (23), catechin (24), 
epigallocatechin-3-gallate (25), theaflavin-3,3-digallate (26), isorhamnetin (27), 
morin (28), bergenin (29), and kobophenol A (30) [45, 49, 58–65]. Among these, 
anthocyanin delphinidin 3,5-diglucoside (20) conferred highest binding propensi-
ties onto the ACE2 receptor binding domain to SARS-CoV-2 with binding energy 
of −13.6 kcal/mol using Glide package of Schrodinger chemical simulation soft-
ware. Notably, 20 also interacted via hydrogen bond with Tyr127 [64]. Kobophenol 
A (30), a tetrastilbene, also showed in silico potential with a binding energy of 
−11.2 kcal/mol. 30–ACE2 receptor complex was revealed to be thermodynamically 
stable for 500 ns [59]. Flavonoligan silymarin (16) and flavonol isorhamnetin (27) 
passed Lipinski’s rule of five (LRo5), which is used in drug discovery and develop-
ment to computationally evaluate the oral bioavailability of a compound in line with 
its ADME and toxicity properties. A compound is classified to have good druggabil-
ity when it satisfies at least three of the following parameters: (1) molecular weight 
of less than 500 Daltons (Da), (2) H-bond acceptors of less than or equal to 10, (3) 
H-bond donors of less than or equal to 5, and an octanol–water partition coefficient 
(log P) value of no more than 5 [66, 67]. On the other hand, anthocyanin delphinidin 
3,5-diglucoside (20), flavone scutellarein 7-glucoside (21), flavonol avicularin (22), 
and flavanol epigallocatechin-3-gallate (25) showed poor druggability based on 
either LRo5 or absorption, distribution, metabolism, and excretion (ADME) proper-
ties, or both [62, 64, 65].
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Fig. 25.6 Structures of flavonoids 17–30 active against SARS-CoV-2 spike receptor-binding 
domain for ACE2
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Fig. 25.7 Structures of anthraquinones 31–32 and tannin 33 active against SARS-CoV-2 spike 
receptor-binding domain for ACE2

 Anthraquinone

The anthraquinone emodin (31, Fig.  25.7) demonstrated high binding affinity 
against ACE2 receptor, with a binding energy of −9.8 kcal/mol, with Ala71, Asp67, 
and Lys74 as the interacting residues [58]. Similarly, molecular docking of rhein 
(32, Fig.  25.7) to ACE2 exhibited a good binding propensity of −9.1  kcal/mol. 
Anthraquinone 32 formed hydrogen bonds with Arg977, Arg977, and Thr980 [55].

 Tannin

3,5-Di-O-galloylshikimic acid (33, Fig. 25.7) was reported to demonstrate promis-
ing affinity (BE = −11.2 kcal/mol) against the ACE2 receptor to SARS-CoV-2 using 
the Glide package of Schrodinger chemical simulation software. While molecular 
dynamics simulations (MDS) revealed stable docked complex with several interact-
ing ACE2 receptor residues such as His505, Arg273, His345, Tyr127, Glu406, and 
His345, tannin 33 failed to satisfy LRo5 [64].

 Terpenoids

Terpenoids, structurally characterized by a building block isoprene unit, represent 
the largest and most diverse class of natural products. They have a wide range of 
pharmaceutical applications which includes use as antimicrobial agents having 
exhibited activities against a number of viruses, bacteria, and fungi [68, 69]. In a 
molecular modeling study, several terpenoids were shown to display inhibitory 
activities against SARS-CoV-2 nonstructural proteins [70].

Terpenoids such as carvone (34), bicylogermacrene (35), andrographolide (36), 
glycyrrhizin (37), diosgenin (38), and withanolides (39–45) (Fig.  25.8), showed 
high binding affinities against ACE2 receptor with binding energies ranging from 
−8.5 to −11.0 kcal/mol [46, 55, 71–73]. Interestingly, terpenoids under the witha-
nolide group, namely, withaferin A (39), withanolide A (40), withanolide B (41), 
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Fig. 25.8 Structures of terpenoids 34–45 active against SARS-CoV-2 spike receptor-binding 
domain for ACE2

withanolide D (42), withanolide E (43), withanone (44), and viscosalactone B (45) 
exhibited binding energies better than −9.0 kcal/mol. Withanolide B (41) presented 
the best binding energy (BE = −11.0 kcal/mol) with Lys6844, Asn6841, Asp6928, 
Lys6968, Tyr6930, Gly6871, Gly6869, Asp6931, Leu6898, Cys6913, Met6929, 
Phe6947, Asp6897, Asn6899, Ser6872, and Pro6932 as the interacting residues 
[46]. Glycyrrhizin (37), a triterpenoid saponin, showed the second highest binding 
affinity with a binding energy of −10 kcal/mol. It interacted with the ACE2 receptor 
mostly via hydrogen bonding with Gln944, Tyr738, Gln984, and Thr980 [55].
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 Organic Sulfides and Other Organosulfur Compounds

Many naturally occurring sulfur-containing compounds are showcase specific ther-
apeutic and preventative effects on disease development and progression. 
Organosulfur compounds, such as those isolated from the garlic family, have been 
reported to have anti-inflammatory, bactericidal, antifungal, and antibiotic activities 
[74]. Interestingly, some of these compounds were found to combat the severity of 
dengue virus infection by inhibiting oxidative stress response which then hinders 
the production of inflammatory cytokines [75].

Allyl disulfide (46), allyl trisulfide (47), allyl (E)-1-propenyl disulfide (48), dial-
lyl tetrasulfide (49), allyl methyl trisulfide (50), allyl (Z)-1-propenyl disulfide (51), 
2-propenyl propyl trisulfide (52), methyl allyl disulfide (53), and 1,2-dithiole (54), 
are organic sulfides derived from garlic which demonstrated high binding affinities 
against ACE2 receptor-binding domain to SARS-CoV-2 ranging from −9.0 to 
−14.1 kcal/mol (Fig. 25.9) [73]. Compounds 49, 52, 53 exhibited binding energies 
better than −14.0 kcal/mol. For compound 49, the interacting residues found were 
Gly205, Asp206, Lys562, and Ala396, while molecular dynamic simulations 
showed stability of the docked complex with an RMSD of 1.23 Å. Both organic 
sulfides 52 and 53 interacted with residues Trp566, Glu208, Val209, and Gln98 and 
were also thermodynamically stable (RMSD = 1.85 Å) inside the ACE2 receptor 
binding pocket. Additionally, 1,2-dithiole (54) presented a good binding of 
−7.89 kcal/mol, with an RMSD of 3.09 Å as per MDS.

 Phenolic Acids

Fulvic acid (55, Fig. 25.10) is effectively bound onto the active pocket of viral spike 
protein in silico with binding energy of −7.0 kcal/mol [76]. Chlorogenic acid (56, 
Fig. 25.10) on the other hand demonstrated antagonistic effects against ACE2 recep-
tor with Gln42 and Asp38 as interacting residues [77].

Fig. 25.9 Structures of organosulfur compounds 46–54 active against SARS-CoV-2 spike 
receptor- binding domain for ACE2
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Fig. 25.10 Structures of 
phenolic acids 55–56 
active against SARS- 
CoV- 2 spike receptor- 
binding domain for ACE2

Fig. 25.11 Structures of miscellaneous compounds 57–69 active against SARS-CoV-2 spike 
receptor-binding domain for ACE2

 Miscellaneous Natural Products

Molecular docking experiments on other natural product classes have been reported 
to confer inhibitory activity against ACE2 receptor (Fig. 25.11). These include ethyl 
iso-allocholate (57), pipercyclobutanamide B (58, alkamide), diacetonalcohol (59, 
beta-hydroxy ketone), phillyrin (60, lignan glucoside), dithiins 2-vinyl-4H-1,3- 
dithiine (61) and 3-vinyl-1,2-dithiacyclohex-4-ene (62), protoporphyrin IX (63), 
6-gingerol (64, gingerol), indigo blue (65, indigoid), indirubin (66, indoline), 
(+)-syringaresinol-O-beta-D-glucoside (67, lignan), demethylzeylasteral (68, 
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phenolic nor-triterpene), and panduratin A (69, phenylpropanoid) (Gu et al. 2020; 
[55, 71–73, 77–80]). Among these natural products, two dithiins 61 and 62, scored 
highest binding affinities against ACE2 with binding energies of −11.8 and 
−10.6 kcal/mol, respectively. Diithin 61 showed interactions with Gln98, Val209, 
and Asn210 as well as an RMSD of 0.62 Å as per MDS. Diithin 62, on the other 
hand, showed interactions with Trp566, Pro565, and Glu208 and stability inside the 
ACE2 receptor binding domain (RMSD = 1.19 Å).

 Inhibitors of SARS-CoV-2 Receptor Binding Domain 
for GRP78

 Alkaloids

A study conducted by Quimque and coworkers screened thirteen secondary metab-
olites using AutoDock Vina to determine their inhibitory activity against GRP78 
binding region of spike. It was observed that among the secondary compounds, the 
quinazoline alkaloid quinadoline B (70) had the highest binding affinity with a 
molecular docking score of −10.5  kcal/mol (Figs.  25.12 and 25.13). Through 

Fig. 25.12 Putative binding site of SARS-CoV-2 spike binding receptor region for GRP78 show-
ing the docked pose of alkaloid quinadoline B (70)
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Fig. 25.13 Structures of 
alkaloid 70 and polyphenol 
71 active against  
SARS- CoV- 2 spike 
receptor- binding region for 
GRP78

analyzing the compound–protein complex molecular interaction in the GRP78-
binding region of the spike protein, it was determined that alkaloid 70 interacts 
with amino acid residues Phe430 (π–π stacking), Asp441 (π–anion), Ala444 (π–
alkyl stacking), and Cys454 (π–sulfur bonding). Molecular dynamics using the 
Amber 18 software revealed that the compound’s average RMSD was 2.5 Å with 
acceptable fluctuations between 0 and 10 ns. Furthermore, the RMSF graph shows 
a high fluctuation with an average of 2.6 Å. Pharmacokinetic evaluation through 
ADME and toxicity profiling using the SwissADME and Osiris Property Explorer 
has demonstrated the compound’s promising druggability despite its reported high 
irritant effect. Thus, quinadoline B (70) has shown great potential as a GRP78 
inhibitor to induce anti- SARS- CoV-2 activity by blocking viral entry to the host 
cells [12].

 Polyphenols

Four polyphenolic compounds, namely, epigallocatechin gallate (25), isorhamnetin 
(27), homoeriodictyol (71, Fig.  25.13), and curcumin (7) were screened using 
AutoDock Vina against the ATPase domain of GRP78 and the GRP78-binding site 
of SARS-CoV-2 spike protein. These secondary metabolites are further classified as 
flavanol, flavonol, flavanone, and curcuminoid, respectively, with high affinity 
toward the GRP78’s ATPase domain and especially regions III and IV of the spike 
protein that form several hydrogen bonds with the pocket residues of GRP78. 
Among the screened compounds, the natural ATP-competitive inhibitor epigallocat-
echin gallate (25) yielded the highest binding score of −10.5  kcal/mol through 
molecular docking against the ATP binding site of GRP78. Polyphenol 25 was 
found to interact with residues Gly228, Phe258, Gly364, Ser365, Ile368, and 
Asp224 by means of hydrogen bonding. Aside from its good binding affinity to host 
cell GRP78, 25 also had the best binding affinity toward the GRP78-binding region 
of spike with a docking score of −10.5 kcal/mol. Analysis of binding interactions 
revealed the compound and protein complex interacted with each other via hydro-
gen bonds with Glu427, Ser452, Ala454, Ser455, Gln458 and a hydrophobic inter-
action with residue Ile450. The binding of 25 induces improper functions of GRP78 
as this compound attaches to SBD which results in its conformational changes. 
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Polyphenol 71 resulted with the second best binding score against the target protein 
with a docking score of −9.0 kcal/mol. Analysis of binding interactions of the com-
plex revealed that 71 has hydrogen bonding interactions with residues Thr38, Thr39, 
Ile61, Glu201, Asp224, Phe258, Gly228, Glu249, and Asp249. In addition, 71 has 
the second highest recorded binding energy of −8.1 kcal/mol against the GRP78 
spike binding site. The complex was also reported to have interactions with residues 
Glu427, Glu430, Ser448, and Gln485 through hydrogen bonding. The next top scor-
ing compound is isorhamnetin (27) which had a binding score of −8.8 kcal/mol. 
The compound was able to interact with the ATPase domain of GRP78 through 
hydrogen bonding with Thr38, Thr39, Ile61, Glu201, Asp224, and Phe258 amino 
acid residues. Notably, this particular compound scored the lowest among the four 
compounds with a docking score of −7.2 kcal/mol against the spike binding region 
of GRP78. Polyphenol 27 has the same set of interacting residues with 71 also by 
means of H bond interactions. Lastly, curcumin (7) generated a binding energy of 
−8.2 kcal/mol. The residues Thr39, Ile61, Glu201, Asp224, Glu228, and Phe258 
are observed to interact with compound 6 by means of hydrogen bonding. Curcumin 
scored the third highest binding affinity with the GRP78 spike binding site with a 
binding energy of −7.7 kcal/mol. Two residues Glu427 and Ile450 interacted with 
curcumin through hydrogen bonds while Ser425 and Thr441 had hydrophobic 
bonds with the aforementioned compound. Thus, all four compounds showed good 
inhibitory activity against the full-length GRP78 protein and spike-GRP78 interac-
tion mitigating the viral entry to host cells [81].

 Peptides

Aside from screening polyphenols for GRP78 inhibitory activity, Allam and cowork-
ers tested the GRP78 inhibitory activity of five peptides obtained from structurally 
annotated therapeutic peptides database (SATPdb), namely, satpdb12488 (72), sat-
pdb14438 (73), satpdb28899 (74), satpdb18674 (75), and satpdb18446 (76) 
(Fig. 25.14). Using the ClusPro Server these peptides were found to bind to regions 
1426–1459 of GRP78. Specifically, the satpdb18674 (75) peptide residues (Gln1, 
Ser, and Thr7) with the GRP78 residues Val429, Gln449, and Ser452. In the same 
target, the peptide 76 residues Val1, Tyr3, Asn4, and Thr10 interacted with GRP78 
amino acid residues Val429, Thr434, Gln449, and Ser452. For peptide 72, the amino 
acid residues Thr2, Met5, Asp16, and Asp19 interacted with the Val429, Thr434, 
Lys447, Phe451, and Ser452 amino acid residues of the GRP78. Thr9, Ser12, and 
Ile13 residues of peptide 73 reportedly interacted with the following GRP78 resi-
dues, namely, Val429, Thr434, and Thr458. Lastly, the residues of the peptide 74 
which are Thr15, Serr16, Leu19, and Asp20 interacted with amino acid residues 
Val429 and Thr458 from the same region. Overall the five compounds were able to 
establish multiple hydrogen bonds with the residues of the GRP78 specifically 
located in the substrate-binding pocket. Among the five peptides, the authors stated 
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Fig. 25.14 Structures of peptides 72–77 active against SARS-CoV-2 spike receptor-binding 
region for GRP78

that satpdb18674 as the best peptide to have SARS-CoV-2 antagonistic effects via 
the GRP78 due to its high affinity towards this protein [81].

Fernandez and coworkers screened different secondary metabolites obtained 
from myxobacteria to determine their potential SARS-CoV-2 inhibitory activity. 
Among those secondary metabolites, the chondramide C6 (77, Fig. 25.14) exhibited 

25 Computationally Repurposed Natural Products Targeting SARS-CoV-2…



524

high binding affinity against GRP78 with a docking score of −8.8  kcal/mol. 
Postdock analysis revealed that cyclic peptide 77 was able to exhibit hydrogen 
bonding interactions with residues Asn506 and Gly495, π–sigma interaction with 
residue Leu474, π–alkyl interaction with residue Pro510, and π–anion interaction 
with residue Asp486 [53]. Overall, chondramide C6 (77) has shown good binding 
affinity to be potentially classified as a GRP78 inhibitor that would hinder SARS- 
CoV- 2 viral entry.

 Terpenoids

The steroidal lactone withaferin A (39) exhibited the highest binding affinity against 
GRP78 with an AutoDock Tool docking score of −8.7 kcal/mol according to a study 
conducted by Sudeep and coworkers. Based on postdock analysis, 39 demonstrated 
noncovalent interactions with residues Ile426, Thr428, Thr434, and Phe451. 
Furthermore, terpenoid 39 was pharmacologically evaluated using SWISSADME 
and exhibited good druggability by adhering to Lipinski’s Ro5 [82]. Thus, the ter-
penoid showed favorable binding affinities against GRP78 as a means in preventing 
SARS-CoV-2 viral entry.

 Inhibitors of SARS-CoV-2 Receptor Binding Domain 
for NRP-1 Binding Region

A study by Fernandez and coworkers demonstrated myxobacterial chondramides 
C1 (78), C2 (79), and E3 (80) as promising inhibitors of viral receptor binding 
domain for NRP-1 (Figs. 25.15 and 25.16). Compounds 78 and 79 passed LRo5 
with no predicted toxicity risks. Reports on natural products as inhibitors of SARS- 
CoV- 2 receptor for NRP-1 remain rudimentary [53].

Fig. 25.15 Structures of chondramides 78–80 active against SARS-CoV-2 spike receptor-binding 
region for NRP-1
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Fig. 25.16 Putative binding site of SARS-CoV-2 spike (Chain A) binding receptor region for 
NRP-1 showing the docked pose of cyclic peptide chondramide E3 (80)

 Inhibitors of Host Cell TMPRSS2

 Alkaloids

Alkaloids of different subclasses exhibited favorable binding affinities with unique 
mechanisms mostly to the topological extracellular domain of TMPRSS2 according 
to AutoDock Vina scoring. The spirolepine alkaloid cryptospirolepine (81) bound 
Ser39, His40, and Ser151 of TMPRSS2 through conventional hydrogen bonding 
and Ile75, Tyr149, and Ser151 through hydrophobic interactions with an affinity of 
−9.9  kcal/mol (Figs.  25.17 and 25.18) [83]. Moreover, the cryptospirolepine–
TMPRSS2 complex was thermodynamically stable with RMSD value of 1.99 Å and 
RMSF value of 0.66 Å throughout a 100-ns MDS performed using VMD Tk con-
sole scripts. Alkaloid 81 is non-AMES toxic, noncarcinogenic, has high gastrointes-
tinal absorption potential with low acute toxicity, and also orally bioavailable as per 
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Fig. 25.17 Putative binding site of host cell TRMPSS2 showing the docked pose of spirolepine 
alkaloid cryptospirolepine (81)

Fig. 25.18 Structures of alkaloids 81–83 and peptide 84 active against host cell TMPRSS2
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Lipinski’s Ro5. On the other hand, the indole alkaloid, 10-hydroxyusambarensine 
(82, Fig. 25.18), docked with Asp189, Ala190, Ser195, and Ser214 of the protease 
through hydrogen bonding as well as with Arg41, His57, His96, Ala190, Cys191, 
Gln192, and Trp215 by hydrophobic interactions with a propensity of −10.4 kcal/
mol [83]. This alkaloid is also non-AMES toxic, noncarcinogenic with low acute 
toxicity, and orally bioavailable based on Lipinski’s Ro5. Another alkaloid, jatror-
rhizine (83, Fig. 25.18), of the protoberberine type was bound to two of TMPRSS2 
catalytic triad residues His296 and Ser441 through hydrogen bonding and van der 
Waals interaction, respectively, with an affinity of −7.5 kcal/mol [84]. Additional 
interactions that contributed to its affinity include hydrogen bonding with Gly439; 
π interactions with Val275, Val280, Pro301, and Leu302; carbon–hydrogen bonding 
with Gln438; and van der Waals interactions with His279. As with all other reported 
top alkaloids against TMPRSS2, Alkaloid 83 has good oral bioavailability as per 
Lipinski’s Ro5 with additional pharmacokinetic properties of high gastrointestinal 
absorption potential, and good blood–brain barrier penetrative property.

 Peptides

The tripeptide leupeptin (84, Fig. 25.18), formally known as N-acetyl-L-leucyl-L- -
leucyl-L-argininal, is the only reported natural peptide with virtual antagonistic 
effect against TMPRSS2. It conferred a binding affinity of −9.325  kcal/mol to 
TMPRSS2 determined through extra precision mode in induced fit docking. 
Leupeptin remarkably bound onto the TMPRSS2 catalytic triad His41, Asp180, and 
Ser186, noting that the homology model was based on hepsin serine protease. In 
addition, interactions with Ser 181, Gly209, Lys87, Gly184, Val125, and His24 of 
TMPRSS2 contributed to leupeptin’s propensity. Notably, peptide 84 had thermo-
dynamically similar RMSD value of less than 2 Å with known inhibitors camostat 
and nafamostat but the stability of bound TMPRSS2 with the peptide was more 
stable at 2.4 Å compared to the complexes formed by the known inhibitors [85].

 Polyphenols

Polyphenols appear as the most reported virtual inhibitors of TMPRSS2. Various 
polyphenolic subclasses of fungal, lichen, and plant origin comprise natural inhibi-
tors of the serine protease. Flavones, chalcone, tannin, proanthocyanidins, anthra-
quinone, xanthone, and phenolic acids exhibit anti-TMPRSS2 properties.
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Fig. 25.19 Structures of polyphenols 85–94 active against host cell TMPRSS2

 Flavonol and Flavone

Myricetin (85) and baicalein (86) bound His296 and Ser441 of the TMPRSS2 cata-
lytic triad through hydrogen bonding and van der Waals interactions, respectively 
(Fig. 25.19) [84]. Myricetin (85), a hexahydroxyflavone, exhibited a higher binding 
affinity of −8.3 kcal/mol with good oral availability according to Lipinski’s Ro5 
than baicalein (86), a trihydroxyflavone, with an affinity of −7.7 kcal/mol as per 
AutoDock Vina scoring. Further interactions involved in the 85–TMPRSS2 com-
plex include hydrogen bonds with Glu389 and Ser460; π–anion interaction with 
Glu389; and van der Waals interactions with Asp 435, Ser 436, Gln 438, Ser441, 
Thr 459, Gly 462, Gly 464, Cys 465, and Gly 472. On the other hand, 86-TMPRSS2 
interactions also include hydrogen bonding with Ser460 and Ser436; π interactions 
with Cys437, Cys465, and Trp461; and van der Waals interactions with Glu 389, 
Asp435, Gln438, Ser 441, Thr459, Gly462, Gly464, Gly472, and Val473.
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 Chalcone

The dihydrochalcone glucoside, phlorizin (87, Fig.  25.19), bound His296 and 
Ser441 of the TMPRSS2 catalytic triad via π–cation interaction and hydrogen bond-
ing, respectively [86]. This conferred an affinity of −7.7 kcal/mol through PyRx 
AutoDock Vina scoring function. Other interactions with the serine protease encom-
passed hydrogen bonding with Ser460 and Gly464; π–cation interaction with 
His296; π–alkyl interaction with Val280; π–sulfur bonding with Cys297; and van 
der Waals interactions with Cys281, Glu299, Leu302, Lys342,Ser436, Cys437, 
Gln438, Gly439, Asp440, Thr459, Trp461, Gly462, Ser463, and Cys465. 
Furthermore, the 87–TMPRSS2 complex displayed stability of RMSD value 2 nm 
from 2.5 ns to 7.5 ns and RMSF value of less than 0.5 nm in a 10-ns GROMACS 
CHARMM36-march2019 force field TIP3P model molecular dynamics simulation. 
Chemically, this chalcone has good oral bioavailability, no AMES toxicity, no hepa-
totoxicity, and is non–skin sensitive.

 Hydrolysable Tannin

Glucogallin (88, Fig.  25.19) exhibited a binding affinity of −6.9  kcal/mol to 
TMPRSS2 as per PyRx AutoDock Vina scoring function, docking with catalytic 
triad residues His296 and Ser441 through van der Waals interaction and hydrogen 
bonding, respectively [86]. Tannin 88 also interacted with TMPRSS2 via hydrogen 
bonding with Val280, Gly439, and Gly462; π–sigma interaction with Gln438; and 
van der Waals interactions with His296, Ser436, Cys437, Asp440, Thr459, Ser460, 
Trp461, Ser463, and Cys464. Through a 10-ns GROMACS CHARMM36- 
march2019 force field TIP3P model molecular dynamics simulation, the 88–
TMPRSS2 complex was observed to be thermodynamically stable with an RMSD 
value of 0.1 nm at approximately 1.25 ns until the end of simulation and RMSF 
value of less than 0.5 nm. Pharmacologically, glucogallin (88) was found to have 
good oral bioavailability as per Lipinski’s Ro5 and has no AMES toxicity, hepato-
toxicity, and skin sensitivity properties.

 Proanthocyanidins

Proanthocyanidins A2 (89) and CAS20347–71-1 (90) exhibited binding affinities of 
−7.9 kcal/mol based on AutoDock Vina scoring and −5.5 kcal/mol according to 
Glide XP calculation, respectively (Fig.  25.19) [84, 87]. Proanthocyanidin 89 
remarkably was bound to the catalytic triad residues His296 and Ser441 via hydro-
gen bonding. An amide–π interaction with Trp461 was also observed, accompanied 
by other interactions with Asp435, Cys437, Lys342, Gln438, Gly439, Thr459, 
Ser460, Ser463, Gly464, Gly472, and Val473.
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 Anthraquinone

The sole anthraquinone with reported potential anti-TMPRSS2 property is aloin 
(91, Fig. 25.19). This anthraquinone glycoside demonstrated a binding affinity of 
−6.5 kcal/mol to the serine protease based on a Glide XP calculation [87].

 Xanthone

Mangiferin (92, Fig. 25.19) docked with TMPRSS2 through hydrogen bonding with 
Ala243 and Glu289; π–donor interactions with Phe357; π–π alkyl interactions with 
Ile242 and Pro288; and van der Waals interactions with Lys191, Asn192, Cys244, 
Thr287, Trp290, and Pro363 [86]. Xanthone 92 had an affinity of −6.9 kcal/mol to 
TMPRSS2 based on PyRx AutoDock Vina scoring function; moreover, the complex 
was stable from 1 to 10 ns with an RMSD value of approximately 0.1 nm and RMSF 
value of less than 0.5 nm as demonstrated by a 10-ns GROMACS CHARMM36- 
march2019 force field TIP3P model molecular dynamics simulation. With regard to 
its pharmacological features, compound 92 is non-AMES toxic, nonhepatotoxic, 
and nonskin sensitive.

 Phenolic Acids

Rosmarinic acid (93) and the dibenzofuran derivative usnic acid (94) demonstrated 
virtual anti-TMPRSS2 activities with affinities of −5.8 and −5.6 kcal/mol, respec-
tively, based on Glide XP calculations [87]. Phenolic acid 93 is of plant origin while 
94 can be found in lichens (Fig. 25.19).

 Terpenoids

Terpenoids of various degrees of isoprene units exhibited potential as inhibitors of 
TMPRSS2 (Fig.  25.20). The monoterpenoid iridoid glycoside, geniposide (95), 
exhibited a binding affinity of −14.69 kcal/mol as per MOE software and formed 
hydrogen bonds with TMPRSS2 residues Asn146, Arg147, Arg150, Lys449, and 
Asn450 [88]. Additionally, this monoterpenoid is non-toxic. On the other hand, the 
diterpenoid columbin (96) bound TMPRSS2 catalytic triad residues His296 and 
Ser441 through hydrogen bonding and van der Waals interaction, respectively [84]. 
These were accompanied by π interactions with Ser 436, Cys 437, Ser 460, and Cys 
465; and other interactions with Ser411, Gln438, Gly439, Thr459, Trp461, Gly462, 
and Gly464. This as a whole conferred an affinity of −8.2 kcal/mol according to 
AutoDock Vina scoring function. In addition, terpenoid 96 has good oral bioavail-
ability based on Lipinski’s Ro5. With regard to triterpenoids, the ianostanoid gano-
dermanontriol (97) and pentacyclic gedunin (98) both bound His296 and Ser441 of 
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Fig. 25.20 Structures of terpenoids 95–98 active against host cell TMPRSS2

the catalytic triad with terpenoid 97 specifically forming carbon–hydrogen bonding 
with His296 and conventional hydrogen bonding with Ser441 and terpenoid 98 
forming noncovalent interactions with the residues [84, 89]. Additionally, 97 which 
has good oral bioavailability, exhibited hydrogen bonding with Gly462; carbon–
hydrogen bonding with Trp461; and van der Waals interactions with Lys340, 
Thr341, Lys342, Glu389, Leu419, Cys437, Gln438, Ser460, and Cys465. On the 
other hand, 98 demonstrated additional noncovalent interactions with Cys297, 
Cys437, Ser460, Gly462, Gly464, and Cys465 of the serine protease.

 Prospects

Since the advent of the COVID-19 pandemic in the early 2020, various prophylactic 
and therapeutic regimens have been identified encompassing small molecules, neu-
tralizing antibodies, and bioengineered products [18]. With the aid of computational 
chemistry and virtual screening, a comprehensive library of small molecules with 
favorable binding affinity with SARS-CoV-2 drug targets was established ([90]; 
Tahir ul [91]). However, the toxicity and efficacy of these drug leads need further 
testing in animal models and human subjects [18]. Natural products and herbal 
medicines have long been used in treating respiratory infections and may have been 
approved as drugs and over-the-counter nutraceuticals or food additives. In general, 
these natural products have shown satisfactory safety profiles with minimal toxicity 
risks making them ideal prophylactic or therapeutic drug candidates [1, 18]. With 
the aid of computational simulations, an array of natural products has been found 
highly potent in blocking SARS-CoV-2 spikes and membrane receptors of human 
coronavirus ([2, 12]; Tahir ul [91]). Furthermore, the stability of natural products 
and herbal medicines in human gastrointestinal tract is barely an issue. The gut 
microbiome, acidic gastric environment, and presence of digestive enzymes have 
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less impact on the bioavailability of natural products and herbs compared to anti-
body and other prophylactic and therapeutic regimens. This advantage makes oral 
dosing rather than intravenous administration possible. Furthermore, the ease in 
production makes it possible for the mass deployment of herbal medicines to large 
population [1, 18]. With the emergence of new SARS-CoV-2 variants that are more 
transmissible and infectious, there is urgency to develop drug prototypes that are 
safe, efficacious, and stable as antiviral agents. Through computational-driven drug 
discovery, natural products such as alkaloids, sterols, peptides, polyphenols, and 
terpenoids were demonstrated to block host cell recognition, and 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. Thus, to further probe the antiviral properties of these natural products, 
in vitro and in vivo assays have to be performed to understand the nature and behav-
ior of these secondary compounds against the SARS-CoV-2 virus infecting a living 
biological model. Finally, the discovery of these drug leads could provide inspira-
tion in the design and development of SARS-CoV-2 therapeutics.
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Chapter 26
Different Platforms, Immune Response 
Modulators and Challenges 
in SARS- CoV- 2 Vaccination

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

 What Influences a Vaccine’s Response?

