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�Introduction

In recent decades, coronaviruses (CoVs) have been responsible for major world-
wide outbreaks, including the 2002 severe acute respiratory syndrome (SARS) and 
the 2012 Middle East respiratory syndrome (MERS) (Liu et al., 2020a). In December 
2019, a strain of CoV containing a not-previously-known genome sequence was 
first detected in Wuhan City, Hubei Province of China, and was hence named the 
2019-nCoV; however, it was later called SARS-CoV-2 (Dhama et  al., 2020). 
Although SARS-CoV-2 is considered to be less pathogenic, compared to the previ-
ously known MERS-CoV or SARS-CoV, it is more transmissible and, as a result, 
has led to the current ongoing COVID-19 pandemic (Dhama et al., 2020). In the 
chapter to follow, we begin with some historical and epidemiological information to 
call attention to the past understandings and theories of infectious diseases. Further, 
we review the most recent literature on various human coronaviruses (hCoVs), 
including SARS-CoV-2 and its origin, structure, mechanisms of cell entry, host 
immune evasion, mutations, and the emerged variants, as well as the COVID-19 
risk factors, signs, and symptoms, clinical trials, preventative measures (e.g., quar-
antine and social distancing), the death toll, and the role of innovative technologies 
(e.g., artificial intelligence, etc.) in controlling the pandemic.

Moreover, we discuss COVID-19 impact on biomedical wastes (BMWs) genera-
tion and management, medical insurance, and research, among others. We ulti-
mately end the chapter by highlighting some of the clinical lessons learned from the 
pandemic. We have used several databases, such as PubMed, Google Scholar, 
ResearchGate, and Cochrane Library, to collect the relevant literature, using the 
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search terms “SARS-CoV-2 pathogenesis,” “SARS-CoV-2 origin,” “SARS-CoV-2 
variants,” “COVID-19 and genetic polymorphism,” as well as “COVID-19 risk fac-
tors” and “COVID-19 clinical symptoms,” “COVID-19 radiological findings,” 
“COVID-19 histopathological features,” and so forth. It is noteworthy to mention 
that COVID-19 and its causative virus are new and unknown phenomena, and 
numerous ongoing research are being conducted across the globe, which will con-
tribute to the current understanding. As a result, this chapter is only a glimpse of the 
medical perspectives of COVID-19 and is not representative of all related pub-
lished papers.

�Historical Views and Theories of Infectious Diseases

Since the beginning of time, humans have always coexisted with diseases, which 
have sparked creative thinking in disease prevention and treatment (Tulchinsky & 
Varavikova, 2014a). Childhood fever has been the most serious issue afflicting 
humans, and in the last 10,000 years, mortality by the age of 15 has been about 50%, 
with fever being by far the most common cause of death, killing far more people 
than war and famine (Casanova & Abel, 2013). Throughout history, several theories 
have been postulated in order to explain the etiologies of infectious diseases. In 
order to explain phenomena such as disease outbreak that lacked a clear scientific or 
psychological explanation, people in pre-germ theory societies often invoked the 
presence of supernatural forces, energies, power, or spirits in order to explain phe-
nomena such as disease outbreak that lacked a clear scientific or psychological 
explanation (Bastian et al., 2019). The primitive mystical or religious theories stated 
that diseases are either brought about by demonic spirits or delivered by the gods as 
a way of punishment for committed sins and thus must be subdued via exorcism 
(Karamanou et al., 2012). For instance, in Ancient Rome, Febris (fever) was the 
goddess who protected people against fever and malaria and had three temples 
located in Palatine Hill, Vicus Longus, and Sacra, and demonology was highly val-
ued in ancient Persia (Karamanou et al., 2012). Using mystical or religious rituals, 
as well as herbal remedies, shamans or witch doctors sought to cure maladies 
(Tulchinsky & Varavikova, 2014a). The term “moral vitalism” is given by Bastian 
et al. (2019) to describe such beliefs in contaminating and contagious evil forces, 
and moral vitalists believed that individuals are susceptible to being possessed 
(infected) by evil spirits and that these forces are communicable (transmitted) 
among people (Bastian et al., 2019).

The pre-Socratic philosophers from the sixth century BC heralded the beginning 
of an era in science during which it was claimed that the environment had a signifi-
cant impact on health and illness (Karamanou et al., 2012). The Hippocrates’ trea-
tise Airs, Waters, Places by Hippocrates linked a variety of symptoms and diseases, 
including malaria, catarrh, and diarrhea to geographical and meteorological condi-
tions, such as climate changes impact on stagnant water or marshy area, which 
eventually evolved further into the “miasma theory” of contagious disease 
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(Karamanou et al., 2012). According to this theory, diseases are produced by the 
noxious vapor from decaying organic matter that contaminates the air, and in order 
to prevent such infectious diseases, sanitary measures such as clearing the streets of 
trash, sewage, animal corpses, and wastes were required (Tulchinsky & Varavikova, 
2014a). Traditional Persian Medicine described flu-like respiratory pandemics 
using the terms, such as háwāy-e vábāī (polluted air) or “polluted wind,” from 
which numerous infectious diseases (e.g., smallpox, typhoid, plague, and respira-
tory illnesses), and their associated symptoms (i.e., fever, dyspnea, palpitations, and 
syncope), as well as high death rate, would result; thus, in order to control such 
pandemics, Persian Medicine recommended distancing oneself from the pandemic 
area and practicing self-quarantine (Iranzadasl et al., 2021). Avicenna, the Persian 
medicine scholar, acknowledged the contagiousness of tuberculosis (TB), the trans-
mission of illnesses via water and soil, and the connection between psychology and 
health (Hajar, 2013), and in his book, The Canon of Medicine, he uses the word vábā 
(a term for cholera in modern medicine) to refer to the pandemic spread of any dis-
eases in general (Iranzadasl et al., 2021). During the sixteenth century, the “conta-
gious theory” of infectious diseases was postulated by Girolamo Fracastoro, which 
stated that illnesses are spread by contaminated fomites, such as clothing that have 
come into contact with the infected individual, or by transmissible chemicals (i.e., 
not living microorganisms) evaporating and diffusing through the atmosphere (i.e., 
seed-like entities, seminaria, or germs); each condition had its own distinct germ 
multiplying in host’s tissue producing disease by chemical putrefactive changes, 
and the transmission of certain diseases, such as syphilis and gonorrhea, was only 
possible through direct close contact, while others such as TB and smallpox are 
capable of traveling through air and be transmitted (Karamanou et  al., 2012). 
Antonie van Leeuwenhoek’s invention of the microscope in 1676 enabled the first 
visual observation, description, and discovery of “little animals”—bacteria and pro-
tozoa (Tulchinsky & Varavikova, 2014a).

Prior to the clinical-pathological paradigm in Parisian hospitals during the 
French Revolution, physicians struggled to come up with precise descriptions and a 
suitable nosology for the various types of fever they encountered, and any early 
accounts failed to address the issue of whether fever and disease were intrinsic or 
extrinsic (Casanova & Abel, 2013). Later scientists such as Antoine Lavoisier, 
François Magendie, and Claude Bernard opposed vitalism theory by stating that 
laws of physics apply to all living organisms and that any alteration in physiology 
brings about the diseases, and that diseases including fever are intrinsic; however, 
the internal environment—“milieu intérieur”—of living organisms protect them 
against environmental changes (Casanova & Abel, 2013). Moreover, work by other 
scientists, such as Semmelweis and Lister, elucidated the mechanisms these micro-
organisms spread and further enhanced the science of public health and preventative 
medicine (Ryan, 2004); however, despite their excellent findings, they were unable 
to convince people that fevers were transmissible (Casanova & Abel, 2013).

The breakthrough came in around 1870 when the French scientist Louis Pasteur, 
who lost three of his children to fever, first postulated the “germ theory” (Casanova 
& Abel, 2013), which states that living microorganisms are the etiology of 

Medical Perspective on COVID-19



18

infectious diseases (Karamanou et  al., 2012). German scientist Robert Koch 
(1843–1910) was the one who further expanded the germ theory by claiming that 
there exists a specific microorganism for every infection, and this was the beginning 
of the modern concept of disease transmission (Karamanou et  al., 2012). Koch, 
together with Loeffler (1852–1915), described the “Koch postulate,” which explains 
the relationship between bacteria and diseases by stating that a diseased person 
must have a higher number of the infectious agent compared to non-diseased ones; 
such agents can be isolated and grown in culture; healthy individuals must lack such 
specific agent; microorganism introduction and inoculation elicit the same disease 
in healthy people, from whom the same microorganism can be re-cultured and re-
isolated (Karamanou et al., 2012). During the twentieth century, more details were 
discovered regarding the structure, physiology, genetics, and molecular basis of dif-
ferent microorganisms, including bacteria, fungi, parasites, and, eventually, viruses, 
leading to the development of antimicrobial medication and the subsequent emer-
gence of antimicrobial resistance among pathogens (Ryan, 2004). However, the 
fundamental conundrum in the field of infectious disease is the enormous clinical 
variability among individuals throughout the course of an infection (Casanova & 
Abel, 2013). The germ theory failed to explain why microbes predominantly cause 
asymptomatic infections and why there is interindividual variability of clinical pre-
sentation and outcome, ranging from asymptomatic, carriers, symptomatic, to fatal 
(Casanova & Abel, 2013). This led to the emergence of four other complementary 
and overlapping theories, including immunological, microbiological, and genetic, 
among others (Casanova & Abel, 2013). Previously, using attenuated microbes to 
immunize children against cholera and anthrax, Louis Pasteur prevented such infec-
tions, which subsequently resulted in the implicit idea that previous natural infec-
tion by a less virulent pathogen or lower quantity of the same pathogen would result 
in natural acquired immunity, which would protect or help the afflicted person sur-
vive against future infection (Casanova & Abel, 2013). Pasteur’s vaccine discovery, 
together with three other groundbreaking discoveries, including antigen-specific 
antibody (Ab) responses,1 serological diagnosis,2 and sero-therapy,3 by Paul Ehrlich, 
Fernand Widal, and Charles Richet/Emil von Behring, respectively, were the foun-
dation of the immunological theory of infectious diseases. However, while these 
observations were able to account for interindividual variability partially, they were 
unable to explain the so- called infection enigma, that is, why the most virulent 
pathogen can be harmless to some individuals, yet the least virulent ones can be 
lethal to others (Casanova & Abel, 2020). For instance, findings by Charles Nicolle’s 

1 Upon microbe (antigen) entry into the host body, host immune cells are stimulated to produce 
antibodies (Abs), such as immunoglobulin M and/or G that are specific to the corresponding anti-
gen (Clem, 2011).
2 Detection of antigen-specific Abs in patient serum, using various serological immunoassays 
(Vainionpää & Leinikki, 2008).
3 Serotherapy is a type of passive immunization against numerous infectious diseases, using puri-
fied serum of infected or vaccinated individuals that contain specific Abs against the disease in 
question (Hifumi et al., 2017).
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that some infected individuals with typhus pathogen may remain healthy and 
asymptomatic, yet still able to transmit the disease (Casanova & Abel, 2013), or in 
the infamous Lübeck disaster, only 72 of the 251 neonates died after being acciden-
tally given a vaccine contaminated with highly virulent TB bacteria (Fox et  al., 
2016). These could be explained in part by the microbiological and immunological 
theories, which take into account microbial and human host variability. For exam-
ple, microorganism’s inherited4 or acquired virulence,5 and route of entry, or the 
host inherited or acquired immunodeficiencies, all of which alter infection outcome 
(Casanova & Abel, 2020). The pathogenicity of a microorganism is measured by its 
virulence, which refers to the organism’s capacity to produce a disease and is influ-
enced by a variety of parameters, including the quantity of microorganism present, 
route of entry into the host body, host immune system response, as well as pathogen 
virulence factors (Sharma et al., 2016). These virulence factors enable microorgan-
ism to enter the host body, evade host defense mechanisms, and produce disease 
(Sharma et al., 2016). During the period 1920–1949, human geneticists came to the 
conclusion that an individual’s genetic makeup has a significant impact on his or her 
susceptibility and resistance to an infectious disease. This was the beginning of the 
germline genetic theory of infectious diseases, which was developed on the basis of 
studies on TB infection in twins (Casanova & Abel, 2013), that found the concor-
dance of certain infections is much higher in monozygotic twins than in dizygotic 
twins6 (Casanova & Abel, 2018). In addition, a simple or complex pattern of genes 
inheritance may result in susceptibility or resistance to certain illnesses. For exam-
ple, the one infection-multiple genes phenomena (Casanova & Abel, 2007) describes 
that a single gene mutation (Mendelian traits) will produce rare primary immunode-
ficiency, which is often linked with numerous and recurring infections caused by 
weakly virulent opportunistic microorganisms (Picard et al., 2006). On the other 
hand, the one infection-multiple genes refers to the polygenic inheritance of several 
susceptibility genes, resulting in common infections (Casanova & Abel, 2007). For 
instance, multigene mutations of membrane attack complex (MAC) of complement 
pathways of the innate immunity, and IL-12- and IL-23-dependent interferon-
gamma (IFN-γ)-mediated pathways, will predispose individuals to recurrent inva-
sive bacterial infections by Neisseria species (e.g., meningitis by Neisseria 
meningitidis), and weakly virulent mycobacteria or Mycobacterium bovis bacillus 
Calmette-Guerin (BCG) vaccines, respectively (Picard et  al., 2006). Similarly, 
X-linked recessive lymphoproliferative disease (XLP) due to mutations of genes 

4 For example, the production of new strains of influenza virus due to genetic drift and the drastic 
genetic shift are responsible for the seasonal and pandemic influenza, respectively (Casanova & 
Abel, 2020).
5 Antimicrobial substances can select for and result in the emergence of new strains of microbe that 
are resistance to antimicrobial agents (Casanova & Abel, 2020).
6 In contrast to monozygotic twins, who are genetically identical, dizygotic twins are genetically 
distinct in that they only share approximately about half of their genetic material (Burgner 
et al., 2006).
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responsible for natural killer (NK) and CD8+ cytotoxic7 activation pathways will 
increase susceptibility to Epstein-Barr virus infection (Picard et al., 2006). In con-
trast, resistance to human immunodeficiency virus-1 (HIV-1) infection is induced 
by mutations in the chemokine receptor (CCR5) (Picard et al., 2006). It was not 
until the early 1950s that the study of human genetics of infectious diseases transi-
tioned into the current molecular and cellular era (Casanova & Abel, 2013).