The immune response differs according to the pathogen that triggers it and the 
host’s inner characteristics. It is desired that the vaccine induces an immune response 
ideal for protection and when it comes to diseases transmitted from person to per-
son, the diminution of the spread can improve the control of the disease [1–3].

Historically, the majority of vaccines induce a humoral immune response. The 
aluminum hydroxide, the main adjuvant used, also contributes to it [4]. Antibodies 
are very important for protection, acting in different mechanisms of protection, such 
as direct neutralization, opsonophagocytosis, and activation of the complement sys-
tem. However, with the advances in the immunology field, it has become clear that 
the control of certain diseases can be improved by certain patterns of immune 
response, which can be modulated by vaccine formulation and administration [2]. 
For example, the yellow fever vaccine formulated with the 17D strain, currently in 
use in many countries, activates the innate immunity and elicits both neutralizing 
antibodies and CD4+/CD8+ lymphocytes [5]; the control of the Human papilloma-
virus (HPV) depends on T-cell mediated cytotoxicity, given the epithelial location 
of the infection [6]; the BCG (Bacillus Calmette–Guerin) vaccine, against tubercu-
losis (TB), elicits delayed tissue hypersensitivity (DTH), with CD4+ cells activating 
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macrophages to kill the pathogen, whether if it is free or internalized by the host’s 
cells [2].

Another issue is the systemic versus the mucosal immune response. It is known 
that many pathogens enter the body through the mucosa. Developing an immune 
response in such sites should contribute to control the disease since the initial con-
tact. It can be successfully achieved by mucosal vaccination (e.g., intranasal or oral 
routes), which can induce both systemic and mucosal responses [7, 8]. However, 
only a few licensed vaccines are administered by mucosal routes, especially when 
compared with those administered by injections [9]. It can be explained by the chal-
lenges of the antigen to overcome mucosal barriers (pH, mucous, enzymes, micro-
biome, etc.), which explains the importance of suitable formulations to improve 
mucosal vaccines [10].

 SARS-CoV-2 Vaccines: Development Scenario, Platforms 
Used, and Their Particularities

The COVID-19 pandemic changed the vaccine development scenario. The pandem-
ic’s impact on health and economics ensured an incredible demand for efficient 
therapies against the disease [11]. Although several drugs were/are being tested, 
preventive measures to avoid transmission seems to be the key to control the dis-
ease, so the search for vaccines was stimulated across the world, resulting in more 
than 194 vaccines in preclinical trials and 121 in clinical trials around the world as 
of September 2021 [12, 13].

As never seen before, vaccines were available 1 year after their development had 
started. By the time this review was written (September 2021), there were 24 vac-
cines described in the WHO Evaluation Process datasheet, and 23 vaccines were 
approved and in use around the world, using several platforms, as further described 
in Table  26.1 [15–17]. This was made possible not only due to the scientific 
advances, which improved the understanding of the pathogen, allowing us to recog-
nize vaccine targets and carry out tests in record time, and publishing the results 
obtained, but also to the partnerships between research institutes/universities and 
industry and changes in the regulation process [18].

Before COVID-19, it would be expected 15 years for new vaccines to be devel-
oped, with years to conclude each step, which would comprise preclinical and toxi-
cology studies; phase 1, 2 and 3 trials; revision by regulatory agencies and, finally, 
production and distribution. In the case of COVID-19, we carried out these steps in 
months: preclinical researches were supported by known platforms and SARS- 
CoV/MERS-CoV studies; phases 1 and 2 of clinical trials were overlapped; the 
vaccine production started during phase 3, aiming to accelerate the process so that 
the final product would be available within 10–15 months [19]. Because immuniza-
tion was needed to control the pandemic, the WHO suggested that vaccines demon-
strating at least 50% of efficacy would be appropriate for use. The efficacy proved 
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Table 26.1 SARS-CoV-2 approved vaccines and platforms used

Platform Vaccine Developer/manufacturer
No. of countries 
approved

Recombinant- 
subunit

ZF2001/
RBD-Dimer

Anhui Zhifei Longcon 2

CIGB-66/Abdala BioCubaFarma 3
Soberana 02 BioCubaFarma 1
MVC-COV1901 MedGen 1
Covavax Novavax 5
COVIran Barekat Shifa Pharmed Industrial 1
EpiVacCorona Vector Center of Virology 2

Whole-inactivated 
virus

Covaxin Bharat Biotech 9
KoviVac Chumakov Center 1
KCONVAC Minhai Biotechnology 1
QazCovid-in/
QazVac

Research Institute for Biological 
Safety Problems

2

BBIBP-CorV/
Covilo

Sinopharm (Beijing) 64

BBIBP-CorV Sinopharm (Wuhan) 2
CoronaVac Sinovac 40

Recombinant- 
vector

Covishield AstraZeneca 177
Vaxzevria AstraZeneca 122
Ad5-nCoV/
Convidecia

CanSino Biologicals 9

Sputnik V Gamaleya Institute 71
Sputnik Light Gamaleya Institute 15
Ad26.COV 2-S Janssen 66

mRNA mRNA-1273 Moderna 72
Comirnaty Pfizer/BioNTech 100

DNA ZyCoV-D Zydus Cadila 1

(Table developed with data from [14] and [15])

by clinical trials, however, does not agree with the effectiveness, which is elucidated 
only on phase 4 trials, because it considers field characteristics that are not repre-
sented in randomized trials—herd immunity, differences provided by socioeco-
nomic status or geographical location, and immunogenicity disparity according to 
age groups (especially the youngest and the elderly), among others [20, 21].

Age was especially challenging in SARS-CoV-2 vaccine trials: since the elderly 
are the ones more affected by the severity of the disease, it would be important to 
include this population in trials. However, the acceptance of the elderly to partici-
pate in clinical trials has been historically low and, in the pandemic scenario, we 
should consider the likelihood of higher-risk groups to adopt prophylactic actions 
that diminish their exposure, providing data that should be cautiously analyzed [20, 
21]. Furthermore, phase 4 is also important to assess rare adverse effects, and it is 
important to keep them under control [22–24].
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To efficiently respond to the pandemic, a large-scale production of vaccines 
would be needed. Adapting existing platforms would help to address this need [25]. 
Indeed, different platforms were tested to develop vaccines against COVID-19: 
among the licensed ones, there are whole, inactivated pathogen; protein subunit; 
viral vector (which used adenovirus) and mRNA vaccines [17, 18]. The vaccines in 
response to COVID-19 showed how classic platforms, using the inactivated micro-
organism or its subunits, are still effective. However, it also proved that new tech-
nologies, as vector-based and nucleic acid vaccines, can be successful. Efforts to 
establish different platforms and to refine the existing ones were necessary. Here, 
we briefly describe the platforms employed to develop SARS-CoV-2 vaccines.

 Vaccine Platforms

 Whole-Pathogen Vaccine

The traditional whole-pathogen vaccine is divided into two types, live-attenuated 
(live pathogen with reduced virulence) and inactivated (thermally or chemically 
inactivated pathogen). This strategy has been used by many vaccines [26, 27].

Live attenuated vaccines are usually very effective and a single dose is often 
enough to induce long-lasting immunity, once the vaccine induces a mild infection 
that seems like a real infection, leading to a strong immune response with immuno-
logical memory. The disadvantage of this vaccine is the risk for the organism to 
recover its virulence and cause disease. For that reason, not everyone can receive 
live attenuated vaccines, as people with a compromised, damaged, or weakened 
immune system. Besides, it needs a cold chain to stay potent [26, 27].

The inactivated vaccines were first applied to pathogens such as typhoid fever, 
plague, and cholera bacilli at the end of nineteenth century [28]. This kind of vac-
cine is made from killed virulent microorganisms; for this reason, it is safer than 
attenuated vaccines. It presents good immunogenicity, but lesser if compared with 
attenuated vaccines. It needs a large amount of killed pathogen for the immune 
system to recognize the antigens and often require multiple doses to induce an 
immune memory [18, 29]. To overcome this issue, adjuvants and virosomes are 
added to improve the protective immune response [30]. Currently, vaccines like 
BBIBP-CorV, CoronaVac and Covaxin use this method.

Covaxin is a vaccine of two-dose regimen, recommended to be taken 28 days 
apart. In a phase III study that enrolled 25,800 participants, the vaccine demon-
strated 81% of efficacy [31]. An analysis indicates that the vaccine induced antibod-
ies that can neutralize the UK variant and other heterologous strains [32, 33].

A phase 1/2 study demonstrated that the BBIBP-CorV is tolerable and immuno-
genic in healthy people, with a rapid humoral immune response against SARS- 
CoV- 2 that can be detected 4  days after the first dose and reaches 100% of 
seroconversion in all participants on day 42. Immunization schedules with 
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vaccination on days 0 and 21, and days 0 and 28, demonstrated to elicit great neu-
tralizing antibody titers [34].

CoronaVac demonstrated to be safe and immunogenic. In healthy adults aged 
from 18 to 59 years, with an immunization regimen of two doses, on days 0 and 28, 
the seroconversion was seen in 97% of the group that received a 3 μg dose and 
100% in the group that received the 6 μg dose [35]. One study demonstrated that 
efficacy of CoronaVac is not reduced in older adults, since it was immunogenic in 
adults of 60 years and older [36].

 Adenovirus-Vectored Vaccine

Adenovirus is an attractive vehicle to transfer foreign genes in genetic therapy, and 
it is also a promising vector for the vaccine-vectored platform because it is safe, 
easy to manipulate and able to stimulate a robust cellular and/or humoral immune 
response in clinical trials [37, 38].

A large number of adenoviruses from human and nonhuman primates, which 
have a low seroprevalence in humans, have been vectorized and tested as vaccine 
vehicle in animal models and humans. However, the prevalence of preexisting 
immunity to adenoviral vector is considered as a serious problem in its use; more-
over, the vector can infect a diverse mammalian cells by the binding of adenoviral 
fiber protein to the host cell surface, and the adenoviral epitopes can induce an 
immunodominance over the interested gene epitope, hindering the induction of 
gene-specific immunity [39]. There are many licensed and on clinical trial vaccines 
using adenovirus as vectors, such as ChAdOx1 nCoV-19 (AZD1222), Sputnik V 
(Gam-COVID-Vac), Ad26.COV2.S, and Ad5nCov.

The ChAdOx1 nCoV-19 consists of the replicon-deficient chimpanzee adenovi-
rus vector ChAOx1, containing the SARS-CoV-2 Spike protein gene. This vaccine 
was demonstrated to be safe and effective across three continents (Brazil, South 
America; UK, Europe; and South Africa, Africa), showing a vaccine efficacy of 
70–74% after two doses, on days 0 and day 28. After one standard dose, it presented 
protection of 60–61% against symptomatic disease, with no safety concern [40].

Sputnik V is a heterologous recombinant adenovirus approach. It uses the human 
adenovirus (Ad) 26 and Ad 5 to express the Spike protein from SARS-Cov-2. The 
use of different adenoviruses in each dose (one in day 0 and other on day 21) intends 
to overcome any preexisting Ad immunity in population [41]. In a phase III analy-
sis, the vaccine showed safety and an efficacy of 91–96% in a large cohort, also 
showing a neutralizing activity against SARS-CoV-2 variants [42, 43].

Ad26.COV2.S vaccine comprises a recombinant, replication-incompetent human 
Ad 26 encoding Spike protein, administered in a single dose, which demonstrated 
to be safe and induced an excellent humoral and cellular immune response with 
antibody neutralizing activity [44]. Efficacy against moderate to severe–critical 
COVID-19 was 67% at least 14 days after immunization and 66% after 28 days of 
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administration, whereas efficacy against severe disease was 77% after 14 days of 
immunization and 85% after 28 days [45].

 Protein Subunit Vaccine

Protein subunit vaccine utilizes the recombinant protein technology, which is effi-
cient; not expensive; safe, once it is non-replicating and lacks the infectious compo-
nent; and widely available. It allows for the cost-effective production of recombinant 
proteins in diverse organisms, such as microbial, yeast, insect, and mammalian 
cells. Each organism has its benefits and handicaps; this way, the choice of what 
kind of cell to be used to express the protein is an important factor that has to be 
considered [46].

There are many vaccines being developed using this methodology, such as NVX- 
CoV2373/Covavax and EpiVacCorona [17]. NVX-CoV2373 is a recombinant 
SARS-CoV-2 nanoparticle vaccine, composed of the full-length SARS-CoV-2 
Spike protein and Matrix-M1 adjuvant. The vaccine is administered by a two-dose 
schedule, at day 0 and day 21. It has been demonstrated to be safe and elicited cel-
lular immunity, inducing an CD4+ response biased to a T helper 1 response [47]. In 
a phase III clinical trial, it was showed that the vaccine was 89.3% effective against 
the B.1.1.7 UK variant and 49.4% against the B.1.351 variant [48].

 Nucleic Acid Vaccine

The nucleic acid vaccine has become a famous platform because it combines the 
positive attributes of live attenuated and subunit vaccines; this way, it has the poten-
tial to be safe, once it does not involve the live organism and effective, by mimick-
ing the live infection, expressing the antigen in situ after immunization, and the 
immune response will be directed toward the antigen of interest [49].

The nucleic acid vaccine is composed of DNA or RNA sequences encoding the 
antigen, delivered by a virus-like particle to enter the host cell, formulated with 
lipids or emulsion, or using electroporation [50]. Once plasmid DNA (pDNA) or 
messenger RNA (mRNA) is injected intramuscularly, the genetic sequence encod-
ing the target antigen is processed through different pathways for each platform. For 
immunization with pDNA, the DNA has to overcome cytoplasmic and nuclear 
membranes to be transcribed into mRNA and move back to cytoplasm, where the 
translation is initiated. The secreted antigen will stimulate the cellular and humoral 
immune response. However, the integration of exogenous DNA into the host genome 
is a risk of using a DNA vaccine, which may cause severe mutagenesis and diseases 
[50, 51]. For the mRNA vaccine, the mRNA encoding the target antigen is delivered 
into the cells and will translate the interest protein in situ, then the host immune 
system will mount a robust immune response against the target antigen. Differently 
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from the DNA vaccine, it does not integrate into the host genome, but the main issue 
would be the instability of mRNA. Both platforms presented poor immunogenicity 
in the past, but nowadays, mRNA technology leads to highly effective SARS-CoV-2 
vaccines [51, 52].

Some licensed vaccines that use this platform are BNT162b2 and mRNA-1273. 
BNT16b2 is a nucleoside-modified mRNA formulated in a lipid nanoparticle, the 
mRNA encodes the spike protein from SARS-CoV-2 modified by 2 proline muta-
tions to stabilize the protein in an antigenically preferred, prefusion conformation 
[53]. The vaccine schedule is 2 doses within 21 days apart. A study demonstrated 
that using this schedule the vaccine induces a strong antibody response in healthy 
adults aged 19–55 years in a nonrandomized, open-label phase I/II, with a signifi-
cant increase in IgG after 21 days of first dose with a strong booster response after 
7  days of second dose, inducing a neutralizing antibody activity. Moreover, 
BNT162b2 elicits a robust expansion of CD4+ and CD8+ cells to SARS-CoV-2 in 
vaccinated individuals [54]. In a phase II/III study, the vaccine shows efficacy of 
95% in persons of 16 years or older [55]. The vaccine also demonstrated to neutral-
ize mutant strains of SARS-CoV-2 [56].

The mRNA-1273 developed by Moderna consists of mRNA encoding the Spike 
protein stabilized in the prefusion conformation, formulated into a lipid nanoparti-
cle. Two doses of vaccine intramuscularly with 28 days apart is recommended. It 
was noticed that after the last dose the vaccine induced a strong CD4+ response 
involving Th1 pattern, inducing neutralizing antibodies in individuals of 18 years 
and older [57, 58]. Besides that, in a phase III study the vaccine showed an efficacy 
of 95.5% [59].

 Immune Response Modulators

 Immunization Routes

It is known that the immunization route helps modulate the immune response. The 
intramuscular route is the route used for the current licensed SARS-CoV-2 vaccines, 
but there are other vaccines that use other routes ongoing clinical trials [13, 17]. 
Concerning mucosal pathogens, a local immune response would be interesting, 
since it helps to control the disease at the site of infection [8]. Parenteral routes can 
generate a robust systemic humoral response after the injection of low antigenic 
doses, but they are poor inducers of mucosal immunity [60].

Mucosal vaccination can elicit both local and systemic immune responses, mim-
icking the natural course of the disease. The presence of innate immunity and adap-
tive responders, as secretory IgA (sIgA) and cytotoxic T cells, protects the site of 
infection, in a way that the pathogen cannot disseminate throughout the body. The 
mucosal protection can also control the transmission of the disease, reducing car-
riage rates, which improves the vaccine’s impact [7, 8]. Thus, the administration 
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(via intranasal or oral route) is not invasive, so it might increase the uptake of vac-
cination, besides reducing the risks and costs of working with perforating material. 
This kind of administration is a good fit for the pandemic scenario, where there is 
an urge to vaccinate the maximum of individuals and achieve the control of the 
disease [61].

Despite all these benefits, only a few oral and intranasal vaccines are licensed, 
because their development faces several challenges. It needs higher antigenic doses 
to ensure a mucosal and systemic response, given that the regional immune system 
is more tolerogenic than the sterile sites, such as the muscle. The antigen has to 
overcome the mucosa barriers: pH differences, presence of enzymes and mucus, 
and competition with the microbiome [7]. Including adjuvants in mucosa-aimed 
formulations might be the key to overcome these limitations. The ideal adjuvant 
should be capable of protecting the antigen in the hostile mucosa environment while 
improving its immunogenicity and delivering it to the site where the immune 
response should happen [25].

 Adjuvants and Delivery Systems

Vaccines adjuvants are synthetic or natural materials that enhance the immune 
response. It allows the use of lower antigenic concentration and fewer vaccine 
doses. Adjuvants also increase the stability of the formulation, making it less sus-
ceptible to degradation during storage or administration. Adjuvants are a heteroge-
neous group of compounds, which can be classified as delivery systems or 
immunostimulatory molecules according to their mechanism of action [12].

Aluminum salts are the main adjuvants we know, which were started to be used 
during the 1930s. The mechanism of alum adjuvanticity is related to the activation 
of the NLRP3 inflammasome, the release of proinflammatory cytokines, and mono-
cyte recruitment to the site of injection, which moves to lymph nodes, differentiat-
ing in dendritic cells (DCs) that prime CD4+ cells. The cytokine environment, with 
the presence of IL1β, leads the response to a Th2 pattern, which supports antibody 
production by lymphocytes B. The ideal immune response against SARS-CoV-2 is 
being studied and lacks elucidation, but authors agree that a synergetic response, 
which mobilizes different arms of the immune response (innate, humoral, and cel-
lular), should be the way to effectively control the disease [12, 62]. If it is proven to 
be right, the ideal vaccine for COVID-19 can rely on the use of different adjuvants, 
since the alum mechanism might not be the better suit [18].

Immunostimulatory adjuvants improve immunogenicity by stimulating the 
immune system. Pathogen-associated molecular patterns (PAMPs) can stimulate 
the innate immunity and are promising adjuvants. Also, they might confer cross- 
reactivity with different microorganisms expressing the similar structures and are 
easy to obtain [63]. Lipopolysaccharide (LPS), from Gram-negative bacteria, and 
monophosphoryl lipid A (MPL), from Salmonella minnesota, are Toll-like receptor 
(TLR)-4 ligands; flagellin is a TLR-5 ligand and CpG oligonucleotides are TLR-9 

A. I. Portilho et al.



547

ligands, providing activation of innate mechanisms, which stimulates cytokine 
release and activates antigen-presenting cells [63, 64]. Cholera toxin subunit B 
(CTb), from Vibrio cholerae, and heat-labile enterotoxin subunit B (HTb), from 
Escherichia coli, are recognized by the GM1 receptor, present on B cells, both of 
them improving sIgA production at the mucosa and systemic IgG [65]. Outer mem-
brane vesicles (OMVs) of Gram-negative bacteria, like Neisseria meningitidis, 
present several PAMPs that activate the immune system. It was used as an adjuvant 
for a SARS-CoV-2 vaccine platform tested in mice and induced both humoral and 
cellular responses [66, 67].

The combination of aluminum salts along with PAMPs led to adjuvant systems, 
like AS04, which comprises aluminum salts with MPL, improving the recognition 
by TLR-4, enhancing both humoral and cellular response [68]. There are a lot of 
SARS-CoV-2 vaccines in clinical trial that use at least one immunostimulatory 
adjuvant, for example, the trimeric S-protein vaccine SCB-2019, that comprises a 
native-like trimeric subunit Spike protein adjuvanted by CpG plus alum, currently 
on phase II/III (NCT04672395); the FINLAY-FR2 anti-SARS-CoV-2 vaccine, 
which is composed by the RBD antigen chemically conjugated to tetanus toxoid, 
which is on phase III, among others [17].

The use of cytokines and chemokines as adjuvants not only activates the immune 
system but also orchestrates it toward the desired type of response. For example, 
IL-12 signaling enhances B cell growth; CCL28 and CCL27 help to achieve muco-
sal and epidermis immunity; CCL2, CCL3, and CCL4 act on the linkage between 
the innate and adaptative immunity, improving immune response maturation. They 
can be used alone or complexed with other adjuvants [64, 69].

MF29 and AS03 are human-approved adjuvants, composed of emulsions that use 
naturally occurring phospholipids, and proved to induce humoral and cell-mediated 
immunity in clinical trials, including in SARS-CoV and MERS-CoV vaccine can-
didates and in influenza vaccine candidates [70].

Delivery systems are especially of interest in mucosa vaccination, since it com-
prises the encapsulation or inclusion of the antigen in a particulate system that pro-
tects it from degradation, so that it can be presented to antigen-presenting cells 
(APCs). These adjuvants can be nanoparticles, liposomes, microspheres, polymers 
or even specific cell ligands, like M cell ligands [71].

Polymers are often used in nanoparticle vaccines, encapsulating the antigen and 
providing its slow liberation. By definition, nanoparticles are situated between 1 and 
100 nm, which is a good fit for uptake by DCs [64]. Liposomes, composed of phos-
pholipids bilayers surrounding an aqueous antigenic suspension, are another exam-
ple of nanotechnology applied to vaccines. Besides the protection, delivery to 
specific site and slow liberation of the antigen, it is possible to manipulate the lipo-
some’s size, charge, shape and composition, so that it addresses the specific target 
[72]. Microcarriers, which reach the μm scale, may not be well sized for DCs 
uptake, but can be suitable for M cells, in mucosa vaccination [64]. The nucleic acid 
vaccines (DNA or mRNA) are supported by delivery systems, which allow the 
entrance into the host cells, thus protecting the nucleic acid, especially mRNA, 
which is less stable [73]. The lipid nanoparticles (e.g., ionic lipids, lipid-linked 
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polyethylene glycol, phospholipids and cholesterols) converge with mRNA vac-
cines: studies verified activation of CD4+ and CD8+ cells by this combination [12]. 
Currently, there are two mRNA vaccines against COVID-19 in use, developed by 
Moderna and Pfizer-BioNTech. Both of them use delivery systems: the SN-102 
nanoparticle (Moderna) and ALC-0315 (Pfizer-BioNTech), which protects the 
mRNA from degradation and allows it to enter the vaccine’s cells. It is expected that 
studies about delivery systems will be continued, improving the stability of vaccines 
during transport and storage, making them more suitable for a pandemic scenario 
[19, 73, 74].

It should be stated that not all adjuvants are adequate for all immunization routes 
and that, despite their qualities, the use of adjuvants may increase the cost of vac-
cines and limit its manufacturing. Such a point deserves attention, especially during 
a pandemic, where economy is struggling and high vaccine coverage could be 
improved by manufacturing vaccines in each country. In that way, finding suitable 
adjuvants for low-income countries (e.g., adjuvants based on microorganisms that 
are a product of other vaccines, like outer membrane vesicles from gram-negative 
pathogens or LPS from acellular Pertussis vaccine) can improve vaccine develop-
ment and manufacturing [63, 64].

The urge to develop SARS-CoV-2 vaccines makes it more logical to use approved 
adjuvants [12]. However, we should keep looking for adjuvant options that suit dif-
ferent needs and manufacturing realities.

 The Use of Mucosa Vaccines for SARS-CoV-2

The mucosa airway is related to SARS-CoV-2 infection and COVID-19 progress. 
The pathogen entrance occurs through the nasopharynx and moves to the lungs. The 
mucosa immune system associated with the nasopharynx is named nasopharynx- 
associated lymphoid tissue (NALT) [62]. The cells in the nasal airway express both 
the angiotensin-converting enzyme (ACE-2) and the cellular serine protease 
TMPRSS2, which SARS-CoV-2 uses to bind and infect cells. However, recent stud-
ies highlight the gut symptoms in COVID-19, probably due the expression of ACE-2 
and TMPRSS2 in this niche, and the presence of replicating virus in the oral cavity, 
which could indicate a deeper compromising of mucosa tissues in COVID-19, thus 
restating the importance of studying mucosa immunity against it [75–77].

It is proposed that the initial NALT response to SARS-CoV-2 would help to con-
trol the infection. After its entrance into the nose, natural antibodies and lectins, 
components of the innate immune response, could recognize glycoside structures of 
the virus. Infected cells and DCs would release type I IFNs, leading to antiviral 
response, and innate cells, activated by PAMPs and damage-associated molecular 
patterns (DAMPs), would support the adaptive immunity, presenting antigens, so 
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that specific T and B lymphocytes could differentiate. Finally, the pathogen would 
be eliminated in the upper respiratory system. On the other hand, an ineffective 
mucosa response would allow the virus to reach the lower respiratory system; also, 
the high viral load would lead to the release of pro-inflammatory cytokines, the 
recruitment of neutrophils to the lung, and the tissue injury by the uncoordinated 
immune response [62]. Studies regarding viral infections suggest that the presence 
of T lymphocytes on the airway is more effective than activating central T cells to 
control the pathogen and provide immunologic memory [12]. Regarding SARS- 
CoV- 2, IgA seems to display an important role in neutralizing the virus [78]. If the 
compromising of other mucosa tissues is proved to be an issue, mucosal delivery of 
vaccines could also stimulate other niches: because of expression of certain cellular 
receptors, the administration of antigenic preparations in one mucosa site may elicit 
the immune response in a different one—for example, intranasal administration 
may induce immune response in the respiratory, gastrointestinal and genital tracts, 
expanding the protection throughout the body [25].

The manufacturing and administration of vaccines can be just as challenging as 
its development, especially for low- and middle-income countries. When it comes 
to administration by injection, it requires trained people and disposable material. 
Another issue is the cold chain to transport and the immunogen [18]. As described 
above, mucosa vaccines and novel adjuvants could help overcome these issues, sup-
porting more effective immunization.

Some studies report interesting results from intranasal immunization against 
SARS-CoV-2 in animal models. Prime-booster immunization with intramuscular/
intranasal doses of RBD protein adjuvanted by outer membrane vesicles of Neisseria 
meningitidis elicited high-avidity, neutralizing antibodies in mice [66]. When intra-
muscular and intranasal delivery of an Adenovirus vectored vaccine expressing S 
protein were compared, the latter conferred protection against upper and lower 
respiratory system infection, inducing IgA, neutralizing antibodies, and CD8+ cells 
in the lung of mice. In hamsters, the same vaccine induced higher antibodies levels 
and less inflammation, minimizing lung pathology [79, 80]. Putting these descrip-
tions together, it seems that mucosa vaccines would be more adequate to prevent 
COVID-19 [25]. At the time of writing (September 2021), there were 3 oral, 7 intra-
nasal, 2 intramuscular/intranasal, and 1 subcutaneous/oral vaccines against SARS- 
CoV- 2 in clinical trials [13].

In the past years, mucosa immunization has been discussed and studied. It pres-
ents several benefits, but those are accompanied by some challenges. The parenteral 
immunization, however, allowed to start vaccination and has been helping control 
the COVID-19 pandemic, showing how effective vaccines, regardless of its admin-
istration site or platform used, are important.
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 Potentially Modified Response to Vaccination

The response to vaccination can be impaired in some situations. Here, we briefly 
describe how specific populations would respond to SARS-CoV-2 vaccines and the 
concern about the new variants causing COVID-19.

 Disease-Modifying Therapies 
and Immunocompromised Patients

Patients using immunomodulatory or immunosuppressive medication might have 
their response to vaccination affected [81]. SARS-CoV-2 vaccines in these popula-
tions are expected to be safe and present some variability on efficacy, but are not 
completely elucidated, so the decision to vaccinate these patients has to balance the 
need for protection and the risk of adverse events. Solutions like the temporary 
withdrawal of the immunotherapy to ensure a better response to the vaccine can be 
studied, but knowing the risks related to it—an increase of disease’s severity and 
loss of response to the drugs [82].

It is early to recognize the SARS-CoV-2 vaccine’s effects on immunocompro-
mised patients and previous data about other vaccines is often variable: some stud-
ies show impairment of the humoral response and reduced neutralizing antibodies, 
while others present adequate response if booster doses were administrated. When 
it comes to cellular response, there are even fewer studies focused on it [81–83]. 
However, a phase 4 trial described overall decreased, but acceptable IgG and neu-
tralizing antibody seroconversion after two doses of inactivated-SARS-CoV-2 vac-
cine in autoimmune rheumatic disease patients; also, there was no moderate or 
severe adverse effects reported [84]. Interestingly, a study described that B cells 
depleted patients developed T cell response to the BNT162b2 mRNA vaccine, 
which was effective to prevent COVID-19 [85].

Such data support the vaccination of immunocompromised patients. However, 
the platform used has an important role in this question. Live-attenuated and inacti-
vated vaccines are related to greater risks, and studies often point to a variable 
immune response to this type of vaccines, while nonviral vaccines are safer and data 
do not indicate overall decreased immune response [82, 86]. The importance of 
using diverse platforms in vaccine development and employing adequate adjuvants 
to increase the immunogenicity of subunit vaccines, which are usually safer, is 
restated, so patients on immunotherapy can continue their treatments and be pro-
tected from COVID-19 [87].
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 Childhood

When compared to adults and the elderly, childen rarely develop severe COVID-19 
and progress to death [88]. This aspect, along with the ethical issues to address 
clinical trials for kids, led to the initial focus of approving vaccines for adult use [20].

An important concern is that SARS-CoV-2 infection could lead to multisystem 
inflammatory syndrome in children (MIS-C), which presents elevated severity [89]. 
Even though this is rarer, seeing children sick by preventable diseases calls for 
attention [90]. The impact of social isolation and interruption of education should 
also be a driving force to immunizing kids [91].

Other important issues are the part that children play in the transmission of the 
virus and the achievement of herd immunity. Some studies pointed that children are 
less likely to transmit SARS-CoV-2; however, it might be underestimated by the 
asymptomatic infections, minor frequency of pediatric testing and rapid closure of 
schools [91, 92]. With the rise of more transmissible variants, the transmission by 
the younger is likely to become an issue [90]. To achieve herd immunity, the major-
ity of the population, including children, should be vaccinated [93].