The “major histocompatibility complex” (MHC) genes were discovered in the 
1930s in the context of posttransplantation tissue rejection; however, it was not until 
many decades later that the function of proteins encoded by MHC genes, in the 
adaptive and innate immune responses, was recognized (Mak et al., 2014) (Blackwell 
et al., 2009). Inherited in a Mendelian fashion, the human MHC is also called human 
leukocyte antigen (HLA) (Choo, 2007), with loci including MHC-I (HLA-A, -B, 
-C, -E, -F, and -G), II (HLA-DR, -DQ, -DM, and -DP), and III (tumor necrosis fac-
tor (TNF), complement factors C2 and C4b) (Blackwell et al., 2009). HLA genes 
are known to be the highest polymorphic human genes, especially at the antigen-
binding site, thus altering the binding specificity to antigens (Choo, 2007). These 
polymorphisms and variants are believed to be evolutionary selected in order to 
present antigens of the most prevalent infectious pathogen in various geographic 
regions (Choo, 2007). MHC-I, located on almost all nucleated cells, facilitates 
innate and adaptive immune response against intracellular pathogens, such as 
viruses (Blackwell et al., 2009). On the other hand, MHC-II is expressed on antigen 
presenting cells (APC) (e.g., B-lymphocytes, dendritic cells (DC), macrophages, 
etc.) and is primarily engaged in defense against extracellular microbes, including 
bacteria and parasites (Abbas et al., 2015). Furthermore, due to their involvement in 
both the innate and adaptive immune responses, human HLA alleles play critical 
roles in host susceptibility to autoimmune disorders, diabetes, ischemic heart dis-
ease, as well as a wide range of infections (Blackwell et al., 2009) and the severity 
of such infections (Naemi et al., 2021). For instance, individuals with heterozygous 
HLA-I alleles are less likely to acquire AIDS following HIV infection and thus have 
lower mortality, whereas those with HLA-II alleles heterozygosity have a greater 
chance of clearing and overcoming hepatitis B virus infection (Blackwell 
et al., 2009).

�Epidemiology

The occurrence spectrum of an infectious disease in a population can be described 
using several terms, including sporadic, endemic, epidemic, or pandemic. A “spo-
radic” disease occurs randomly and at irregular times (Straif-Bourgeois et al., 2014). 
Hippocrates was the first to use the terms “epidemic” and “endemic” (Swaroop, 

7 NK cells and CD8+ T cells, components of innate and adaptive immune systems, respectively, 
each have distinct mechanisms to recognize and kill infected cells (Rosenberg & Huang, 2018).
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Table 1  Major pandemics throughout history

Pandemic name (time) Death number References

Plague of Galen (165–180)
Japanese Smallpox (735–737)
Plague of Justinian (541–542)
Black Death (1347–1351)
New World Smallpox (1520–onward)
Italian Plague (1629–1631)
Cholera Pandemics (1817–1923)
Third Plague (1885)
Russian Flu (1889–1890)
Spanish Flu (1918–1919)
Asian Flu (1957–1958)
Hon Kong Flu (1968–1970)
HIV/AIDS (1981–present)
Swine Flu (2009–2010)
SARS (2002–2003)
MERS (2015–present)

5m
1m
30–50m
200m
56m
1m
1m+
12m
1m
40–50
1.1m
1m
25m
200,000
770
850

LePan (2020)

COVID-19 (2019–present) 4,777,503 as of October 1, 2021 WHO (2021a)

Authors’ Own Table
Abbreviations: HIV/AIDS human immunodeficiency virus/acquired immunodeficiency syndrome, 
SARS severe acute respiratory syndrome, MERS Middle East respiratory syndrome, m million

1957). “Endemic” either refers to an area where a disease is common (“endemic 
area”) or to a disease that is common and that exists at a constant rate among certain 
populations (“endemic disease”) (Swaroop, 1957). “Epidemic” is used when a dis-
ease occurs at a higher rate than is typically expected in a specific area, compared to 
the previously observed baseline level, and if the disease spreads to several coun-
tries affecting a large number of people worldwide, it is referred to as a pandemic 
(Tulchinsky & Varavikova, 2014b). Several major pandemics have occurred 
throughout history (Table 1), killing millions worldwide (LePan, 2020). The recent 
COVID-19 pandemic, which started as an epidemic in Wuhan city, China, in 
December 2019 (Khafaie & Rahim, 2020), was declared a public health global 
emergency on January 31, 2020, and later a global pandemic on March 11, 2020, by 
the World Health Organization (WHO) (Dhama et  al., 2020). As of October 01, 
2021, the COVID-19 pandemic has affected 233,503,524 individuals and killed 
4,777,503 people, worldwide (WHO, 2021a).

�Human Coronaviruses (hCoVs)

Coronaviruses (CoVs) are enveloped non-segmented positive single-stranded ribo-
nucleic acid (+ssRNA) viruses, which contain the largest genome among RNA 
viruses and are surrounded by crown-like surface projections under the electron 
microscope (EM) (Ye et al., 2020). They belong to the Coronaviridae family, which 
is divided into the subfamily Coronavirinae, which is in turn subdivided into four 
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CoV genera, alpha-CoV, beta-CoV, gamma-CoV, and delta-CoV (Shors, 2021). 
Alpha and beta-CoVs are known to infect mammals (including bats, humans, etc.), 
while gamma and delta-CoVs infect birds and mammals (Shors, 2021). There are 
seven known hCoVs up until now, two in the alpha-CoV (HCoV-229E and 
HCoV-NL63) and five in the beta-CoV genera (HCoV-OC43, HCoV-HKU1, SARS-
CoV, MERS-CoV, and SARS-CoV-2) (Ye et al., 2020). The low-pathogenic hCoVs 
predominantly cause mild (except in infants, elderly, and immunocompromised 
patients) upper respiratory tract (URT) infections (i.e., the common cold), while the 
highly pathogenic hCoVs (SARS-CoV, MERS, and SARS-CoV-2) cause lower 
respiratory tract (LRT) infections (i.e., pneumonia), as well as gastroenteritis, 
nephritis, hepatitis, etc. (Shors, 2021). Interestingly, for thousands of years, CoVs 
have been known to be transmitted from species to species, allowing for the emer-
gence of pathogenic hCoVs (Ye et al., 2020). The RNA recombination8 is extremely 
common among various strains of CoVs, which results in host ranges being 
expanded, and new CoV with higher pathogenesis and virulence being emerged 
(Wang et al., 2021a). For instance, this may occur if species carrying distinct CoVs 
come into close contact and exchange their viruses, and SARS-CoV-2 might have 
emerged during such occurrences (Singh & Yi, 2021).

�SARS-CoV-2 Virion Structure

The spherical or ellipsoid SARS-CoV-2 virion seen under the EM is approximately 
70–110 nm (Menter et al., 2020). It contains 4 structural glycoproteins, spike (S), 
membrane (M), nucleocapsid (N), and envelope (E), as well as 9 accessory proteins 
and 16 nonstructural proteins (NSPs); the E and M glycoprotein make up the viral 
envelope, while the N-glycoprotein is bound to viral RNA genome (Al-Horani 
et  al., 2020). The S-glycoprotein is composed of two subunits, S1 (the receptor-
binding fragment) and S2 (the fusion fragment) (Zhang et al., 2021). S1 is com-
posed of four domains, including N-terminal domain (NTD), receptor-binding 
domain (RBD), and C-terminal domains (CTD1 and CTD2), while S2 is made up of 
fusion peptide (FP), fusion-peptide proximal region (FPPR), heptad repeat 1 (HR1), 
central helix (CH), connector domain (CD), heptad repeat 2 (HR2), transmembrane 
segment (TM), and the cytoplasmic tail (CT) (Zhang et al., 2021). The S glycopro-
tein is a trimer attached to the viral membrane by its transmembrane fragment, and 
its apex is composed of three RBDs, forming up and down conformations indicating 
receptor-accessible and or receptor-inaccessible states, respectively (Zhang et al., 
2021). The surface of the spike protein is heavily covered by N-linked glycan mol-
ecules derived from the host cells (Watanabe et al., 2020), and it is the S-glycoprotein 

8 Recombination refers to the transfer genetic materials, as well as harmful traits between same 
virus, but different strains, which allows for the emergence of a novel virus that the host has never 
encountered or acquired immunity against have not previously been encountered by the host popu-
lation (Gibson et al., 2015).
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Fig. 1  Schematic diagram and electron microscopic image of coronaviruses (CoV), such as severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2). (a) Virion structure of coronaviruses 
(CoV), such as SARS-CoV-2, which contains four structural glycoproteins, including spike (S), 
membrane (M), nucleocapsid (N), envelope (E). The viral positive single-stranded ribonucleic acid 
(+ssRNA) is associated with N-glycoproteins. (b) The four envelope structural glycoproteins and 
their topology (c) CoV (e.g., SARS-CoV-2) and the S-glycoprotein crown-like surface projections 
under the electron microscope. (d) The S-glycoprotein is composed of S1 and S2 subunits; S1 is 
made up of four domains, N-terminal domain (NTD), receptor-binding-domain (RBD), and two 
C-terminal domains (CTDs), while S2 is made up of fusion peptide (FP), fusion-peptide proximal 
region (FPPR), heptad repeat-1 (HR1), central helix (CH), connector domain (CD), heptad repeat-2 
(HR2), transmembrane (TM), and the cytoplasmic tail (CT) domains. The S1/S2–S2′ is the cleavage 
site for viral entry into host cell. The surface of the spike protein is heavily covered by N-linked 
glycan molecules (tree-like structures) derived from the host cells and protrude from the viral 
envelope giving each virion a crown-like appearance under the EM. Note: SARS-CoV-2 lack the 
hemagglutinin-esterase (HE), which is present in some Beta-CoVs. (Sources: (a–c) Ujike and 
Taguchi (2015); (d) Zhang et al. (2021))

protruding from the viral envelope that gives each virion a crown-like appearance 
(corona—Latin for crown), and hence the name coronavirus (Sahu et  al., 2021). 
Figure 1 shows the Schematic diagram and electron microscopic image of corona-
viruses (CoV), such as severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2).

�Viral Entry

The spike glycoprotein recognizes the angiotensin-converting enzyme-2 receptor 
(ACE2-R), which is expressed on various host cell membranes (Alanagreh et al., 
2020). According to one research, small intestine, testicular, renal, cardiac, thyroid, 
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and adipose cells had the greatest levels of ACE2 expression, whereas the blood, 
spleen, bone marrow, brain, muscular, and vascular endothelial cells had the lowest 
levels of ACE2 expression. On the other hand, cells other tissues, such liver, colon, 
bladder, and suprarenal gland were shown express moderate level of ACE2-R (Li 
et al., 2020b). Interestingly, in spite of the fact that lung inflammation is the most 
common symptom in COVID-19 patients, ACE2-R was found to be moderately 
expressed in pulmonary tissues (Li et al., 2020b).

Viral membrane and host cell membrane fusion occur upon binding of the 
S1-RBD to ACE2-R, followed by the conformational changes in the S2 subunit (Xia 
et al., 2020). Viral entry requires S-protein cleavage and activation (i.e., priming) at 
S1/S2 region, which occurs through two different pathways, namely, the direct 
fusion or the endocytotic entry pathway. In the direct fusion pathway, the priming 
occurs by viral use of the host transmembrane protease serine 2 (TMPRSS2) and/or 
furin, while the clathrin-mediated endocytosis takes place intracytoplasmically and 
by the action of furin and later cathepsin B and L in the acidic environment of 
endolysosome (Al-Horani et al., 2020). Both of these pathways result in the intracy-
toplasmic release of the viral RNA, followed by genomic replication, translation, 
and the subsequent release of new virions (Al-Horani et al., 2020). These two path-
ways are shown in Fig.  2. The presence of furin-cleavage site leads to a more 

Fig. 2  Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) cell entry pathways. 
Notes: SARS-CoV-2 host cell entry occurs via two pathways, endocytosis or direct fusion, upon 
binding of viral spike (S) protein to host cell angiotensin-converting enzyme 2 (ACE2) receptors. 
Both pathways result in intracytoplasmic viral genome release (2′ and 5). The endocytosis pathway 
is mediated by furin-induced spike cleavage and subsequent cathepsin L or B (not shown) and 
acidic (H+) endolysosome action (1–4), while direct fusion is mediated by host transmembrane 
protease serine (TMPRSS2) and/or furin (1′), leading to spike cleavage. (Modified from: Al-Horani 
et al. (2020))
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effective viral entry into human cells, which may account for the increased infectiv-
ity of SARS-CoV-2 (Kaina, 2021). Recently, it is revealed that viral entry can also 
occur when the already-cleaved SARS-CoV-2 at the furin cleavage site binds neu-
ropilin-1 (NRP1) on olfactory endothelial and epithelial cells (Cantuti-Castelvetri 
et al., 2020). Another study reported a new possible mode of entry via high-density 
lipoprotein (HDL) scavenger receptor B type 1 (SR-B1) expressed on cells of LRT, 
as well as retina, testis, ovaries, metabolic organs, and other extrapulmonary organs, 
and that the co-expression of ACE2-R and SR-B1 makes these cells more suscepti-
ble to SARS-CoV-2 infection (Wei et al., 2020).

�Life Cycle

Viruses are obligate intracellular microorganisms, and in order to translate, repli-
cate, and assemble into new virions, they must use host cell machinery (Banerjee 
et al., 2020) and thus halt the host cell protein synthesis (Lapointe et al., 2021). 
SARS-CoV-2 has an unusually large genome (~29.0–30.2  kb) (Al-Horani et  al., 
2020), composed of six open reading frames (ORF); at the 5′-end is the ORF1a-
ORF1b region which makes up two-thirds of the genome, while the other one-third 
of the genome is at the 3′-end, containing the remaining ORFs (Alanagreh et al., 
2020). Upon SARS-CoV-2 entry and viral RNA release into the host cell cytoplasm, 
the ORF1a-ORF1b regions encode two polypeptides (pp1a, pp1ab), which are fur-
ther cleaved by viral proteinase (i.e., Papain-like protease [PL-pro aka NSP3] and 
chymotrypsin-like proteinase [3CL pro aka NSP5]) into a total of 16 nonstructural 
proteins (NSP1-NSP16) (Sahu et al., 2021). Other ORF regions encode viral acces-
sory proteins, such as ORF3a, 6, 7a, 7b, 8, and 10, as well as the structural glyco-
proteins (Majumdar & Niyogi, 2020). The viral RNA and the N-protein are 
synthesized and associated together in the host cell cytoplasm, and the nucleocapsid 
is then assembled with the M, E, and S proteins and bud into RER-Golgi lumen, 
forming mature virions which are eventually released from the host cell (Patocka 
et al., 2021). Figures 3 and 4 represent SARS-CoV-2 genome replication and life 
cycle, respectively.

�Transmission Mode

Viruses causing respiratory tract infections are mainly transmitted via direct physi-
cal contact, indirect fomites, droplets, and/or airborne (Leung, 2021). Traditionally, 
droplets were identified as being too large (i.e., larger than 5 μm) to remain in the 
air and thus unable to traverse distances greater than 1 m, thus requiring close proxi-
mal contact between the infected carrier and the susceptible host (Fennelly, 2020). 
In contrast, the small airborne agents (usually less than 5 μm) would travel distances 
greater than 1 m and maintain their infectivity and virulence while suspended in the 
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Fig. 3  Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) genome replication. 
Notes: (A) SARS-CoV-2 genome (~30 kb) (B) The genome contains the 5′-end ORF1a and ORF1b 
regions, encoding two polypeptide (pp1a, pp1ab) that are further cleaved into nonstructural pro-
teins (nsp1–nsp16) by papain-like protease (PLpro aka. nsp3) and chymotrypsin-like proteinase 
(3CLpro aka. nsp5) (cleavage sites are shown with black/grey triangles), and the 3′-end encoding 
the structural glycoproteins, spike (S), envelope (E), memberane (M), nucleocapsid (N) (red), and 
accessory proteins, 3a-10 (gray). Abbreviations: RdRp, RNA-dependent RNA polymerase (aka. 
nsp12); Hel/MTase, helicase and RNA ATPase (aka. nsp13); ExoN/N7-MTase, exonuclease 
methyl transferase (aka. nsp14); NendoU, endoribonuclease (aka. nsp15); 2′-O-MTase, 2′-O-methyl 
transferase (aka. nsp16). (Sources: Romano et al. (2020))

air (Fennelly, 2020). Originally, the person-to-person transmission of SARS-CoV-2 
was thought to be impossible (Kaina, 2021). It was later shown to have the ability to 
be transmitted by direct contact and large droplets but was subsequently discovered 
to have the potential for airborne transmission (Patel et  al., 2020). The airborne 
transmission was especially reported in places with ventilation-induced airflow 
(Tellier et al., 2019) or during procedures like endotracheal intubation, bronchos-
copy, and manual ventilation (Jayaweera et al., 2020).