 Pregnancy

The COVID-19 implications on pregnancy have been revised. Increased risks of 
admission to intensive-care units, iatrogenic preterm birth and caesarean delivery, 
besides strong suggestions of vertical transmission, were described [94, 95]. The 
influence of COVID-19, especially leading to poor delivery that compromises both 
mother and newborn, sustains the claim to vaccinate pregnant women, along with 
the benefit of protecting both mother and fetus [96, 97].

The immune response mechanisms change during pregnancy, which is needed 
for the fetus development. It is known that antigen-presenting cells and B cells 
undergo variations, which is likely to impair humoral response as well. However, 
there is a lack of studies in the literature that directly compare groups of pregnant 
and nonpregnant women [98]. Despite these changes on the immune system, there 
is no evidence suggesting that pregnancy would lead to a different response to 
mRNA vaccines concerning their safety [99]. However, pregnant women had been 
excluded from clinical trials, making it complicated to indicate the current vaccines 
for this population [93]. So far, obstetricians have to weigh the characteristics of 
each woman, according to her underlying conditions and exposure risk, thus follow-
ing data from vaccinated pregnant women [99].
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Another important issue related to vaccination in pregnant women is passive 
immunity, which can protect the newborn [98]. The data obtained from natural 
infection suggests a reduced passive-immunization through the placenta, which 
could lead to the newborn being at risk of infection [100]. However, antibody trans-
ference following the mother’s immunization should be studied to understand it in 
the vaccine context [101].

 SARS-CoV-2 Variants

New strains of SARS-CoV-2 have emerged. The so-called variants of concern 
(VOC) present mutations that allow them to spread more easily and/or to be more 
virulent, thus aggravating the pandemic. The B.1.1.7; the B.1.351; the P.1; and the 
B.1.617.2 strains, which respectively emerged in the UK, South Africa, Brazil, and 
India, are examples of it [102, 103]. Such variants present mutations in the Spike 
protein, especially on the RBD, which rendered attention to the vaccine efficacy, 
given that most vaccines are using the spike protein as antigen [104].

The current SARS-CoV-2 vaccines present an overall decreased efficiency 
against the new variants. It should be stated that a lot of studies were based on neu-
tralization assays, which rely on the humoral response [105].

The cellular response should also be assessed, along with in vivo studies, follow-
ing the infection by SARS-CoV-2 variants in vaccinated subjects [106]. In a study 
conducted in South Africa, which accompanied 1010 vaccine recipients of ChAdOx1 
nCoV-19, the neutralization activity presented an overall decrease, peptide studies 
pointed that one mutation of B.1.351 was located in a T cell response region, and, 
of the 42 volunteers who had mild or moderate COVID-19 during the study, 39 were 
infected with the B.1.351 strain, showing a decreased efficacy [107]. On the other 
hand, a study based on vaccine status and COVID-19 reports in England tested the 
ChAdOx1 nCoV-19 and BNT162b2 vaccines against the B.1.617.2 strain and 
showed a minor difference on effectiveness when two doses were administrated, 
reinforcing the importance of booster doses [102].

Cases of prolonged infections and higher-risk populations should be watched 
closely, because they contribute to the emergence of new variants [105]. The emer-
gence of new variants can affect the achievement of herd immunity, thus compro-
mising the control of the pandemic. Improving the current vaccination campaigns, 
keeping the genetic surveillance of SARS-CoV-2 and adapting vaccine platforms to 
provide vaccines against new variants, will be needed to respond to the evolving 
SARS-CoV-2 [103, 106].
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 Booster Doses and Heterologous Prime-Booster Schemes

The prime-boost strategy can be performed using the same vaccine formulation and 
different administration routes, or the same route and different formulations [108, 
109]. Currently, some countries have started administering booster doses of SARS- 
CoV- 2 vaccines, which might fall into the prime-booster strategy with heterologous 
vaccine formulations [110]. Even though there is a lack of reports about boosting 
one of the current SARS-CoV-2 vaccines with another, the strategy of using differ-
ent formulations was successful with other pathogens, like the human immunodefi-
ciency virus (HIV), hepatitis C virus (HCV) and rabies virus [109, 111, 112].

The reason why heterologous prime-boost regimen provides better results is not 
completely elucidated, however, it was suggested that it confers a synergistically 
stronger response, since different formulations can trigger different immune mecha-
nisms, therefore, this strategy can potentially confer a broad response, activating 
both humoral and cellular immunity [108, 109].

Recently, we reported results from prime-booster immunization with intramus-
cular/intranasal doses of RBD protein adjuvanted by OMVs of Neisseria meningiti-
dis, which elicited high-avidity, neutralizing antibodies in mice. Using heterologous 
immunization routes might also confer benefits, especially to activate a mucosa 
immune response [66].

As we know, many countries still face difficulties as the lack of vaccines. Hence, 
it is important to use preestablished protocols, discussed in the literature, to guide 
intervention plans and improve SARS-CoV-2 vaccine coverage.

 Conclusion

Since the beginning of the COVID-19 pandemic, the world has searched for ade-
quate therapies. Despite the advances in the treatment field, preventive measures 
had proven to be the key to control the disease, as seen before. However, the devel-
opment of vaccines was only possible due to exhaustive work in different areas: 
basic biology to understand the host–pathogen interaction, biotechnology, immu-
nology, among others. The success of vaccination will be supported by public com-
munication and the control of SARS-CoV-2 will probably demand a surveillance 
system. Now, the different niches of society should work together not only to 
address effective SARS-CoV-2 vaccines but also to be prepared against other emerg-
ing pathogens and to improve in-use vaccines. Another important point is to balance 
the concern about booster doses and refined vaccines in high-income settings with 
the need to immunize millions of people in the developing world.
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Chapter 27
SARS-CoV-2 Vaccine Against Virus: 
Mission Accomplished!?

Clara Luzia Magnus and Barbara Schmidt

Abbreviations

ACE-2 Angiotensin-converting enzyme 2
COVID-19 Coronavirus disease-19
nsps Nonstructural proteins
SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2
VOC Variant of concern
VOI Variant of interest

 A Virus with Potential

In autumn 2019, the SARS-CoV-2 pandemic started with a viral strain, whose clos-
est relatives circulate in bats and pangolins [1, 2]. The sequence of Wuhan-Hu-1 
obtained by next generation sequencing was quickly deposited in GenBank (acces-
sion no. MN908947) and became publicly available on January 12, 2020 [3]. This 
reference genome served as a blueprint for all currently available vaccines against 
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COVID-19, namely the inactivated SARS-CoV-2 vaccine of Sinovac [4]; the mRNA 
vaccines BNT162b2 of Pfizer/BioNTech [5] and mRNA-1273 of Moderna [6]; and 
the vector-based vaccines. Among the latter are the ChAdOx1-based AZD1222 of 
AstraZeneca [7], the Adenovirus type 5 (Ad5)-recombinant vaccine of CanSino 
Biologics [8], the Ad5/Ad26-based Gam-COVID-Vac of the Gamaleya Research 
Institute of Epidemiology and Microbiology [9], the Ad26.COV2.S vaccine of 
Janssen-Cilag/Johnson & Johnson [10], and the first protein-based vaccine of 
Novavax [11]. Further candidates are still to come.

Coronaviruses are large single-stranded RNA viruses with a positive sense 
genome coding for spike, envelope, membrane, and nucleocapsid structural proteins 
as well as 16 nonstructural proteins (nsps). These nsps include an RNA-dependent 
RNA polymerase (nsp12) and, as a special feature for an RNA virus, an exonuclease 
(nsp14) [12]. Its proofreading activity has been held responsible for the relatively 
low mutation rate among the RNA viruses, which lulled scientists into false security 
that SARS-CoV-2 may remain a relatively stable virus. Yet, starting from a common 
ancestor, SARS-CoV-2 has developed into different clades and accumulated diver-
sity through extensive transmission (Fig. 27.1), which may reflect not only random 
mutation but also targeted adaptation to the human host [13]. The virus uses the 
angiotensin-converting enzyme 2 of many species as receptor for entry [14, 15]. 
Occasionally, the virus has been transmitted to carnivores such as cats, dogs, tigers, 
and lions; SARS-CoV-2 can also be transmitted experimentally to other species, for 
example, Syrian hamsters, ferrets, and nonhuman primates, showing the zoonotic 
potential of the virus [16–18].
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Fig. 27.1 Timeline of SARS-CoV-2 variants of concern (VOC) since first appearance in late 2019. 
Placement in the timeline refers to tracking information provided by the WHO (https://www.who.
int/en/activities/tracking- SARS- CoV- 2- variants/)

C. L. Magnus and B. Schmidt

https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/


563

 Mutations in the Viral Spike Protein and Beyond

Since January 2020, the virus has started mutating to increase its transmissibility 
and infectiousness. One of the first mutations to appear was the exchange of aspar-
tate to glycine at position 614 (D614G) of the SARS-CoV-2 spike protein [19]. This 
variant quickly dominated the European pandemic, suggesting either a founder 
effect, initiated and supported by multiple superspreading events, or an increased 
infectivity of the viral particle (Fig. 27.2). The latter has turned out to be true by 
showing that D614G disrupts an interprotomeric contact, which shifts the spike 
protein to a more efficient receptor-binding open conformation [20]. In addition, 
vesicular stomatitis virus-based pseudoparticles carrying 614G instead of 614D 
were found to be significantly more infectious, as SARS-CoV-2 spike proteins with 
614G were packed more densely into the viral envelope [21]. The higher amount of 
functional spike trimer into the viral envelope enabled a more efficient entry of the 
virus into ACE2-expressing target cells [21].

Unexpectedly, the virus crossed the species barrier from human to mink in April 
2020. In connection with the fur industry in the Netherlands and Denmark, some 
minks were infected with a new SARS-CoV-2 variant called “cluster 5” (Fig. 27.2), 
causing respiratory infections and increased mortality in these animals [22–24]. 
This virus had acquired multiple mutations in the receptor-binding motif of the spike 
protein (Y453F), in the N-terminal domain (deletions at positions 69/70), near the 
S1/S2 cleavage site (I692V) and near or in the transmembrane domain (S1147L and 
M1229I), most likely representing an adaptation to the mink angiotensin- converting 
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Fig. 27.2 Cartoon showing the race of the COVID-19 vaccine based on the original Wuhan-Hu-1 
strain against the evolution of SARS-CoV-2 spike variants of concern (VOC) from 2019 to 2021. 
Virus phylogeny is based on a rectangular tree generated with Nextstrain/ncov (https://nextstrain.
org/ncov/global?c=emerging_lineage) and data from GISAID (https://www.gisaid.org/)
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enzyme 2 (ACE-2) receptor [25, 26]. Residue Y453F also mediates enhanced bind-
ing of the viral spike protein to the human ACE-2 receptor [27]. Spillover infections 
from minks to farm residents and further close contacts confirmed frequent mink-
to-human transmission with secondary human cases [28]. Culling and burying mil-
lions of mink was intended to eradicate this cluster, but whether this approach was 
successful is still unclear. Subsequently, the bodies were exhumed and incinerated 
to prevent the virus from resurfacing and potentially triggering vaccine failure.

In the summer and autumn of 2020, SARS-CoV-2 variants with deletions in the 
spike protein at positions 69 and 70 emerged in several immunocompromised 
patients with B-cell deficiencies in malignant diseases [29–31]. Reduced immuno-
logical competence of the hosts supported prolonged virus replication and evolu-
tion, which began to undermine the effectiveness of convalescent plasma therapy.

From October to December 2020, a SARS-CoV-2 variant of interest (VOI) 
turned into a variant of concern (VOC), when it quickly took over the southeast and 
southwest of UK [32–34]. This variant belonged to strain B.1.1.7 and was renamed 
VOC Alpha by the WHO. It combined deletions in the spike protein with mutations 
in the receptor-binding domain, in particular key mutation N501Y, which was 
shown to enhance binding to ACE-2 [35] and increase infectivity by 50–70% as 
evident from contact tracing [36]. Although initial studies could not readily detect 
an increased pathogenicity of the virus, large observational cohort studies ultimately 
found a higher risk for admission to intensive care units and an increased mortality 
compared to patients with non-B.1.1.7 SARS-CoV-2 infections [37–41].

The next variant to surface was B.1.351, now renamed VOC Beta, which quickly 
became the dominant virus in South Africa [42]. The virus is characterized by key 
mutations K417N, E484K and N501Y within the receptor-binding domain. Mutation 
E484K in the context of N501Y is responsible for a reduced neutralizing activity of 
monoclonal antibodies and sera from convalescent patients [43]. This variant was 
the first to be shown to undermine the response to the vaccine, while VOC Alpha is 
still targeted by current vaccines [44–46].

A similar list of mutations in the receptor-binding domain was detected in a 
SARS-CoV-2 variant emerging in Brazil [47]. This variant belonging to lineage 
B.1.1.28.1 (identical to P.1) and now renamed VOC Gamma, shows a similar profile 
of immune escape compared to VOC Beta, but also an augmented infectivity due to 
increased ACE-2 binding [47]. These combined characteristics appear to have con-
tributed to the second deadly wave in Manaus, despite the high seroprevalence from 
the first wave [48].

A fourth SARS-CoV-2 variant, which has surged in India [49] and many other 
countries of the world [50, 51], is lineage B.1.617.2, now renamed VOC Delta. In 
the meantime, sublines of the Delta variant have been detected. No phenotypic dif-
ferences are observed so far, but this may change with further mutations. Mutation 
P681R facilitates cleavage of the spike protein and enhances pathogenicity of the 
Delta variant [52]. In addition, VOC Delta demonstrates higher replication effi-
ciency [53] and higher infectious viral loads in vaccinated and unvaccinated peo-
ple [54].
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The most recent VOC to appear was Omicron, identified from the respiratory 
specimen of an immunocompromised subject in South Africa in November 2021 
[55, 56]. This SARS-CoV-2 variant has quickly displaced the other virus variants 
worldwide, mainly because it is a true immune escape variant that carried, among 
others, mutations K417N, E484A and Q493R [57–59]. Fortunately, Omicron sub-
lineage BA.1 showed attenuated replication and pathogenicity due to its inefficient 
use of transmembrane serine protease 2 (TMPRSS2) [60, 61]. These viral properties 
resulted in reduced lung infiltration in a rodent models of respiratory disease [62].

Large phylogenetic analyses indicate that the diversity of SARS-CoV-2 increases 
with replication, as the development of viral quasispecies was limited only in coun-
tries with effective quarantine measures such as Asia and Oceania [63]. Notably, 
SARS-CoV-2 does not only mutate in the spike protein but throughout the viral 
genome. Mutations in the viral polymerase, but also in the exonuclease [64] may be 
particularly detrimental because they have the potential to enhance virus replication 
and to sabotage viral proofreading, which would allow for even more efficient 
mutational escape. As long as viral replication is not effectively slowed down, new 
VOI and—most likely VOC—will emerge.

Very early on, SARS-CoV-2 began to optimize itself—and is still doing so. To 
date, E484K/Q, N501Y, L452R and P681R mutations have evolved independently 
in different SARS-CoV-2 VOCs (Table 27.1). Of note, position E484 is mutated in 
all currently circulating VOCs, demonstrating the importance of this amino acid 
within the viral spike protein. This remarkably convergent evolution demonstrates 
the evolutionary capacity of the virus to escape selection pressure and to adapt spe-
cifically. The aforementioned mutations provide better transmissibility, higher 
infection rates and/or immune evasion. With the exception of one variant that con-
tained a larger deletion in an open reading frame [65], the infectivity of SARS- 
CoV- 2 increased with evolution.

Table 27.1 Mutations within the spike protein of the five SARS-CoV-2 variants of concern (VOC)

VOC (Pango lineage) Alpha Beta Gamma Delta Omicron

S-protein mutation B.1.1.7 B.1.351 B.1.1.28.1/P.1 B.1.617.2 B.1.1. 529
L18F (x) x
T19I/R x (R) (x) (I)
T20N x
L24S (x)
Δ25/Δ27 (x)
P26S x
A67V (x)
Δ69/Δ70 x (x)
D80A x
T95I (x)
D138Y x

(continued)
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Table 27.1 (continued)

VOC (Pango lineage) Alpha Beta Gamma Delta Omicron

G142D x x
Δ143/∆145 (x)
Δ144/∆145 x
E156G x
∆157/∆158 x
R190S x
N211I (x)
∆212 (x)
V213G (x)
214EP (insertion) (x)
D215G
Δ241–Δ243 x
G339D x
S371F/L x (F/L)
S373P x
S375F x
S376A (x)
P384L x
D405N (x)
D408S (x)
K417N/T x (N) x (T) x (N) x (N)
N440K x
G446S x
L452R x
S477N x
T478K x x
E484K/Q/A (x) (K) x (K) x (K) x (Q) x (A)
Q493R x
S494P (x)
G496S (x)
G498R x
N501Y x x x x
Y505H x
E516Q (x)
T547K (x)
A570D x
Q613H
D614G x x x x x
H655Y x x
N679K x
P681H/R x (H) x (H) x (R) x (H)
I692V
A701V x
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VOC (Pango lineage) Alpha Beta Gamma Delta Omicron

T716I x
N764K x
D769Y x
N856K (x)
D950N x
Q954H x
S982A x
N969K x
L981F (x)
T1027I x
D1118H x
V1176F x

The table lists the mutations that have been described for each virus strain with reference to the 
Stanford University Coronavirus Antiviral & Resistance Database (https://covdb.stanford.edu/, 
last updated on 4/20/2022). Brackets indicate that either the position or the amino acid at this posi-
tion is not present in all isolates of this lineage. Mutations within the receptor-binding domain of 
SARS-CoV-2 (amino acid residues 333–527) [66] are marked in italics. B.1.1.529 comprises 
Omicron sublineages BA.1 and BA.2. Evolutionary convergence within SARS-CoV-2 lineages can 
be recognised by the presence of identical mutations in different viral strains

Table 27.1 (continued)

 The Pressure is on

In the current situation, the virus gets under increasing pressure. Patients suffering 
from severe courses of COVID-19 receive convalescent plasma or recently licensed 
monoclonal antibodies. Modeling of this scenario predicted that resistance to single 
and double monoclonal combinations can develop quickly under positive selection. 
In fact, monoclonal antibodies targeting different epitopes of the viral spike protein 
have selected resistant virus variants in vitro, which was not observed using an anti-
body cocktail [67]. The immune pressure from vaccination as well as from natural 
infections is also rising. On the other hand, humoral immune responses against 
SARS-CoV-2 do not seem to be long-lasting, so that this situation still provides suf-
ficient opportunities for virus replication. That this assumption has already become 
reality is shown by the fact that VOC Omicron has escaped most monoclonal 
antibodies.

What should we do? First, laboratories should initiate a worldwide surveillance 
of mutant viruses to get a real glimpse on viral evolution. This should include moni-
toring of SARS-CoV-2 infections in animals to cover cross-species transmission, 
which may be an important source for reinfection. Second, academics and indus-
tries should start producing and testing of SARS-CoV-2 vaccines against immune 
escape variants. Preliminary data show that a variant vaccine of Moderna boosters 
the immunity against the original as well a mutant strains [68]. However, we do not 
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yet know in how far vaccine-induced humoral and cellular immune responses will 
be cross-reactive against modified spike trimers. In addition, we should work on 
vaccines inducing mucosal immunity more effectively than current vaccines do. 
Third, governments and industries should evaluate all possibilities to upscale vac-
cine production. We do not need a snowball of vaccines; we need an avalanche.
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Chapter 28
COVID-19 Vaccines Authorized 
by Stringent Regulatory Authorities 
and Vaccine Candidates Expecting 
Approval in 2021

Melvin Sanicas, T. Anh Wartel, and Merlin Sanicas

 Introduction

The COVID-19 pandemic has had sweeping effects that disrupted every part of 
society worldwide necessitating the development of vaccines against this novel 
virus, SARS-CoV-2. Different approaches are currently used to develop COVID-19 
vaccines from traditional live-attenuated, inactivated, subunit vaccines, to more 
novel technologies such as DNA or mRNA vaccines. Of the over 300 vaccine can-
didates, approximately 100 are in clinical trials while 18 have been authorized for 
use. In this chapter, we discuss the different technologies used in vaccine develop-
ment and the COVID-19 vaccines developed for each modality. We then describe in 
detail the different vaccines that have been approved by any national regulatory 
authority and the publicly available data for these vaccines. Here we have included 
vaccines that have received emergency use approval (EUA) or full approval from 
stringent regulatory authorities (SRA) or World Health Organization (WHO) 
Emergency Use Listing (EUL). We also discuss how the vaccines have been devel-
oped in less than a year. We have also identified the knowledge gaps that need to be 
filled to understand the important questions like durability of protection, the need 
for a booster, long-term safety and efficacy against emerging SARS-CoV-2 variants.
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 Vaccine Development and Production Timeline

Prior to the COVID-19 pandemic and the unprecedented achievement that is the 
speed of producing the COVID-19 vaccines, the development and production pro-
cess of a vaccine is long and arduous. The phases of a vaccine production process 
can be divided roughly into the following phases: the pre-clinical phase, the clinical 
phase and the licensing and post-market surveillance [1–4] these phases often span 
more than a decade for each vaccine being produced (Fig. 28.1), especially if it was 
the first for a specific disease or vaccine type. To understand this process, we will 
discuss each of the phases.

 1. Pre-clinical phase. This is the initial phase of any vaccine development process 
and can be subdivided into the following:

 (a) Exploratory phase: This phase includes gathering data such as disease bur-
den, the infectious organism’s life cycle and the pathologic mechanism of 
the disease. This is then followed by identifying candidate antigens to target. 
These antigens can be surface molecules or regulatory molecules that are 
conserved within the species that can be related to the pathogen’s mecha-
nism of entry or a critical component of its life cycle. These target antigens 
may include entire pathogens that have been attenuated or inactivated; mol-
ecules such as recombinant proteins or polysaccharides. For recombinant 
proteins or polysaccharide antigens, specific formulation and optimization 
steps may be necessary to enhance the immunogenicity through the addition 
of adjuvants. Immunogenicity, defined as a vaccine candidate’s ability to 
induce the immune response is tested using in vitro methods at this stage. 
The phase ends with several iterations of the vaccine candidate that will then 
undergo the following stage.

 (b) Animal model: A set of animal models are chosen based on its similarity to 
the disease condition in humans, oftentimes mice and non-human primates. 
This step will provide the vaccine candidates’ immunogenicity in vivo, its 
initial safety and toxicology profile, initial dosing and method of delivery, its 
ability to protect and reduce disease burden on the animal models using 
challenge studies.

 (c) Submission for an investigational new drug (IND) to the National Regulatory 
Authorities (NRA): This application includes the manufacturing process of 
the vaccine candidates that are planned to move forward with clinical testing, 
the formulation of the vaccine, and the results of the in vitro and the in vivo 
animal models. This application also includes the proposed clinical study 
and how it will validate the efficacy and safety of the vaccine candidates.

 2. Clinical trials. After the NRA approves the application, the vaccine candidates 
will now undergo the proposed clinical trial design. The gold standard study 
design being a randomized double-blind placebo-controlled study [6]. This can 
be subdivided into the following.
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Fig. 28.1 Vaccine Development and Production Timeline difference between previously produced 
vaccines and the COVID-19 Vaccines. (a) Previous vaccines followed a development and production 
timeline that lasts around 15 years in total. The pre-clinical phase lasting around 4-7 years begins 
with discovery and development of candidate targets followed by the animal models. The traditional 
clinical trial phase follows a sequential progression from phase I to III, spanning around 5-8 years 
where each phase has to close, the data be analyzed, meet the clinical objectives and be approved 
prior to progressing into the next phase. Once all 3 phases are finished it is then followed by the 
preparation of the CTD to be submitted for a BLA. Scale up of production occurs alongside the 
application and once approved, global distribution and post-marketing surveillance begins. (b) In 
contrast to the canonical vaccines, the development and production timeline of the SARS-CoV-2 
vaccines was modified in response to the ongoing pandemic. Thanks to a global coordinated effort to 
identify the best target antigen and the already existing scientific data on previous coronaviruses, the 
pre-clinical phase only lasted 2 months and entered the clinical phase shortly after. The COVID-19 
vaccines’ clinical trial had the current phase running in parallel with the next phase if interim data 
analysis showed promising results which shortened the overall clinical trial duration. Instead of one 
final document submitted at the end of the 3 clinical trials in the traditional sense, COVID-19 vac-
cines had a rolling submission to the NRA which also decreased the time for approval. Manufacturing 
scale-up and production was occurring simultaneous to the Phase III trials which allowed for imme-
diate global distribution once approved and followed by post-marketing surveillance

 (a) Phase I clinical trial: This phase includes ten to less than a hundred healthy 
volunteers, usually in adults and lasts several months. The primary objective 
is to prove that the vaccine candidates are safe and no serious adverse events 
are related to the vaccine. Common side effects are noted such as local and 
systemic adverse reactions. The immunogenicity is also measured.
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 (b) Phase II clinical trial: This phase includes hundreds to a thousand volun-
teers and could last up to a few years. They may also begin to include groups 
that are at higher risk of acquiring the disease to represent the target popula-
tion for protection. The primary emphasis of this phase is to have more 
information on the immunogenicity such as the optimal dose strength, how 
many doses is necessary, the interval between the doses and comparing dif-
ferent routes of administration. This phase also consists of validating the 
assays necessary to measure the immunogenicity. Safety data is continu-
ously monitored as well as the vaccine candidate’s compatibility and har-
mony with already existing vaccines to make sure that there is no interference 
with the immune response of each. The manufacturing and the formulation 
processes are also finalized at this point in preparation for the production of 
the pilot lots.

 (c) Phase III clinical trial: This final phase of the clinical trial enrols up to tens 
of thousands of volunteers in different geographic locations and ethnicity to 
have a more global representation of the clinical database and may last a few 
years. Vaccine efficacy, defined as the estimated reduction in the chance to 
develop the disease in the vaccinated group in comparison to the placebo 
group [7] is also established at this point. This also includes the upscaling of 
the production process to the intended commercial scale and testing the first 
three sets produced called the pilot lots. This is to validate and document the 
consistency of the production process and the quality of the vaccines pro-
duced (i.e. lot-to-lot consistency).

 3. Licensing and post-market surveillance.

 (a) License application: If the clinical trial succeeds, the vaccine developers and 
sponsors can now submit for a Biologics License Application (BLA) to reg-
ulatory authority. They submit a common technical document (CTD) that 
compiles information from all the previous stages: the pre-clinical data, the 
clinical trial data, and the quality of the manufacturing process. The regula-
tory authority will then assess the information provided and will decide 
whether to approve the vaccine or not. This process takes up to 2 years.

 (b) Stringent regulatory authority: A stringent regulatory authority or SRA is a 
regulatory authority which is: a member of the International Council for 
Harmonisation of Technical Requirements for Pharmaceuticals for Human 
Use (ICH), being the European Commission, the U.S.  Food and Drug 
Administration and the Ministry of Health, Labour and Welfare of Japan 
also represented by the Pharmaceuticals and Medical Devices Agency (as 
before 23 October 2015); or an ICH observer, being the European Free 
Trade Association, as represented by Swissmedic, and Health Canada (as 
before 23 October 2015); or a regulatory authority associated with an ICH 
member through a legally binding, mutual recognition agreement [8].

 (c) Phase IV clinical trial: Once approved, the vaccine may then begin its large- 
scale production and distribution to the countries where the marketing 
authorization is obtained. A phase IV trial, or the post-marketing  surveillance, 

M. Sanicas et al.



579

is also started to assess the effectiveness of the vaccine in the general popu-
lation (i.e. real world setting) and also continuously monitor for serious 
adverse events or possible long-term side effects or rare events that cannot 
be detected within the well-controlled setting of clinical trials.

 How Were COVID-19 Vaccines Developed in Less Than a Year

Development for most of the vaccines we currently have took several years to sev-
eral decades. Here is a summary of the different vaccine-preventable diseases, the 
year when the pathogens were discovered and the year when the respective vaccines 
became available (Table 28.1).

The COVID-19 vaccines were developed in less than a year. Several factors con-
tributed to the unprecedented speed of development:

Table 28.1 Pathogens, year of discovery, year of vaccine availability, duration in years from 
discovery to vaccine availability [9]

Pathogen Discovery Vaccine availability
Discovery to vaccine 
(years)

Mycobacterium tuberculosis 1882 1921 39
Haemophilus influenzae B 1892 1985 93
Malaria parasite 1897 2015 (not yet widely used) 118
Yellow fever 1900 1935 35
Bordetella pertussis 1906 1926 20
Polio 1908 1953 (inactivated), 1956 

(oral)
45 (inactivated), 48 
(oral)

Herpes (HSV-1) 1919 No vaccine 100 +
Influenza 1933 1945 12
Dengue virus 1943 2015 72
Mumps 1945 1948 (inactivated), 1967 

(attenuated)
3 (inactivated), 22 
(attenuated)

Measles 1954 1963 9
Hepatitis B 1965 1981 16
Ebola virus 1976 2019 43
Hepatitis A 1973 1995 22
Human papillomavirus (HPV) 1974 2006 32
Human immunodeficiency 
virus (HIV)

1983 No vaccine 38 +

SARS coronavirus/
SARS-CoV

2002 No vaccine (virus 
disappeared!)

XX

MERS coronavirus 2012 No vaccine 9 +
SARS-CoV-2 (COVID-19) 2019 2020 0.875
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 Vaccine Trials Were Done in Parallel Instead of Sequential

When doing clinical studies, typically Phase 1 is completed, results are gathered, a 
manuscript is prepared for submission to a peer-reviewed journal, while funding for 
Phase 2 is secured. Then Phase 2 is performed, results are gathered, a manuscript is 
prepared for submission to a peer-reviewed journal, while funding for Phase 3 is 
secured similarly. Many COVID-19 vaccine studies combined Phase 1 and Phase 2 
or Phase 2 and Phase 3. If the vaccine appears to be safe without any safety signals, 
more participants were added. Developing vaccines in a pandemic requires a fast 
start and several steps executed in parallel before confirming a successful outcome 
of another step [10].

 Rolling Submission of Regulatory Dossier

In a non-pandemic situation, submission for review to National or stringent regula-
tory agencies only happen once Phase 1, 2, and 3 studies are completed, and regula-
tory dossiers are prepared detailing the product’s efficacy, safety and quality. Only 
then can a formal application for marketing authorization to National or stringent 
regulatory agencies (NRA/SRA) be submitted and reviewed by the agency’s inter-
nal or external statisticians, medical and clinical reviewers, regulatory scientists and 
external advisory board of scientific and medical experts. For COVID-19 vaccines, 
data from clinical trials were submitted on a rolling basis. Developers were sending 
the data to the regulators as they become available and the regulators were review-
ing the data as they were submitted [11]. The guidance for emergency use approval 
(EUA) for COVID-19 vaccine by the U.S. Food and Drugs Administration (FDA) 
allowed developers to submit regulatory dossier with a median duration of 2 months 
for clinical data [12].

 Scientific Data from Other Coronaviruses

SARS-CoV-2 is not the first coronavirus. Scientists have been studying coronavi-
ruses for over half a century now starting from the non-pandemic human coronavi-
ruses including types 229E, NL63, OC43 and HKU1. All of these coronaviruses 
usually cause mild to moderate upper respiratory tract illnesses, like the common 
cold. For years, researchers had been studying related coronaviruses, which cause 
SARS (severe acute respiratory syndrome) and MERS (Middle East respiratory 
syndrome) and knowledge has been gained from the initial development of vaccines 
for SARS and MERS so the discovery phase was omitted and some processes were 
adopted to help accelerate the timeline [5]. Vaccine developers had existing data on 
the structure, genome and life cycle of coronaviruses [9].
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 Global Collaboration and Data Sharing

Chinese researchers quickly sequenced the virus and shared their data with other 
scientists early in January 2020. Once the genomic sequence became available to 
the global scientific community, vaccine developers started creating SARS-CoV-2 
vaccine candidates. Many labs working on other pathogens stopped their research to 
focus on COVID-19.

 Funding for COVID-19 Vaccine Research

Vaccine development is expensive—the cost of developing a vaccine—from 
research and discovery to product registration—is estimated to be between U.S. $200 
million and U.S. $500 million per vaccine. However, for the COVID-19 pandemic, 
the USA, European Union, UK and several other developed countries together with 
philanthropic organizations and funding agencies like the Bill & Melinda Gates 
Foundation, Wellcome Trust and CEPI pledged billions of dollars to fund vaccine 
research. Even celebrities like Dolly Parton donated $1 M to coronavirus vaccine 
research. The U.S. government’s Operation Warp Speed invested over 18 billion 
USD to support the development of 7 vaccine candidates [13]. In a non-pandemic 
situation, developers need to apply for funding to start new studies or continue exist-
ing ones. Even in private companies doing vaccine development, projects may be 
postponed or completely stopped because of competing priorities or lack of funding.

 Coalition for Epidemic Preparedness Innovations (CEPI)

CEPI is an innovative global partnership between public, private, philanthropic and 
civil society organizations launched in 2017  in Davos, Switzerland at the World 
Economic Forum. CEPI aims to develop vaccines to stop future epidemics. CEPI 
has invested in 12 COVID-19 vaccine candidates, including mRNA vaccine from 
Moderna, a protein-based coronavirus vaccine developed by Novavax, and the 
ChAdOx1 viral vector vaccine developed by Oxford University and AstraZeneca [14].

 Advancements in Science and Technology

The vaccine platforms that enabled the first COVID-19 vaccines to reach the finish 
line used the mRNA technology (i.e. Pfizer/Biotech vaccine, Moderna vaccine). 
These are the first mRNA vaccines licensed but scientists have been studying this 
technology since the 1990s. Another mRNA vaccine in Phase 3 clinical trials is 
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being developed by CureVac, the world’s first company to successfully harness 
mRNA for medical purposes. The company was founded in 2000 and CureVac has 
started mRNA vaccine research since then [15]. The basic research on DNA vac-
cines began at least 25 years ago, and RNA vaccines have benefited from 10–15 years 
of strong research [16]. The viral vector vaccines (i.e. Oxford Astra Zeneca and 
Janssen vaccine) also benefited from having existing vaccines already licensed and 
used (i.e. Ebola vaccine).

 COVID-19 Community Transmission in Many Countries

Apart from Taiwan and New Zealand, COVID-19 community transmission still 
happens. Countries like the USA, UK, Russia, Mexico, France, India, Indonesia, 
Portugal and Italy record over 10,000 new cases per day. When doing efficacy trials 
for vaccines, one group is given the vaccine candidate, the other group gets a pla-
cebo or an existing vaccine. Then they are monitored for months until the clinical 
trial reaches a pre-specified number of COVID-19 cases. Then the data will be ana-
lyzed to calculate vaccine efficacy by looking at how many of the infected individu-
als were vaccinated and unvaccinated. Because there is widespread transmission, 
the different trials reached the required number of cases faster [9].

 Different Types of Vaccines for COVID-19

Vaccine developers working on a coronavirus vaccine are using different vaccine 
types, with their respective advantages and disadvantages (Table 28.2 and Fig. 28.2).

Many conventional vaccines use whole viruses to trigger an immune response. 
There are two main approaches. Live-attenuated vaccines, such as the measles–
mumps–rubella (MMR) vaccine, contain attenuated (weakened) forms of the 
disease- causing pathogen that can still replicate without causing illness. This atten-
uated organism acts as an antigen and stimulates the body to create a robust anti-
body response but may risk causing disease in people with weak or compromised 
immune systems. There are no approved live-attenuated vaccines for COVID but 
there are candidate vaccines, developed by Mehmet Ali Aydinlar University and 
Acibadem Labmed Health Services A.S., Meissa Vaccines, Indian Immunologicals 
LTD and Griffith University, and Codagenix/Serum Institute of India [19].

Inactivated vaccines, including most influenza vaccines and the inactivated polio 
vaccine, contain a version of an organism that has been killed or inactivated using 
chemicals, heat or radiation. This killed form acts as an antigen and stimulates the 
body to create an antibody response. Inactivated virus vaccines can be given to 
people with compromised immune systems. Both types use well-established tech-
nology and pathways for regulatory approval however, both require special labora-
tory facilities to grow the virus or bacterium safely before it can be inactivated or 
weakened [17, 20].
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Table 28.2 Different vaccine approaches—their advantages and disadvantage [17, 18]

Live attenuated Inactivated Protein subunit Vector-based mRNA

+ Single dose can 
provide long lasting 
and effective 
immunity
No adjuvants needed
May have cross 
protection
Well-established 
technology
Relatively simple to 
manufacture

Safer—No risk of 
recovering 
virulence and 
causing disease
Suitable for 
people with 
compromised 
immune systems
Well-established 
technology
Relatively simple 
to manufacture

Safer
Applicable to 
populations who 
are immuno-
compromised/
immunosenescent 
long-term 
immunity
Well-established 
technology

Innate 
immune 
response 
stimulation, 
T and B cell 
response 
induction
Versatility 
based on 
vector used
Well-
established 
technology

Not infectious, 
no live 
components, 
no risk of 
triggering 
disease
No risk for 
genome 
integration
Relatively 
easy to 
manufacture

− May recover 
virulence and cause 
disease
Horizontal spread of 
vaccine strain 
possible
Relatively 
temperature sensitive
Transient 
immunosuppression

Short-lived 
immunity without 
adjuvants
Booster shots 
may be required

Low 
immunogenicity
Needs multiple 
dosing for 
long-term 
protection
Adjuvants and 
booster shots may 
be required
Relatively 
complex to 
manufacture
Identifying the 
best antigen takes 
time

Possibility of 
anti-vector 
immunity or 
pre-existing 
anti-vector 
immunity
Relatively 
complex to 
manufacture

Instability 
concern
Require 
ultra-cold 
storage
Booster shots 
may be 
required

Fig. 28.2 COVID-19 vaccine types available as of June 2021

 CoronaVac (SinoVac Biotech)

CoronaVac is an inactivated COVID-19 vaccine developed and manufactured by 
Beijing-based SinoVac Biotech. CoronaVac’s main advantages is that it can be 
stored in a standard refrigerator at 2–8 °C. A randomised, double-blind, placebo- 
controlled phase I/II study was conducted on healthy adults aged 18–59 years old in 
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Suining County of Jiangsu province, China [21] and 60 and over in Renqiu, Hebei, 
China [22]. The trials found immunogenicity in most subjects and that the vaccine 
was generally safe and well tolerated, with few adverse effects. At the time of writ-
ing, no phase III trial data have been published in a peer reviewed journal but interim 
data from late-stage trials in Turkey, Indonesia and Brazil showed that the vaccine 
efficacy was 91.25% [23], 65.3% [24], and 50.4% [25] respectively. Final Phase III 
results from Turkey announced in March 2021 showed an efficacy of 83.5% [26]. A 
real-world study of millions of Chileans who received the vaccine found it 67% 
effective against symptoms, reduced hospitalizations by 85%, intensive care visits 
by 89%, and deaths by 80% [27]. Similar real-world data from Indonesia that fol-
lowed 128,290 health workers in Jakarta showed 94% of vaccinated healthcare pro-
fessionals were protected against symptomatic infection, 98% of them were 
protected from death and 96% from hospitalization as soon as 7 days after the sec-
ond dose [28].

 BBIBP-CorV (Sinopharm)

BBIBP-CorV, an inactivated vaccine co-developed by SinoPharm and Beijing Bio- 
Institute of Biological Products (BBIBP), is the first Chinese COVID-19 vaccine 
given emergency use listing (EUL) by the World Health Organization (WHO) on 
May 7, 2021, 5  months after China’s National Medical Products Administration 
authorized it on December 31, 2020 [29]. BBIBP-CorV contains SARS-CoV-2 that 
has undergone treatment with a chemical called beta-propiolactone which binds to 
SARS-CoV-2’s genetic material and stops it from replicating and causing disease. 
The vaccine also contains the adjuvant aluminium hydroxide. WHO’s Strategic 
Advisory Group of Experts on Immunization (SAGE) recommends the vaccine for 
people 18 years old and above with an interval of 3–4 weeks between the two doses. 
The WHO estimates overall vaccine efficacy to be around 78% while noting that 
data on adults over the age of 60 years are lacking [30]. Published data to support 
BBIBP-CorV vaccine are lacking. Data from a phase I/II trial that involved about 
600 volunteers was published in The Lancet Infectious Diseases [31].

 Covaxin (Bharat Biotech)

Covaxin (also known as BBV152) is an inactivated COVID-19 vaccine formulated 
with a toll-like receptor 7/8 agonist molecule (IMDG) adsorbed to alum (Algel) 
developed by Hyderabad-based Indian biotechnology company Bharat Biotech in 
collaboration with the Indian Council of Medical Research. Phase I trial results 
showed that the vaccine was well-tolerated and enhanced immune responses [32]. 
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In Phase I, BBV152 induced high neutralizing antibody responses that remained 
elevated in all participants at 3 months after the second vaccination. In Phase II, 
BBV152 showed better reactogenicity and safety outcomes, and enhanced humoral 
and cell-mediated immune responses compared with the phase I trial as doses in 
Phase II were given at 4 weeks interval as opposed to 2 weeks in Phase I [33]. 
Bharat Biotech reported via a press release that efficacy is 78%, in its interim analy-
sis of its phase III trial [34].

Subunit vaccines do not contain the organism itself but use fragments of protein 
from the pathogen as antigens to trigger an immune response. Doing so minimizes 
the risk of side effects but also means a weaker immune response as compared to 
vaccines using the whole pathogen. Because of this, subunit vaccine often requires 
adjuvants [35] to improve the immune response. An example of an existing subunit 
vaccine is the hepatitis B vaccine [17, 18]. There are over 60 protein subunit vac-
cines against SARS-CoV-2 under development, including RBD-trimer of S protein, 
S1, recombinant S proteins, N, M proteins and others.

 NVX-CoV2373 (Novavax)

NVX-CoV2373 is a protein-based vaccine candidate engineered from the genetic 
sequence of the first strain of SARS-CoV-2 and created using Novavax’s recombi-
nant nanoparticle technology using the Sf9 insect cell baculovirus system to gener-
ate antigen derived from the coronavirus spike (S) protein and is adjuvanted with 
the company’s saponin-based Matrix-M™ to enhance the immune response. It was 
generally well-tolerated and elicited robust antibody response in Phase I/II clinical 
testing [36]. NVX-CoV2373 is being evaluated in two pivotal Phase III trials: a trial 
in the UK included more than 15,000 people aged 18–84 years old which showed 
100% protection against severe disease, efficacy of 96.4% against the original virus 
strain, 86.3% against the B.1.1.7/501Y.V1 variant and 89.7% overall; and the 
PREVENT-19 trial in the USA and Mexico that began in December 2020 [37]. In a 
Phase II study, NVX-CoV2373 vaccine was efficacious in preventing COVID-19, 
with higher vaccine efficacy observed among HIV-negative participants. Most 
infections in this trial conducted in South Africa were caused by the B.1.351 vari-
ant [38].

Viral vector vaccines use either a harmless virus or plasmids, different from the 
one the vaccine is targeting, to giving cells genetic instructions to produce antigens 
[39]. Genes of a pathogen are inserted into the genome of the vector which infects 
host cells and then travels to the nucleus to express the genes of the pathogen. Viral 
vector vaccines can mimic natural viral infection and trigger a strong immune 
response. Vectored vaccines can be replicating (viral vector is produced and able to 
infect new cells, which then create more viral antigen) or non-replicating (vaccine 
antigen is produced but the viral vector cannot be reproduced) [40].
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 ChAdOx1/AZD1222 (Oxford University/Astra-Zeneca)

The ChAdOx1, also known as AZD1222, was developed at Oxford University and 
its technology consists of a replication-deficient chimpanzee adenoviral vector 
ChAdOx1, containing the SARS-CoV-2 structural surface glycoprotein antigen 
(spike protein) gene. The original pooled efficacy analysis of four randomized con-
trolled studies in Brazil, South Africa, and UK in study participants who received 
two standards doses or a low dose followed by a standard dose showed vaccine 
efficacy of 62.1% (95% CI 41.0–75.7; 27 [0.6%] of 4440 in the ChAdOx1 group vs. 
71 [1.6%] of 4455  in the control group) and vaccine efficacy of 90.0% (95% CI 
67.4–97.0; 3 [0.2%] of 1367 in the ChAdOx1 group vs. 30 [2.2%] of 1374 in the 
control group), respectively. Overall vaccine efficacy on average was 70.4% (95% 
CI 54.8–80.6; 30 [0.5%] of 5807 in the ChAdOx1 group vs. 101 [1.7%] of 5829 in 
the control group) against confirmed symptomatic COVID-19. The timing of prim-
ing and booster dose could not be given within 4 weeks as initially planned due to 
manufacturing process, thus varied between studies, and ranged from 6 to 12 weeks 
after the first dose [41]. Emerging real world effectiveness data has started emerging 
to confirm or not the findings in well-controlled setting such as the phase III ran-
domized controlled trial. Thus, with ChAdOx1 vaccine, effects were observed from 
2 to 3 weeks after vaccination, reaching an effectiveness of 60% (41–73%) from 4 
to 5 weeks, increasing to 73% (27–90%) from 5 weeks onwards [42].

 Sputnik V (Gamaleya Institute)

The Sputnik V COVID-19 vaccine (rAd26 and rAd5 vector-based COVID-19 vac-
cine Gam-COVID-19, both vectors carrying the gene for the full-length SARS- 
CoV- 2 glycoprotein S) is developed at Gamaleya Institute administered in two-dose 
regimen, 21 days apart. The phase III efficacy study conducted in 21,977 adults 
randomly assigned to the vaccine group (n  =  16, 501) and the placebo group 
(n  =  5476) showed an overall efficacy of 91.6% (95% CI 85.6–95.2) against 
COVID-19 from day 21 after the first dose, the day of receiving the second dose. 
Vaccine efficacy was consistently equal or greater than 90% by age groups (i.e. 
18–30  years, 31–40  years, 41–50  years; 51–60  years; >60  years). Furthermore, 
protection against moderate or severe COVID-19 was 100% (95% CI 
94.4–100.0%) [43].

 Ad26.COV2.S (Johnson & Johnson)

Ad26.COV2.S vaccine manufactured by Johnson & Johnson is a recombinant, 
replication- incompetent human adenovirus type 26 vector encoding full-length 
spike protein in a prefusion-stabilized conformation. Per protocol analysis after 
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single dose showed a protection level of 66.9% (116 cases in the vaccine group 
vs. 348  in the placebo group; adjusted 95% CI 59.0–73.4) against moderate to 
severe–critical COVID-19 cases and 66.1% (66 cases in the vaccine group vs. 
193 in the placebo group; adjusted 95% CI 55.0–74.8) with onset at least 14 days 
and 28  days after injection, respectively. Vaccine efficacy against the severe 
COVID-19 cases was higher, 76.7% (adjusted 95% CI 54.6–89.1) and 85.4% 
(adjusted 95% CI 54.2–96.9) with onset at least 14 days and 28 days after injec-
tion, respectively [44].

All the three COVID-19 viral vectored vaccines have to be stored in refrigerator 
temperature between 2 and 8 °C.

Nucleic acid vaccines use genetic material—either RNA or DNA—to provide 
cells with the instructions to make the antigen. mRNA vaccines contain messenger 
RNA (mRNA), a single-stranded RNA molecule that complements DNA and cre-
ated when DNA is transcribed by RNA polymerase to create pre-mRNA [45] Once 
the genetic material enters human cells, it uses our cells’ machinery to make the 
antigen that will trigger an immune response. Because the antigen is produced 
inside our cells and in large amounts, the immune response is expected to be strong. 
The existing RNA vaccines need to be kept at ultra-cold temperatures which may 
prove challenging for countries in low- and middle-income countries [17, 18]. The 
concept of mRNA vaccines was first developed in the early 1990s [46].

 Comirnaty mRNA Vaccine (Pfizer, BioNTech, Fosun)

Comirnaty or Tozinameran or BNT162b2 is an mRNA vaccine developed by the 
German biotech company BioNTech in cooperation with the U.S. pharmaceutical 
company Pfizer and the Chinese pharmaceutical company Fosun. Comirnaty 
received emergency use authorization from the U.S. Food and Drug Administration 
in December 2020 for use in individuals 16 years of age and older, making it the first 
COVID-19 m-RNA vaccine authorized in the USA. The vaccine, given by intra-
muscular injection, is composed of nucleoside-modified mRNA (modRNA) encod-
ing a mutated form of the full-length spike protein of SARS-CoV-2 encapsulated in 
lipid nanoparticles. The ongoing Phase III clinical trial, scheduled to run from 2020 
to 2022, assesses the safety, efficacy, tolerability and immunogenicity of 2 doses of 
BNT162b2 separated by 21 days in three age groups: 12–15 years, 16–55 years or 
above 55 years. The trial involved over 44,000 participants half given the vaccine 
and half given placebo. Vaccine efficacy was calculated from over 36,000 partici-
pants (including people over 75 years of age. The study showed a 95% reduction in 
the number of symptomatic COVID-19 cases in the people who received the vac-
cine (8 cases out of 18,198 developed COVID-19 symptoms) compared with people 
who received a dummy injection (162 cases out of 18,325 developed COVID-19 
symptoms) [47]. Since 31st December 2020, Comminate has been the first 
COVID-19 vaccine to receive emergency use validation from the World Health 
Organization [18].
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 SpikeVax (mRNA-1273) (Moderna, National Institutes 
of Health)

mRNA-1273 COVID-19 vaccine is a lipid nanoparticle-encapsulated, nucleoside- 
modified mRNA vaccine encoding the stabilized prefusion spike glycoprotein of 
SARS-CoV-2 developed by Moderna Therapeutics and the U.S. National insti-
tutes of Health. On December 18, 2020, the Food and Drug Administration issued 
an Emergency Use Authorization (EUA) for the Moderna COVID-19 vaccine 
[48]. Moderna’s vaccine remains stable at −20 °C, the temperature of a household 
freezer, for up to 6 months. It can remain refrigerated at 4 °C for up to 30 days 
[49]. By contrast, Pfizer’s mRNA COVID-19 vaccine needs to be stored long-term 
below −60 °C, though unopened vials can be stored at freezer temperatures for up 
to 2 weeks [50]. Phase 3 clinical trials of the vaccine, with 30,420 volunteers, 
showed 94.1% efficacy at preventing COVID-19 as well as complete protection 
against severe forms of the disease. Symptomatic Covid-19 illness was confirmed 
in 185 participants in the placebo group (56.5 per 1000 person-years; 95% confi-
dence interval [CI] 48.7–65.3) and in 11 participants in the mRNA-1273 group 
(3.3 per 1000 person-years; 95% CI 1.7–6.0); vaccine efficacy was 94.1% (95% 
CI 89.3–96.8%; P  <  0.001) [51]. WHO’s SAGE recommends the use of the 
Moderna mRNA-1273 vaccine at a schedule of two doses (100 μg, 0.5 mL each) 
28 days apart. If necessary, the interval between the doses may be extended to 
42 days [52].

 Zy-CoV-D COVID-19 DNA vaccine (Zydus Cadila)

ZyCov-D, also India’s first needle-free COVID-19 vaccine, uses plasmids to deliver 
the vaccine between two layers of the skin. It is administered with a disposable 
needle-free injector, which uses a narrow stream of the fluid to penetrate the skin 
and deliver the vaccine to the proper tissue. Once the plasmids enter the nuclei of 
cells, they are converted into mRNA, which travels to the cytoplasm and is trans-
lated into the spike protein itself. According to an interim study that has yet to be 
published in a scientific journal, ZyCoV-D has been found to be 67% protective 
against symptomatic COVID-19. The efficacy figure of 67% came from trials 
involving more than 28,000 participants, which saw 21 symptomatic cases of 
COVID-19 in the vaccinated group and 60 among people who received a placebo. 
The Phase 3 clinical trial in India was conducted at the peak of the second wave of 
the pandemic in India with the SARS-CoV-2 variants circulating. Several other 
DNA vaccines against COVID-19 are in clinical trials globally [53].
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 Current Knowledge Gaps

Per U.S. FDA guidance, the vaccines that have been authorized for emergency use 
have included a median follow-up duration of at least 2 month-clinical data after the 
primary series following U.S. FDA guideline [54]. It is thus essential to continue 
generating safety and efficacy data even though the COVID-19 vaccines are being 
used under EUA to address the waning immunity and the enhanced disease that has 
been of concern at the beginning of SARS-CoV-2 pandemic and remains of concern 
[55]. Furthermore, other gaps such as the need for a booster dose, heterologous prime-
boost regimen (related to interchangeability question which is often time raised for 
programmatic supply issue), applicable to the COVID-19 pandemic and the need to 
also vaccinate the paediatric population have been raised [5]. Additional complemen-
tary studies in paediatric population have been conducted leading to the authorization 
of the COVID-19 vaccines in adolescents with Pfizer/BioNtech m-RNA vaccine [56]. 
Heterologous prime-boost interim safety data under com- COV protocol (a topic of 
high interest in light of the anticipated vaccine shortages that may slow down the vac-
cine roll-out), found that following prime-boost permutations of ChAdOx and Pfizer/
BioNtech there was an increase of systemic reactogenicity after the boost dose in 
heterologous vaccine schedules in comparison to homologous vaccine schedules 
requiring an increased paracetamol use from the study participants [57].

As with any other vaccines, pregnant women should be considered in clinical 
trials and can also benefit from vaccination [58] since they may be at potential risk 
of severe COVID-19 and adverse pregnancy outcomes [59]. Vaccine trial with 
m-RNA has been conducted—m-RNA vaccine was shown to be immunogenic in 
pregnant women, and vaccine-elicited antibodies were transported to infant cord 
blood and breast milk. Pregnant and nonpregnant women who were vaccinated 
developed cross-reactive antibody responses and T-cell responses against SARS- 
CoV- 2 variants of concern [60]. More studies in lactating and pregnant women 
should be performed with other COVID-19 vaccine platforms.

The side effects of SARS-CoV-2 vaccines are nearly always mild and transient. 
Fatigue and headache after vaccination are often troubling but these side effects merely 
reflect that the vaccine is doing its job of stimulating production of interferons [61]. 
With the data coming from the continuous post-marketing surveillance, certain treat-
able adverse events have been detected. This includes the risk of myocarditis in 1–25/1 
million doses of mRNA vaccines [62]. Another is the heparin- induced thrombocytope-
nia (HIT) detected in patients receiving the AstraZeneca vaccine although the risks are 
debatable considering its risk of 1/100,000 is within the range of specific thrombotic 
events in the general population, 0.22–1.57/100,000 per year [63]. It should be empha-
sized still that the benefits provided by the vaccines as protection against morbidity and 
mortality to COVID-19 far outweighs these extremely rare side effects.
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No well-established correlate of protection is known (yet) for SARS-CoV-2, but 
Khoury et al. [64] analyzed the relationship between in vitro neutralization levels 
and the observed protection from severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection using data from seven current vaccines and from convales-
cent cohorts and showed that neutralization level is highly predictive of immune 
protection [64].

While the world starts getting back to certain normalcy with the vaccines roll-out 
deployment worldwide, hope has been undermined with the emergence of variants 
of concern that may affect the impact of vaccination which is also another question 
being addressed either in vitro or in vivo by vaccine manufacturers [65].
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Chapter 29
The Global Evolution of Clinical Practice 
During a Pandemic

Sulaiman Karim, Brittany K. Bankhead, and Brian A. Kendall

 Regional Variations in the Evolution of COVID-19

While the coronavirus disease 2019 (COVID-19) outbreak disrupted medical care 
across the entire nation and globe, regional differences among health-care facilities 
and resources introduced heterogeneity into the experiences of different popula-
tions. Regional variations influenced clinical practice and ultimately influenced 
health outcomes.

The comparison of rural and urban populations highlights regional variations and 
the evolution of COVID-19. For example, traveling distance, limited qualified pro-
viders in an area, and reduced bed capacity relative to urban health institutions have 
historically challenged clinical practice in remote areas [1]. In addition, urban areas 
are often associated with close living quarters, such as co-housing and apartment 
living [2]. This style of living presented numerous opportunities for super spreader 
events during the pandemic. Furthermore, various living conditions characteristic of 
urban areas, such as higher population density and higher rates of household over-
crowding, demonstrated positive associations with COVID-19 transmission and 
mortality rates [3]. Moreover, metropolitan health-care facilities were further 
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burdened by the influx of patients transferred from outside facilities unable to meet 
such acutely heightened demand for critical care. For example, the total number of 
critical care transfers reported by Northwest London Critical Care Network between 
March 17th and May 6th of 2020 was 238, more than double the 106 transfers 
reported during an equivalent 50-day period in 2019. Notably, 94% of the 2020 
period transfers were related to ICU capacity, while none of the 2019 period trans-
fers were attributable to this reason [4].

Other socioeconomic factors appear to have played a role in the pandemic’s 
regional manifestations. Individuals living in high-income neighborhoods substan-
tially increased their days spent at home compared to individuals in low-income 
neighborhoods, who were more likely to work outside the home [5]. These findings 
suggest that lower-income areas faced unique barriers to social distancing during 
the pandemic. Furthermore, inequities in the testing and diagnosis of COVID-19 
highlighted regional disparities during COVID-19. During the first several months 
of 2020, lower testing rates were reported in neighborhoods with higher levels of 
social vulnerability [6]. Other population characteristics, such as advanced age, 
smoking history, obesity prevalence, and high unemployment rates, were associated 
with higher viral reproduction rates and increased critical COVID-19 cases and 
mortality [7].

Taken together, these findings illustrate how the unique features of a population 
within a given region further influenced the pandemic’s varying evolution across 
different areas of the globe. As a result, macro and micro variability in patient popu-
lations and clinical guidelines forced clinicians to adapt their practice of critical 
care and management of patients infected with severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2).

 Potential Advanced-Stage Pathology of Disease Processes

The implication of backlog on hospital system recovery during the pandemic leads 
to the potential for disease progression. In addition, the mass disruption of patient 
care induced by the pandemic will likely result in worsened health outcomes and 
heightened mortality for patients, primarily due to diagnosis and treatment defer-
ment delays. Considering this, appropriate preparation for advanced-stage patho-
logical conditions is vital for clinical practice.

The disruption of acute care during the pandemic resulted in avoidable harm for 
many patients. De Luca et al. showed that throughout the COVID-19 global health 
crisis, primary percutaneous coronary intervention (PCI) procedures—a treatment 
strategy for a life-threatening type of heart attack—decreased, time to treatment, 
ischemia duration, and mortalities rose [8]. Furthermore, cases of delayed treatment 
occurred in hospitals stressed by the pandemic. A frontline account of the pan-
demic, shared by the New England Journal of Medicine, reported that two patients 
died while waiting for their surgeries after their transthoracic aortic valvular replace-
ments were postponed [9]. This case highlights how global health crises such as the 
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COVID-19 pandemic complicate the distinction between “elective” and “medically 
necessary” procedures.

Another area of medicine where providers should anticipate advanced-stage 
pathology is oncology since 1-year relative survival rates for those with various 
types of cancer decrease with an increasing stage at diagnosis [10]. For instance, a 
study from Italy found that after a 2-month interruption of mammographic screen-
ings, the pathological findings of diagnosed breast cancers showed clinical progres-
sion, increasing stage III morphology [11]. Furthermore, due to diagnostic delays in 
the UK alone, approximately 3500 avoidable cancer deaths are estimated to occur 
for lung, breast, esophageal, and colorectal cancer within 5 years after diagnosis, 
totaling roughly 60,000 years of life lost [12]. These findings were especially con-
cerning considering the multitude of treatable cancer types with modern medicine 
and preventable with the diagnostic techniques currently available.

The mass disruption in diagnosis, treatment, and routine patient management 
limited clinical practice and increased mortality. Clinical practice will require modi-
fications to adjust for these worsened health outcomes and increases in mortality as 
some of the leading causes of worldwide mortality. Heart disease and cancer treat-
ment are especially concerning.

 Managing Surgical Backlog

Modern health-care systems witnessed a dramatic reduction in surgical volumes 
throughout the COVID-19 pandemic, creating an enormous backlog of cases [13]. 
Estimates suggest that over 28 million elective operations were canceled across the 
globe during the first 3 months of the pandemic [14]. This mass disruption, directly 
and indirectly, impacted patients and providers across a broad range of medical 
specialties, and it also necessitates careful consideration by physicians in navigating 
the subsequent management and care of their patients. This backlog presents signifi-
cant strain on entire health systems in the post-COVID era as already-exhausted 
facilities trying to recover from the pandemic will need to increase capacities even 
further than prepandemic times. Furthermore, even as services resume and restric-
tions lift, operations will be only fractionally as efficient as before [15]. The recov-
ery from backlog has unique implications for patients under different forms of care.

Elective surgery cancellation has countless unanticipated ramifications on patient 
well-being. Previous research showed that patients awaiting total hip arthroplasties 
have a 50% chance of worse postoperative outcomes when surgery was delayed 
more than 6 months, suggesting that surgical delays worsen the patient’s quality of 
life postoperatively [16]. In addition, research during the COVID-19 era revealed 
that elective orthopedic surgery cancellations resulted in significantly higher 
reported pain levels and, consequently, higher analgesic use [17].

In addition to impacting patients’ mental and physical well-being, mandatory 
cancellations of nonemergent hospital procedures and the resultant surgery backlog 
have tremendous economic implications for health-care facilities. Progression of 
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disease states—such as metastatic breast, colorectal, and lung cancer—is ultimately 
associated with higher costs of care [18]. Thus, the backlog is costly on the levels of 
both institutions as well as individuals. Reduced institutional income may ulti-
mately lead to provider contract restructuring and pay cuts, as well as facility down-
sizing, both of which have the potential to compromise the quality of care delivered 
in clinical practice.