The reproduction number (R0), defined as the number of newly infected cases 
produced by each infected individual, is used to determine the transmissibility of a 
virus, which for SARS-CoV-2 was first estimated by the WHO to be between 1.4 
and 2.5 (Rahman et al., 2020a). Other values of R0 have been reported, ranging 
from 2.2 to 6.47, especially in the initial phase of the pandemic (Shaw & Kennedy, 
2021). A value of one or less for R0 suggests that the total number of new infections 
is gradually declining, and the pandemic will ultimately resolve; however, R0 
greater than one implies that the virus is spreading rapidly, and more public health 
measures are required to limit its transmission (Rahman et al., 2020a). Moreover, 
using different R0 values from several countries (Brazil, Japan, Iran, Italy, and 
South Korea), Rahman et al. (2020a) estimated the mean R0 for SARS-CoV-2 to 
be 2.71.

There is, however, significant variability in the transmissibility of the virus. One 
observed that 69% of infected individuals do not infect other people, while 15–24% 
of cases accounted for 80% of all SARS-CoV-2 transmission (Adam et al., 2020). 
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Fig. 4  Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) life cycle. Notes: Severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) binds angiotensin-converting enzyme 2 
(ACE2) receptor and enters host cells via two pathways: endocytosis (endosome-cathepsin L) and 
direct fusion (TMPRSS2). Viral positive sense RNA is released and replicated and translated into 
viral proteins (N, E, S, and M) in the cytoplasm. The replicated viral RNA and the N-protein are 
associated together in host cell cytoplasm (forming nucleocapsid), while S, M, and E proteins are 
translated and undergo posttranslational modification (i.e., surface glycosylation) in the host endo-
plasmic reticulum (ER)/Golgi intermediate compartment (ERGIC); the nucleocapsid is then 
assembled with the M, E, and S proteins and bud into RER-Golgi lumen forming mature virions 
which are eventually released from the host cell via exocytosis. Abbreviations: ACE2, angiotensin-
converting enzyme 2; TMPRSS2, transmembrane protease serine 2; RBD, receptor-binding 
domain; RNA, ribonucleic acid; ORF, open reading frame. (Source: Duan et al. (2020))

However, recent studies suggest that several factors play a role in the transmission, 
including contact patterns, viral load, and environmental factors. For example, it is 
reported that within the same household, individuals with very close contacts had an 
increased risk of transmission (43.4% for spouse vs. 18.3% for other contacts); the 
viral transmission is found to be higher within the first 5 days of symptoms onset 
due to higher viral load; and based on contact tracing studies, the indoor transmis-
sion is reported to be approximately 19-fold greater than outdoor transmission 
(Cevik et al., 2020). Moreover, based on the findings that certain countries with high 
temperatures and humidity, like Brazil, India, and Malaysia, are seeing more cases, 
compared to countries with lower temperatures, such as Japan and South Korea, 
such environmental variables are thought to have an impact on the spread of 
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SARS-CoV-2 (Islam et  al., 2020a). Moreover, in contrast to SARS-CoV, which 
mainly replicates in the lung alveolar cells and macrophages, SARS-CoV-2 replica-
tion predominantly occurs in the epithelial cells of the URT, making it more trans-
missible (V’kovski et  al., 2020), as new virions are actively shed from the 
nasopharynx (Cantuti-Castelvetri et al., 2020). Furthermore, recent study has also 
shown that the SARS-CoV-2 spike glycoprotein has a 10–20 times higher affinity 
for the ACE2-R receptor when compared to SARS-CoV, which contributes to its 
greater infectious capacity (Alanagreh et al., 2020).

More recently, United Health Professionals9 have referred to the COVID-19 
pandemic as the “Biggest Health Scam of the 21st Century.” They reject the claim 
that SARS-CoV-2 is highly transmissible, saying that one infected person can 
only transmit the virus to only two or three other individuals, which makes the 
virus moderately contagious, as opposed to someone who is infected by the 
extremely transmissible measles virus who can infect up to 20 people. They fur-
ther argue that there are other infectious diseases that infect and kill more people 
worldwide, yet they are underreported by the media compared to COVID-19 
(United Health Professionals, 2021). For instance, the influenza virus infects and 
kills 1  billion (30 times more than SARS-CoV-2) and 650,000 people a year, 
respectively (i.e., globally infects 3 million and kills 2000 people daily), and TB 
bacteria that infects and kills 10.4 and 1.8 million people annually, respectively 
(i.e., infects 30,000 and kills 5000 people daily worldwide) (United Health 
Professionals, 2021).

Other possible routes of transmission have also been reported for SARS-CoV-2, 
including fecal-oral, vertical, etc. For example, compared to SARS-CoV-1, SARS-
CoV-2 has higher affinity to bind intestinal ACE2-R, thus more transmissible, and 
also difficult to rule out fecal-oral transmission (Gavriatopoulou et  al., 2020). 
Recently, fecal-oral transmission has been considered a possibility after an investi-
gational study (Xu et  al., 2020) revealed persistent positive real-time reverse 
transcription-polymerase chain reaction (RT-PCR) result from rectal swabs of eight 
out of ten infected children even after negative nasopharyngeal swabs 
RT-PCR.  Vertical transmission refers to prenatal transplacental or intrapartum10 
maternal-fetal transmission, and although it is uncommon, it has been reported; 
however, these terms are misleading, and it has been recommended to use more 
accurate terms for fetal or newborn infection, such as intrauterine transplacental or 
neonatal, acquired intrapartum neonatal, or acquired postpartum neonatal infection 
(Konstantinidou et al., 2021).

9 United Health Professionals has more than 1500 members, who are professors of medicine, inten-
sive care unit doctors, and infectologists (United Health Professionals, 2021).
10 Transplacental and intrapartum refers to viral transmission across placenta and direct contact of 
the baby with the genital tract during vaginal delivery, respectively (Konstantinidou et al., 2021).
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�Immunology

�Immune Response Against Viruses

The nonspecific host innate immune system is the first line of defense against 
microbes, including viruses, followed by activating the more specific adaptive 
immune system (Abbas et al., 2015). The pathogen-associated molecular patterns 
(PAMPs) (e.g., viral RNA, etc.) are recognized by various host innate immunity 
pattern recognition receptors (PRR), such as toll-like receptors (TLRs), leading to 
the downstream signaling cascade and the activation of interferon regulatory factor 
3/7 (IRF3/7) and NF-κB pathways (Lei et  al., 2020). For instance, segments of 
ssRNA of RNA viruses are recognized by TLR7 and 8 leading to the production of 
type I and type III interferons (IFNs) as well as pro-inflammatory mediators via 
IRF7 and NF-κB pathways, respectively (Lester & Li, 2014). In fact, when it comes 
to ssRNA viral infections, greater levels of TLR7 expression may result in a better 
prognosis since it stimulates a stronger immune response (Khanmohammadi & 
Rezaei, 2021). Furthermore, in both experimental organisms and human investiga-
tions, it is reported that TLR3 deficiency is linked with increased vulnerability to 
RNA virus infection (Dhangadamajhi & Rout, 2021).

Viral infections, including CoVs, will also activate another component of the 
innate immunity called the inflammasome, a multi-protein complex composed of 
the sensor protein NLR (e.g., NLRP3, etc.), or an adaptor protein ASC, and caspase-
1 (de Rivero Vaccari et  al., 2020). These cascades will result in the synthesis of 
pro-inflammatory cytokines, interleukin (IL)-1, 6, 8, 12, TNFα, IFN-III (Belizário, 
2021), IL-1β, IL-18, and type-I IFN (IFN-α/β) (Lee et al., 2020), as well as a form 
of cell death called pyroptosis (de Rivero Vaccari et al., 2020). In addition, pyropto-
sis integrated with other inflammatory cell death pathways is also activated, leading 
to cell death via PANoptosis (i.e., pyroptosis, necroptosis, and apoptosis). However, 
these cell death pathways act as a “double-edged sword” with both anti-inflammatory 
and pro-inflammatory effects; the former is typically beneficial in restricting viral 
replication and facilitating viral clearance, while the latter will release more intra-
cellular cytokines and PAMPs, leading to cytokine storm and extensive tissue dam-
age (Lee et  al., 2020). Another major component of innate immunity is the 
complement system, composed of various transmembrane and soluble serum pro-
teins, which are activated by viral antigens or by attached Abs to viruses (Abbas 
et al., 2015). These proteins neutralize viruses by various mechanisms, including 
the formation of a MAC that mediates lysis of viruses or via viral opsonization,11 
promoting phagocyte recruitment to the site of infection (Abbas et al., 2015). The 
opsonization results in the formation of neutrophilic extracellular traps (NETs) that 
will lead to another type of programmed cell death, termed NETosis, while the 
recruitment of other inflammatory cells contributes to more pro-inflammatory 

11 Opsonization is an immunological process that involves the attachment of opsonins, such as 
preformed Abs, to tag invading pathogens and then allowing them to be destroyed by phagocytes.
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cytokine production, as well as create a pro-thrombotic state via damaging the vas-
cular endothelial cells (Java et al., 2020).

In an ideal situation, the components of the host’s innate immunity immediately 
recognize the virus and release cytokines (within a few hours) which limit intracel-
lular viral replication and recruit other immune cells, creating an antiviral state that 
will eventually prime the adaptive immune system (Sette & Crotty, 2021). IFN-I 
recruits and activates other innate immunity cells, such as dendritic cells (DC) and 
natural killer (NK) cells, neutrophils, monocytes, and macrophages, as well as the 
repertoire of T and B lymphocytes (cells of the adaptive immune system) (Subbian, 
2021), which stimulate the production of other cytokines (e.g., IFN-γ, a type-II IFN) 
(Costela-Ruiz et al., 2020). The APCs of innate immunity present the viral antigens 
to CD8+ cytotoxic T cells (CTLs) or CD4+ T-helper lymphocytes (Th1 and Th2 
cells) via MHC-I and II molecules, respectively, resulting in the formation of long-
lasting antigen-specific memory Th-cells and CTLs (Belizário, 2021). The produced 
innate cytokines will mostly shift the balance toward Th1 cells, specific to intracel-
lular pathogens, like viruses (Belizário, 2021). In addition, B-cells are also activated 
indirectly by CD4+ cells or directly by viral antigens, leading to the formation of 
long-term memory B-plasma cells that will secrete neutralizing Abs, including 
high-avidity immunoglobulin (Ig)-M and high-affinity IgG, 3–5 days and 2 weeks 
postinfection, respectively (Belizário, 2021). The clearance of all viral infections 
depends on the more specific adaptive immune response and its components (Sette 
& Crotty, 2021), which upon activation, will typically increase host lymphocytes 
count; however, the failure of proper adaptive immune response will result in a state 
of constitutively active innate immunity with a detrimental impact on multiple 
organs (Moutchia et al., 2020).

�Immunology

�Immune Response Against Viruses

The nonspecific host innate immune system is the first line of defense against 
microbes, including viruses, followed by activating the more specific adaptive 
immune system (Abbas et al., 2015). The pathogen-associated molecular patterns 
(PAMPs) (e.g., viral RNA, etc.) is recognized by various host innate immunity pat-
tern recognition receptor (PRR) (e.g., TLR, RIG-I-like), leading to the downstream 
signaling cascade and the activation of interferon regulatory factor 3/7 (IRF3/7) and 
NF-κB pathways (Lei et al., 2020). Viral infections, including CoVs, will also acti-
vate another component of the innate immunity called the inflammasome, a multi-
protein complex composed of the sensor protein NLR (e.g., NLRP3, etc.) or an 
adaptor protein ASC, and caspase-1 (de Rivero Vaccari et al., 2020). These cascades 
will result in the synthesis of pro-inflammatory cytokines, interleukin (IL)-1, 6, 8, 
12, TNFα, IFN-III (Belizário, 2021), IL-1β, IL-18, and type-I IFN (IFN-α/β) (Lee 
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et al., 2020), as well as a form of cell death called pyroptosis (de Rivero Vaccari 
et al., 2020). In addition, pyroptosis integrated with other inflammatory cell death 
pathways is also activated, leading to cell death via PANoptosis (i.e., pyroptosis, 
necroptosis, and apoptosis). However, these cell death pathways act as a “double-
edged sword” with both anti-inflammatory and pro-inflammatory effects; the for-
mer typically beneficial in restricting viral replication and facilitating viral clearance, 
while the latter will release more intracellular cytokines and PAMPs, leading to 
cytokine storm and extensive tissue damage (Lee et al., 2020). Another major com-
ponent of innate immunity is the complement system, composed of various trans-
membrane and soluble serum proteins, which are activated by viral antigens or by 
attached Abs to viruses (Abbas et al., 2015). These proteins neutralize viruses by 
various mechanisms, including the formation of a MAC that mediates lysis of 
viruses or via viral opsonization,12 promoting phagocyte recruitment to the site of 
infection (Abbas et al., 2015). The opsonization results in the formation of neutro-
philic extracellular traps (NETs) that will lead to another type of programmed cell 
death, termed NETosis, while the recruitment of other inflammatory cells contribute 
to more pro-inflammatory cytokine production, as well as create a pro-thrombotic 
state via damaging the vascular endothelial cells (Java et al., 2020).

In an ideal situation, the components of the host’s innate immunity immediately 
recognize the virus and release cytokines (within a few hours) which limit intracel-
lular viral replication, recruit other immune cells, creating an antiviral state that will 
eventually prime the adaptive immune system (Sette & Crotty, 2021). IFN-I recruits 
and activate other innate immunity cells, such as DC and NK cells, neutrophils, 
monocytes, and macrophages, as well as the repertoire of T and B lymphocytes 
(cells of the adaptive immune system) (Subbian, 2021), which stimulate the produc-
tion of other cytokines (e.g., IFN-γ, a type-II IFN) (Costela-Ruiz et al., 2020). The 
APCs of innate immunity present the viral antigens to CD8+ cytotoxic T cells 
(CTLs) or CD4+ T-helper lymphocytes (Th1 and Th2 cells) via MHC-I and II mol-
ecules, respectively, resulting in the formation of long-lasting antigen-specific 
memory Th-cells and CTLs (Belizário, 2021). The produced innate cytokines will 
mostly shift the balance toward Th1 cells, specific to intracellular pathogens, like 
viruses (Belizário, 2021). In addition, B-cells are also activated indirectly by CD4+ 
cells or directly by viral antigens, leading to the formation of long-term memory B 
plasma cells that will secrete neutralizing Abs, including high-avidity immunoglob-
ulin (Ig)-M and high-affinity IgG, 3–5 days and 2 weeks postinfection, respectively 
(Belizário, 2021). The clearance of all viral infections depends on the more specific 
adaptive immune response and its components (Sette & Crotty, 2021), which upon 
activation, will typically increase host lymphocytes count; however, the failure of 
proper adaptive immune response will result in a state of constitutively active innate 
immunity with a detrimental impact on multiple organs (Moutchia et al., 2020).