The coronavirus pandemic rerouted treatment trajectories so that many conven-
tionally operative cases were pushed toward nonoperative and potentially more con-
servative treatment routes. Such shifts in treatment approach posed an increased risk 
of mortality and unruly health outcomes for individuals. However, shifting empha-
sis away from invasive procedures as the first-line treatment could mean that patients 
avoided unnecessary, risky interventions that posed more significant risks for infec-
tion and post-operative complications. Despite these findings, withholding invasive 
surgical procedures until alternative treatments have failed may lengthen case reso-
lution and lead to adverse patient outcomes. For example, previous research demon-
strated that patients who underwent initial surgery for mitral valve regurgitation had 
better long-term clinical outcomes, including reduced overall mortality than patients 
treated with a conservative management strategy [19]. These findings highlight how 
abstaining from initial surgical intervention may present harm to patients in the long 
run. Moreover, the delayed use of surgical intervention could also heighten the risk 
for more advanced pathological states that ultimately require more aggressive treat-
ments than what would have been required initially.

The impact of the pandemic on surgical backlog has negatively impacted some 
specialties more than others. In ophthalmology, 2 years post-suspension of elective 
procedures, the backlog for cataracts surgery alone is predicted to involve 1.1–1.6 
million cases [20]. Similarly, elective orthopedic surgeries are predicted to be 
behind by over a million cases by 2 years post-deferment, assuming prepandemic 
growth in volume [21]. Cardiac surgery volumes decreased from baseline by 54% 
following COVID-related restrictions [22]. Case backlog in cardiac surgery is per-
haps most concerning, given that heart disease reigns as the leading cause of death 
worldwide [23]. Furthermore, predictions show that it could take up to 8 months to 
clear this case backlog; even so, that is stringent upon when hospitals can resume 
and how much they can increase capacity [22].

Changes to clinical practice to reduce the growing surgical backlog will require 
collaboration among industry leaders and providers. Though reportedly taking vari-
ous measures to increase surgical throughput, less than 50% of health system lead-
ers surveyed by McKinsey & Company in 2020 were employing strategies to 
maximize capacity. At the time of the survey, actions taken by the correspondents 
included extending hours of operation, hiring additional staff, optimizing room 
turnover times, and contacting patients in advance to limit cancellations. McKinsey 
& Company outlined several recommendations for health-care systems facing an 
overwhelming backlog, one of which was reducing unnecessary deferral of care. 
Other helpful strategies for managing backlog include the employment of data ana-
lytics to help prioritize and reschedule delayed or canceled surgeries [24]. Hospitals 
may consider transitioning to relying more heavily upon outpatient settings for sur-
gical care [25].
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 Ambulatory Care and the Outpatient Setting

The COVID-19 pandemic altered ambulatory care in various ways, impacting pro-
viders and patients across many outpatient settings, most notably primary care, psy-
chiatry, and physical rehabilitation. These effects included decreased accessibility 
to care, delays in care, modified modes of care delivery, and reductions in revenue 
generation. Nevertheless, despite similar adverse implications of COVID-19 on the 
landscape of outpatient care, the different specialties experienced unique challenges.

The impact of COVID-19 on primary care had significant deleterious conse-
quences for patients regarding preventative screening, routine follow-up care, and 
patient referrals to secondary and tertiary care providers. For instance, in the UK, 
estimates predicted tremendous increases in the number of avoidable deaths among 
cancer patients due to delays in diagnosis, with up to a 16.6% estimated increase in 
deaths due to lung cancer alone [12]. Furthermore, laboratory test orders from out-
patient clinics declined during the pandemic, illustrating the harmful effects on rou-
tine follow-up care [26].

The clinical practice of psychiatric care was also vulnerable to change as mental 
health disorders imparted unique vulnerabilities to patients during the pandemic, 
such as simply having a comorbidity that heightened the risk for severe SARS- 
CoV- 2 infection, behavioral issues impacting conformity to public health guide-
lines, and impaired coping mechanisms to deal with the psychological toll of 
lockdown [27]. The psychological harm inflicted by the pandemic also posed unique 
implications for psychiatric medicine. Reported symptoms of anxiety and depres-
sion rose significantly between April and June 2020 relative to the same period in 
2019 [28, 29]. Unfortunately, these psychological impacts also heightened vulner-
ability to harmful coping mechanisms. For instance, 13.3% of people aged 18 or 
older in the USA reported having started or increased substance use to help cope 
with the negative emotions induced by the pandemic [30]. This pandemic-induced 
substance abuse may have exacerbated other health issues that patients had or may 
have worsened existing substance use disorders and thus is imperative to consider.

The restrictions and stay-at-home orders implemented in response to the pan-
demic disrupted the delivery of rehabilitative medicine. This restriction is particu-
larly concerning considering that it was shown that initiating physical therapy 
earlier improves an individual’s functional abilities [31]. Other previous studies 
indicated that physical therapy results in significant long-term improvement in 
patients with chronic pain [32]. Taken collectively, these findings suggest that the 
pandemic’s impact on rehabilitative care likely negatively affected the functional 
capabilities and quality of life of many patients overall. Moreover, research showing 
that SARS-CoV-2 infection can manifest as skeletal muscle injury symptoms sug-
gests potential increased demand for physical therapy in the pain management of 
COVID-19 patients [33].
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 Employee Screening Protocols

Uncertainty about the SARS-CoV-2 virus and an already worn-down workforce on 
the pandemic frontlines raised concerns for intrahospital infections, especially sus-
ceptible were high-risk health-care workers. Coupled with frayed supply chains and 
dwindling personal protective equipment (PPE), hospitals were forced to adapt to 
an increased number of critically ill patients with a decreased number of available 
and healthy health-care workers due to SARS-CoV-2 infections. Given concerns for 
nosocomial viral transmission, employee screening protocols were implemented 
and updated as the COVID-19 pandemic unfolded. In early 2020, landmark research 
regarding symptomatic and asymptomatic transmission encouraged testing of 
asymptomatic health-care workers to curb the nosocomial spread, requiring a dra-
matic increase in testing capabilities [34–36]. Other means to slow transmission 
include institutional changes regarding employee screening protocols, contact trac-
ing, and travel restrictions.

Early changes in clinical practice warranted the need for developing screening 
protocols and managing risk. However, the implementation of screening protocols, 
especially early in the pandemic, relied on the locoregional and international avail-
ability of resources [37]. Infrastructure considerations regarding testing capacity 
have been addressed from the private sector with increased testing kit development 
and distribution availability. In the USA, as SARS-CoV-2 spread rapidly and politi-
cal pressure mounted against the government, a national emergency was declared 
on March 13, 2020 to divert $50 billion toward fighting the virus and improved 
telehealth access to several states [38]. In response to the USA declaring the 
COVID-19 pandemic a national emergency, the American Medical Association 
called the emergency declaration “necessary to help ensure that America’s health 
system has sufficient resources” [38]. In the time lag between policy development 
and resource mobilization, adapted screening protocols like serological testing or 
radiographic imaging and risk management methods were used.

Some institutions recognized the limitations of real-time polymerase chain reac-
tion (RT-PCR) testing as the sole tool for systemic screening protocols, which 
prompted these institutions to supplement screening protocols with serological test-
ing. Serological screening helped prevent the need for repeat RT-PCR testing, 
reduced laboratory resource use, and mitigated potential exposures. This screening 
method detects antibodies created by the immune system in response to a specific 
antigen rather than detecting the virus itself, as with traditional RT-PCR tests [39]. 
Despite the limitations of serological screening, several major US government orga-
nizations, including the NIH and DHHS, established the Serological Sciences 
Network for COVID-19 (SeroNet) to develop serological tests and increase testing 
capacity via the Public Readiness and Emergency Preparedness Act [40]. In addi-
tion to serological testing, CT and X-ray imaging have been used as an alternative 
to RT-PCR testing, especially in the early days of the pandemic with limited testing 
capacity due to decentralized federal coordination [41].
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In a study conducted by Quattrone et al. [39], baseline serial serological screen-
ing followed by second-line viral RT-PCR testing for positive or symptomatic cases 
was an effective method of screening health-care workers. The possible systemic 
serological screening protocol to test health-care workers is summarized in 
Fig. 29.1 [39].

Risk management has also been used to decrease transmission with the use of 
contact tracing and travel restrictions. Additionally, some hospitals recognized both 
the vulnerability and value of senior clinicians, thereby taking measures to distance 
them from direct exposure and manage risk. A JAMA publication outlines how 
older clinicians should be considered for roles with less exposure, like advisory, 
executive, or communication roles [42]. However, despite increased screening pro-
tocols and concern for older clinicians, some places, such as New York City, relied 
on older clinicians to address workforce shortages during surges [43]. With health 
informatics support, risk management through contact tracing has made consider-
able progress in outbreak management.

In a study conducted by Reeves et al. [44], electronic health record (EHR)-based 
tools were used for screening protocols, including scripted triaging, standard mes-
saging, and real-time data analytics. In Taiwan, for instance, the application of 
health informatics support leveraged national health resources with its immigration 
and customs database to risk stratify travelers. As a result, low-risk flight passengers 
were able to pass to immigration clearance, while high-risk individuals were 
required to quarantine and report symptoms with mobile device applications. 
Because health-care workers were at increased risk of COVID-19 exposure, the 
WHO recommends contact tracing to prevent intrahospital infections [45, 46]. 
Furthermore, because of rigorous contact tracing and screening protocols of health- 
care workers, the interval and incubation period of COVID-19 infection in health- 
care workers was much shorter than the general population [45].

System wide screening of
healthcare workers with
serological screening

Positive serological test:
2 RT-PCR tests 
at 24-48 hours 
to differentiate 

active vs past infection

Positive serological test:

(Asymptomatic active
infection)
Provide:

1. Case isolation until 2 
negative RT-PCR tests

2. Clinical Audit

3. Contact tracing 
and testing

Negative RT-PCR:

Past infection
Negative serological test:

Restest after 2-4 weeks

nasopharyngeal swab RT-
PCR + serological screening 

for new employees 

Provide RT-PCR tests 
for symptomatic individuals 
and confirmed sick contacts

Fig. 29.1 Systematic serological screening protocol of health-care workers [39]
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 Personal Protective Equipment

The global supply of PPE drastically fell as China, the largest producer of masks 
and clinical gowns, experienced a surge of the first reported cases of COVID-19. 
Early in the pandemic, the World Health Organization director stated that “the 
chronic global shortage of personal protective equipment is now one of the most 
urgent threats to our collective ability to save lives” [47]. Cohen and van der Rodgers 
[48] argued that health is not a public good, and therefore, market prices are inap-
propriate mechanisms for rationing PPE. Health-care systems were forced to make 
creative changes and partnerships to keep their workers safe despite the global PPE 
shortage.

Early studies established the effectiveness of N95 masks and respirators in pre-
venting bacterial and viral infections among hospital workers [49]. COVID-19 dra-
matically increased hospitalization rates and regionally overwhelmed health-care 
systems. Reduced supply of N95 masks, hospital gowns, and other PPE reduced the 
quality and quantity of care due to increased intrahospital viral transmission [48]. 
With a compromised health-care workforce, the health-care system was prone to 
destabilization as intrahospital infection rates increased. Global shortages of PPE 
worsened for many low-income countries as they rely on the same global supply 
chains, and more countries halt exports of PPE. UNICEF reported it only acquired 
10% of its initial 240 million masks request for low-income countries [50, 51]. 
Increased access to PPE, especially for low-income countries, required an interna-
tional commitment.

One notable case of PPE shortages came from the USA as the Defense Production 
Act was needed to mandate private production of PPE used by frontline health-care 
workers [48, 52]. The inability to stockpile PPE amid a pandemic coupled with 
budget cuts to the CDC and an implementation time lag after invoking the Defense 
Production Act in April 2020 resulted in creative changes across the country out of 
desperation. Studies have found multiple causes for the U.S. shortage of PPE, but 
many studies cite the lack of an immediate and robust response as a significant con-
tributing factor [48, 52–54]. Additionally, the U.S. and China trade war made 
acquiring PPE from China more complicated as China’s COVID-19 cases declined, 
and production resumed.

During the height of the PPE shortage, the CDC recommended reusing one-use 
masks and potentially even cloth masks, despite limited evidence of their efficacy 
[54]. Many organizations turned to reuse masks as a last resort; others sought cre-
ative solutions to the PPE shortage, as evident in the call for ideas published by 
Bauchner et  al. [55] and Reid and Hurst [56]. Institutions like the University of 
Nebraska Medical Center began using UV light to disinfect N95 masks under the 
direction of Dr. John Lowe [57]. Additionally, recent research has used photother-
mal decontamination devices to safely decontaminate masks up to 3 cycles without 
compromising the masks’ integrity [58]. Many institutions relied on homemade 
PPE alternatives as supplies became scarce. However, a study conducted by the 
University of Cambridge found cloth masks to be 50% effective compared to 
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surgical masks at 80% [56, 59]. In July of 2020, the CDC announced there was 
consideration for releasing stockpiled N95 masks that had expired because of the 
dire PPE shortage [60]. By July of 2020, global supply chains stabilized, and China 
produced 110 million masks a day; however, high demand for PPE continued to 
exist as countries built their stockpiles in anticipation of subsequent viral surges [47].

 Bed Allocation

The ethical dilemma of bed allocation posed challenges amid hospitals over-
whelmed by regional surges in COVID-19 cases. Given the rapidly changing nature 
of the SARS-CoV-2 virus, hospital administrators and clinicians required rapid 
adaptations to circumstances with a limited federal response. Federal guidelines 
varied widely based on local factors such as patient population, availability of 
resources, and politics. Countries with inadequate bed capacity were more prone to 
crisis level surges in COVID-19 cases with the inability to properly provide care to 
patients. Concerns for patient and employee safety amid both resource and person-
nel shortages prompted hospitals to find creative solutions to continue operations 
and prevent systemic collapse.

The Johns Hopkins Bloomberg School of Public Health found that all sub- 
Saharan Africa has roughly 2000 beds, excluding South Africa [61]. The scarcity of 
hospital beds starkly contrasts wealthier countries’ capacity to care for their 
COVID-19 patients. However, Italy and the USA suffered massive bed shortages as 
COVID-19 surged early in 2020 and late 2020 for each country, respectively.

While China’s reported cases of COVID-19 fell, Italy became the European epi-
center for the pandemic. Craxì et al. [62] found some hospitals hardest hit by the 
surges admitted over 200 critical respiratory failures every day. Additionally, ethics 
committees from the Italian Society of Anesthesia, Analgesia, Resuscitation, and 
Intensive Care (SIAARTI) published guidelines amid scarce resource rationing. 
Italy’s allocation strategy was modeled closely to their organ transplant guidelines 
optimizing maximum cost-benefit in years gained for the patient [62, 63]. Many 
Italian hospitals converted operating rooms, medical wards, and changing rooms 
into temporary negative pressure intensive care units [64]. Rapid policy and institu-
tional changes developed in conjunction with ethical boards to allocate limited hos-
pital beds properly.

Several surges riddled the USA throughout the COVID-19 pandemic. The inter-
play between civil liberties and public health has resulted in several efforts to reopen 
the economy with subsequent spikes in COVID-19 cases. First, surges in the USA 
consumed NYC as the largest and most densely populated city in the USA. By June 
11, 2020, New York’s death toll accounted for 7% of the world’s death toll and 27% 
of American deaths [65]. Although New York was shocked by how ill-prepared it 
was to manage the pandemic, the US developed protocols, published in 2018, to 
manage bed and resource allocation during a public health emergency such as 
severe influenza [66]. By September 2020, nearly half of US hospitals reported to 
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the Department of Health and Human Services reached critical capacity [67]. 
Finally, U.S. institutional changes in response to bed shortage led to development of 
surge capacity and increased focus on triage.

The development of surge capacity and triage protocols aided in lessening the 
disruption of bed shortages, especially in the USA.  Early in the pandemic, care 
models were developed. One particularly well-received care model placed tradi-
tional ICU attendings in charge of physician lead teams to accommodate the dra-
matic increase in ICU beds [68]. Similarly, many institutions, such as the University 
of Washington School of Medicine, redirected research and teaching faculty into 
clinical practice to accommodate increased ICU care [69]. Schaye Verity et al. [70] 
cite tertiary and quaternary-care referral hospitals were critical for system expan-
sion as smaller hospitals had fewer resources and were more easily overwhelmed.

 Reliance Upon Communication and Social Media 
for Clinical Updates

Our understanding of the SARS-CoV-2 virus was limited, despite the growing num-
ber of worldwide SARS-CoV-2 patients. Health agencies and health-care providers 
implemented institutional changes as data-sharing became more collective with an 
influx of research since the pandemic. However, due to the rapidly evolving nature 
of the COVID-19 pandemic, clinicians were forced to increasingly rely on social 
media for clinical updates as traditional dissemination strategies, like academic 
journals or conferences, could not keep up. With a heavier reliance on peer-to-peer 
communication, institutions found creative ways to adapt their pandemic response, 
such as reliance on mobile health platforms, videoconferences, and social media for 
clinical updates.

Relying on social media was not unique to the SARS-CoV-2 pandemic. A study 
conducted by Odlum and Yoon [71] drew a parallel when lawmakers questioned the 
CDC’s ability to manage the Ebola health crisis following several confusing mes-
sages issued by the CDC. Instead, a quick and forceful public response is favored 
with mass dissemination media such as Twitter, much like Nigeria’s response coor-
dinated with the WHO. Odlum and Yoon [71] also cite how real-time Twitter data 
supports early detection of an infection outbreak. As a more significant percentage 
of the general population uses social media sites, we may better analyze regional 
health trends and improve global health outcomes with population-specific and 
literacy- appropriate health education messages. A study examining racial dispari-
ties and the SARS-CoV-2 virus found disseminating information on social media to 
be more effective than waiting for an academic publication [72].

As the pandemic unfolded within the USA, many communication media were 
used to supplement the federal response. The SARS-CoV-2, much like the Ebola 
epidemic, pressured health workers and agencies to increasingly rely on social 
media for clinical updates [73]. In late December 2019, CDC guidelines for health 
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agencies and health-care providers remained focused on slowing transmission, but 
guidelines fell short anticipating impending disruptions to clinical practice [74]. 
Pharmacists’ extemporaneous preparation of sanitizers using WHO guidelines fol-
lowing a sanitizer shortage is one example of changed clinical practice informed by 
timely advice from the WHO [75]. Moreover, local population and social factors 
influenced the CDC guidelines, and therefore, required strategic modification to 
best prepare hospitals for disease surges [70]. The pandemic response in NYC 
prompted new strategies for effectively disseminating clinical updates, such as 
delivering bidaily site-specific meetings, videoconferences, townhalls, business 
communication platforms, and traditional email [70].

Other health-care institutions such as the University Hospital of Geneva imple-
mented a dedicated mobile health platform to disseminate clinical updates for their 
staff. Zamberg et  al. [76] found medical staff use of mobile health platforms to 
significantly increase to more than double when viewing information about SARS- 
CoV- 2. In the early stages, where contradictory information was published almost 
daily, and health professionals dealt with increasing patients and workload, tradi-
tional communication strategies like email or printed materials fell short as they 
were more difficult to sort, find, and update.

Increased reliance on social media for clinical updates was also likely tied to 
both the need for faster and more accessible data dissemination. Traditionally, dis-
seminating public health knowledge is slow, ineffective, and leads to a gap in dis-
covery and practice or policy development; thus, a “translation gap” often develops 
[77]. Among researchers, only 28% agreed their dissemination efforts were rated 
excellent or good, indicating traditional or passive dissemination methods such as 
academic journals or conferences are relatively ineffective [77]. Additionally, clini-
cal safety infographics are associated with a higher preference and lower cognitive 
load according to the cognitive load theory and coding theory [78, 79]. The limita-
tions of “echo chambers” and the inability to enforce accountability were also cited 
in the literature [72]. Despite the limitations of social media, a global effort to com-
municate scientific findings has challenged traditional dissemination strategies and 
encouraged unconventional ones.

 The Influx of Case Reports and Preliminary Data in Journals

The scientific community responded to the COVID-19 pandemic with a dramatic 
influx of case reports and preliminary data in journal publications. Increased publi-
cation of scientific data and case reports may be another silver lining in the pan-
demic. However, while the rapid dissemination of scientific work has greatly aided 
our understanding of the SARS-CoV-2 virus, concerns regarding the accuracy and 
the peer review process have been raised.

Submission of preprint publications has grown steadily for the past 5 years but 
has dramatically increased in the past 2 years with the pandemic’s inception [80]. 
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Open-access research has followed a similar growth trend as the scientific commu-
nity aims to disseminate clinical updates and virus-related data. For example, a 
recent Lancet publication found that the number of publications, including pre-
prints, exceeded publications during the Ebola and Zika virus, despite both epidem-
ics also increasing open-access publications [81, 82].

In addition to increased preprint publications, the peer review process has also 
shortened for COVID-19 related articles. Horbach [83] found the average peer 
review time to be shortened by 49% for COVID-19 related articles and no accelera-
tion in the peer review turnaround for non-COIVD-19 articles. Additionally, he 
found publishers made tremendous efforts to expand their pool of reviewers to assist 
in the rapid publication of new findings. The Medical Journal of Australia and the 
Royal Society Open Publishing were among many publishers to establish a fast- 
track peer review of COVID-19 manuscripts, preprint publications, and submis-
sions to rapidly disseminate new findings [84, 85]. Publishers addressed the need to 
shorten the peer review time considerably, something traditionally considered a 
critical hurdle in publishing.

This unprecedented flood of research, both by preprints and journal publications, 
has undoubtedly changed the research landscape. The MIT Press [86] launched 
Rapid Reviews: COVID-19, in which they plan to use artificial intelligence (AI) to 
identify promising preprints and conduct expert peer reviews. In addition to AI, lit-
erature hubs like LitCovid increased accessibility to published work relating to 
COVID-19. The influx of research coupled with the increased publication rate has 
undoubtedly aided our ability to respond to the SARS-CoV-2 virus.

Publishers adapted to the increased demand for novel information about the 
SARS-CoV-2 virus with rapid review models and amassing a growing number of 
reviewers. However, as research evolves amid the influx of research, many in the 
scientific community were wary of preprints and scientific credibility. Traditionally, 
reviewers acted as filters to ensure only high-quality works get published, often tak-
ing months to a year to complete a peer review [87]. Quicker peer reviews introduce 
the possible tradeoff between speed and quality. Horbach [83] argues that false infor-
mation in journal articles is more damaging because it appears “peer-reviewed” and 
is infrequently verified. The dramatic increase in preprints also contributed to public 
misinformation as research was presented without review. BioRxiv, one of the lead-
ing search engines for preprint papers, has addressed these concerns by adding a 
disclaimer that emphasizes that preprints do not undergo peer-review and should not 
be considered as conclusive or reported in media. Additionally, this has led scientists 
like Liam Brierley [81] to issue general guidelines to read preprint research.

 Novel Collaborations for Large-Scale Data

Large-scale data use has played an increasingly significant role in both science and 
technological development. Prospective meta-analysis (PMA), the Open Access 
(OA) initiative, and many other tools substantially aided data pooling and opened 
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global collaboration opportunities. Collaboration for open data was particularly sig-
nificant for lower-income or developing countries unable to access publicly funded 
research. However, large-scale data sharing was not immune to its challenges and 
limitations, but considerable progress came about during the COVID-19 pandemic.

Scientific progress has often relied on collaboration to advance our understand-
ing and ability to solve novel problems. The need for large-scale data collaboration 
amid a pandemic becomes evident by the need to rapidly disseminate information, 
especially to inform policy and clinical practice. Chan et al. [88] recognized the 
need for collaborative large-scaled data sharing and open access as a means to 
increasing the stability and economic development of poorer nations. Additionally, 
the need for large-scale data collaboration has surfaced several deficiencies in open 
data sharing, particularly in Latin American countries. Curioso and Carrasco- 
Escobar [89] cite the existence of the Scientific Electronic Library Online (SciElo) 
that includes over 16 Latin American and Caribbean countries with over a million 
scientific articles from over 200 universities. However, they also emphasize the 
need for interoperable open data repositories, modeled after SciElo, to increase 
transparency, reproducibility of results, and aid in evidence-based policymaking. 
The push for collaborative open access to large-scale data has, however, raised legal 
and ethical concerns.

Chan et al. [88] cite that developing countries were often receptive to collabora-
tive data sharing but face resistance from developed countries’ academic institu-
tions. Challenges to collaboration for large-scale data present cultural and systemic 
challenges, individual consent, and privacy [90]. Redundancy in possible overlap-
ping publications was also a common challenge against large-scale data collabora-
tion [91]. Nonetheless, resistance to collaboration has eased gradually over the 
years, accelerated by the COVID-19 pandemic.

Despite several challenges facing large-scale data collaboration, considerable 
progress has come to light during the COVID-19 pandemic. For instance, Gao et al. 
[92] recently published an extensive report detailing the collaboration of large-scale 
data in the USA, including the use of Research Electronic Data Capture (REDCap), 
consisting of 4421 active international nonprofit organizations by the CDC and NIH 
to support COVID-19 surveillance and research. One principle example of large- 
scale data collaborations comes from the John Hopkins University (JHU) COVID-19 
dashboard. Gardner et al. [93] cite the JHU COVID-19 dashboard as the authorita-
tive source of global COVID-19 epidemiological data, with over 1200 citations in 
the first 4 months of its publication.

Rios et al. [94] describe data sharing during the COVID-19 pandemic as “one of 
the pillars of scientific progress, cooperation between different countries and cul-
tures is the fastest way to accumulate valuable knowledge and face challenges like 
the current pandemic.” Likewise, the COVID-19 crisis impacted international col-
laboration and research practices by creating unprecedented information sharing 
and research demand.
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 Conclusion

While the COVID-19 pandemic disrupted modern health-care systems, creative 
solutions emerged out of clinical necessity to address the rapidly evolving clinical 
landscape, resource shortages, and gaps in knowledge. The subsequent recovery 
process will undoubtedly highlight the pandemic’s evolution across the globe and 
institutional changes in clinical practice. Mass disruptions in routine surgical vol-
ume led to massive surgical backlog resulting in treatment delays and the potential 
for disease progression. Coupled with frayed supply chains, uncertainty about the 
SARS-CoV-2 virus, and an already worn-down workforce forced health institutions 
to slow transmission with limited PPE or clinical guidelines. Global surges in 
COVID-19 cases posed ethical and logistical concerns for institutions, but the 
development of surge capacity and triage protocols aided in lessening the disruption 
of bed shortages. Despite the tragic toll of the COVID-19 pandemic, one silver lin-
ing may be the unprecedented data sharing and research evolution that informed 
clinical practice. Regardless of limited resources, information, or staff, the evolu-
tion of clinical practice in response to the COVID-19 pandemic is one of the bea-
cons of modern scientific progress.
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Chapter objectives are as follows
 1.  Knowledge of medical and mental health factors which contribute to long-

term cognitive symptomology in COVID-19 patients.
 2.  Identification of potential underlying causes of chronic cognitive, mental 

health, and physical complaints.
 3.  Familiarity with treatment directions for COVID-19 patients with chronic 

symptomology.

 Physiological Mechanisms of Long-Term Cognitive Change

Neuroinvasive properties of coronaviruses are well documented. Following entry, 
SARS-CoV-2 hijacks the host cells and uses the existing cell structures to promote 
viral replication. The result is a preferential excess of O2 and metabolic resources 
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supporting viral proliferation at the expense of uninfected cells, resulting in neuro-
nal death [1]. Neuroimmune activation, as well as systemic and CNS inflammatory 
responses to SARS-CoV-2 infection triggers prolonged hyperactivation of the auto-
immune cytokine network. The resulting dysregulated autoimmune response (cyto-
kine storm) can cause metabolic derangements with possible subsequent organ 
failure, respiratory distress, blood coagulation abnormalities, and damage to endo-
thelial cells in an attempt to return the body to homoeostasis [2]. Unfortunately, all 
these outcomes pose a risk for neurobehavioral change [3, 4]. While acute symp-
toms tend to remit with treatment of the underlying viral infection, protracted recov-
ery and prolonged inflammatory responses beyond acute illness may place patients 
at risk for persisting neuropsychiatric symptoms or neurocognitive changes [5–7], 
despite eventual treatment and immune stabilization. Further, cognitive symptoms 
secondary to COVID-19 may not be directly due to the virus itself [8], but rather the 
outcome of downstream effects, as will be described in the sections below. In this 
section, we will discuss possible physiological mechanisms for prolonged neuro-
cognitive outcomes that may be associated with COVID-19.

 Hypoxia and Hypoxemia

As primarily a respiratory disease, hypoxia (poor oxygenation at the tissue level) 
and hypoxemia (low blood oxygen levels) and both are manifestations of COVID-19 
[9–11]. While acute hypoxic encephalopathy (HIE) typically follows the natural 
course of delirium (i.e., acute onset, with gradual resolution following resolution of 
the underlying medical cause), given the vital role of oxygen in cerebral function-
ing, severe or prolonged hypoperfusion can result in hypoxic–ischemic injury [12–
14], coma [15, 16], and increased likelihood of residual cognitive impairments. 
Hypoxic brain injuries result from disruption of oxygen to critical brain areas. Due 
to its high metabolic demands, the hippocampus is typically involved, with dense 
anterograde amnesia being a classic sign of hypoxic injury [17, 18]. However, other 
gray matter regions including the thalamus, cerebellum, and areas of the cerebral 
cortex are also often involved [19]. Research has shown that while memory deficits 
remain a primary finding, changes in personality and behavior, visuospatial defects, 
and global cognitive impairments are also frequent findings [18, 20]. Watershed 
infarcts are also a common consequence of hypoxia. These often caused by pro-
longed hypoperfusion of the cerebral cortex at the terminal ends of the major arte-
rial distributions, causing a characteristic “string of pearls” radiographic pattern 
[16, 21]. Watershed infarcts are associated with reduced working memory and 
visuospatial abilities [22].

Acute Respiratory Distress Syndrome (ARDS) is an often-fatal condition in 
which fluid collects within the air sacs of the lungs, causing extreme shortness of 
breath and severe hypoxemia [23]. Survivors of hypoxemia due to ARDS can also 
experience poor long-term outcomes [24]. In Hopkins et  al.’s [25] longitudinal 
study following 55 individuals with ARDS, 100% of cases demonstrated cognitive 
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impairments at the time of hospital discharge, including impaired memory, atten-
tion, and processing speed. When followed up a year later, many subjects saw mild 
improvements; however, 78% of these individuals continued to exhibit impairment 
in at least one of the aforementioned domains. Notably, PaO2 (partial pressure of 
oxygen, a measurement of oxygen pressure in arterial blood) at baseline was signifi-
cantly related to long-term outcomes on memory, attention, and processing 
speed tasks.

 Stroke

Cerebrovascular complications among COVID-19 are well-established [26, 27]. In 
addition to hypoxic-mediated ischemic change (described above), pro- inflammatory 
cytokine storms can alter blood coagulability by causing endothelial injury to blood 
vessels [26, 28]. The resulting prothrombic state raises risk of cardioembolic events 
and intracranial hemorrhage (ICH; [29]). As such, long-term cognitive complica-
tions from stroke syndromes and other cerebrovascular disease are broad in scope 
and nature. Injury to subcortical white matter can result in reduced processing 
speed, executive functioning, attention, and learning abilities [30]. However, large- 
vessel and/or focal insults may also produce circumscribed deficits in other areas of 
cognitive functioning—such as language, visuospatial processing, sensory/motor 
abilities, and memory [31]. Further, these patients may be more susceptible to post-
stroke psychiatric changes, such as depression—a phenomenon attributed to bio-
chemical changes as well as functional disability [32–34]. While severity of 
COVID-19 may play a role in increased risk for cerebrovascular disease, there is 
documentation of vascular dysfunction even among mild cases of COVID-19 [35, 
36]. Ultimately, the full nature and extend of cardiovascular and cerebrovascular 
disease in COVID-19 is beyond the scope of this chapter. However, the increased 
risk of cerebrovascular compromise renders patients vulnerable to long-term cogni-
tive and psychiatric change. See other chapters for detailed summaries of COVID-19- 
related vascular compromise.

 Post-Intensive Care Syndrome

Along with the increased survival rates of critical illness over the past several 
decades, it has been observed that many patients experience residual cognitive, 
physical, and psychiatric symptoms that can last for months, years, or reflect perma-
nent changes [37–40]. Coined post-intensive care syndrome (PICS; [38]), this phe-
nomenon encompasses new-onset or worsening cognitive, physical, or psychiatric 
symptoms following hospitalization for a critical illness may meet criteria for PICS, 
although the presence of multiple novel symptoms is more common, particularly in 
patients with pulmonary involvement [38, 41–43]. Pre-COVID-19 studies of 
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mechanically ventilated patients suggest that up to 79% of patients had measurable 
cognitive changes at 3 months, and 71% had findings at 12 months postdischarge 
(with 36% of those having severe cognitive changes; [44]). A larger study of 821 
ICU patients with history of respiratory failure or shock, found that 24% had global 
cognitive dysfunction >2 standard deviations below population means (~second 
percentile or lower) with only 6% having had cognitive impairments at baseline 
[40]. An even larger case-controlled observational study of 98,227 critically ill 
patients noted that 22% of ICU patients were cognitively impaired, with 2.5% of the 
total sample having new and persistent cognitive dysfunction at least 24 months 
postdischarge [45].

While many studies evaluating persistent post-ICU cognitive impairments have 
utilized brief screening tools, studies that have utilized more comprehensive exami-
nations have demonstrated primary impairments in attention, memory, and execu-
tive functioning [40, 46, 47]. These data are consistent with the so-called subcortical 
pattern of cognitive impairment, which is commonly seen in patients with diffuse 
causes of cognitive dysfunction. Various mechanisms and predictors of PICS have 
been proposed, including hypoxia, metabolic or endocrine dysregulation, hypoten-
sion, use of sedatives, immobilization, sleep/wake disruptions, and intubation or 
ventilation [38]. Studies that have evaluated cognitive outcomes have identified the 
duration of delirium as a primary risk factor [44], as well as the number of ICU 
stays, hypotension, and hypoxemia [43, 45]. Interestingly, after controlling for other 
factors the duration of mechanical ventilation was not independently associated 
with PICS [44, 45].

 Chronic Metabolic Dysfunction

Emerging research also demonstrates that the lungs are not the only organ at risk of 
damage from COVID-19. Patients diagnosed with this virus are also at risk of expe-
riencing acute liver and kidney dysfunction [48–50] which, in some cases, can have 
chronic effects. Elevated ammonia levels can increase cerebral edema, depress 
action potentials, and increase brain glutamate, all of which can disrupt normal 
brain metabolism. While patients with preexisting hepatic dysfunction may be more 
susceptible to severe cases of COVID-19 [51], data from prior coronavirus epidem-
ics has demonstrated the ability of coronavirus to cause chronic liver and kidney 
injury [52] directly via ACE-2 receptors, as well as secondarily via inflammatory 
disorders and ischemia. In the short term, liver dysfunction can cause impairments 
in attention and concentration consistent with hepatic encephalopathy. Chronic 
hepatic disease is not only associated with these same decrements in attention, but 
also declines in motor praxis, calculations, visuospatial abilities, spatial scanning, 
processing speed, and some aspects of memory [53]. While, cognitive functions 
such as language, learning, abstraction, and general intelligence remain largely 
intact. Cognitive impairments associated with chronic kidney disease include decre-
ments in immediate and long-term memory, executive functions, naming, visual 
scanning, and attention in the context of preserved verbal fluency [54, 55].
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 Neurodegenerative Risk

Already vulnerable to deleterious cognitive, psychiatric, and medical outcomes [56, 
57], COVID-19 patients with dementia may be at risk for acceleration of neurode-
generative processes. In this section, we nonexhaustively review three neurodegen-
erative conditions: Alzheimer’s disease, degenerative demyelination, and 
Parkinson’s disease in conjunction with emerging COVID-19 literature. Please see 
Figs. 30.1 and 30.2 as illustrated by Ferini-Strambi and Salsone [58] at the end of 
this section for an overview of main points in the associations between COVID-19 
and the neurodegenerative conditions described below.

Alzheimer’s disease: Viral invasion of the CNS by coronaviruses is hypothesized 
to occur through multiple mechanisms—both direct and indirect—including 
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Fig. 30.1 Schematic representation of main targets and pathogenetic mechanisms linking 
COVID-19 infection to Parkinson’s disease and Alzheimer’s disease neurodegeneration [58]
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Fig. 30.2 Key learning points on the interaction between COVID-19 infection and Parkinson’s 
disease (a), Alzheimer’s disease (b) and multiple sclerosis (c). [58]
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infiltration of neuron and glial cells by binding to angiotensin-converting enzyme 2 
(ACE2) receptors [59–61] through epithelium infiltration of the olfactory nerve [62] 
and damage of endothelial cells in blood vessels [63] resulting degeneration of the 
blood brain barrier. Neurotropism generates a neuroimmune response with activa-
tion of astrocytes and microglial cells resulting in the misfolding of proteins [64, 
65] or myelin degeneration [66]. Microglial cells play a significant role in removing 
extracellular waste, regulating synaptic plasticity and neuronal activity, and sup-
porting myelination, and regulating blood vessel permeability [67]. Alzheimer’s 
disease (AD) is a neurodegenerative condition with two hallmark pathological 
underpinnings: neurofibrillary tangles, or accumulations of abnormally phosphory-
lated tau protein, and deposition of beta-amyloid (Aβ) plaques [68]. Although 
beyond the scope of this chapter, these pathologies have been linked to protein 
misfolding, accumulation of neuronal debris, and similar synaptic alterations or loss 
as seen in neuroimmune responses [5, 67, 69]. Myelin damage and death of oligo-
dendrocytes is also seen in AD and has been theorized as a trigger of—or corollary 
to—neurofibrillary tangles and Aβ deposition [70].

Neuroanatomically, AD traditionally presents with hippocampal/medial tempo-
ral atrophy, often asymmetrically favoring the left hemisphere. COVID-19 patients 
who had experienced delirium showed a greater extent of tau pathology and microg-
lial activation in the hippocampus, especially in patients with who experienced 
delirium earlier on in their hospital course [71]. Neurotropism via olfactory epithe-
lium [62] may also differentially impact brain areas important to the formation and 
consolidation of new memories, including the hippocampus and amygdala with 
connect directly with olfactory nerve pathways [10, 72, 73]. While there is prelimi-
nary evidence that the ApoE ε4 allele, a genotype implicated in AD, may place 
individuals at higher risk for increased severity and mortality of COVID-19 [74–
76], more research is needed in this area [77]. However, it is safe to conclude that 
AD may create circumstances in which patients are (1) more likely to contract 
COVID-19—such as nursing homes, (2) result in more severe COVID-19 symp-
toms due to premorbid health and cognitive vulnerability, and (3) predispose patients 
to a higher likelihood of delirium. Conversely, COVID-19 may result in a cascading 
immune response with neurotropism thus triggering, or exacerbating, AD pathol-
ogy [78].

Parkinson’s disease: Parkinson’s disease (PD) is a neurodegenerative disorder 
characterized by the presence of extrapyramidal, parkinsonism symptoms, asym-
metrical symptom onset, and good response to levodopa [79]. Coronavirus antibod-
ies have been found in the cerebrospinal fluid of individuals with PD [80]. Anosmia, 
or impaired olfactory sense, is a commonly reported symptom in both PD and in 
COVID-19 and could be representative of a possible overlapping feature with 
respect to alpha-synuclein pathology [81, 82], although this is not necessarily indic-
ative of definitive symbiotic or directional relationship between the two. Symptom 
overlap could also be attributed to other factors such as ICU-related complications 
and medication side effects during hospitalization [83]. PD is often accompanied by 
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other well-established COVID-19 risk factors such as older age and premorbid 
health conditions (e.g., obesity, chronic obstructive pulmonary disease). Vitamin D 
deficiency is commonly reported in patients with Parkinson’s disease [84] and has 
also been proposed as a potential risk factor for COVID-19 [85]. Lastly, individuals 
with Parkinson’s disease may also be at greater risk for contracting COVID-19 due 
to socioenvironmental factors associated with their condition, such as residing in a 
nursing facility or receiving home-based medical care [83].

Infections have also been shown to exacerbate Parkinson’s disease symptoms 
[86, 87]. Evidence from two studies with small sample sizes suggest that COVID-19 
may result in worsening of motor symptoms [88, 89]. Another study found that new 
motor symptoms were reported by 18% of individuals with Parkinson’s disease who 
endorsed confirmed or probable COVID-19 diagnosis, while 55% reported worsen-
ing of at least one motor symptom [90]. This study also described new or worsened 
nonmotor symptoms including mood (20% new; 51% worsening), self-reported 
cognitive changes (7.8% new; 41% worsening), and sleep disturbance (12% new; 
59% worsening). Indirect sequalae of the COVID-19 pandemic may also play a role 
in symptom exacerbation. In one study, almost a quarter of individuals with PD 
reported new or worsened sleep disturbances, such as REM sleep behavior disorder 
or restless leg syndrome [91], during home confinement periods of the COVID-19 
pandemic. New or worsened sleep disturbance was also associated with worsened 
motor features of PD and an increase in subjective mental health complaints, such 
as greater instances of hallucinations, anxiety, depression, and impulsive behavior 
compared to PD patients without sleep disturbance. Those reporting changes in 
sleep disturbance were also more likely to report longer duration of PD diagnosis 
and longer periods of home confinement.

Demyelination: Several case studies over the last few decades have found links 
between demyelinating disorders and human coronavirus [92, 93]. To this end, elu-
cidating the relationship between demyelination and COVID-19 is necessary to bet-
ter understand the risk of symptom exacerbation and associated cognitive changes 
in demyelinating disorders due to COVID-19. COVID-19 patients demonstrate 
greater microglial activation in the brain stem and myelin loss in the subcortical and 
deep white matter compared to controls [94]. In patients with preexisting autoim-
mune demyelinating diseases, COVID-19 infection may trigger worsened inflam-
matory responses that progress neurodegeneration. With regard to exacerbation of 
MS symptoms, approximately one-fifth of MS patients with COVID-19 reported 
recurrence of neurologic symptoms before or during COVID-19 symptom onset 
[95]. There is also evidence that COVID-19 can trigger other immune-mediated 
diseases such as Guillain–Barre syndrome [96]. Both inflammatory responses and 
immune-mediated organ damage have been identified as protentional mechanisms 
for exacerbation of demyelinating conditions among patient with viral infections 
[97, 98], including COVID-19 [99]. For this reason, current literature favors con-
tinuation of disease-modifying therapies for COVID-19 patients with demyelinat-
ing disorders [100].
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 Psychiatric Conditions That Impact Cognition

To compliment identification of possible organic causes cognitive changes related 
to COVID-19 (described above), we will also offer a review of literature examining 
nonneurological factors which may promote protracted resolution of cognitive and 
physical complaints which would otherwise be expected to resolve or improve over 
time. The presence of persistent cognitive symptoms from COVID-19 may not be 
related to the disease itself, but to secondary health factors, preexisting conditions, 
or co-occurring psychiatric factors, or beliefs/expectations which perpetuate func-
tional disability. Many individuals have experienced trauma associated with the 
pandemic such as personal illness, illness or death of a loved one, and loss of 
employment or housing, which may lead to increased psychiatric illness [101, 102]. 
At the individual level, financial difficulties and unemployment have also accompa-
nied the COVID-19 pandemic, which are associated with depression and anxiety 
even under nonpandemic circumstances [103, 104]. At the community level, day-to- 
day social and occupational functioning have been altered for both those with and 
without infection light of government requirements and other sanctioned restric-
tions of social distancing and self-quarantine, which may reasonably result in feel-
ings of social isolation and worry about one’s own health as well as the safety and 
health of loved ones. To this end, it is imperative to elucidate the role psychiatric 
conditions may play in observed cognitive changes following COVID-19 infection 
[105, 106].

 Depression

Depression is characterized by feelings of sadness, anhedonia, changes in sleep or 
appetite, reduced energy, poor concentration, and thoughts of guilt [107]. Depression 
is not uncommon among those hospitalized for COVID-19, with greater symptom 
endorsement reported among those who were older, reported a family member also 
had COVID-19, or reported lower social support [108, 109]. In some, depressive 
symptoms persist postdischarge [110] and interferes with overall quality of life. 
Cognitive change associated with depression is well-established. Severity of depres-
sive symptoms has been associated with decline in episodic memory, executive 
function, attention, and processing speed [111, 112].

Sleep disturbance and lockdowns: Sleep disturbance is a known contributor to 
day-to-day cognitive problems and depression. Sleep disruptions are associated 
with reduced attention, working memory, processing speed, and memory retrieval 
deficits on cognitive testing [113, 114]. During lockdown, studies show changes in 
sleep patterns compared to prelockdown sleep. These include a shift to later bed-
times and waking times, a reduction of nighttime sleep, and an increase in daytime 
napping [115]. Quality of sleep also declined in the study sample, with ~25% of 
participants reporting poor quality of sleep during lockdown. Depression and 
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increased latency of sleep onset were associated with reduced quality of sleep after 
lockdown [115]. Geriatric populations in general are more prone to isolation, and 
thus be distinctively impacted by lockdown and social distancing [91].

Bereavement/death of loved ones: Grief, or bereavement, is defined as the change 
in thoughts, feelings, and behaviors associated with the death of a loved one [116] 
and is another potential source of depression during the COVID-19 pandemic. In 
approximately 9% of individuals experiencing grief, symptoms persist beyond the 
typical 6-month acute stage and become both persisting and functionally debilitat-
ing. The resulting complex grief disorder (also called Complicated Grief or 
Persisting Grief Disorder) further predisposes individuals to deleterious outcomes 
[117]. The COVID-19 pandemic places individuals at higher risk for of long-term 
grief symptoms due to several factors. These include an abrupt or unexpected loss, 
the loss of traditional death rituals—such as burial and saying goodbye—because of 
COVID-19 restrictions and lockdowns, and the total absence or alteration in physi-
cal social support due to social distancing and travel regulations [118]. Grief has 
also been linked to immunocompromise, further adding risk of cascading psychiat-
ric and general health consequences [119]. Older adults with complex grief may 
show increased signs of slowed processing speed, reduced attention, and difficulties 
with verbal fluency [118]. However, this may be mediated by co-occurring depres-
sion and anxiety, thus able to be fully or partially treated with mental health inter-
ventions, such as antidepressant medications or psychotherapy techniques 
[120, 121].

 Anxiety

In addition to depressive symptoms, patients with COVID-19 also report symptoms 
of anxiety, including persistent worry that is difficult to control, physiological 
symptoms (e.g., increased heart rate, muscle tension), restlessness, fatigue, and 
poor sleep [107]. Pathological mechanisms of COVID-19 may help explain elevated 
anxiety among these patients, either via direct viral infection of the central nervous 
system [10, 122] or secondary to neuroinflammation [123, 124] Regarding the lat-
ter, immune response and systemic inflammation markers (e.g., lymphocyte, plate-
let, and neutrophil counts) have been found to be associated with both anxiety and 
depression symptoms 1  month postcharge for COVID-19 infection [125]. 
Nonmedical risk factors for anxiety include hospitalization, female gender, older 
age, and lower social support [108]. Lower oxygen saturation (a clinical marker for 
COVID-19 severity) was also associated with greater anxiety symptoms among 
those hospitalized for COVID-19. Acute anxiety is linked to impaired cognitive 
performance in domains of attention, executive function, language (i.e., word find-
ing difficulties), and memory [126–128]. Chronic anxiety is also associated with 
cognitive symptoms. For example, anxiety and depression were associated with 
subjective cognitive complaints, including anomia and attention difficulties, among 
COVID-19 patients who completed a follow-up, 10–35 days postdischarge [129]. 
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Given the potential for depression and anxiety symptoms to persist postdischarge, 
continued monitoring of psychiatric cognitive symptomology, as well as any clini-
cally indicated psychotherapeutic treatment, will be an important component of fol-
low up care for COVID-19 survivors.

 Posttraumatic Stress Disorder

Posttraumatic stress disorder (PTSD) is an emotional stress reaction to a traumatic 
event, typically (but not necessarily) in response to a threat to life or well-being of 
an individual or loved one [107]. Individual psychological factors associated with 
development and maintenance of PTSD symptoms can include emotional status at 
the time of the trauma (e.g., depression and anxiety), lack of perceived control over 
the outcome, and fear of permanent change after the traumatic event [130].

Microglial activation and autoimmune responses to a biologic or environmental 
trigger, such as COVID-19, are implicated in psychiatric disease [131, 132]. For 
example, pro-inflammatory responses, such as elevated levels of cytokines are doc-
umented in patients with PTSD [133]. To this end, pro-inflammatory responses may 
be one potential bio-mechanism linking PTSD symptomology to COVID-19 infec-
tion. Specifically, elevated cortisol levels and dysregulation of the hypothalamic–
pituitary–adrenal axis (HPA) in response to psychophysiological shock [134] is 
implicated as a physiological underpinning of PTSD. This dysregulation results in 
downstream neuroendocrine and metabolic change which mediate immune func-
tioning. As such, COVID-19-mediated autoimmune dysfunction may render these 
patients more susceptible to development of PTSD symptomology—independent of 
other psychological and situational risk factors.

PTSD after critical illness: Respiratory compromise while hospitalized is shown 
to correlate with subsequent psychiatric outcomes, including PTSD [135]. 
Specifically, the occurrence of dyspnea among patients with respiratory distress is 
associated with PTSD [136]. Dyspnea, also known as “air hunger,” is a CNS- 
mediated increase in respiratory drive and can activate neural pathways associated 
with anxiety and psychological trauma [137]. Psychiatric outcomes following dys-
pnea can persist for years despite physical recovery [41]. As respiratory diseases, it 
is not unsurprising that PTSD is prevalent among individuals recovering from coro-
naviruses [8]. For example, a review on emotional distress following SARS survi-
vors found that symptoms of PTSD were prevalent across all stages of the disease 
process, including in the years following recovery from infection [138]. Rates of 
psychiatric sequalae vary, although estimated to be up to a quarter to almost half of 
those hospitalized for COVID-19 [102]. However, during pandemics, both those 
with and without history of viral infection are at risk for developing psychiatric 
symptomology (including depression, anxiety, and PTSD) considering the individ-
ual and collective social impact of pandemic-related restrictions and illness. For 
example, community-level PTSD is not uncommon during pandemics, with preva-
lence rates during prior coronavirus pandemics upwards of 25% in study 
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populations [139]. In addition to patients and their families, those at-risk for PTSD 
during the COVID-19 pandemic include front-line works, such as health-care pro-
fessionals, or others with repeated exposure to viral risk [140–142].

Cognitive change in PTSD: Cognitive changes associated with PTSD are well- 
established, with individuals demonstrating decline in attention and working mem-
ory abilities relative to non-PTSD controls [143–145]. Secondary effects of PTSD, 
such as sleep disturbance, can also exacerbate both psychological and cognitive 
outcomes over time [146–149]. Specific sleep abnormalities in PTSD include 
insomnia, disturbed sleep–wake cycle [150], changes in sleep architecture [151, 
152] and trauma-related nightmares [153]. The presence of sleep disturbance in 
PTSD has also been linked to elevated levels of pro-inflammatory cytokines [131], 
again suggestive of additional risk for cognitive decline in COVID-19 patients with 
PTSD-associated sleep disorders. PTSD is associated with reduced neural integrity 
and accelerating biomarkers of aging [154], as well as increased incidence of 
dementia in later life [155].

Although pathologically dissimilar, drawing parallels between chronic postcon-
cussive symptoms (PCS) and emerging chronic cognitive and physical complaints 
seen in recovered “Long COVID-19” patients—especially those with mild infection 
[156]—may provide insight into mediating variables which can contribute to persis-
tent symptoms, as well as possible treatment approaches. Common complaints 
which overlap in these two phenomena include reduced quality of life, fatigue, 
memory/attention difficulties, and sleep disturbance [157, 158]. In one study [159], 
over half of participants who initially presented to acute trauma ICU settings with 
concussion or skull fracture—in the absence of intracranial hemorrhage—had cog-
nitive impairment at follow-up (12–24 months). Cognitive impairment was charac-
terized by reduced performance on measures of delayed memory, processing speed, 
attention, and verbal fluency compared to nonconcussion/non-skull fractured trauma 
ICU controls. Overall performance on a cognitive screening measure was also sig-
nificantly lower in the concussion/skull fracture group compared to controls. Nearly 
40% of subjects reported posttraumatic symptoms and over half of the participants 
reported depressive symptoms. Changes in functional status at follow-up—namely, 
employment—was also reported across groups, although especially prominent in 
individuals with reduced cognitive functioning. This study describes persisting cog-
nitive and psychiatric changes in patients with high illness severity yet no radio-
graphic evidence of intracranial hemorrhage, as well as highlights the need for 
follow-up in populations which would normally not be identified as at-risk, given 
relatively milder acute pathology. In military populations, the presence of PTSD has 
been shown to mediate chronic cognitive complaints associated with mild concus-
sive injuries [160]. In these studies, cognitive complaints included attention changes, 
memory disturbance, and slowed processing speed which lasted months to years 
after the initial traumatic event [161–163].

Although full review and comparison of this literature is beyond the scope of this 
chapter, interventions which have shown to aid in cognitive recovery of mTBI 
patients include: a biopsychosocial approach to symptoms management, gradually 
resumption of premorbid lifestyle include employment and other cognitively or 
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emotionally demanding roles, education regarding stress management and sleep 
hygiene, reassurance of anticipated positive outcomes, and provision of support 
resources [164]. Trauma-Informed Psychotherapy is also an effective for treatment 
of anxiety and depression. It is based on the understanding that traumatic events and 
associated chronic stress may have long-term impacts on how the central nervous 
system and endocrine system responds to and regulates fear and stress [165, 166]. 
For this reason, trauma-informed psychotherapy may be an effective treatment 
approach to fully appreciate the widespread impacts of the COVID-19 pandemic on 
emotional and social functioning [167].

 Additional Clinical Considerations

Literature describing neuropsychiatric outcomes of prior pandemics as well as men-
tal health considerations among similar neuropathological medical conditions illus-
trate correlated risks of neuropsychiatric symptomatology in individuals affected 
both directly and indirectly by COVID-19. Globally, it will be critical for health- 
care providers of all disciplines to be aware of neuropsychiatric manifestations, 
correlates, and strategies to manage them in ways which address the biopsychoso-
cial needs of identifiable populations [4, 168].

 The Neuropsychological Evaluation

As referenced above, while there is certainly concern for acute and chronic cogni-
tive dysfunction due to SARS-CoV-2 both directly and indirectly. In this context, it 
is important to remember that signs are not symptoms, and reported cognitive symp-
toms are not always reflective of true neurocognitive impairment. To help elucidate 
etiology, we recommend referring such patients for a neuropsychological evalua-
tion, which will be able to help differentiate organic cognitive disorders from cogni-
tive symptoms due to secondary psychiatric factors. Such a distinction is helpful to 
avoid iatrogenic effects and help inform treatment. For example, psychoeducation 
regarding expected outcomes and recovery trajectories for patients with more mild 
disease can play a large role in resolving lingering symptoms and concerns. 
Preliminary research has shown that survivors of prior CoV epidemics experienced 
higher rates of PTSD, which may account for some (or all) of their persistent cogni-
tive complaints [160]. As psychiatric conditions like PTSD can have adverse effects 
on cognition, educating patients with nonspecific memory complaints can help 
them to understand and treat modifiable causes of cognitive symptoms [169]. The 
multifaceted benefits of a neuropsychological evaluation include monitoring resolu-
tion of delirium, measuring acute and long-term nature and extent of cognitive 
decline, providing education regarding nature and etiology of symptoms less likely 
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to be the direct result of viral infection, and provision of prognostic feedback to 
patients, families, and referring providers.

 Patient, Caregiver, and Community Factors

In the above sections, we describe factors which are known to impact both chronic 
cognitive and mental health functioning. Yet, in order to fully appreciate the breadth 
of possible long-term consequence, tertiary influences should be also be included in 
identification of vulnerable populations. Known social and financial inequities, as 
well as institutional discrimination, across health-care systems may be exponen-
tially magnified in the setting of limited resources, isolation, and stigma. Further, 
individuals disadvantaged by these disparities may have elevated levels of baseline 
immune dysfunction [170]—which can predispose higher chances of contraction, 
or severity, of disease (Fig. 30.3). Issues like food insecurity and adoption of poor 
nutritional habits can have a cascading negative impact for those who are depressed, 
suffer from PTSD, or who—because of social distancing and lockdowns—have 
even less contact with health-care providers than in normal circumstances [172]. In 
a world with increased need for telehealth, options should be explored for patients 
with limited health literacy, access to Internet, and other technological devices [173].

Additionally, one need not have a personal history of COVID-19 infection to 
develop negative mental health outcomes and these interventions may be useful for 
both patients and caregivers, as well as general members of the community [170]. 
For example, Zhang and Ma [174] investigated the immediate impact of COVID-19 
on mental health and quality of life among community-living Chinese individuals. 
Overall, 52.1% of participants felt horrified and apprehensive due to the pandemic. 
While the COVID-19 pandemic can arouse health-related fears, those from 

Cytokine Storm

Abnormal
Immune

Response

IL-6

SARS-CoV-2

Social Inequalities

Health
Behavior

Environment

Immune
Dysfunction

S
oc

io
ec

on
om

ic
 S

ta
tu

s

Inensified Cytokine Storm and COVID-19 Severity

Fig. 30.3 Accelerating the storm in vulnerable populations during COVID-19. Race/ethnicity, 
gender, and social determinants are important factors driving inflammation and immune cell dys-
function [171]

30 Anticipated Long-Term Neurobehavioral Outcomes Following COVID-19



628

marginalized or stigmatized groups face compounded distress. Due to circum-
stances surrounding the origin and spread of COVID-19, entire cultural groups, 
communities, and geographic populations may become targets of stigmatization. 
The Asian community, particularly, has been the target of anger and fear during the 
COVID-19 pandemic [175]. Individuals from and within this group have been sub-
jected to microaggressions and overtly hostile acts. Thus, they are at risk for poorer 
mental health outcomes and may face further barriers to care [8]. Similarly, family 
members of hospitalized patients may develop anxiety or panic responses given 
visitation restrictions and perceived limited access to information from both their 
loved one and medical teams. For patients, the cascading impact of loss of income 
or employment after COVID-19 may further trigger anxiety, as well as depression. 
Fiorillo and Gorwood [176] proposed that the mental health and psychosocial con-
sequences of COVID-19 could be particularly serious for at least four groups of 
people: (a) those who have been directly or indirectly in contact with the virus; (b) 
those who are already vulnerable to biological or psychosocial stressors (e.g., peo-
ple affected by mental health symptoms, those with unstable financial resources); 
(c) health professionals (due to higher levels of exposure); and (d) people who fol-
low the news through numerous media channels. Social media exposure is particu-
larly associated with an increased prevalence of anxiety and depression in 
community samples [177].

In addition to trauma-informed psychotherapy, another possible point of inter-
vention for COVID-19 related stress during lockdowns is reinforcement of self- 
agency. In a Chinese study of over 3000 community members, those that reported 
feeling more control, self-confidence, and self-agency during lockdown had lower 
rates of depression and anxiety [178]. Thus, interventions aimed at cognitive and 
behavioral strategies which promote a sense of purpose and control may be effective 
in warding off psychiatric consequences of lockdowns or social distancing. 
Approaches which assist in developing emotional intelligence may be of particular 
benefit. Not only is higher emotional intelligence associated with better job perfor-
mance, but this has also been linked to lower levels of COVID-19 related stress [179].

 Chapter Summary

The COVID-19 pandemic presents a multitude of variables which hold protentional 
for extended cognitive and psychiatric disability. Despite the heterogeneity of these 
variables, the equifinality of health-care burden requires integrated, and specialized 
systems of care robust enough to address the anticipated long-term consequences of 
COVID-19. We will not fully appreciate the extent of disability for many years. But, 
by gathering our knowledge of associated conditions, prior pandemics, and from 
known mechanisms of COVID-19-related injury, we can preemptively create stan-
dards of practice which match projected clinical needs. For example, knowing that 
acute factors such as ARDS, delirium, and metabolic encephalopathy increase risk 
for PICS as well as PTSD—especially in patients suffering from dyspnea, can lead 
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to earlier detection, screening, and treatment for these and other syndromes. 
Prothrombotic states render patients at-risk for cerebrovascular and cardiovascular 
complications—especially in those with preexisting conditions. The neurologic 
burden of COVID-19 (from both direct neurotropic, and indirect inflammatory 
responses) may increase cognitive vulnerability to, or exacerbate, neurodegenera-
tive disease [180]. Further, the indirect and social/societal impacts of COVID-19 
(such as experiencing dyspnea or the death of a loved one), broad societal shifts 
(such as lockdowns and isolation), and other personal characteristics (such as the 
nature of one’s employment, discrimination or other stigmas faced) pose additional 
risk for psychiatric illness such as PTSD, depression, and anxiety—irrespective of 
patient status and personal history of viral infection. As such, systems of care should 
not only seek to mitigate controllable factors related to long-term cognitive and 
mental health consequences for patients but also develop a broader range of indi-
vidual and community interventions which target individual and societal change.

Acknowledgements All authors are thankful to their fellow collaborators. To the patients, fami-
lies, health-care workers, community members, and researchers on the front lines of the COVID-19 
pandemic, we extend our most heartful appreciation and support.

Disclosure Statement This material is the result of work supported by resources and the use of 
facilities at the James A. Haley Veterans’ Hospital. The views, opinions, and/or findings contained 
here are those of the authors and may not represent the views of the Department of Veterans 
Affairs, Department of Defense, or other federal agency, policy, or decision unless designated by 
other official documentation.

References

1. Song E, Zhang C, Israelow B, Lu-Culligan A, Prado AV, Skriabine S, Iwasaki A. Neuroinvasion 
of SARS-CoV-2 in human and mouse brain. J Exp Med. 2021;218(3):e20202135.