12 Opsonization is an immunological process that involves the attachment of opsonins, such as 
preformed Abs, to tag invading pathogens and then allowing them to be destroyed by phagocytes.
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�Immune Response in COVID-19 Patients, SARS-CoV-2 
Pathogenesis and Evasion of Host Immune Responses

It is reported that the innate and adaptive immunity in COVID-19 patients is dys-
regulated. This dysregulation is thought to cause a delayed IFN-I antiviral response 
(Subbian, 2021), resulting in overactive innate immunity and underactive adaptive 
immunity, leading to an extensive cytokine storm state (Moutchia et  al., 2020). 
Autopsies of patients who died of COVID-19 showed high viral loads in the respira-
tory tract, as well as other tissues, implying ineffective immune responses (Mathew 
et al., 2020). The hallmark of severe COVID-19 is low lymphocyte count (lympho-
penia), with low CD4+ and CD8+ T-cell counts (Cox & Brokstad, 2020), which 
implies a defective adaptive immune response (Neumann et al., 2020). It is demon-
strated that lymphocyte depletion predominantly affects CD8+ T cells (Mathew 
et al., 2020). It is believed that the direct binding of SARS-CoV-2 to ACE2-R on 
cells of the reticuloendothelial system, such as spleen and lymph nodes, leads to 
lymphoid follicles atrophy and thus lymphocytes depletion (Gubernatorova et al., 
2020). Studies on the humoral and cellular response in COVID-19 patients demon-
strated contradictory findings. For instance, a study on 96 critically ill ICU-admitted 
patients identified three heterogeneous phenotypes: type 1 phenotype (35% of 
patients) had a deficient humoral immune response (i.e., lymphopenia with low NK 
and B cells and low Igs), but preserved T-lymphocyte count, and a moderate level of 
Il-6 and IL-1β; type 2 (21% of patients) demonstrated a hyper-inflammatory 
response and cytokine release syndrome (CRS) (IL-1β, Il-6, IL-8, and TNF⍺) with 
decreased CD4+ and CD8+ T cells, and discrete elevated soluble complement MAC 
(C5b-9); type 3 was the complement-dependent response patients, with high C3 
level, profound C5b-9 elevation (Dupont et al., 2020).

Another research by Gao et al. (2021a) demonstrated a “dichotomous pattern” of 
the humoral and cellular immune response, which induced in asymptomatic/mild or 
moderate/severe COVID-19 cases. They indicated that peripheral blood of such 
cases contains low SARS-CoV-2-specific IgG, as S1- or S2-specific B-cell responses 
are transient, with no formed long-lived memory B cells, and IgG-secreting plasma 
cells; however, they reported a profound and sustained IFN-γ-secreting CD4+ Th 
and CD8+ cell response in these patients, all of which implying the failure to mount 
humoral immunity in the presence of a strong cellular immunity that might proba-
bly prevent them from progressing to severe COVID-19. On the other hand, moder-
ate and severe COVID-19 patients had defective Th1 and IFN-γ-producing CD8+ 
T-cell responses, while they produced more sustained B cells and humoral responses 
(Gao et al., 2021a).

In addition, genes for TLR-7 and 8 are located on X chromosome, which may 
explain such gender-dependent immune response to SARS-CoV-2 (Khanmohammadi 
& Rezaei, 2021). In fact, when it comes to ssRNA viral infections, greater levels of 
TLR7 expression may result in a better prognosis since it stimulates a stronger 
immune response (Khanmohammadi & Rezaei, 2021). This is supported by a case 
series involving a pair of previously healthy young brothers from two unrelated 
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families who developed severe COVID-19, requiring mechanical ventilation in the 
ICU, in which distinct loss-of-function variants in the TLR-7 gene X- were identi-
fied (van der Made et  al., 2020). Moreover, a greater testosterone level is also 
responsible for the increased synthesis of TLR4 in men, which may account for the 
higher levels of pro-inflammatory cytokines (e.g., IL-6) in men as compared to 
females (Khanmohammadi & Rezaei, 2021). Moreover, significant positive correla-
tion was reported with TLR3 deficiency and mutation (rs3775291) with SARS-
CoV-2 susceptibility and COVID-19 mortality, but no correlation was found with 
percentage recovery of patients (Dhangadamajhi & Rout, 2021). In addition, such 
deficiency and mutant allele in TLR3 raise the chance of developing pulmonary 
hypertension and diabetes which increase the likelihood of progressing to severe 
COVID-19 and eventual dying in such individuals (Dhangadamajhi & Rout, 2021).

The pathogenesis of SARS-CoV-2 depends on S-protein interaction with host 
cells ACE2-R, expressed on type II alveolar epithelial cells (responsible for surfac-
tant synthesis and regeneration of epithelial cells in damaged lungs) (Ortega et al., 
2020), as well as many other human cells, including pulmonary macrophages, car-
diovascular, intestinal epithelial, renal tubular, testicular, and brain cells, among 
others (Verdecchia et al., 2020). Severe COVID-19 is believed to occur via viral-
induced direct cytotoxic damage, imbalance of the renin-angiotensin-aldosterone 
system (RAAS), and dysregulation of the immune system (Gupta et  al., 2020). 
SARS-CoV-2 direct infection and replication in lung type II alveolar and vascular 
endothelial cells and its subsequent release and spread will infect and activate lung 
immune cells (i.e., macrophages, neutrophils, DC, etc.), leading to release of IL-6, 
IL-1, TNF, and other pro-inflammatory cytokines, and further viral spread 
(Gubernatorova et al., 2020). Moreover, the presence of IL-1β, IL-18, and LDH (a 
marker of cell death) in the sera of COVID-19 patients is believed to be due to the 
activation of inflammasome (Rodrigues et  al., 2020). It is known that IL-1β and 
TNFα are the principal activators of IL-6, all of which play a critical role in CRS 
(Zhang et al., 2020a). IL-6 further induces the liver to synthesize acute phase reac-
tants (APRs), such as C-reactive protein (CRP), serum amyloid A (SAA), fibrino-
gen, haptoglobin, and α1-antitrypsin, while decrease fibronectin, albumin, and 
transferrin synthesis (Costela-Ruiz et al., 2020). Lung injury and function loss are 
attributed to elevated IL-1 (IL-1α), while IL-1β is believed to be responsible for 
COVID-19 hypercoagulation state and disseminated intravascular coagulation 
(Costela-Ruiz et al., 2020). The high blood glucose level in COVID-19 patients is 
caused by elevated IL-2 levels; G-CSF and GM-CSF stimulate bone marrow hema-
topoietic stem cells to undergo proliferation and maturation into monoblasts, pro-
monocytes, monocytes, macrophages, eosinophils, neutrophils, monocytes, DC, 
etc. (Costela-Ruiz et  al., 2020). MCP-1 mediates inflammatory cell infiltrates in 
various tissues by recruiting and regulating monocytes, memory T cells, and NK 
cells migration, while HGF is released by necrotic tissue (Costela-Ruiz et al., 2020). 
The imbalance in RAAS in COVID-19 patients is due to SARS-CoV-2-induced 
ACE2-R downregulation, which leads to an increase in angiotensin-II (AT-II), 
which has vasoconstrictive, pro-inflammatory, and pro-thrombotic and tissue 
remodeling effects (Verdecchia et  al., 2020). Moreover, increased production of 
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clotting factors (e.g., Factor VIII) and certain auto-Abs, such as anticardiolipin 
(aCL) and/or anti-β2 glycoprotein 1 (aβ2GP1) auto-Abs, have been shown to con-
tribute to the hypercoagulable state in critically ill COVID-19 patients (Halpert & 
Shoenfeld, 2020). In a normal immune response against viruses, cytokine storm is 
resolved; however, in severely ill patients, this state persists, leading to thrombo-
inflammation, and disseminated intravascular coagulation (DIC) (Gupta et  al., 
2020), tissue injury, multi-organ failure (MOF), and eventually death (Olbei et al., 
2021). Moreover, it is reported that complement system activation, in combination 
with neutrophilia and dysregulated NETosis, is linked with ARDS, hyper-
inflammation, and microthrombi formation leading to MOF (Java et al., 2020).

A virus must possess a minimum of one mechanism to evade the human immune 
responses in order to be able to cause disease; otherwise, it will cause no harm 
(Sette & Crotty, 2021). It is reported that CoVs escape the host’s innate immune 
response during the first 10 days of infection, which leads to extensive systemic 
inflammation (cytokine storm) and high viral load as a result of robust viral replica-
tion, release, and spread (Sa Ribero et al., 2020). Studies are underway, but it is 
believed that SARS-CoV-2 has the same mechanisms as SARS-CoV for the evasion 
of host immune responses (Nikolich-Zugich et al., 2020). It has been demonstrated 
that viral NSPs and structural and accessory proteins disturb host innate immune 
response (Lei et  al., 2020), with ORF3b, ORF6, and N protein of SARS-CoV-2 
inhibiting IFN-type I synthesis by counteracting the IRF3 and NF-κB signaling 
pathways (Lee et al., 2020). It is also believed that in coronavirus-infected pulmo-
nary cells, the PAMP-PRR interactions will activate the inflammasome via ORF3a, 
ORF8b, and E protein. Moreover, NSP1 is the first protein to be encoded by the 
SARS-CoV-2 genome, which is believed to bind to host cell 40S ribosomal subunit 
and prevent host cell protein translation (Lapointe et al., 2021), and hence inhibiting 
type-1 IFN synthesis (McGill et  al., 2021). Furthermore, NSP3 is thought to be 
responsible for the weakening of the host IFN-I immune response by cleaving the 
IFN-stimulated gene (Yoshimoto, 2021). The posttranslational modification of the 
SARS-CoV-2 genome by NSP13-NSP16 allows the virus to escape the host innate 
immune response recognition, while the heavy glycosylation of spike is also respon-
sible for the peptide folding and further evasion (Yoshimoto, 2021). In addition, the 
ORF3a accessory protein and nsp6 are reported to decrease the size of autophago-
some or prevent its maturation, respectively, thus inhibiting the host cell autophagy 
mechanism toward infected cells (Miao et al., 2021).

Griffin et al. (2021) have divided stages of COVID-19 into different periods (pre-
exposure, incubation, viral replication/detectable viral replication, and the inflam-
matory periods) and phases (symptomatic, early inflammatory, secondary infection, 
the multisystem inflammatory, and tail phase). The pre-exposure period ends when 
a susceptible individual is exposed to SARS-CoV-2, followed by the incubation 
period beginning at the time of exposure (TE) which results in an asymptomatic car-
rier state in the majority of people. However, if infection occurs, the detectable viral 
replication phase starts at the time of detectable viral replication (TDVR) when viral 
copies start rising. The viral symptom phase corresponds to the peak of viral RNA 
copies, which is at the time of symptom onset (TS), followed by the early 
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inflammatory phase (7–14 days after TS) at time of early inflammation (TEI). The 
coagulopathy, as well as a rise in inflammatory markers (cytokines, D-dimer, etc.), 
starts at TEI. The cytokine storm will result in microvascular endothelial dysfunc-
tion, thrombosis, and later macrovascular manifestations. A minimum of one throm-
botic complication (TC) was reported in 22.7% of cases within the first 14 days of 
ICU admission, and 52% of these developed pulmonary embolism (PE), which was 
also similar to the previous result of 42.7% and 16.7% of TC and PE, respectively 
(Tacquard et al., 2021). If untreated, the secondary infection phase can occur at the 
time of secondary infection (TSI), which is due to immune dysregulation and result 
in fungemia, bacteremia, and the development of pneumonia and other bacterial 
superinfections (Griffin et  al., 2021). The next phase, a hyperinflammatory state 
called multisystem inflammatory phase beginning at TMI (time of multisystem 
inflammation), is when the IgG level is at its maximum and the secondary bacterial 
infection and autoimmune features are manifested (Griffin et al., 2021).

Other researchers have classified COVID-19 stages differently. For example, in 
the three-stage disease classification, stage I is associated with mild disease and is 
when the innate and adaptive immunity is activated. This stage corresponds to 
TLR-3,7, and 8 stimulation; IgM and IgG Abs production against S and N protein; 
and the onset of signs and symptoms of fever, dry cough, and lymphopenia. Stage I 
will progress to stage II if the host is not able to eliminate SARS-CoV-2 (e.g., in 
elderly and those with comorbidities), which will then spread and involve multiple 
organs (Ortega et al., 2020). In this stage, referred to as macrophage activation syn-
drome (i.e., hyper-inflammatory response and cytokine storm), the patient will pres-
ent with dyspnea (IIA) and severe hypoxia (IIB), as well as detectable radiological 
findings, abnormal liver function test, lymphopenia, and elevated levels of APRs. If 
therapeutic measures are not effective, stage III will culminate with severe inflam-
matory response syndrome (SIRS), shock, and MOF, including acute respiratory 
distress syndrome (ARDS) (Ortega et al., 2020).

The pathophysiology behind COVID-19 extrapulmonary manifestations might 
predominantly be through widely expressed ACE2-R in various tissues, direct viral 
cytotoxic effect, or molecular mimicry, among others. For instance, the high expres-
sion of ACE2-R in cardiac and smooth muscle cells, as well as fibroblasts and endo-
thelial cells, is responsible for SARS-CoV-2 direct extrapulmonary and atypical 
symptoms (Gupta et al., 2020). Moreover, the molecular mimicry between SARS-
CoV-2 spike glycoprotein and human proteins is reportedly the pathomechanism 
behind autoimmune diseases seen in COVID-19 patients. For example, the shared 
peptide sequence between a peptide in S-protein (the major SARS-CoV-2 antigen) 
and human proteomes will result in the already-formed immune responses against 
the virus to also cross-react with these human proteins leading to the manifestations 
of autoimmune disorders (Kanduc & Shoenfeld, 2020). Similarly, molecular mim-
icry is hypothesized to facilitate peripheral neuropathy since SARS-CoV-2 surface 
glycoproteins are identical to human neural tissue glycoconjugates (Ramani et al., 
2021). The pathophysiology for muscle involvement (e.g., autoimmune myositis 
and rhabdomyolysis) in COVID-19 patients has also been suggested to be the result 
of homology between SARS-CoV-2 antigens and human myocytes (Ramani et al., 
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2021). It has recently been found that several auto-Abs (e.g., antinuclear, anti-β2 
glycoprotein-1 Abs, anticardiolipin Abs, etc.) are produced in SARS-CoV-2-
infected patients resulting in new-onset autoimmune diseases, including Guillain-
Barré syndrome, Miller Fisher syndrome, antiphospholipid syndrome, immune 
thrombocytopenic purpura, systemic lupus erythematosus, KD, large vessel vascu-
litis/thrombosis, psoriasis, and type I diabetes mellitus (DM), among others (Halpert 
& Shoenfeld, 2020). It is revealed that HLA gene polymorphism is responsible for 
such autoimmune diseases, and hence auto-Abs are developed in genetically sus-
ceptible individuals (e.g., those with HLA-DRB1, etc.) (Halpert & Shoenfeld, 2020).

The HLA alleles and COVID-19 severity might also be related, based on the 
previously reported relationship between these alleles and the severity of clinical 
manifestations of SARS cases, and the fact that in silico, the affinity of SARS-
CoV-2 peptide varies for each HLA alleles (Amoroso et al., 2020). Research that 
investigated the relationship between the HLA genotype polymorphism and the 
severity of COVID-19 among 95 patients reported a high frequency of HLA class I, 
including HLA-B*51 in those who had fatal COVID-19 infections and that of HLA-
B*35 in patients with mild infection (Naemi et al., 2021). Even though limited data 
is available regarding HLA class II, the same study found a high frequency of HLA-
DRB1*13 in the fatal group, compared to the mildly infected patients. Comparing 
HLA alleles between healthy individuals and COVID-19 cases, as well as non-
survived and survived patients, Lorente et al. (2021) reported higher HLA-A*32 in 
healthy individuals and higher HLA-A*03, HLA-B*39, and HLA-C*16  in 
COVID-19 patients; however, HLA-A*11, HLA-C*01, and HLA-DQB1*04 were 
found to be greater in non-surviving patients. Additionally, due to some unknown 
mechanisms, a positive correlation was reported between polymorphisms in CCR5 
(i.e., deletion mutation) and SARS-CoV-2 infection and death (Mehlotra, 2020). In 
addition, the possibility of correlations between TMPRSS2 and ACE2 DNA poly-
morphisms with COVID-19 susceptibility and severity and outcomes was proposed 
in a comparative genetic study of 81,000 human genomes (Hou et al., 2020). For 
instance, the level of TMPRSS2, which is expressed on type I alveolar epithelial 
cells, is elevated with aging, and ACE2 polymorphisms and cardiovascular and pul-
monary diseases (risk factors for COVID-19) are linked. This may explain the 
decreased risk of SARS-CoV-2 in infants and children relative to adults (Hou 
et al., 2020).

�SARS-CoV-2 Origin

The origin of the majority of hCoVs is considered to be bats or rodents (natural 
hosts), where they are maintained and propagated yet remain nonpathogenic; they 
then spill over to the human host (and become pathogenic) via an amplifying inter-
mediate reservoir host within which the virus undergoes transient replication (Shors, 
2021). The intermediate host(s) are known for some hCoVs, while it is unknown for 
others. For instance, the CoVs of the 2003 SARS and 2012 MERS pandemics are 
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believed to have been transmitted via the civet and camel as their intermediate hosts, 
respectively (Shors, 2021). As previously mentioned, the recombination among 
various strains of CoVs is reported to lead to the emergence of a novel virus, such 
as SARS-CoV-2 (Singh & Yi, 2021). Throughout their evolution, the genetic diver-
sity of beta-CoVs, such as SARS-CoV-2, is increased via mutations and recombina-
tion, which is also reported to occur within other species (Rastogi et al., 2020). For 
example, evidence has shown sequence identity between SARS-CoV-2 and horse-
shoe bat CoV (RaTG13), as well as Malayan pangolins (Singh & Yi, 2021). As a 
result, bat and pangolin are considered to be the natural and intermediate hosts of 
SARS-CoV-2, respectively (Singh & Yi, 2021). In fact, the SARS-CoV-2 genome is 
thought to be a “mosaic” genome, made up of fragments from at least two previ-
ously known CoVs (Sallard et al., 2021), and is assumed to be likely a recombinant 
of those zoonotic viruses (Rastogi et al., 2020).

The unique feature of SARS-CoV-2, compared to any other alpha and beta-
CoVs, is the presence of furin-cleavage site, as well as six major amino acid 
sequences in the RBD domain that is optimized for binding to the human-like 
ACE2-R (Andersen et  al., 2020). It is reported that the SARS-CoV-2 genome is 
96% identical to RaTG13, with the RBD domains being only 85% similar, sharing 
just one of the six major amino acid sequences (Rastogi et al., 2020). On the other 
hand, RBD regions of the SARS-CoV-2-related virus in pangolin share 92.4–99.8% 
sequence identity with the RBD of SARS-CoV-2 (Rastogi et al., 2020). Moreover, 
some studies indicate that all six main amino acids in the RBD regions of SARS-
CoV-2 are identical to those in pangolin CoV (Andersen et al., 2020), whereas other 
studies claim this to be five out of six (Rastogi et al., 2020). This is supported by 
analyzing pangolin samples from two separate provinces in China, where research-
ers were able to identify two distinct clusters of SARS-CoV-2-related viruses, one 
of which shared greater amino acid identity (97.4%) with SARS-CoV-2 in RBD 
than did the bat CoV RaTG13 (89.2%); however, bat CoV shared more sequence 
identity (89.2%) with other non-RBD genome regions of SARS-CoV-2 than did 
pangolin CoV (Han, 2020). Furthermore, since bats have been ecologically sepa-
rated from the human population, it is possible that SARS-CoV-2 has acquired its 
adaptive modifications in an intermediate host (e.g., pangolin) prior to its transmis-
sion to human (Rastogi et al., 2020). Further support pointing to pangolin as the 
intermediate host comes from pangolins or their scales being consumed as a source 
of food or in traditional Chinese medicine, respectively (Shors, 2021). Similarly, 
analysis of lung samples from two pangolins that died of pulmonary fibrosis, and 
the subsequent identification of CoVs that were nearly 90.5% and 91% similar to 
SARS-CoV-2, provided more evidence for this hypothesis (Shors, 2021). However, 
it is important to note that both bat and pangolin CoVs lack a furin-cleavage site 
(Andersen et al., 2020). In addition, concluding wild pangolins to be the intermedi-
ate host for SARS-CoV-2 is still controversial since the pangolins used in research 
studies were those from illegal smuggling activities and not wild ones (Singh & Yi, 
2021). In addition, in order to get a more accurate estimate of the similarity and the 
“time to the most recent common ancestor (tMRCA)” of two different CoV strains 
(e.g., SARS-CoV-2 and bat CoV), it is preferable to utilize synonymous mutations, 
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which are more prevalent in the genome since they are less likely to be subject to 
natural selection as they do not alter the properties of resulting proteins (Singh & Yi, 
2021). For example, comparing such mutations, only 83% similarity is seen between 
bat RaTG13 CoV and SARS-CoV-2, and thus implying a distant relationship, com-
pared to the initial report of 96% (Singh & Yi, 2021).

Sallard et al. (2021) explained that the similarity between pangolins CoV and 
SARS-CoV-2 is still considerably lower than the 99.52% similarity reported in the 
previously known SARS-CoV and its last intermediate host during the previous past 
zoonotic transmissions. In addition, they stated that human ACE2-R utilized by 
SARS-CoV-2 is more identical to farm animal proteins than that of wild pangolins 
and bats. On the other hand, genetic findings unequivocally suggest that SARS-
CoV-2 is not generated from any previously known viral backbone (Andersen et al., 
2020). Additionally, if pangolin is assumed to be the intermediate host, then the first 
detected case of SARS-CoV-2 infection would have to have acquired the virus when 
coming in contact with the intermediate host sold at Wuhan market; in fact, the first 
infected case did not even visit the market, which possibly excludes pangolin as the 
reservoir (Sallard et al., 2021).

In the absence of an intermediate host, some scientists have speculated that 
SARS-CoV-2 could have been synthetically developed in a laboratory, while others 
suggested it might have been adapted to laboratory animals or to a human, while it 
was being cultured on human cells (for study purposes) and have accidentally 
escaped these laboratories (Sallard et al., 2021). Additionally, CoVs are listed in 
Group 3 of potential bioterrorism agents that require Biosafety Level 3 (BSL-3) 
laboratories, where generally airborne agents that potentially cause fatal infections 
are kept (Kaufer et  al., 2020). Hence, two circulating conspiracy theories have 
accused the USA or China of genetically engineering SARS-CoV-2 (Nie, 2020). 
Further controversies were brought about when the US CDC reported the presence 
of SARS-CoV-2 Abs in the blood of individuals from France, Italy, and the USA 
long before the virus was identified in Wuhan (Lew, 2020), as well as when CDC 
director Robert Redfield in a video interview stated that patients who were previ-
ously thought to have died of influenza might, in fact, have died from COVID-19 
(Hall, 2020).

�SARS-COV-2 Variants

Owing to their lack of proofreading capacity and as part of their evolution to increase 
genetic diversity, RNA viruses persistently go through recombinations and muta-
tions (Rastogi et  al., 2020). The change in the amino acid sequence of the viral 
protein is referred to as mutation (Lauring & Hodcroft, 2021), and one of the most 
significant ways in which viruses evolve in nature, is considered to be nucleotide 
substitution  (Phan, 2020). These substitution mutations can be non-synonymous, 
resulting in the alteration of an amino acid sequence of a protein, as opposed to 
synonymous ones (silent mutations), which cause no such changes (Chu & Wei, 2019). 
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The synonymous mutations are heavily influenced by the viral mutation rate (Singh 
& Yi, 2021), and in general, mutations could occur upon human-to-human or 
human-to-animal viral transmission (Garry, 2021) or due to chronic infections of 
immunocompromised patients (Williams & Burgers, 2021). Viruses with different 
genomic sequences are called variants,13 and when viral variants have a clearly dis-
tinct phenotype, including antigenicity,14 transmissibility, or virulence, they are 
called strains (Lauring & Hodcroft, 2021).

The mutation rate of SARS-CoV-2 is around 23.6 mutations per year (Yao et al., 
2020), resulting in the accumulation of mutations at 9.8 × 10−4 substitutions per site 
annually (Khateeb et al., 2021). Throughout the pandemic, several SARS-CoV-2 
variants have evolved and are continuously emerging and spreading throughout the 
globe (Centers for Disease Control and Prevention (CDC), 2021b). The most vari-
able region of SARS-CoV-2 to undergo mutational changes, including deletions, 
mutations, and recombination, is the S-protein region (Singh & Yi, 2021), which 
can alter viral infectivity or reactivity to neutralizing Abs (Li et al., 2020c). However, 
it is also stated that a single mutation in spike is not likely to cause resistance to 
neutralizing Abs, as the surface area of RBD is large enough for the Abs to bind 
(Sette & Crotty, 2021). Other regions, including structural protein (e.g., N) and NSP 
regions (i.e., ORF1a, ORF1b, ORF3, ORF8) of the SARS-CoV-2 genome, have also 
been reported to accumulate mutations (Wang et al., 2021a). The spike substitution 
mutations can occur in the RBD (S1 subunit) and non-RBD domains, as well as the 
S1/S2 furin-cleavage site. For example, the major substitutions in the RBD (N501Y, 
E484Q, E484K, T478K, L452R, K417T, K417N) as well as non-RBD (D614G)15 
regions will increase SARS-CV-2 immune evasion (both host and vaccine-acquired 
immunity) and affinity toward human ACE2-R (Khateeb et al., 2021). Table 2 sum-
marized major SARS-CoV-2 spike protein mutations and their effects.

The SARS-CoV-2 Interagency Group (SIG) has established a classification sys-
tem that categorizes SARS-CoV-2 variants into three categories, namely, variant of 
interest (VOI), variant of concern (VOC), variant of high consequence (VOHC), and 
variants being monitored (VBM). A variant is termed a VOI when any mutations in 
the viral genome might reduce neutralization by Abs (produced from previous 
infection or vaccine), decrease treatment efficacy, affect the diagnostic tests, or pos-
sibly increase transmissibility or disease severity (CDC, 2021a). On the other hand, 
the SARS-CoV-2 variant is classified as a VOC when genetic mutations result in 
substantial evidence of high transmissibility, severe COVID-19 (hospitalization or 

13 The term variant is misleading, as two viral variants may vary by a single mutation or by a large 
number of mutations (Lauring & Hodcroft, 2021).
14 An antigen ability to elicit a cellular and humoral immune response is termed immunogenicity, 
whereas the ability to be recognized by antigen-specific antibodies is called antigenicity (Ilinskaya 
& Dobrovolskaia, 2016).
15 In the substitution mutations, one amino acid (first letter) is replaced at a specific position in the 
protein sequence (middle number) with another amino acid (second letter). For example, D614G 
refers to a substitution of aspartic acid (D) to glycine (G) at amino acid position 614 of the spike 
glycoprotein (Khateeb et al., 2021).
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Table 2  Major spike mutations in severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) and their effects

Spike 
mutations

ACE2-R 
affinity

Immune 
evasiona Transmissibility Virulence Reference

RBD region Khateeb et al. 
(2021) � K417N ↑ ↑ ↑ ↑

 � K417T ↑ ↑ ↑ ↑?
 � L452R ↑ ↑ ↑ ↑
 � T478K ↑ ↑ ↑ ↑?
 � E484K ↑ ↑ ↑? ↑?
 � E484Q ↑ ↑ ↑? ↑?
 � N501Y ↑ ↑ ↑ ↑
Non-RBD

 � D614G ↑ ↑ ↑ ↔
S1/S2 furin cleavage site

 � P681H ↔ ↑? ↑ ↑?
 � P681R ↔ ↑? ↑ ↑?

Author’s Own Table
Abbreviations: RBD receptor-binding domain, ACE2-R angiotensin-converting enzyme-2 receptor
aBoth host and vaccine-induced immunity

death), significantly low Ab neutralization, decreased treatment efficacy, and/or fail-
ure of viral detection by diagnostic tests. In contrast, a variant of high consequence, 
which has not yet been detected for SARS-CoV-2, as of July, 2021, is one that has 
obvious evidence of a significant reduction in the efficacy of public health preventa-
tive measures and medical interventions, compared to the previously known variant, 
mandating its report to WHO (CDC, 2021a). VBM refers to those variants for which 
there is adequate evidence of high transmissibility, increased disease severity, and 
obvious or potential effect on approved therapeutic measures, but which are not cur-
rently circulating in the USA and do not represent a major and immediate danger to 
public health. Any of the VOI and VOC may later be placed in this category, if their 
proportions have decreased significantly and consistently over time and they no 
longer represent a significant threat to public health in the USA (CDC, 2021a).

In late January and early February 2020, a new D614G mutation in the non-RBD 
region of spike appeared (Khateeb et al., 2021; WHO, 2021b). This was the first 
detected mutation of concern, which has spread globally, and by the end of June 
2020 was present in the majority of circulating SARS-CoV-2 variants worldwide 
(Hossain et al., 2021), that is 99% of all variants (Khateeb et al., 2021). This mutated 
virus is reported to have increased affinity for olfactory epithelium (Khateeb et al., 
2021), be ten times more infectious than the original virus (Li et al., 2020c), with 
higher ACE2-R affinity, viral load, and hence more transmissibility; however, it has 
no impact on disease severity (Zhang et al., 2020b) or on the efficacy of therapeutic 
drugs, diagnostic tests, vaccines, and public health preventative strategies (WHO, 
2020). It is also reported that the affinity for ACE2-R is not limited to human but can 
also target other species, including horseshoe bat, Malayan pangolin, cat, and dog 
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(Wang et al., 2021a). However, it is still unclear which animal is capable of success-
fully transmitting SARS-CoV-2 to humans. For instance, more than 40 bat species 
susceptible to SARS-CoV-2 were recently identified in the USA. It is also stated 
that cat can acquire SARS-CoV-2 and transmit it to other cats, while ferrets develop 
URT infections but are unable to transmit the virus within their species (Solis & 
Nunn, 2021).

Between August and September 2020, a mink-associated variant named “Cluster 
5” emerged in Denmark and the Netherlands, with the RBD mutations Y453F (the 
most widespread), del69_70, I692V, and M1229I (Lauring & Hodcroft, 2021). This 
variant has also been shown to include additional RBD mutations, such as F486L 
and N501T, which together with Y453F enhance viral affinity to both human and 
mink ACE2-R, thus making SARS-CoV-2 adaptable to both host species (Salleh 
et al., 2021). It was originally believed that such mutations would result in viral 
Ab-neutralization escape (Goodman & Whittaker, 2021); however, recent research 
in mice models suggests that they have no impact on the neutralizing Abs, and 
moreover, this variant is not circulating anymore and has already disappeared 
(Salleh et  al., 2021). Following the discovery of an ORF8-deficient lineage with 
N501T mutations among humans and farmed-mink in Denmark, it has been sug-
gested that ORF8-deficient lineages, which may have emerged as a result of the 
rapid transmission of SARS-CoV-2 within the mink population, are capable of 
interspecies spillover (Sharun et al., 2021).