2. Fajgenbaum DC, June CH. Cytokine storm. N Engl J Med. 2020;383(23):2255–73.
3. Brown EG, Chahine LM, Goldman SM, Korell M, Mann E, Kinel DR, Tanner CM.  The 

effect of the COVID-19 pandemic on people with Parkinson’s disease. J Parkinsons Dis. 
2020a;10(4):1365–77.

4. Yang J, Zheng Y, Gou X, Pu K, Chen Z, Guo Q, Zhou Y. Prevalence of comorbidities in the 
novel Wuhan coronavirus (COVID-19) infection: a systematic review and meta-analysis. Int 
J Infect Dis. 2020;10:1016.

5. Bisht K, Sharma K, Tremblay MÈ. Chronic stress as a risk factor for Alzheimer’s dis-
ease: roles of microglia-mediated synaptic remodeling, inflammation, and oxidative stress. 
Neurobiol Stress. 2018;9:9–21.

6. Tay TL, Savage JC, Hui CW, Bisht K, Tremblay MÈ. Microglia across the lifespan: from origin 
to function in brain development, plasticity and cognition. J Physiol. 2017;595(6):1929–45.

7. Zhou H, Lu S, Chen J, Wei N, Wang D, Lyu H, Hu S. The landscape of cognitive function in 
recovered COVID-19 patients. J Psychiatr Res. 2020;129:98–102.

8. Bailey EK, Steward KA, VandenBussche Jantz AB, Kamper JE, Mahoney EJ, Duchnick 
JJ.  Neuropsychology of COVID-19: anticipated cognitive and mental health outcomes. 
Neuropsychology. 2021;35(4):335.

30 Anticipated Long-Term Neurobehavioral Outcomes Following COVID-19



630

9. Samuel J, Franklin C. Hypoxemia and hypoxia. In:  Common surgical diseases. New York: 
Springer; 2008. p. 391–4.

10. Wu Y, Xiaolin X, Chen Z, Duan J, Hashimoto K, Yang L, Liu C, Yang C. Nervous system 
involvement after infection with COVID-19 and other coronaviruses. Brain Behav Immun. 
2020;87:18–22.

11. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Tan W. A novel coronavirus from patients 
with pneumonia in China, 2019. N Engl J Med. 2020;382(8):727–33.

12. Klok FA, Kruip MJHA, Van der Meer NJM, Arbous MS, Gommers DAMPJ, Kant KM, 
Kaptein FHJ, Paassen JV, Stals MAM, Huisman MV, Endeman H. Incidence of thrombotic 
complications in critically ill ICU patients with COVID-19. Thromb Res. 2020a;191:145–7.

13. Klok FA, Kruip MJHA, Van der Meer NJM, Arbous MS, Gommers DAMPJ, Kant KM, 
Endeman H.  Confirmation of the high cumulative incidence of thrombotic complica-
tions in critically ill ICU patients with COVID-19: an updated analysis. Thromb Res. 
2020b;191:148–50.

14. Nuzzo D, Cambula G, Bacile I, Rizzo M, Galia M, Mangiapane P, Scalisi L, et al. Long- 
term brain disorders in post Covid-19 neurological syndrome (PCNS) patient. Brain Sci. 
2021;11(4):454.

15. Bernat JL.  The natural history of chronic disorders of consciousness. Neurology. 
2010;75(3):206–7.

16. Earnest MP, Parker WD.  Metabolic encephalopathies and coma from medical causes. 
Management of the acutely ill neurological patient. New  York: Churchill Livingstone; 
1993. p. 1.

17. Di Paola M, Caltagirone C, Fadda L, Sabatini U, Serra L, Carlesimo GA.  Hippocampal 
atrophy is the critical brain change in patients with hypoxic amnesia. Hippocampus. 
2008;18(7):719–28.

18. Garcia-Molina A, Roig-Rovira T, Enseñat-Cantallops A, Sanchez-Carrion R, Pico-Azanza 
N, Bernabeu M, Tormos JM. Neuropsychological profile of persons with anoxic brain injury: 
differences regarding physiopathological mechanism. Brain Inj. 2006;20(11):1139–45.

19. Ramiro JI, Kumar A. Updates on management of anoxic brain injury after cardiac arrest. Mo 
Med. 2015;112(2):136–41.

20. Caine D, Watson JD. Neuropsychological and neuropathological sequelae of cerebral anoxia: 
a critical review. J Int Neuropsychol Soc. 2000;6(1):86–99.

21. Young GB, DeRubeis DA. Metabolic encephalopathies. In: Young GB, Ropper AH, Bolton 
CF, editors. Coma and impaired consciousness. New York: McGraw-Hill; 1998.

22. Kapasi A, Leurgans SE, James BD, Boyle PA, Arvanitakis Z, Nag S, Schneider JA. Watershed 
microinfarct pathology and cognition in older persons. Neurobiol Aging. 2018;70:10–7.

23. Acute Respiratory Distress Syndrome Definition Task Force, Ranieri VM, Rubenfeld GD, 
Thompson BT, Ferguson N, Caldwell E, Slutsky AS. Acute respiratory distress syndrome. 
JAMA. 2012;307(23):2526–33.

24. Wilcox ME, Herridge MS. Long-term outcomes in patients surviving acute respiratory dis-
tress syndrome. Semin Respir Crit Care Med. 2010;31(1):55–65.

25. Hopkins RO, Weaver LK, Pope D, Orme JF Jr, Bigler ED, Larson-Lohr V. Neuropsychological 
sequelae and impaired health status in survivors of severe acute respiratory distress syn-
drome. Am J Respir Crit Care Med. 1999;160(1):50–6.

26. Connors JM, Levy JH. COVID-19 and its implications for thrombosis and anticoagulation. 
Blood. 2020;135(23):2033–40.

27. Hernández-Fernández F, Sandoval Valencia H, Barbella-Aponte RA, Collado-Jiménez R, 
Ayo-Martín Ó, Barrena C, Segura T. Cerebrovascular disease in patients with COVID-19: 
neuroimaging, histological and clinical description. Brain. 2020;143(10):3089–103.

28. Marín-Medina DS, Orozco-Hernández JP, Martínez-Muñoz MA, Sánchez-Duque JA. Stroke 
as a complication of coronavirus disease 2019 (COVID-19). Le infezioni inmedicina. 
2020;28:3.

E. K. Bailey et al.



631

29. Tan YK, Goh C, Leow AS, Tambyah PA, Ang A, Yap ES, Tan BY. COVID-19 and ischemic 
stroke: a systematic review and meta-summary of the literature. J Thromb Thrombolysis. 
2020;50(3):587–95.

30. Jokinen H, Kalska H, Mäntylä R, Pohjasvaara T, Ylikoski R, Hietanen M, Erkinjuntti 
T. Cognitive profile of subcortical ischaemic vascular disease. J Neurol Neurosurg Psychiatry. 
2006;77(1):28–33.

31. Sila C, Schoenberg MR. Cerebrovascular disease and stroke. In:  The little black book of 
neuropsychology. Boston: Springer; 2011. p. 293–356.

32. Loubinoux I, Kronenberg G, Endres M, Schumann-Bard P, Freret T, Filipkowski RK, Popa- 
Wagner A. Post-stroke depression: mechanisms, translation and therapy. J Cell Mol Med. 
2012;16(9):1961–9.

33. Paolucci S. Epidemiology and treatment of post-stroke depression. Neuropsychiatr Dis Treat. 
2008;4(1):145.

34. Robinson RG, Jorge RE.  Post-stroke depression: a review. Am J Psychiatry. 
2016;173(3):221–31.

35. Crippa S, Kägi G, Graf L, Sauteur PM, Kohler P. Stroke in a young adult with mild COVID-19 
suggesting endotheliitis. New Microb New Infect. 2020;38:100781.

36. Fara MG, Stein LK, Skliut M, Morgello S, Fifi JT, Dhamoon MS.  Macrothrombosis and 
stroke in patients with mild Covid-19 infection. J Thromb Haemost. 2020;18(8):2031–3.

37. Griffiths J, Hatch RA, Bishop J, Morgan K, Jenkinson C, Cuthbertson BH, Brett SJ.  An 
exploration of social and economic outcome and associated health-related quality of life after 
critical illness in general intensive care unit survivors: a 12-month follow-up study. Crit Care. 
2013;17(3):1–12.

38. Needham DM, Davidson J, Cohen H, Hopkins RO, Weinert C, Wunsch H, Brady 
SL. Improving long-term outcomes after discharge from intensive care unit: report from a 
stakeholders’ conference. Crit Care Med. 2012;40(2):502–9.

39. Needham DM, Dinglas VD, Morris PE, Jackson JC, Hough CL, Mendez-Tellez PA, Hopkins 
RO. Physical and cognitive performance of patients with acute lung injury 1 year after ini-
tial trophic versus full enteral feeding. EDEN trial follow-up. Am J Respir Crit Care Med. 
2013;188(5):567–76.

40. Pandharipande PP, Girard TD, Jackson JC, Morandi A, Thompson JL, Pun BT, Ely EW. Long- 
term cognitive impairment after critical illness. N Engl J Med. 2013;369(14):1306–16.

41. Bienvenu OJ, Friedman LA, Colantuoni E, Dinglas VD, Sepulveda KA, Mendez-Tellez P, 
Needham DM. Psychiatric symptoms after acute respiratory distress syndrome: a 5-year lon-
gitudinal study. Intensive Care Med. 2018;44(1):38–47.

42. Marra A, Pandharipande PP, Girard TD, Patel MB, Hughes CG, Jackson JC, Brummel 
NE. Co-occurrence of post-intensive care syndrome problems among 406 survivors of criti-
cal illness. Crit Care Med. 2018;46(9):1393.

43. Mikkelsen ME, Christie JD, Lanken PN, Biester RC, Thompson BT, Bellamy SL, Angus 
DC. The ARDS Cognitive Outcomes Study (ACOS): long-term neuropsychological function 
in acute lung injury survivors. Am J Respir Crit Care Med. 2012;185(12):1307–15.

44. Girard TD, Jackson JC, Pandharipande PP, Pun BT, Thompson JL, Shintani AK, Ely 
EW. Delirium as a predictor of long-term cognitive impairment in survivors of critical ill-
ness. Crit Care Med. 2010;38(7):1513.

45. Sakusic A, Ognjen G, Singh T, O’Horo J, Jenkins G, Wilson G, Petersen R, Fryer J, Kashyap 
R, Rabinstein A. Risk factors for persistent cognitive impairment after critical illness, nested 
case control study. Crit Care Med. 2018;46(12):1977–84.

46. Jackson JC, Hart RP, Gordon SM, Shintani A, Truman B, May L, Ely EW.  Six-month 
neuropsychological outcome of medical intensive care unit patients. Crit Care Med. 
2003;31(4):1226–34.

47. Sukantarat KT, Burgess PW, Williamson RCN, Brett SJ. Prolonged cognitive dysfunction in 
survivors of critical illness. Anaesthesia. 2005;60(9):847–53.

30 Anticipated Long-Term Neurobehavioral Outcomes Following COVID-19



632

48. Hirsch JS, Ng JH, Ross DW, Sharma P, Shah HH, Barnett RL, Northwell COVID-19 
Research Consortium. Acute kidney injury in patients hospitalized with COVID-19. Kidney 
Int. 2020;98(1):209–18.

49. Portincasa P, Krawczyk M, Machill A, Lammert F, Di Ciaula A. Hepatic consequences of 
COVID-19 infection. Lapping or biting? Eur J Intern Med. 2020;77:18–24.

50. Sun J, Aghemo A, Forner A, Valenti L.  COVID-19 and liver disease. Liver Int. 
2020;40(6):1278–81.

51. Martinez MA, Franco S. Impact of COVID-19 in liver disease progression. Hepatol Commun. 
2021;5(7):1138–50.

52. Tian D, Ye Q.  Hepatic complications of COVID-19 and its treatment. J Med Virol. 
2020;92(10):1818–24.

53. Harris MK, Elliott D, Schwendimann RN, Minagar A, Jaffe SL. Neurologic presentations of 
hepatic disease. Neurol Clin. 2010;28(1):89–105.

54. Kurella M, Chertow GM, Luan J, Yaffe K. Cognitive impairment in chronic kidney disease. J 
Am Geriatr Soc. 2004;52(11):1863–9.

55. Yaffe K, Ackerson L, Tamura MK, Le Blanc P, Kusek JW, Sehgal AR, Chronic Renal 
Insufficiency Cohort Investigators. Chronic kidney disease and cognitive function in older 
adults: findings from the chronic renal insufficiency cohort cognitive study. J Am Geriatr Soc. 
2010a;58(2):338–45.

56. Brown E, Gray R, Monaco SL, O'Donoghue B, Nelson B, Thompson A, McGorry P. The 
potential impact of COVID-19 on psychosis: a rapid review of contemporary epidemic and 
pandemic research. Schizophr Res. 2020b;222:79–87.

57. Wang H, Li T, Barbarino P, Gauthier S, Brodaty H, Molinuevo JL, Weidner W. Dementia care 
during COVID-19. Lancet. 2020a;395(10231):1190–1.

58. Ferini-Strambi L, Salsone M. COVID-19 and neurological disorders: are neurodegenerative 
or neuroimmunological diseases more vulnerable? J Neurol. 2021;268(2):409–19.

59. Chen L, Wang G, Long X, Hou H, Wei J, Cao Y, Zhou J. Dynamics of blood viral load is 
strongly associated with clinical outcomes in coronavirus disease 2019 (COVID-19) patients: 
a prospective cohort study. J Mol Diagn. 2021;23(1):10–8.

60. Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S., . and 
Pöhlmann, S. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is 
blocked by a clinically proven protease inhibitor. Cell, 181(2), 271–280.

61. Iadecola C, Anrather J, Kamel H.  Effects of COVID-19 on the nervous system. Cell. 
2020;183(1):16–27.e1.

62. Dubé M, Le Coupanec A, Wong AH, Rini JM, Desforges M, Talbot PJ. Axonal transport enables 
neuron-to-neuron propagation of human coronavirus OC43. J Virol. 2018;92(17):e00404–18.

63. Giordo R, Paliogiannis P, Mangoni AA, Pintus G. SARS-CoV-2 and endothelial cell interac-
tion in COVID-19: molecular perspectives. Vasc Biol. 2021;3(1):R15–23.

64. Soto C.  Unfolding the role of protein misfolding in neurodegenerative diseases. Nat Rev 
Neurosci. 2003;4(1):49–60.

65. Wan Q, Song D, Li H, He ML. Stress proteins: the biological functions in virus infection, 
present and challenges for target-based antiviral drug development. Signal Transduct Target 
Ther. 2020;5(1):1–40.

66. Reza-Zaldívar EE, Hernández-Sapiéns MA, Minjarez B, Gómez-Pinedo U, Márquez-Aguirre 
AL, Mateos-Díaz JC, Canales-Aguirre AA.  Infection mechanism of SARS-COV-2 and its 
implication on the nervous system. Front Immunol. 2020;11:3738.

67. Tremblay ME, Madore C, Bordeleau M, Tian L, Verkhratsky A.  Neuropathobiology of 
COVID-19: the role for glia. Front Cell Neurosci. 2020;14:363.

68. Wenk GL. Neuropathologic changes in Alzheimer’s disease. J Clin Psychiatry. 2003;64:7–10.
69. Soto C, Estrada LD.  Protein misfolding and neurodegeneration. Arch Neurol. 

2008;65(2):184–9.
70. Papuć E, Rejdak K. The role of myelin damage in Alzheimer’s disease pathology. Arch Med 

Sci. 2020;16(2):345.

E. K. Bailey et al.



633

71. Manca R, De Marco M, Ince PG, Venneri A. Heterogeneity in regional damage detected by 
neuroimaging and neuropathological studies in older adults with COVID-19: a cognitive- 
neuroscience systematic review to inform the long-term impact of the virus on neurocogni-
tive trajectories. Front Aging Neurosci. 2021;13:646908.

72. Kerslake R, Hall M, Randeva HS, Spandidos DA, Chatha K, Kyrou I, Karteris E. Co-expression 
of peripheral olfactory receptors with SARS-CoV-2 infection mediators: potential implica-
tions beyond loss of smell as a COVID-19 symptom. Int J Mol Med. 2020;46(3):949–56.

73. Pantelis C, Jayaram M, Hannan AJ, Wesselingh R, Nithianantharajah J, Wannan CM, O’Brien 
TJ.  Neurological, neuropsychiatric and neurodevelopmental complications of COVID-19. 
Aust N Z J Psychiatry. 2020;55(8):750–62.

74. Inal J. Biological factors linking ApoE ε4 variant and severe COVID-19. Curr Atheroscler 
Rep. 2020;22(11):1–2.

75. Kuo CL, Pilling LC, Atkins JL, Masoli JA, Delgado J, Kuchel GA, Melzer D. ApoE e4e4 gen-
otype and mortality with COVID-19 in UK biobank. J Gerontol Ser A. 2020;75(9):1801–3.

76. Rodrigues JCG, Pinto P, Leitão LPC, Vinagre LWMS, Monte N, Fernandes MR, dos Santos 
SEB. Influence of APOE locus on poor prognosis of COVID-19. Heliyon. 2021;7(6):e07379.

77. Nikogosov DA, Shevlyakov AD, Baranova AV. Comment on “ApoE e4e4 genotype and mor-
tality with COVID-19 in UK biobank” by Kuo et al. J Gerontol Ser A. 2020;75(11):2233–4.

78. Koenigsknecht-Talboo J, Landreth GE.  Microglial phagocytosis induced by fibrillar 
β-amyloid and IgGs are differentially regulated by proinflammatory cytokines. J Neurosci. 
2005;25(36):8240–9.

79. Dauer W, Przedborski S.  Parkinson’s disease: mechanisms and models. Neuron. 
2003;39(6):889–909.

80. Fazzini E, Fleming J, Fahn S. Cerebrospinal fluid antibodies to coronavirus in patients with 
Parkinson’s disease. Mov Disord. 1992;7(2):153–8.

81. Antonini A, Leta V, Teo J, Chaudhuri KR. Outcome of Parkinson’s disease patients affected 
by COVID-19. Mov Disord. 2020;35(6):905–8.

82. Braak H, Rüb U, Gai WP, Del Tredici K. Idiopathic Parkinson’s disease: possible routes by 
which vulnerable neuronal types may be subject to neuroinvasion by an unknown pathogen. 
J Neural Transm. 2003;110(5):517–36.

83. Fearon C, Fasano A. Parkinson’s disease and the COVID-19 pandemic. J Parkinsons Dis. 
2021;11(2):431–44.

84. Lv Z, Qi H, Wang L, Fan X, Han F, Wang H, Bi S. Vitamin D status and Parkinson’s disease: 
a systematic review and meta-analysis. Neurol Sci. 2014;35(11):1723–30.

85. Ilie PC, Stefanescu S, Smith L. The role of vitamin D in the prevention of coronavirus disease 
2019 infection and mortality. Aging Clin Exp Res. 2020;32(7):1195–8.

86. Brugger F, Erro R, Balint B, Kägi G, Barone P, Bhatia KP. Why is there motor deterioration 
in Parkinson’s disease during systemic infections—a hypothetical view. NPJ Parkinsons Dis. 
2015;1(1):1–5.

87. Zheng KS, Dorfman BJ, Christos PJ, Khadem NR, Henchcliffe C, Piboolnurak P, 
Nirenberg MJ. Clinical characteristics of exacerbations in Parkinson disease. Neurologist. 
2012;18(3):120.

88. Cilia R, Bonvegna S, Straccia G, Andreasi NG, Elia AE, Romito LM, Eleopra R. Effects of 
COVID-19 on Parkinson’s disease clinical features: a community-based case-control study. 
Mov Disord. 2020;35(8):1287–92.

89. Leta V, Rodríguez-Violante M, Abundes A, Rukavina K, Teo JT, Falup-Pecurariu C, Irincu 
L, Rota S, Bhidayasiri R, Storch A. Parkinson’s disease and post-COVID-19 syndrome: the 
Parkinson’s long-COVID spectrum. Mov Disord. 2021;36(6):1287.

90. Brown EE, Kumar S, Rajji TK, Pollock BG, Mulsant BH. Anticipating and mitigating the 
impact of the COVID-19 pandemic on Alzheimer’s disease and related dementias. Am J 
Geriatr Psychiatry. 2020c;28(7):712–21.

30 Anticipated Long-Term Neurobehavioral Outcomes Following COVID-19



634

91. Kumar N, Gupta R, Kumar H, Mehta S, Rajan R, Kumar D, Kandadai RM, Desai S, Wadia 
P, Basu P. Impact of home confinement during COVID-19 pandemic on Parkinson’s disease. 
Parkinsonism Relat Disord. 2020;80:32.

92. Arbour N, Day R, Newcombe J, Talbot PJ. Neuroinvasion by human respiratory coronavi-
ruses. J Virol. 2000;74(19):8913–21.

93. Nilsson A, Edner N, Albert J, Ternhag A.  Fatal encephalitis associated with coronavirus 
OC43 in an immunocompromised child. Infect Dis. 2020;52(6):419–22.

94. Poloni TE, Medici V, Moretti M, Visonà SD, Cirrincione A, Carlos AF, Davin A, et  al. 
COVID-19-related neuropathology and microglial activation in elderly with and without 
dementia. Brain Pathol. 2021;31:e12997.

95. Parrotta E, Kister I, Charvet L, Sammarco C, Saha V, Charlson RE, Howard J, Gutman JM, 
Gottesman M, Abou-Fayssal N. COVID-19 outcomes in MS: observational study of early 
experience from NYU multiple sclerosis comprehensive care center. Neurol Neuroimmunol 
Neuroinflamm. 2020;7(5):e835.

96. Bigaut K, Mallaret M, Baloglu S, Nemoz B, Morand P, Baicry F, Godon A, Voulleminot P, 
Kremer L, Chanson J-B. Guillain–Barré syndrome related to SARS-CoV-2 infection. Neurol 
Neuroimmunol Neuroinflamm. 2020;7(5):e785.

97. Berti R, Jacobson S. Role of viral infection in the aetiology of multiple sclerosis. CNS Drugs. 
1999;12(1):1–7.

98. Cook S, Rohowsky-Kochan C, Bansil S, Dowling P. Evidence for multiple sclerosis as an 
infectious disease. Acta Neurol Scand. 1995;91(S161):34–42.

99. Boziki MK, Mentis AFA, Shumilina M, Makshakov G, Evdoshenko E, Grigoriadis 
N.  COVID-19 immunopathology and the central nervous system: implication for mul-
tiple sclerosis and other autoimmune diseases with associated demyelination. Brain Sci. 
2020;10(6):345.

100. Sharifian-Dorche M, Sahraian MA, Fadda G, Osherov M, Sharifian-Dorche A, Karaminia 
M, Giacomini PS. COVID-19 and disease-modifying therapies in patients with demyelinat-
ing diseases of the central nervous system: a systematic review. Mult Scler Relat Disord. 
2021;50:102800.

101. Rogers JP, Chesney E, Oliver D, Pollak TA, McGuire P, Fusar-Poli P, David AS. Psychiatric 
and neuropsychiatric presentations associated with severe coronavirus infections: a sys-
tematic review and meta-analysis with comparison to the COVID-19 pandemic. Lancet 
Psychiatry. 2020;7(7):611–27.

102. Wang PR, Oyem PC, Viguera AC. Prevalence of psychiatric morbidity following discharge 
after COVID-19 hospitalization. Gen Hosp Psychiatry. 2020b;69:131–2.

103. Dijkstra-Kersten SM, Biesheuvel-Leliefeld KE, van der Wouden JC, Penninx BW, van 
Marwijk HW. Associations of financial strain and income with depressive and anxiety disor-
ders. J Epidemiol Community Health. 2015;69(7):660–5.

104. Kessler RC, Turner JB, House JS. Effects of unemployment on health in a community survey: 
main, modifying, and mediating effects. J Soc Issues. 1988;44(4):69–85.

105. Jak AJ, Crocker LD, Aupperle RL, Clausen A, Bomyea J. Neurocognition in PTSD: treat-
ment insights and implications. In:  Behavioral neurobiology of PTSD.  Cham: Springer; 
2016. p. 93–116.

106. Keller J, Nitschke JB, Bhargava T, Deldin PJ, Gergen JA, Miller GA, Heller 
W.  Neuropsychological differentiation of depression and anxiety. J Abnorm Psychol. 
2000;109(1):3.

107. American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 5th 
ed. Washington, DC: American Psychiatric Association; 2013. https://doi.org/10.1176/appi.
books.9780890425596.

108. Kong X, Zheng K, Tang M, Kong F, Zhou J, Diao L, Wu S, Jiao P, Su T, Dong Y. Prevalence 
and factors associated with depression and anxiety of hospitalized patients with COVID-19. 
MedRxiv. 2020;2020:e0260819.

E. K. Bailey et al.

https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1176/appi.books.9780890425596


635

109. Zandifar A, Badrfam R, Yazdani S, Arzaghi SM, Rahimi F, Ghasemi S, Khamisabadi S, 
Khonsari NM, Qorbani M. Prevalence and severity of depression, anxiety, stress and perceived 
stress in hospitalized patients with COVID-19. J Diabetes Metab Disord. 2020;19(2):1431–8.

110. Garrigues E, Janvier P, Kherabi Y, Le Bot A, Hamon A, Gouze H, Nguyen Y, et al. Post- 
discharge persistent symptoms and health-related quality of life after hospitalization for 
COVID-19. J Infect. 2020;81(6):e4–6.

111. McDermott LM, Ebmeier KP. A meta-analysis of depression severity and cognitive function. 
J Affect Disord. 2009;119(1–3):1–8.

112. Rock P, Roiser J, Riedel W, Blackwell A. Cognitive impairment in depression: a systematic 
review and meta-analysis. Psychol Med. 2014;44(10):2029–40.

113. Alhola P, Polo-Kantola P. Sleep deprivation: impact on cognitive performance. Neuropsychiatr 
Dis Treat. 2007;3(5):553–67.

114. Killgore WD, Weber M. Sleep deprivation and cognitive performance. In:  Sleep deprivation 
and disease. New York: Springer; 2014. p. 209–29.

115. Gupta R, Grover S, Basu A, Krishnan V, Tripathi A, Subramanyam A, Avasthi A. Changes 
in sleep pattern and sleep quality during COVID-19 lockdown. Indian J Psychiatry. 
2020;62(4):370.

116. Bonanno GA, Kaltman S.  The varieties of grief experience. Clin Psychol Rev. 
2001;21(5):705–34.

117. Middleton W, Burnett P, Raphael B, Martinek N. The bereavement response: a cluster analy-
sis. Br J Psychiatry. 1996;169(2):167–71.

118. Eisma MC, Boelen PA, Lenferink LI. Prolonged grief disorder following the coronavirus 
(COVID-19) pandemic. Psychiatry Res. 2020;288:113031.

119. Schleifer SJ, Keller SE, Camerino M, Thornton JC, Stein M. Suppression of lymphocyte 
stimulation following bereavement. JAMA. 1983;250(3):374–7.

120. Rozenzweig A, Prigerson H, Miller MD, Reynolds CF 3rd. Bereavement and late-life depres-
sion: grief and its complications in the elderly. Annu Rev Med. 1997;48(1):421–8.

121. Ward L, Mathias JL, Hitchings SE. Relationships between bereavement and cognitive func-
tioning in older adults. Gerontology. 2007;53(6):362–72.

122. Mazza MG, Palladini M, De Lorenzo R, Magnaghi C, Poletti S, Furlan R, COVID-19 BioB 
Outpatient Clinic Study Group. Persistent psychopathology and neurocognitive impairment 
in COVID-19 survivors: effect of inflammatory biomarkers at three-month follow-up. Brain 
Behav Immun. 2021;94:138–47.

123. Dantzer R. Neuroimmune interactions: from the brain to the immune system and vice versa. 
Physiol Rev. 2018;98(1):477–504.

124. Netland J, Meyerholz DK, Moore S, Cassell M, Perlman S. Severe acute respiratory syn-
drome coronavirus infection causes neuronal death in the absence of encephalitis in mice 
transgenic for human ACE2. J Virol. 2008;82(15):7264–75.

125. Mazza MG, De Lorenzo R, Conte C, Poletti S, Vai B, Bollettini I, Melloni EMT, Furlan R, 
Ciceri F, Rovere-Querini P. Anxiety and depression in COVID-19 survivors: role of inflam-
matory and clinical predictors. Brain Behav Immun. 2020;89:594–600.

126. Clarke P, MacLeod C. The impact of anxiety on cognitive task performance. Secondary influ-
ences on neuropsychological test performance. Cambridge: Cambridge University Press; 
2013. p. 93–116.

127. Robinson OJ, Vytal K, Cornwell BR, Grillon C. The impact of anxiety upon cognition: per-
spectives from human threat of shock studies. Front Hum Neurosci. 2013;7:203.

128. Schoen CB, Holtzer R. Differential relationships of somatic and cognitive anxiety with mea-
sures of processing speed in older adults. Aging Neuropsychol Cognit. 2017;24(5):481–95.

129. Almeria M, Cejudo JC, Sotoca J, Deus J, Krupinski J. Cognitive profile following COVID-19 
infection: clinical predictors leading to neuropsychological impairment. Brain Behav Immun 
Health. 2020;9:100163.

30 Anticipated Long-Term Neurobehavioral Outcomes Following COVID-19



636

130. Dunmore E, Clark DM, Ehlers A. Cognitive factors involved in the onset and maintenance 
of posttraumatic stress disorder (PTSD) after physical or sexual assault. Behav Res Ther. 
1999;37(9):809–29.

131. Küffer A, Straus LD, Prather AA, Inslicht SS, Richards A, Shigenaga JK, O’Donovan 
A. Altered overnight levels of pro-inflammatory cytokines in men and women with posttrau-
matic stress disorder. Psychoneuroendocrinology. 2019;102:114–20.

132. Tay TL, Béchade C, D’Andrea I, St-Pierre MK, Henry MS, Roumier A, Tremblay 
ME. Microglia gone rogue: impacts on psychiatric disorders across the lifespan. Front Mol 
Neurosci. 2018;10:421.

133. Sutherland AG, Alexander DA, Hutchison JD. Disturbance of pro-inflammatory cytokines in 
post-traumatic psychopathology. Cytokine. 2003;24(5):219–25.

134. Hadad NA, Schwendt M, Knackstedt LA. Hypothalamic–pituitary–adrenal axis activity in 
post-traumatic stress disorder and cocaine use disorder. Stress. 2020;23(6):638–50.

135. Jiang YN, Zhou W, Zhao XH, Hong X, Wei J. Post-traumatic stress disorder in convalescent 
patients of severe acute respiratory syndrome:(1) H-MRS study. Zhonghua Yi Xue Za Zhi. 
2013;93(5):366–9.

136. Worsham CM, Banzett RB, Schwartzstein R.  Dyspnea, acute respiratory failure, psy-
chological trauma, and post-ICU mental health: a caution and a call for research. Chest. 
2020a;159(2):749–56.