In September 2020, having acquired 17 mutations, indicating a considerable 
period of evolution and natural selection, perhaps in a host with chronic SARS-
CoV-2 infection, the UK VoC 202012/01 (B.1.1.7 lineage aka. Alpha variant) was 
detected (Lauring & Hodcroft, 2021). The mutations include 14 non-synonymous 
point mutations, and 3 deletions, with 8 of these being in the S-protein, and the vari-
ant is estimated to have a 43–90% higher R0 than the previous variants (Davies 
et al., 2021). The Alpha variant contains D614G, 69–70del, and 144del in NTD, 
N501Y in RBD, and P681H at the furin cleavage site, among others (Wang et al., 
2021b). The deletion (del69_70) mutation is reported to affect the performance of 
real-time RT-PCR diagnostic tests (WHO, 2021b) and to help the virus evade the 
host immune responses. In addition, the N501Y mutation increases viral human-
murine ACE2-R affinity (Rambaut et al., 2020) and infects children easily (Hayashi 
et  al., 2021), while the P681H that is exponentially increasing worldwide may 
enhance systemic infection (Maison et al., 2021). Moreover, this variant is reported 
to increase hospitalization and disease severity, as well as produce 50% enhanced 
transmissibility, yet has no impact on neutralization by mAbs, or Abs from vacci-
nated or convalescent sera (CDC, 2021b). Furthermore, there is speculation that 
variant B.1.1.7 is responsible for the cases of myocarditis in pets; however, there is 
little evidence to support this hypothesis (Sharun et al., 2021). Moreover, according 
to retrospective observational studies, there is 35% higher risk of death linked to the 
Alpha variant (Farinholt et al., 2021). In addition, in a recent study, the effectiveness 
of NVX-CoV2373 (by Novavax), a protein subunit vaccine containing the S protein 
from the original Wuhan virus, against B.1.1.7 variant in 18–84 years old individu-
als is 85.6%, compared to 95.6% for the original Wuhan virus (Gómez et al., 2021).
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In January of 2021, two new variants (Lineage B.1.427/B.1.429), with mutations 
at NTD (S13I and W152C) and RBD (L452R and D614G) regions, were first 
detected in California and have rapidly spread across the USA, as well as many 
other countries (McCallum et al., 2021), hence were initially considered VOCs in 
March 2021 (Martin Webb et al., 2021). A VOC, classified as the B.1.351 lineage 
(variant Beta), was first identified in South Africa, which possesses N501Y, K417N, 
and E484K, and is 50% more transmissible, with significant resistance to poly-
clonal/monoclonal Abs (mAbs), and Abs of convalescent and post-vaccination sera 
(CDC, 2021a). It is reported that the Beta variant is 6.5 and 8.6-fold more resistant 
to neutralization by polyclonal Abs obtained from people who have been vaccinated 
with Pfizer or Moderna, respectively (Gómez et al., 2021). However, the efficacy of 
NVX-CoV2373 was reported to be 49.4% against B.1.351 variant among more than 
4400 participants, and this value increased up to 60% in the preventing of mild, 
moderate, and se-vere COVID-19 (excluding human immunodeficiency virus (HIV) 
positive individuals) (Gómez et al., 2021).

The other variant circulating in Brazil (P1 lineage) was first identified in January 
2021 in Japan among people who had visited Brazil (Faria et al., 2021), harboring 
similar mutations to Beta variant (Faria et  al., 2021), and is considered a VOC 
(Gamma variant) due to its potential impact on infectivity, immune escape, and 
reinfection (Resende et al., 2020). Reinfection is defined as a second positive PCR 
at least 28 days after the previous positive PCR (Colson et al., 2020). Furthermore, 
it is believed that IgG to anti-SARS-CoV-2 are unlikely to give long-lasting protec-
tion (Fang et al., 2020), and in fact, several reports have already presented cases of 
SARS-CoV-2 reinfection (e.g., with the Brazilian variant); however, unless the sec-
ond infection is caused by a different viral variant (Resende et al., 2020), it is still 
unknown whether a second positive PCR implies reinfection or it is merely the 
persistence of COVID-19. In case it is truly reinfection, the management of the 
pandemic would be challenging, and no herd immunity would develop with either 
natural infection or vaccination (Falahi & Kenarkoohi, 2020). It is noteworthy to 
mention that the shared mutations between variants P.1, B.1.1.7, and B.1.351 report-
edly emerged independently of each other (Faria et al., 2021).

In December 2020 and during the second wave of the pandemic in India, two 
other variants, including delta (B.1.617.2) and kappa, have emerged (B.1.617.1). 
They both have E484Q and L452R, while delta also carries T478K mutation, and 
are considered VOC (Khateeb et al., 2021). Moreover, reports indicate that com-
pared to the alpha variant, the Delta variant is more transmissible (60% more than 
Alpha variant), increases hospitalization rate, and has intermediate resistance to the 
vaccine, especially in those who only had their first dose (Callaway, 2021). It must 
be mentioned that both the CDC (2021a) and Public Health Agency of Canada con-
sider Variant Kappa a VOI (CDC, 2021a; Government of Canada, 2021). A recent 
study reports that vaccine-induced antibodies provide low immunity to Delta 
variant.

Harboring common mutations in their S1 subunit, the major circulating SARS-
CoV-2 VOC includes alpha, beta, gamma, and delta, each having a global frequency 
of 48%, 7%, 7%, and 14%, respectively (Khateeb et al., 2021). As of July 21, 2021, 
there have been several SARS-CoV-2 VOI, including Epsilon (B.1.427 and B.1.429), 
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Zeta (P.2), Eta (B.1.525), Theta (P.3), Iota (B.1.526 and B.1.526.1), Kappa 
(B.1.617.1), Lambda (C.37), B.1.1.318, and B.1.617.3 (WHO, 2021c). However, as 
of September 21, 2021, and according to CDC, there is no VOI, and Alpha, Beta, 
Gamma, Epsilon, Eta, Iota, Kappa, Mu, and Zeta are classified as VBM (CDC, 
2021a). On the other hand, as of October 12, 2021, WHO considers both Lambda 
and Mu a VOI, while the remaining variants (except theta and zeta) are considered 
variants under monitoring (VUM), which was previously referred to as “Alerts for 
Further Monitoring” (WHO, 2021c). Evidence of increased transmission is reported 
in Epsilon, Eta, Iota, and Kappa, while almost all of them might have reduced sen-
sitivity to neutralization by polyclonal Abs in convalescent sera or to mAb therapy 
(Epsilon) (Government of Canada, 2021) (Table 3 summarizes WHO and PANGO-
lineage classification systems of major variants of SARS-CoV-2  and their 
characteristics).

Table 3  WHO and PANGO-lineage classification systems of  major variants of  severe  acute 
respiratory syndrome coronavirus-2 (SARS-CoV-2) and their characteristics

 WHO label Alpha Beta Gamma
Delta and 
Kappac References

PANGO lineage B.1.1.7
Q.1-Q.8

B.1.351
B.1.351.2
B.1.351.3

P.1
P.1.1
P.1.2

B.1.617.2
B.1.617.1

CDC (2021a)

Date of 
designation

VOC: 
December 29, 
2020
VBM: 
September 21, 
2021

VOC: 
December 29, 
2020
VBM: 
September 21, 
2021

VOC: 
December 
29, 2020
VBM: 
September 
21, 2021

VOC: July 20, 
2021 (Delta)
VOI: May 7, 
2021 (Kappa)
VBM: 
September 21, 
2021 (Kappa)

CDC (2021a)
Government of 
Canada (2021)

Main spike 
mutations

•	 N501Y
•	 D614G
•	 A570D
•	 P681H
•	 T716I
•	 S982A
•	 D1118H
•	 E484Ka & 

S494Pa

•	 H69-V70del
•	 Y144del

•	 N501Y
•	 D614G
•	 L18F
•	 D80A
•	 D215G
•	 R246I
•	 K417N
•	 E484K
•	 A701V
•	 LAL 

242–244 del

•	 N501Y
•	 D614G
•	 L18F
•	 T20N
•	 P26S
•	 D138Y
•	 R190S
•	 K417T
•	 E484K
•	 H655Y
•	 T1027I
•	 V1176F

•	 E484Q
•	 L452R
•	 T478K (Delta)
•	 D614G
•	 P681R

Gómez et al. 
(2021)

Transmissibilityb ↑ By 56% ↑ ↑ ↑ (by up to 60% 
more than 
(B.1.1.7) 
variant)

Gómez et al. 
(2021)
Callaway 
(2021)

(continued)
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Table 3  (continued)

 WHO label Alpha Beta Gamma
Delta and 
Kappac References

Disease severityb ↑ ↑ ↑ ↑ Government of 
Canada (2021)

Reinfection rate ↑ ↑ ↑ N/A Gómez et al. 
(2021)

Neutralization 
by polyclonal 
antibodies

↓ ↓ ↓ ↓ Government of 
Canada (2021)

Neutralization 
by convalescent 
sera or 
post-vaccination 
sera

↓ ↓ ↓ ↓ Government of 
Canada (2021)

Host immune 
response

↓ ↓ ↓? ↓? Khateeb et al. 
(2021)

Vaccination 
efficacy

Moderate ↓ Significant ↓ Significant ↓ N/A Gómez et al. 
(2021)

Diagnostic 
method

↔ ↔ ↔ ↔ Khateeb et al. 
(2021)

Authors’ Own Table
Note: As of September 21, 2021, variants Alpha, Beta, Gamma, and Kappa have been downgraded 
to variants being monitored (VBM) by Centers for Disease Control and Prevention (CDC) in the 
USA (CDC, 2021a)
Note: N/A, not available; ↔, no change; ↓, decreased; ↑, increased; ↓?, might decrease
Abbreviations: SARS-CoV-2 severe acute respiratory syndrome coronavirus-2, WHO World Health 
Organization, PANGO Phylogenetic Assignment of Named Global Outbreak, VOC variants of con-
cern, VBM variants being monitored, VOI variants of interest
aNot detected in all sequences
bCompared to wild type   
cBoth Delta and Kappa variants originate from the same emerging lineage, B.1.617

�Clinical Characteristics

�Signs and Symptoms

The typical symptoms of COVID-19 appear after an average incubation period 
(interval between viral exposure to symptom onset) of 2–14 days (Griffin et  al., 
2021) but can also occur within a minimum of 1 day to a maximum of 20 days post-
exposure (Qu et al., 2021). SARS-CoV-2 replication starts before the onset of symp-
toms; thus, in the majority of cases, COVID-19 is recognized when viral RNA 
copies have already reached their maximum level, which is during the symptom 
phase at the time of symptom onset (TS) (Griffin et al., 2021). These clinical pre-
sentations can range from asymptomatic, mild, moderate, severe, to critical respira-
tory symptoms (Table 4), but the majority of cases remain asymptomatic or only 
develop mild symptoms (Gao et al., 2021b).
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Table 4  Clinical characteristics of different types of coronavirus disease 2019 (COVID-19)

COVID-19 
types Clinical findings Reference

Asymptomatic Clinical symptoms: none
Chest radiological findings: none
RT-PCR: positive

Gao et al. 
(2021b)

Mild Clinical symptoms: mild (e.g., fever, cough, dyspnea, headache, 
fatigue, etc.)
Chest radiological findings: none
RT-PCR: positive

Moderate Clinical symptoms: mild/moderate
Chest radiological findings: mild pneumonia
RT-PCR: positive

Severe Clinical symptoms: suspicious for pulmonary disease and any of 
the dyspnea
RR ≥ 30 breaths/min at rest
SaO2 ≤ 93% (at rest)
Pa02/Fi02 ≤ 300 mmHg (at rest)
Chest radiological findings: significant progression (>50%) of 
lesions within 24–48 h
RT-PCR: positive

Critical Rapid disease progression with any of the following:
 � Respiratory failure requiring mechanical ventilation
 � Shock
 � MOF requiring ICU admission
 � RT-PCR: positive

Authors’ Own Table
Abbreviations: RT-PCR reverse transcription-polymerase chain reaction, RR respiratory rate, SaO2 
oxygen saturation, PaO2/FiO2 ratio of arterial oxygen partial pressure (PaO2 in mmHg) to frac-
tional inspired oxygen, MOF multi-organ failure, ICU intensive care unit

The initial signs and symptoms of hypoxemia and increased respiratory rate in 
the early inflammatory phase might require airway support, and if untreated, this 
can lead to cardiac disorders, renal failure, neurological symptoms, and MOF 
(Griffin et al., 2021). Hypoxia, a common and yet atypical feature of ARDS seen in 
the early disease stage, is surprisingly well-tolerated and is thus called “silent 
hypoxia” (Gavriatopoulou et al., 2020). According to a systematic review and meta-
analysis (Rodriguez-Morales et al., 2020), 32.8% of patients developed ARDS with 
shock (6.2%), and 20.3% needed intensive care unit (ICU) admission, while 13.9% 
had fatal consequences. Moreover, diaphragm muscle can be involved in COVID-19 
patients secondary to critical illness myopathy, ventilation-associated diaphragm 
dysfunction, phrenic nerve damage, or direct viral injury (as diaphragm express 
ACE2-R); this will further exacerbate respiratory distress (Ramani et  al., 2021). 
Moreover, severe dyspnea and tachypnea were mostly reported by elderly patients 
who died of COVID-19, while fever and headache were present mostly in recovered 
elderly patients (Perrotta et al., 2020).

A systematic review and meta-analysis study (Grant et  al., 2020) of 24,410 
laboratory-confirmed COVID-19 adults revealed the most prevalent symptoms to be 
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fever (78%), cough (57%), fatigue (31%), dyspnea (23%), rigors (18%), wheeze 
(17%), myalgia (17%), arthralgia 11%, headache (13%), confusion (11%), and diar-
rhea (10%), among others. This is consistent with Li et al. (2020a) meta-analysis result 
that found the most prevalent symptoms, in decreasing order of prevalence, to be fever 
(88.5%), cough (68.6%), fatigue or myalgia (35.8%), expectoration (28.2%), dyspnea 
(21.9%), headache or dizziness (12.1%), diarrhea (4.8%), and nausea and vomiting 
(3.9%). A few cases of acute arthritis secondary to COVID-19 and within a couple of 
weeks of SARS-CoV-2 infection have also been reported (Ramani et al., 2021).

COVID-19 patients can also present with loss of smell (anosmia) and taste (dys-
geusia). In a meta-analysis among 20,451 patients, Ibekwe et al. (2020) reported 
anosmia and dysgeusia in approximately 49% and 41% of cases, respectively. This 
was in agreement with a global meta-analysis (Agyeman et al., 2020) among 8438 
cases that reported the loss of smell and taste in 41.0% and 38.2% of patients, 
respectively. Anosmia and dysgeusia are more prevalent in mild and moderate cases, 
although the latter is more associated with severe disease (Mullol et al., 2020), and 
both are strongly suggestive of COVID-19 (Griffin et al., 2021).

Compared to mild COVID-19 cases, gastrointestinal (GI) symptoms occur more 
predominantly in patients with severe COVID-19 (8.1% vs. 23%) (Gavriatopoulou 
et al., 2020), and the most common reported GI symptoms in decreasing order were 
anorexia (21%), nausea and/or vomiting (7%), diarrhea (9%), and abdominal pain 
(3%) (Gupta et al., 2020). A retrospective study reported that 16% of 1141 patients 
solely developed GI symptoms (Gavriatopoulou et  al., 2020), and in other cases, 
digestive symptoms occurred prior to the typical respiratory signs and fever (Philips 
et al., 2020). Moreover, it is stated that about 14–53% of critically ill hospitalized 
patients will have findings of hepatocellular injuries (Gupta et al., 2020). However, 
there has not been a convincing report on the direct involvement of the hepatobiliary 
system in COVID-19 cases, and it is believed that hepatic injury is mainly secondary 
to the disease itself or the result of hepatotoxic therapeutic agents used in these 
patients (Philips et al., 2020), including remdesivir, lopinavir, and tocilizumab (Gupta 
et al., 2020). In addition, earlier studies done prior to the pandemic have reported that 
ACE2-R expression was more than 30-fold higher in the liver of cirrhotic patients, 
which might explain the increased hepatotropism of SARS-CoV-2 in those with 
chronic liver disease (Marjot et al., 2021). Furthermore, during the pandemic social 
isolation, alcohol consumption has increased significantly, leading to alcoholic liver 
disease (ALD) (Marjot et al., 2021). For instance, it is reported that 17% of individu-
als who had previously abstained from alcohol but had a history of alcohol use disor-
der were shown to relapse during lockdown (Marjot et al., 2021). A study conducted 
at a single center in the UK found that the number of ALD referrals and the percent-
age of critically ill inpatients with ALD (without COVID-19) increased by more than 
twofold in June 2020 when compared to June 2019 (Marjot et al., 2021).

Dermatological manifestations of COVID-19 are present in approximately 20% 
of COVID-19 patients, and the cutaneous lesions range from urticaria, vesicles, 
purpura, papulosquamous, as well as purpuric eruptions and livedo reticularis 
(Gavriatopoulou et al., 2020). These skin lesions are thought to be due to hypersen-
sitivity reactions to the SARS-CoV-2 genome, CRS, and vasculitis with micro-
thrombi formation (Gupta et al., 2020). The endocrine system can also be affected 
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by SARS-CoV-2; however, the information available on the impact of COVID-19 
on the endocrine system, including the hypothalamic-pituitary-adrenal (HPA), is 
very limited (Alzahrani et al., 2021). It is reported that SARS viruses can impair the 
HPA axis, and research on the previous SARS pandemic revealed that 40% of cases 
had signs and symptoms of secondary adrenal insufficiency (SAI) 90  days after 
their recovery (Alzahrani et al., 2021). Moreover, the molecular mimicry between a 
SARS-CoV amino acid and adrenocorticotropic hormone (ACTH) results in a host 
immune response against SARS to cross-react with ACTH residue and induce adre-
nal insufficiency, hence decreased cortisol level (Alzahrani et  al., 2021). Recent 
autopsy findings of SARS-CoV-2 patients have demonstrated microscopic changes 
in 46% of these cases, with evidence of suprarenal cortical necrosis, cortical lipid 
degeneration, focal inflammation, hemorrhage, and vascular thrombosis, were seen 
in these patients; however, no adrenal insufficiency was reported (Alzahrani 
et al., 2021).

On the other hand, an investigation on the response of the HPA axis in COVID-19 
patients detected no normally expected robust cortisol response in any of the acute 
COVID-19 patients (Alzahrani et al., 2021). The cortisol and ACTH levels were in 
the low/normal low, which were diagnostic of SAI, while low dehydroepiandros-
terone sulfate (DHEAS) levels in these patients were indicative of chronic ACTH 
deficiency. Interestingly, with except for one, none of the patients exhibited signs or 
symptoms of adrenal insufficiency (Alzahrani et al., 2021). It is noteworthy to men-
tion that the nonspecific signs and symptoms of adrenal crisis, such as fever, nausea, 
vomiting, extreme fatigue, weakness, myalgia, postural hypotension, and abdomi-
nal pain, are similar to those of acute COVID-19 and thus are difficult to differenti-
ate (Alzahrani et al., 2021).

COVID-19 can also present as atypical symptoms (Philips et  al., 2020), with 
elderly patients more likely to present with these symptoms, such as falls, reduced 
mobility, generalized weakness, and delirium (Gan et al., 2020). Several case reports 
have also presented patients with other rare atypical symptoms, such as persistent 
hiccups (a reflex inspiratory movement) in patients with no travel history or sick 
contact. For example, the first reported case was a 62-year-old man with a previous 
history of hypertension (HTN), diabetes mellitus (DM), and coronary heart disease, 
who presented with unintentional weight loss and 4-day persistent hiccups but 
lacked the typical symptoms of cough, fever (though he later developed a fever in 
the hospital), sore throat, dyspnea, and so on (Prince & Sergel, 2020). In another 
case report, a 48-year-old man with a history of HTN visited the hospital complain-
ing of persistent hiccups for 1 week, which started after he developed a fever 7 days 
earlier (Bakheet et al., 2020).

The systemic inflammatory response, CRS, and hypoxemia can also cause 
arrhythmia, myocardial ischemia, and myocardial infarction (MI), which are exac-
erbated in those with the previous history of heart conditions (Philips et al., 2020). 
For example, CRS is thought to disrupt the already existing atherosclerotic plaques 
via macrophage activation and leukocyte adhesion molecule expressions on vascu-
lar endothelial cells. In major arteries of the heart, this leads to an acute coronary 
syndrome, myocardial ischemia, and MI (Gavriatopoulou et al., 2020). Furthermore, 
hypotension, which is a clinical hallmark of CRS and sepsis, together with fever and 
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systemic infection, causes an imbalance between the oxygen supply and demand of 
cardiomyocytes, leading to further cardiac damage and eventual left ventricular sys-
tolic dysfunction and cardiogenic shock (Gavriatopoulou et al., 2020).

Other cardiac manifestations included sinus tachycardia or bradycardia, pulsel-
ess electrical activity, atrial fibrillation, and atrial flutter (Gupta et  al., 2020). 
Moreover, in a Chinese center, approximately 6% of 187 patients treated for 
COVID-19 developed sustained ventricular tachycardia (SVT) or ventricular fibril-
lation (VF) (Guo et al., 2020). The inflammation of cardiac muscle cells (myocardi-
tis) is thought to be responsible for heart dysfunction (Gupta et  al., 2020), with 
ventricular arrhythmias being a common clinical finding of acute myocarditis 
(Gavriatopoulou et al., 2020). Moreover, some of the therapeutic agents, such as 
chloroquine (CQ), hydroxychloroquine (HCQ), and azithromycin that are used in 
COVID-19 patients, are pro-arrhythmic and may result in a long QT interval and the 
resultant torsade de pointes (Gavriatopoulou et  al., 2020). COVID-19 may also 
affect the reproductive glands, such as male testes via ACE2-R on spermatogonia, 
leydig, and sertoli cells, leading to testis orchitis and infertility (Deshmukh 
et al., 2021).

�Laboratory Findings and Diagnosis

Severe and critical COVID-19 cases are more likely to have abnormal laboratory 
parameters (Moutchia et al., 2020), while asymptomatic patients might have both 
normal and abnormal results (Zhang et al., 2020c). However, the lack of specific 
laboratory parameters in the early disease stage has made it difficult to establish an 
early diagnosis (Ebrahimi et  al., 2020). A systematic review and meta-analysis 
among 4663 COVID-19 patients demonstrated the most prevalent abnormal labora-
tory findings to be an elevated level of CRP, erythrocyte sedimentation rate (ESR), 
IL-6, and lactate dehydrogenase (LDH), and decreased albumin, eosinophils, and 
lymphocytes (Zhang et al., 2020d). The elevated level of ESR, CRP, and LDH, as 
well as ferritin, D-dimer, and fibrinogen in COVID-19 patients implies dysregula-
tion of immunity and hyper-inflammation (Gupta et al., 2020).

Several other pro-inflammatory cytokines and chemokines, including IL-1α, 2, 
4, 7, 9, 10, G-CSF, GM-CSF, M-CSF, IP-10, MCP-1, MIP 1-α, HGF, PDGF, and 
VEGF, were also reported to be elevated in COVID-19 patients (Costela-Ruiz et al., 
2020). Moreover, severe COVID-19 patients were shown to have elevated alanine 
aminotransferase and aspartate aminotransferase (ALT/AST), creatinine kinase 
(CK), total bilirubin, gamma-glutamyltransferase (GGT), myoglobin, blood urea 
nitrogen (BUN), and creatinine, while albumin is found to be lower in severe 
COVID-19 (Danwang et al., 2020). The complete blood count (CBC) in COVID-19 
patients demonstrated mild thrombocytopenia, elevated total white blood cells 
(WBC) counts, with neutrophilia, but lymphopenia; thus increased neutrophil to 
lymphocyte ratio (NLR) (Gupta et al., 2020). Furthermore, abnormal coagulation 
markers were reported, including elevated D-dimer, fibrinogen, prothrombin time 
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(PT), and activated partial thromboplastin time (aPTT) (Gupta et  al., 2020). 
However, interestingly, unlike patients with DIC due to bacterial sepsis or trauma 
who have high PT and aPTT, DIC in severe COVID-19 cases show minimal prolon-
gation of aPTT and/or PT (Wool & Miller 2020). D-dimer is elevated to a greater 
extent and out of proportion than other parameters such as PT/INR, aPTT, fibrino-
gen, or platelets (Al-Samkari et  al., 2020). Abnormal glucose metabolism in 
COVID-19 patients presents with high blood glucose level, euglycemic ketosis, and 
classic diabetic ketoacidosis, while patients with acute kidney injury demonstrated 
high blood urea nitrogen (BUN), creatinine, proteinuria, hematuria, metabolic aci-
dosis, and electrolyte imbalance (e.g., hyperkalemia, hypo/hypernatremia) (Gupta 
et al., 2020). Furthermore, interestingly, a study among 129 patients with various 
COVID-19 reported significantly high levels of lung cancer tumor markers, such as 
carcinoembryonic antigen (CEA), cytokeratin 19 fragment (CYFRA21-1), neuron-
specific enolase (NSE), squamous cell carcinoma antigen (SCCA), and pro-gastrin 
releasing peptide (ProGRP) (He et al., 2020).

The gold standard test for the diagnosis of SARS-CoV-2 infection is using real-
time RT-PCR to detect viral genome from swab samples of deeper anatomical sites, 
such as nasopharynx, oropharynx, or upper and lower respiratory tract aspirates and 
bronchoalveolar lavage (Yüce et  al., 2021). A successful SARS-CoV-2 infection 
will result in viral genome replication shortly after viral exposure (i.e., is detectable 
as early as 1-day postexposure) and peak 3–4 days postexposure; however, the cur-
rently used technologies are not able to detect viral replication in the immediate 
postexposure time, as viral RNA copies can range from undetectable to millions 
1–3 days prior to the onset of symptoms (Griffin et al., 2021); thus, false-negative 
(FN) results might be generated, as RT-PCR sensitivity is not high (Falahi & 
Kenarkoohi, 2020), and a negative RT-PCR result in the initial stage of infection 
cannot rule out SARS-CoV-2 infection (Adams et al., 2020). A retrospective study 
on 280 hospitalized patients diagnosed with COVID-19 reported a positive RT-PCR 
in 39.6% of them (Özel et al., 2021); as high as 29% FN rate for RT-PCR of nasal 
swabs samples had been reported (Sasisekharan et  al., 2021). Furthermore, the 
majority of mild COVID-19 patients will have their viral RNA copy number 
decreased to values under an infectious level by day 10; however, in immunocom-
promised and severe COVID-19 cases, the value may stay above infectious level 
until day 20, or in some cases to 3 weeks post-discharge (Griffin et al., 2021).

Other methods, including both lateral flow type assays (LFA) and enzyme-linked 
immunosorbent type assays (ELISA), can be utilized to detect either serum antiviral 
Abs (IgM/IgG) or viral antigens (S, M, or N glycoprotein antigens) (Yüce et al., 
2021). Abs against SARS-CoV-2 appear 1–2 weeks after the onset of symptoms 
(Fang et al., 2020), and as previously explained, the humoral response to SARS-
CoV-2 demonstrates heterogeneity among different cases. Thus, low levels pro-
duced in cases of viral evasion of the immune system (Shang et al., 2020), short-lived 
Abs in asymptomatic and mild cases, and late Ab response will give FN results 
(Fang et al., 2020).
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�Radiological Features

�Pulmonary Findings

Computed tomography (CT) is a technique that combines X-rays and computer 
technology to produce sharp images of the lungs (Zahan et al., 2021). It is the most 
sensitive modality to detect early COVID-19 pneumonia and is predominantly used 
for patients with strong clinical suspicion of COVID-19 (Campagnano et al., 2021); 
however, CT exact sensitivity and specificity for COVID-19 are not known, and 
currently, it is not recommended for routine screening of COVID-19 pneumonia 
(Simpson et al., 2020). Furthermore, it is reported that CT has higher sensitivity 
compared to RT-PCR in suspected COVID-19 patients (Yau et al., 2020), but the 
patterns found on CT scans are nonspecific and do not differentiate between viral 
and bacterial pneumonia (Sun et al., 2020). Moreover, it is more accurate than con-
ventional chest X-ray (CXR) in identifying lung abnormalities, especially in cases 
of false-negative RT-PCR (Zahan et al., 2021). Although more sensitive than other 
modalities, CT cannot rule in or rule out the diagnosis (Gavriatopoulou et al., 2020).

A systematic review and meta-analysis of chest CT and CXR (Garg et al., 2021) 
in COVID-19 pneumonia patients reported the pooled prevalence of 66.9% ground-
glass opacity (GGO), 32.1% only consolidation, 44.9% GGO plus consolidation, 
29.1% crazy paving, 23.6% halo sign, 8.9% nodules, 5.6% pleural effusion, and 
2.7% lymphadenopathy on chest CT. Moreover, they found the most common lung 
areas involved on CT in decreasing order to be peripheral (58.5%), central plus 
peripheral (19.4%), and central (16%); bilateral lung involvement was seen in 44% 
of CT scans, while unilateral involvement was seen in 9.1% images (Garg et al., 
2021). Regarding the CXR findings, more consolidation (46.9%) than GGO (38.7%) 
was observed in the radiographs of these patients (Garg et al., 2021); however, CXR 
has lower sensitivity in detecting abnormalities (Sun et  al., 2020). Similarly, in 
another systematic review and meta-analysis of CT findings (Cao et al., 2020), in 
46,959 patients with COVID-19 pneumonia, more bilateral involvements (75.5%) 
were seen compared to unilateral (20.4%), and the most prevalent CT patterns were 
GGO (69.9%), irregular or halo sign (54.4%), air bronchogram (51.3%), broncho-
vascular bundle thickening (39.5%), grid-form shadow (24.4%), and hydrothorax 
(18.5%); however, some of the used radiological terminology (e.g., grid-form shad-
ows and bronchovascular bundle thickening) are not recommended by the 
Radiological Society of North America expert consensus statement in the reporting 
instructions for CT finding of COVID-19. According to another systematic review 
and meta-analysis, pure GGO is more prevalent in the early disease stage, which 
later progresses to consolidation, and 76% of patients had multilobar lung involve-
ment, with the right lung being affected more frequently (Awulachew et al., 2020). 
Figure 5 shows chest CT findings of confirmed COVID-19 patients.