137. Worsham CM, Banzett RB, Schwartzstein RM. Air hunger and psychological trauma in venti-
lated patients with COVID-19. An urgent problem. Ann Am Thorac Soc. 2020b;17(8):926–7.

138. Gardner PJ, Moallef P.  Psychological impact on SARS survivors: critical review of the 
English language literature. Can Psychol. 2015;56(1):123.

139. Mak IWC, Chu CM, Pan PC, Yiu MGC, Chan VL. Long-term psychiatric morbidities among 
SARS survivors. Gen Hosp Psychiatry. 2009;31(4):318–26.

140. Carmassi C, Foghi C, Dell'Oste V, Cordone A, Bertelloni CA, Bui E, Dell'Osso L. PTSD 
symptoms in healthcare workers facing the three coronavirus outbreaks: what can we expect 
after the COVID-19 pandemic. Psychiatry Res. 2020;292:113312.

141. Johnson SU, Ebrahimi OV, Hoffart A. PTSD symptoms among health workers and public 
service providers during the COVID-19 outbreak. PLoS One. 2020;15(10):e0241032.

142. Marvaldi M, Mallet J, Dubertret C, Moro MR, Guessoum SB. Anxiety, depression, trauma- 
related, and sleep disorders among healthcare workers during the COVID-19 pandemic: a 
systematic review and meta-analysis. Neurosci Biobehav Rev. 2021;126:252–64.

143. Brandes D, Ben-Schachar G, Gilboa A, Bonne O, Freedman S, Shalev AY. PTSD symptoms 
and cognitive performance in recent trauma survivors. Psychiatry Res. 2002;110(3):231–8.

144. Gilbertson MW, Gurvits TV, Lasko NB, Pitman RK.  Neuropsychological assessment of 
Vietnam combat veterans with and without PTSD. Ann N Y Acad Sci. 1997;821:476–9.

145. Vasterling JJ, Brailey K, Constans JI, Sutker PB. Attention and memory dysfunction in post-
traumatic stress disorder. Neuropsychology. 1998;12(1):125–33.

146. Borders A, Rothman DJ, McAndrew LM. Sleep problems may mediate associations between 
rumination and PTSD and depressive symptoms among OIF/OEF veterans. Psychol Trauma 
Theory Res Pract Policy. 2015;7(1):76.

147. Martindale SL, Morissette SB, Rowland JA, Dolan SL. Sleep quality affects cognitive func-
tioning in returning combat veterans beyond combat exposure, PTSD, and mild TBI history. 
Neuropsychology. 2017;31(1):93.

148. Verfaellie M, Lee LO, Lafleche G, Spiro A. Self-reported sleep disturbance mediates the rela-
tionship between PTSD and cognitive outcome in blast-exposed OEF/OIF veterans. J Head 
Trauma Rehabil. 2016;31(5):309.

149. Wright KM, Britt TW, Bliese PD, Adler AB, Picchioni D, Moore D.  Insomnia as predic-
tor versus outcome of PTSD and depression among Iraq combat veterans. J Clin Psychol. 
2011;67(12):1240–58.

E. K. Bailey et al.



637

150. Mellman TA, Nolan B, Hebding J, Kulick-Bell R, Dominguez R. A polysomnographic com-
parison of veterans with combat-related PTSD, depressed men, and non-ill controls. Sleep. 
1997;20(1):46–51.

151. Kobayashi I, Boarts JM, Delahanty DL. Polysomnographically measured sleep abnormalities 
in PTSD: a meta-analytic review. Psychophysiology. 2007;44(4):660–9.

152. Otte C, Lenoci M, Metzler T, Yehuda R, Marmar CR, Neylan TC. Hypothalamic–pituitary–
adrenal axis activity and sleep in posttraumatic stress disorder. Neuropsychopharmacology. 
2005;30(6):1173–80.

153. Neylan TC, Marmar CR, Metzler TJ, Weiss DS, Zatzick DF, Delucchi KL, Wu RM, 
Schoenfeld FB.  Sleep disturbances in the Vietnam generation: findings from a nationally 
representative sample of male Vietnam veterans. Am J Psychiatry. 1998;155(7):929–33.

154. Wolf EJ, Logue MW, Hayes JP, Sadeh N, Schichman SA, Stone A, Miller MW. Accelerated DNA 
methylation age: associations with PTSD and neural integrity. Psychoneuroendocrinology. 
2016;63:155–62.

155. Yaffe K, Vittinghoff E, Lindquist K, Barnes D, Covinsky KE, Neylan T, Kluse M, Marmar 
C.  Posttraumatic stress disorder and risk of dementia among US veterans. Arch Gen 
Psychiatry. 2010b;67(6):608–13.

156. Hellmuth, J., Barnett, T. A., Asken, B. M., Kelly, J. D., Torres, L., Stephens, M. L., . and 
Peluso, M.  J. (2021). Persistent COVID-19-associated neurocognitive symptoms in non- 
hospitalized patients. J Neurovirol, 27(1), 191–195.

157. Bryant RA, Harvey AG. Postconcussive symptoms and posttraumatic stress disorder after 
mild traumatic brain injury. J Nerv Ment Dis. 1999;187(5):302–5.

158. Taquet M, Luciano S, Geddes JR, Harrison PJ. Bidirectional associations between COVID-19 
and psychiatric disorder: retrospective cohort studies of 62,354 COVID-19 cases in the 
USA. Lancet Psychiatry. 2021;8(2):130–40.

159. Jackson JC, Obremskey W, Bauer R, Greevy R, Cotton BA, Anderson V, Ely EW. Long-term 
cognitive, emotional, and functional outcomes in trauma intensive care unit survivors without 
intracranial hemorrhage. J Trauma Acute Care Surg. 2007;62(1):80–8.

160. Kaseda ET, Levine AJ. Post-traumatic stress disorder: a differential diagnostic consideration 
for COVID-19 survivors. Clin Neuropsychol. 2020;34(7–8):1498–514.

161. Campbell TA, Nelson LA, Lumpkin R, Yoash-Gantz RE, Pickett TC, McCormick 
CL. Neuropsychological measures of processing speed and executive functioning in combat 
veterans with PTSD, TBI, and comorbid TBI/PTSD. Psychiatr Ann. 2009;39(8):796–803.

162. Jurick SM, Crocker LD, Sanderson-Cimino M, Keller AV, Trenova LS, Boyd BL, Twamley 
EW, Rodgers CS, Schiehser DM, Aupperle RL. Contributions to executive dysfunction in 
operation enduring freedom/operation Iraqi freedom veterans with posttraumatic stress dis-
order and history of mild traumatic brain injury. J Head Trauma Rehabil. 2018;33(2):E41–52.

163. Nelson LA, Yoash-Gantz RE, Pickett TC, Campbell TA. Relationship between processing 
speed and executive functioning performance among OEF/OIF veterans: implications for 
postdeployment rehabilitation. J Head Trauma Rehabil. 2009;24(1):32–40.

164. Marshall S, Bayley M, McCullagh S, Velikonja D, Berrigan L. Clinical practice guidelines for 
mild traumatic brain injury and persistent symptoms. Can Fam Physician. 2012;58(3):257–67.

165. Hamberger LK, Barry C, Franco Z.  Implementing trauma-informed care in primary 
medical settings: evidence-based rationale and approaches. J Aggress Maltreat Trauma. 
2019;28(4):425–44.

166. Raja S, Hasnain M, Hoersch M, Gove-Yin S, Rajagopalan C. Trauma informed care in medi-
cine. Fam Community Health. 2015;38(3):216–26.

167. Tomaz T, Castro-Vale I. Trauma-informed care in primary health settings—which is even 
more needed in times of COVID-19. Healthcare (Basel). 2020;8(3):340.

168. Stuart K, Faghy MA, Bidmead E, Browning R, Roberts C, Grimwood S, Winn-Reed 
T.  A biopsychosocial framework for recovery from COVID-19. Int J Sociol Soc Policy. 
2020;40:1021–39.

30 Anticipated Long-Term Neurobehavioral Outcomes Following COVID-19



638

169. Bryant RA, Moulds M, Guthrie R, Nixon RD. Treating acute stress disorder following mild 
traumatic brain injury. Am J Psychiatry. 2003;160(3):585–7.

170. Zhang J, Lu H, Zeng H, Zhang S, Du Q, Jiang T, Du B. The differential psychological distress 
of populations affected by the COVID-19 pandemic. Brain Behav Immun. 2020;87:49.

171. Baumer Y, Farmer N, Premeaux TA, Wallen GR, Powell-Wiley TM. Health disparities in 
COVID-19: addressing the role of social determinants of health in immune system dysfunc-
tion to turn the tide. Front Public Health. 2020;8:589.

172. Ripon RK, El-Sabban F, Sikder T, Hossain S, Mim SS, Ahmed HU, Mehta N. Psychological 
and nutritional effects on a COVID-19-quarantined population in Bangladesh. J Hum Behav 
Soc Environ. 2021;31(1–4):271–82.

173. Feeney MP, Xu Y, Surface M, Shah H, Vanegas-Arroyave N, Chan AK, Alcalay RN. The 
impact of COVID-19 and social distancing on people with Parkinson’s disease: a survey 
study. NPJ Parkinsons Dis. 2021;7(1):1–10.

174. Zhang Y, Ma ZF. Impact of the COVID-19 pandemic on mental health and quality of life 
among local residents in Liaoning Province, China: a cross-sectional study. Int J Environ Res 
Public Health. 2020;17(7):2381.

175. Choi S. “People look at me like I AM the virus”: fear, stigma, and discrimination during the 
COVID-19 pandemic. Qual Soc Work. 2021;20(1–2):233–9.

176. Fiorillo A, Gorwood P. The consequences of the COVID-19 pandemic on mental health and 
implications for clinical practice. Eur Psychiatry. 2020;63(1):e32.

177. Gao J, Zheng P, Jia Y, Chen H, Mao Y, Chen S, Dai J. Mental health problems and social 
media exposure during COVID-19 outbreak. PLoS One. 2020;15(4):e0231924.

178. Gan Y, Ma J, Wu J, Chen Y, Zhu H, Hall BJ. Immediate and delayed psychological effects of 
province-wide lockdown and personal quarantine during the COVID-19 outbreak in China. 
Psychol Med. 2020;52(7):1321–32.

179. Sadovyy M, Sánchez-Gómez M, Bresó E. COVID-19: how the stress generated by the pan-
demic may affect work performance through the moderating role of emotional intelligence. 
Personal Individ Differ. 2021;180:110986.

180. Ciaccio M, Lo Sasso B, Scazzone C, Gambino CM, Ciaccio AM, Bivona G, Agnello 
L. COVID-19 and Alzheimer’s disease. Brain Sci. 2021;11(3):305.

E. K. Bailey et al.



639

Chapter 31
The Road Ahead (Editors)

Sasan Adibi, Paul Griffin, Melvin Sanicas, Maryam Rashidi, 
and Francesco Lanfranchi

In 2015, Bill Gates at TED talked about how the world avoided a global outbreak of 
Ebola, thanks to thousands of selfless health-care workers and some good luck but 
the world needs to be ready for the next one [1]. In 2019, the medical historian and 
journalist Mark Honigsbaum concluded his book The Pandemic Century [2] by say-
ing: “The only thing that is certain is that there will be new plagues and new pan-
demics. It is not a question of if, but when”, and so it happened.

On 31 December 2019, the World Health Organization (WHO) was informed of 
cases of pneumonia of unknown cause in Wuhan City, China. This novel coronavi-
rus was identified as the cause by Chinese authorities on 7 January 2020 and was 
temporarily named 2019-nCoV, considered a public health emergency of interna-
tional concern on 30 January 2020, and declared a pandemic on March 11, 2020 
after more than 118,000 cases reported in 114 countries, and 4291 deaths recorded, 
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Table 31.1 Known vs. unknown matrix for COVID-19

Known Things about COVID-19 we are aware 
of and understand

Things about COVID-19 we are aware of 
but do not understand

Unknown Things about COVID-19 we understand 
but are not aware of

Things about COVID-19 we are neither 
aware of nor understand

Knowns Unknowns

mostly in China. This was an event that has never been witnessed by almost every-
one in the world apart from those who lived through the 1918 influenza pandemic 
that killed an estimated 50 million people. This once-in-a-lifetime global public 
health event was met by an unprecedented cooperation and collaboration by the 
medical, scientific, and public health community and after more than 2 years we 
already know a lot about the novel coronavirus disease (COVID-19).

We tried to categorize our knowledge about COVID-19 in terms of the known vs. 
unknown matrix which has been used since the Greek era and in several areas of 
knowledge (Table 31.1).

About this new disease we have accumulated a vast amount of medical and scien-
tific data in the known known category. Because we are still amid the pandemic and 
knowledge about the severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) 
is evolving rapidly, some of the information and recommendations can still change.

 The Known Knowns

 Prevention

Infection prevention is the key. According to the last update of the WHO advice for 
the public [3], the main measures to be adopted included vaccine administration, 
physical distance maintenance, mask wearing, frequent cleaning of hands, and self- 
isolation in case of onset of suspicious symptoms.

 Risk Stratification

The virus affects people differently. Though COVID-19 is a respiratory virus, it 
does not limit itself to damaging the lungs. It can infect the cells that line blood ves-
sels and affect a range of other important organs, such as the heart, brain, kidneys, 
liver, pancreas, and spleen. The effect has been found even in young, low-risk people.
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641

Table 31.2 SARS-CoV-2 diagnostic tests

PCR test Antigen test Antibody test

Specimen Respiratory tract specimens Respiratory tract 
specimens

Blood

Purpose Diagnosis of active infection Diagnosis of active 
infection

Diagnosis of past 
infection

Method In most cases, a 
nasopharyngeal or nasal 
swab is taken and tested; 
oral swabs and saliva are 
also acceptable. Most 
commonly, the swab needs 
to be sent to a lab for testing

In most cases, a 
nasopharyngeal or nasal 
swab is taken and tested. 
Most often the test can 
be run while you wait

In most cases, a blood 
sample is taken and is 
sent to a lab for testing

Turnaround 
time

As early as 12–24 h after 
sample collection

As early as 30 min after 
sample collection

2–3 days, longer in some 
cases

Limitations It gives you a result for the 
point and time when the 
specimen was collected and 
cannot predict if you will 
remain negative
In some people, the virus 
can be found by PCR in the 
nose and throat for several 
weeks, even longer than 
their infectious period (the 
time they are contagious to 
other people)
The test requires certain 
kinds of swabs and reagents 
that may be in short supply

Best results are achieved 
with those who are 
symptomatic, and it will 
not help determine who 
had an infection in the 
past
Lower sensitivity than 
PCR tests, so there may 
be false-negative results
In persons with known 
exposure, negative tests 
must be treated as a 
preliminary result and 
confirmed with PCR 
testing

If used too close to the 
beginning of an 
infection, this may result 
in a negative test which 
is why it must not be 
used to detect active 
COVID-19 infection
Some antibody tests have 
low sensitivity and 
specificity and thus may 
not produce reliable 
results
Some antibody tests may 
cross-react with other 
coronaviruses that are 
not SARS-CoV-2, 
leading to false-positive 
test results

 Diagnosis

A quick and accurate diagnosis is crucial for both infected patients and their con-
tacts. To date, different tests were approved (Table 31.2). Cheap and reliable tech-
niques could be helpful for screening procedures in specific situations requiring a 
strict monitoring such as in settings with a high risk of exposure.

 Treatments

Several approved therapeutics demonstrated a specific efficacy in COVID-19 symp-
toms treatment and prevention [4, 5]. More molecules are under evaluation in clini-
cal trials [6] and regulators around the world have allowed additional treatments to 
be used on an emergency-use basis.
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In general, in most cases of COVID-19, there is clearly no need for antiviral 
therapy and most patients can be managed by taking medicine to reduce fever and 
supportive care. The more severe cases require hospitalization, with treatment that 
might include IV antivirals such as Veklury™ (remdesivir, nucleotide prodrug of an 
adenosine analog), corticosteroids (such as dexamethasone), supplemental oxygen, 
assisted ventilation, and other supportive measures.

Antiviral pills such as Paxlovid™ (nirmatrelvir, 3C-like protease inhibitor) [7] or 
Lagevrio™ (molnupiravir or MK-4482/EIDD-2801) [8] may be prescribed by a 
doctor if a patient is eligible, according to the Food and Drug Administration (FDA). 
Both molecules have shown varying levels of effectiveness in treating mild to mod-
erate COVID-19 for those most at risk. Paxlovid consists of nirmatrelvir, which 
inhibits a SARS-CoV-2 protein to stop the virus from replicating, and ritonavir, 
which slows down nirmatrelvir’s breakdown to help it remain in the body for a lon-
ger period at higher concentrations. In the EPIC-HR trial [9], nirmatrelvir signifi-
cantly reduced the proportion of people with COVID-19 related hospitalization or 
death from any cause by 88% compared to placebo in patients treated within 5 days 
of symptom onset. Molnupiravir is a medication that works by introducing errors 
into the SARS-CoV-2 virus’s genetic code, which prevents the virus from further 
replicating. In the MOVe-OUT trial [10], Molnupiravir reduces hospitalization or 
death by 30%. Both antivirals are not authorized for use for longer than five con-
secutive days. These new oral antivirals have the potential to reshape the trajectory 

Table 31.3 March 2022 updated worldwide authorized/approved vaccines (RAPS COVID-19 
vaccine tracker; https://www.raps.org/news- and- articles/news- articles/2020/3/covid- 19- vaccine-  
tracker)

Name Vaccine type Primary developers Country

Comirnaty (BNT162b2) mRNA-based 
vaccine

Pfizer, BioNTech; Fosun 
Pharma

Multinational

Spikevax (mRNA-1273) mRNA-based 
vaccine

Moderna, BARDA, NIAID USA

COVID-19 Vaccine 
AstraZeneca 
(AZD1222); also known 
as Vaxzevria and 
Covishield

Adenovirus vaccine BARDA, OWS UK

Sputnik V Recombinant 
adenovirus vaccine 
(rAd26 and rAd5)

Gamaleya Research Institute, 
Acellena Contract Drug 
Research and Development

Russia

Sputnik Light Recombinant 
adenovirus vaccine 
(rAd26)

Gamaleya Research Institute, 
Acellena Contract Drug 
Research and Development

Russia

COVID-19 Vaccine 
Janssen (JNJ-78436735; 
Ad26.COV2.S)

Nonreplicating viral 
vector

Janssen Vaccines (Johnson & 
Johnson)

The 
Netherlands
USA
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Table 31.3 (continued)

Name Vaccine type Primary developers Country

CoronaVac Inactivated vaccine 
(formalin with alum 
adjuvant)

Sinovac China

BBIBP-CorV/
NVSI-06-07

Inactivated vaccine Beijing Institute of Biological 
Products; China National 
Pharmaceutical Group 
(Sinopharm)

China

EpiVacCorona Peptide vaccine Federal Budgetary Research 
Institution State Research 
Center of Virology and 
Biotechnology

Russia

Convidicea (PakVac, 
Ad5-nCoV)

Recombinant 
vaccine (adenovirus 
type 5 vector)

CanSino Biologics China

Covaxin (BBV152) Inactivated vaccine Bharat Biotech, ICMR; 
Ocugen; ViroVax

India

WIBP-CorV Inactivated vaccine Wuhan Institute of Biological 
Products; China National 
Pharmaceutical Group 
(Sinopharm)

China

CoviVac Inactivated vaccine Chumakov Federal Scientific 
Center for Research and 
Development of Immune and 
Biological Products

Russia

ZF2001 (ZIFIVAX) Recombinant 
vaccine

Anhui Zhifei Longcom 
Biopharmaceutical, Institute of 
Microbiology of the Chinese 
Academy of Sciences

China
Uzbekistan

QazVac (QazCovid-in) Inactivated vaccine Research Institute for 
Biological Safety Problems

Kazakhstan

Unnamed vaccine Inactivated vaccine Minhai Biotechnology Co.; 
Kangtai Biological Products 
Co. Ltd

China

COVIran Barekat Inactivated vaccine Shifa Pharmed Industrial Group Iran
Unnamed vaccine Inactivated vaccine Chinese Academy of Medical 

Sciences, Institute of Medical 
Biology

China

Abdala (CIGB 66) Protein subunit 
vaccine

Center for Genetic Engineering 
and Biotechnology

Cuba

Soberana 02/Soberana 
Plus

Conjugate vaccine Finlay Institute of Vaccines; 
Pasteur Institute

Cuba
Iran

MVC-COV1901 Protein subunit 
vaccine

Medigen Vaccine Biologics 
Corp.; Dynavax

Taiwan

ZyCoV-D DNA vaccine 
(plasmid)

Zydus Cadila India

(continued)
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Name Vaccine type Primary developers Country

Spikogen (COVAX-19) Monovalent 
recombinant protein 
vaccine

Vaxine Pty Ltd.; CinnaGen Iran

FAKHRAVAC (MIVAC) Inactivated vaccine The Stem Cell Technology 
Research Center; Organization 
of Defensive Innovation and 
Research

Iran

Nuvaxovid (Covovax in 
India; previously 
NVX-CoV2373)

Recombinant 
nanoparticle 
vaccine

Novavax; CEPI, Serum Institute 
of India

USA

Turkovac 
(ERUCOV-VAC)

Inactivated vaccine Health Institutes of Turkey Turkey

Corbevax Adjuvanted protein 
subunit vaccine

Biological E, Baylor College of 
Medicine, Dynavax, CEPI

India
USA

Covifenz (CoVLP) Plant-based 
adjuvant vaccine

Medicago; GSK; Dynavax Canada

VLA2001 Inactivated vaccine Valneva;UK National Institute 
for Health Research; Dynavax

USA

Noora Recombinant 
protein vaccine

Baqiyatallah University of 
Medical Sciences

Iran

Table 31.3 (continued)

of the pandemic going forward especially for those at high risk of severe COVID. At 
the time of writing, Paxlovid™ and Lagevrio™ are not available worldwide.

 Vaccines

Several safe and effective COVID-19 vaccines have been authorized or approved for 
use around the world (Table 31.3). Updated information about approved and candi-
dates vaccines are provided by different institutions, including the WHO [11] and 
the Regulatory Affairs Professional Society [12].

 The Known Unknowns

 New Drugs

To find effective and easily available treatments for COVID-19 is one of the most 
active field of research. There are over 6000 ongoing and completed COVID-19 
studies listed on the World Health Organization’s International Clinical Trials 
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Table 31.4 ClinicalTrials.gov vaccine and drug studies

Selected search of ClinicalTrials.
gov Studies

Vaccine 
studies

Drug 
studies

Mapped drug 
names

COVID-19 studies 7605 685 2030 655

Table 31.5 Current and previous COVID-19 variants of concern (VOC), variants of interest 
(VOI), and variants under monitoring (VUM) according to the WHO (March 2022)

Who 
label

Pango 
lineage

GISAID 
clade

Nextstrain 
clade

Earliest 
documented 
samples

Date of 
designation Type

Delta B.1.617.2 G/478K.V1 21A
21I
21J

2020, Oct
India

11th May, 
2021

Current 
VOC

Omicron B.1.1.529 GR/484A 21K 2021, Nov
Multiple 
countries

26th Nov, 2021 Current 
VOC

Alpha B.1.1.7 GRY 20I (V1) 2020, Sep
UK

VOC: 18th 
Dec, 2020
Previous VOC: 
9th Mar, 2022

Previous 
VOC

Beta B.1.351 GH/501Y.
V2

20H (V2) 2020, May
South Africa

VOC: 18th 
Dec, 2020
Previous VOC: 
9th Mar, 2022

Previous 
VOC

Gamma P.1 GR/501Y.
V3

20J (V3) 2020, Nov
Brazil

VOC: 11th Jan, 
2021
Previous VOC: 
9th Mar, 2022

Previous 
VOC

Epsilon B.1.427
B.1.429

GH/452R.
V1

21C 2020, Mar
US

VOI: 5th Mar, 
2021
Previous VOI: 
6th Jul, 2021

Previous 
VOI

Zeta P.2 GR/484K.
V2

20B/S.484K 2020, Apr
Brazil

VOI: 17th Mar, 
2021
Previous VOI: 
6th Jul, 2021

Previous 
VOI

Eta B.1.525 G/484K.V3 21D 2020, Dec
Multiple 
countries

VOI: 17th Mar, 
2021
Previous VOI: 
20th Sep, 2021

Previous 
VOI

Theta P.3 GR/1092K.
V1

21E 2021, Jan
Philippines

VOI: 24th Mar, 
2021
Previous VOI: 
6th Jul, 2021

Previous 
VOI

Iota B.1.526 GH/253G.
V1

21F 2020, Nov
US

VOI: 24th Mar, 
2021
Previous VOI: 
20th Sep, 2021

Previous 
VOI

(continued)
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Table 31.5 (continued)

Who 
label

Pango 
lineage

GISAID 
clade

Nextstrain 
clade

Earliest 
documented 
samples

Date of 
designation Type

Kappa B.1.617.1 G/452R.V3 21B 2020, Oct
India

VOI: 4th Apr, 
2021
Previous VOI: 
20th Sep, 2021

Previous 
VOI

Lambda C.37 GR/452Q.
V1

21G 2020, Dec
Peru

VOI: 14th Jun, 
2021
Previous VOI: 
9th Mar, 2022

Previous 
VOI

Mu B.1.621 GH 21H 2021, Jan
Colombia

VOI: 30th Aug, 
2021
Previous VOI: 
9th Mar, 2022

Previous 
VOI

– B.1.640 GH/490R – 2021, Sep
Multiple 
countries

22nd Nov, 
2021

VUM

– XD – – 2022, Jan
France

9th Mar, 2022 VUM

Registry Platform. A continuously updated list of ongoing trial can be found at 
ClinicalTrials.gov [6]. Table 31.4 shows the number of registered COVID-19 stud-
ies that are either vaccine related or have at least one drug intervention.

 Variants

SARS-CoV-2 variants (Table 31.5) represent a major challenge in a continuous 
development. Among the two current variants of concern (VOC), the Delta vari-
ant seems to be linked with a higher risk of pneumonia with respect with the 
wild-type virus [13]. Moreover, the prolonged viral shedding could be a determi-
nant of an increased transmissibility of this variant [13, 14]. On the other hand, 
our knowledges about the second circulating VOC, Omicron, and further studies 
are necessary to a better comprehension of this new variant. However, it seems 
to be associated with a higher transmissibility but even with a milder clinical 
presentation [15, 16].

 Long COVID

Long COVID syndrome represent the topics of greater concern, not just for the 
present but even for the future. The pathogenesis of postacute sequelae of COVID-19 
(PASC) is still unclear, and to identify the molecular mechanisms underlying this 
condition is critical. To date, it is clear that PASC are frequent and multifaceted 
[17–20], involving both somatic and neuropsychiatric symptoms (Figs.  31.1 and 
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a

b

c

d

e

f

g

h

i

Fig. 31.1 Symptom prevalence estimates (non-neuropsychiatric symptoms). Bars represent the 
percentage of respondents who experienced each symptom at any point in their illness. Symptoms 
are categorized by the affected organ systems (systemic, panel a; reproductive, genitourinary and 
endocrine, panel b; cardiovascular, panel c; musculoskeletal, panel d; immunologic and autoim-
mune, panel e; head, eyes, ears, nose, and throat (HEENT), panel f; pulmonary, panel g; gastroin-
testinal, panel h; dermatologic, panel i). When all rows in a given panel use the same denominator, 
the first row, labeled “All,” indicates the percentage of respondents who experienced any symp-
toms in that category. Error bars are bootstrap 95% confidence intervals. In panel b, sexual dys-
function is broken up into male (sexual dysfunction—M) and female (sexual dysfunction—F). 
“Cis M” refers to cisgender males, “Cis F” refers to cisgender females, and cisgender females are 
further broken down by age group: “Cis F < 4000 indicates cisgender females age 39 or younger, 
“Cis F in 40s” indicates cisgender females age 40–49, and “Cis F  >  4900 indicates cisgender 
females age 50 or older. (Figure and caption modified from Davis et al. [18] and licensed under 
Creative Common License CC BY 4.0, http://creativecommons.org/licenses/by/4.0/)

31.2, respectively). Systematic in  vivo imaging studies as well as postmortem 
autoptic examinations are the only way to obtain deeper knowledges of these mani-
festations and their mechanisms.
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a e

f

b g

h

i

c

d

Fig. 31.2 Symptom prevalence estimates for neuropsychiatric symptoms, divided into nine sub- 
categories (emotion and mood, panel a; sensorimotor symptoms, panel b; sleep, panel c; cognitive 
functioning, panel d; memory, panel e; headaches, panel f; taste and smell, panel g; speech and 
language, panel h; hallucinations, panel i). Each bar represents the percentage of respondents who 
experienced that symptom. Error bars are bootstrap 95% confidence intervals. (Figure and caption 
modified from Davis et al. [18] and licensed under Creative Common License CC BY 4.0, http://
creativecommons.org/licenses/by/4.0/)

 Main Topics of Concern

Two years since the pandemic started, science has delivered more than we could 
have imagined prepandemic. We now have all the tools we need but the world needs 
to work together to ensure that everyone, everywhere has access to these life-saving 
tools. While working on equity, we need to continue research on the following 
research topics: (1) vaccines to develop a pancoronavirus or variantproof vaccines; 
thermostable formulations that do not need ultracold chain; oral or nasal vaccines; 
(2) drugs and therapeutics: more antiviral options that are cheap and widely avail-
able; monoclonal antibody therapies that are delivered though IM route instead of 
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IV; (3) diagnostic tests: scientific validation of existing tests to be able to accurately 
identify new variants, and quicker tests that can be mass produced and used even in 
low- and middle-income countries; (4) mechanism of and treatment for long-term 
effects of COVID-19.

 The Unknown Knowns

What about the next global pandemic? Will it be another coronavirus? Will it be a 
relative of SARS-CoV-2? What is COVID-19 impact on the environment? How will 
the virus develop resistance to antiviral drug? Three quarters of emerging infectious 
diseases originate in wildlife [21]. HIV, West Nile encephalitis, SARS-CoV-1, 
MERS-CoV, Lujo, Lassa, Nipah, Dandenong, Ebola, Marburg, dengue, monkey-
pox, Zika, influenza, and SARS-CoV-2 all came from animals. For SARS-CoV-2, 
we understand that, but we are not aware of when or where this animal-to-human 
jump happened.

 The Unknown Unknowns

There are things that we are neither aware of nor understand. As the medical and 
scientific world continue to study COVID-19, some of these situations may move to 
become unknown known or known unknown. In the past 2 years, we have become 
better at treating COVID-19 and mortality rates have come down, but there is only 
one exit strategy: prevention through vaccination and other interventions that change 
the fundamentals of infection, transmission and illness. The ways in which different 
Countries will work together on COVID-19 in the next coming years will define 
how and when this pandemic will end.
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Acute COVID-19 infection, 177
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Alkaloids, 520, 521
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host cell TMPRSS2, 525, 527
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Alpha 1 antitrypsin deficiency (A1AT)
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case fatality rate, 329
clinical trials, 331
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trans-membrane protease serine 2, 327
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Angiotensin 2, 88
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