Some COVID-19 patients will also have atypical findings on chest CT. A study 
among 298 confirmed COVID-19 cases with pneumonia revealed 73.1% had typical 
CT features, while 21.1% presented with atypical and typical CT patterns. The most 
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Fig. 5  Computed tomography (CT) findings of confirmed coronavirus disease 19 (COVID-19) 
patients. Note: (a) Pneumonia ground-glass opacity (GGO); (b) GGO and air bronchogram in a 
patient with severe pneumonia; (c) consolidation in patients with pneumonia; (d) consolidation 
and air bronchogram in a patient with severe pneumonia; (e) nodular opacities in patient with 
pneumonia; (f) pleural effusion on right side in a patient with severe pneumonia. (Source: Liu et al. 
(2020b))

prevalent atypical features were pulmonary cysts (9%), pleural effusion 5.7%, nod-
ules 4.3%, bull’s eye/target sign (1.3%), cavitation (1.0%), spontaneous pneumo-
thorax (0.6%), hilar lymphadenopathy (0.6%), spontaneous pneumomediastinum 
with subcutaneous emphysema (0.3%), as well as halo sign, empyema, and necro-
tizing pneumonia with abscess (each 0.3% prevalent) (Gurumurthy et  al., 2021). 
Studies have reported contradictory results regarding the CT findings in asymptom-
atic carriers, which ranged from normal to some GGO patterns (Zhang et al., 2020c).

COVID-19 Reporting and Data System (CO-RADS), a categorical system devel-
oped by The Dutch Radiological Society (NVvR), is a useful tool to assess the level 
of suspicion of pulmonary involvement in COVID-19 patients based on CT findings 
(Özel et  al., 2021). It is revealed that patients with CO-RADS5 had a positive 
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Fig. 6  Lung ultrasound patterns of coronavirus disease-2019 (COVID-19). Notes: (a) Normal 
lung with pleural sliding and A-lines; (b) discrete hyperechoic individual B-lines which are usually 
the first signs of COVID-19 and are due to increased interstitial fluid in the acute disease stage; (c) 
confluent B-lines are formed by coalescence of many individual B-lines as the disease progress 
and more interstitial fluid is accumulated; (d) subpleural consolidations (usually are small and 
<3 cm). (Source: Mateos González et al. (2021))

RT-PCR test which was statistically significant, while all cases in the CO-RADS2 
category had negative RT-PCR; thus, they concluded that in the presence of a nega-
tive RT-PCR, CO-RADS is able to diagnose COVID-19 (Özel et al., 2021). Several 
other radiological systems were developed to standardize chest CT reporting in sus-
pected COVID-19 cases, each having different sensitivity,16 specificity,17 positive 
predictive value (PPV),18 and negative predictive value (NPV),19 as well as different 
RT-PCR results. These systems included COVID-19 imaging reporting and data 
system (COVID-RADS), the RSNA expert consensus statement, and the British 
Society of Thoracic Imaging (BSTI), all with good performance and interobserver 
agreements in reporting CT features (Inui et al., 2020).

Lung ultrasound (LUS), such as point-of-care ultrasound (POCUS), has also 
been used to manage COVID-19 patients either at triage, ED, or ICU (Bhoi et al., 
2020). The most common LUS findings are discrete B-lines (in 81.3% of cases), 
confluent B-lines (in 50%), small subpleural consolidations (usually <3  cm) (in 
42.7%), and normal LUS (in 18.8%). The discrete hyperechoic B-lines, which are 
usually the first signs of COVID-19, are due to increased interstitial fluid in the 
acute disease stage, while the confluent lines are formed by coalescence of many 
individual B-lines as the disease progress, and more interstitial fluid is accumulated 
(Mateos González et al., 2021). Figure 6 shows LUS patterns of COVID-19. LUS 
was found to be able to detect pulmonary infiltrates more than CXR and with more 
sensitivity (81% vs. 63%) (Mateos González et al., 2021). The B-lines found on 
LUS correspond to the GGO on chest CT (Hussain et  al., 2020), and the “light 

16 The ability of a screening test to accurately detect all individuals who have the disease (true posi-
tive) is referred to as its sensitivity (Trevethan, 2017).
17 The ability of a screening test to accurately detect all individuals who do not have the disease 
(true negative) is referred to as its specificity (Trevethan, 2017).
18 The positive predictive value (PPV) is the probability that those individuals who have tested posi-
tive for the disease in the screening test, truly have the disease in question (Trevethan, 2017).
19 The negative predictive value (NPV) is the probability that those individuals who have tested 
negative for the disease in the screening test, truly do not have the disease in question 
(Trevethan, 2017).
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beam” artifact (“waterfall” sign) is specific for COVID-19 pneumonia and repre-
sents the early GGO appearance on CT (Yau et al., 2020). Other LUS features of 
COVID-19 are thick irregular pleural lines, mobile air bronchograms (at live scan) 
with large consolidation, especially in those on mechanical ventilation, indicating 
ARDS progression or secondary bacterial infection (Hussain et  al.,  2020). 
Furthermore, in cases where vital signs are normal, LUS can still identify COVID-19 
pneumonia and differentiate viral and bacterial pneumonia (Hussain et al., 2020). 
If pleural effusion is detected, other differential diagnoses must be considered (e.g., 
bacterial pneumonia, secondary bacterial infection, or congestive heart failure) 
(Campagnano et al., 2021). LUS is found to have comparable sensitivity and speci-
ficity to CT scans, with the advantage of avoiding radiation exposure (i.e., safe for 
pregnant patients and children), lowering costs, and decreasing the chance of 
spreading the virus (due to increased portability) (Schmid et al., 2020).

�Musculoskeletal and Soft Tissue Findings

Electromyography (EMG) and nerve conduction studies can confirm and differenti-
ate between SARS-CoV-2 myopathy and other diseases mimicking myopathy (e.g., 
motor neuron diseases); however, magnetic resonance imaging (MRI) is the gold 
standard to identify soft tissue necrosis and to localize pathology site (Ramani et al., 
2021). Moreover, diaphragm involvement can be diagnosed and monitored using a 
fluoroscopy sniff test for real-time diaphragmatic movement and ultrasound to 
detect muscular atrophy and determine diaphragmatic thickening during inspiration 
(Ramani et al., 2021).

The MRI findings of acute GBS and MFS are enlargement, with signal hyperin-
tensity, and contrast enhancement of spinal nerve roots, nerve plexus, and cauda 
equina, while COVID-19 peripheral neuropathy presents as nonspecific hypoecho-
genicity and hyperintensity on ultrasound and MR neurography, respectively 
(Ramani et  al., 2021). Moreover, SARS-CoV-2-induced or vasopressor-induced 
(given for hemodynamically unstable patients) gangrene can present with MRI 
hyperintense signals and absence of enhancement of necrotic tissue, while arthritis 
and synovitis present as MRI synovial enhancement and ultrasound power Doppler 
signals (Ramani et al., 2021).

�Histopathological Findings in Autopsy or 
Endoscopic Specimens

Several histopathological, immunohistochemical, and EM findings were reported in 
autopsy or endoscopic specimens of various tissues from COVID-19 patients, 
including pulmonary, GI, cardiovascular (CV), endocrine, and genitourinary, among 
others (Table 5).
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Table 5  Histopathological, electron microscopic (EM), and immunohistochemical (IHC) findings 
in autopsy or endoscopic specimens of coronavirus disease 2019 (COVID-19) patients

Body systems Histopathological and IHC findings Source

Pulmonary system Alveolar epithelial desquamation and squamous 
metaplasia
Alveolar capillaries thrombosis
Diffuse alveolar damage and hyaline membrane 
formation
Intracytoplasmic viral inclusion
Congestion and patchy hemorrhagic necrosis
Mononuclear inflammatory cells infiltrate +/− 
multinucleate giant cells
Massive fibrinous exudate
Pyroptotic cell death features: cytoplasmic vacuoles, 
membranous blebs
IHC: viral nucleocapsid protein along epithelial cells 
and CD8+ cytotoxic T-cell infiltration

Deshmukh 
et al. (2021)
Nardacci et al. 
(2021)

Genitourinary system Proximal tubules loss of brush borders
Tubular cells vacuolar degeneration edema or necrosis
Glomerular swelling and intracapillary thrombosis
Subcapsular lymphocytic infiltrate
Nonspecific fibrosis
Interstitial space swelling in distal tubules and 
collecting ducts
EM: viral spike-like particles along podocytes and TC
IHC: viral nucleocapsid protein in tubular cells

Deshmukh 
et al. (2021)

Hepatobiliary system Hepatocytes degeneration and focal necrosis
Periportal and centrilobular necrosis
Dense portal triad atypical lymphocyte infiltration
Dilated sinusoids
Fibrotic nodules (cirrhosis)
Small bile ducts biliary plugs

Deshmukh 
et al. (2021)

Gastrointestinal and 
endocrine systems

GI mucosal degeneration and necrosis
Gastric lamina propria and submucosal congestion with 
monocyte and lymphoplasmocytic cells infiltrate
Pancreatic endocrine degradation
Suprarenal cortical necrosis, cortical lipid degeneration, 
focal inflammation, hemorrhage, and vascular 
thrombosis

Deshmukh 
et al. (2021)
Alzahrani et al. 
(2021)

Cardiovascular 
system

Endocarditis and interstitial tissue inflammation
Lymphocytic myocarditis
Focal edema and necrosis
Interstitial hyperplasia
Fibrosis

Deshmukh 
et al. (2021)

(continued)
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Table 5  (continued)

Body systems Histopathological and IHC findings Source

Central nervous 
system

Hyperemia, edema
Neuronal degeneration/demyelination
Infarction or hemorrhage
Congestion and patchy hemorrhagic necrosis
Diffuse astrogliosis
Cerebellar and frontal lobe microglia activation and 
CD8+ cytotoxic T-cell infiltration
IHC: viral proteins in medulla oblongata, CN-IX and 
CN-X; HLA-DR+a in subpial and subependymal; 
GFAP+b; CD8+ cells in parenchyma and perivascular 
area; viral spike protein on NRP1 in olfactory epithelial 
cells

Deshmukh 
et al. (2021)
Matschke et al. 
(2020)
Cantuti-
Castelvetri 
et al. (2020)

Musculoskeletal 
system

Pale/scattered degenerative myofibers surrounded by 
macrophage
Atypical ring-like myofibrillar architecture (NADH 
stain)

Ramani et al. 
(2021)

Integumentary 
system

Intraepidermal Langerhans cells infiltrates
Parakeratosis, acanthosis, dyskeratotic and necrotic 
keratinocytes
Superficial dermal perivascular lymphoplasmocytic 
infiltrates
Capillary thrombosis

Deshmukh 
et al. (2021)

Authors’ Own Table
Abbreviations: CN-IX cranial nerve IX (i.e., glossopharyngeal nerve), CN-X cranial nerve X (i.e., 
vagus nerve), HLA-DR human leukocyte antigen—DR isotype, GFAP glial fibrillary acidic pro-
tein, NRP1 neuropilin-1, NADH nicotinamide adenine dinucleotide reductase
a Activated microglia marker
bActivated astrocytic marker

�Prognostic Value of Clinical and Laboratory Parameters

Fever combined with dyspnea and smoking is the most important prognostic factor 
for disease progression, while acute cardiac injury, preexisting cardiovascular dis-
ease (CVD), DM, respiratory disease, and HTN are reported to be the most signifi-
cant prognostic factors for mortality rate (Hatmi, 2021). Moreover, CVD and HTN 
are prognostic factors for disease severity (Hatmi, 2021). It is reported that 52 
(27.8%) out of 187 COVID-19 patients in China developed a myocardial injury, 
confirmed by an increased level of troponin (Guo et al., 2020). Heart failure (HF) 
was reported in 24.4% of 176 COVID-19 patients confirmed with HF marker, 
N-terminal pro-b-type natriuretic peptide (NTproBNP), with non-survivors having 
a higher prevalence compared to survivors (49.4% vs. 3.2%) (Gavriatopoulou 
et al., 2020).

Several laboratory parameters have been found to have prognostic value in 
COVID-19 patients. For instance, elevated NLR is associated with severe disease, 
whereas lymphopenia is correlated with a higher need for mechanical ventilation 
and death in severe cases (Lee et  al., 2020). Similarly, reduced platelet to 
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lymphocyte ratio is predictive of COVID-19 severity and worse outcome, and low 
platelets also increase hospitalization risk and inpatient mortality (Lee et al., 2020). 
In another meta-analysis and systematic review, platelet count was reported to be 
lower in severe patients (177.38  ×  109  L−1) than that of critical cases 
(205.96 × 109 L−1) (Kazemi et al., 2021). Kazemi et al. (2021) also found the mean 
CRP level to be significantly higher in dead patients vs. recovered ones (85.82 vs. 
32.99 mg/L), while the mean values among the invasive-ventilated, no-oxygen ther-
apy, and noninvasive-ventilated groups were reported to be 48.89, 44.03, and 
40.58 mg/L, respectively. Moreover, a significant correlation between Hb, platelets, 
and creatinine levels, and COVID-19 severity, with mean Hb and platelets being 
higher among critical patients is compared to other patients (Kazemi et al., 2021).

Moreover, the development of ARDS and mortality is associated with elevated 
ferritin (Lee et al., 2020). High levels of CRP, ferritin, procalcitonin, D-dimer, and 
neutrophils imply severe pneumonia, and a decrease in these parameters indicates 
therapy effectiveness; an increase in lymphocyte count is also correlated with a bet-
ter outcome (Yu et al., 2020).

Furthermore, high admission levels of markers such as cardiac troponin-I 
≥21  ng/L, D-dimer ≥1112  ng/mL, CRP ≥10  mg/dL, and LDH ≥334  U/L are 
directly correlated with short-term mortality (Peiró et al., 2021), while elevated bili-
rubin is linked to disease severity and progression (Gupta et al., 2020). This was in 
agreement with another study that reported total bilirubin level and LDH to be sig-
nificantly elevated in deceased patients compared to survivors (Danwang et al., 2020).

Lung cancer tumor markers, such as CEA, NSE, CYFRA21-1, and SCCA, can 
predict clinical outcomes and increased mortality (He et al., 2020), and viral load, 
abnormal ALT/AST, CK, and CXR are also prognostic factors (Yi et al., 2020). In 
an investigation, it was demonstrated that, compared to mild COVID-19 respiratory 
samples, those with severe COVID-19 have significantly higher SARS-CoV-2 viral 
load (Zheng et al., 2020a). Elevated IL-1 (IL-1α) is correlated with high viral load 
and mortality and is found in severely ill cases, whereas high levels of IFN-γ are 
reported in COVID-19 patients compared to healthy individuals, which are corre-
lated with higher viral load and lung injury (Costela-Ruiz et al., 2020). Moreover, it 
is reported that viral load is directly associated with elevated M-CSF, IFN-α2, 
IL-IL-1α/1β, IL-2, 4, 7, 10, 13, 17, IP-10, G-CSF, IL-12, IFNγ, and HGF but indi-
rectly correlated to PDGF, while scores of lung injury are associated with IL-1α, 
IL-2, 4, 7, 10, 17 IFNγ, HGF, IFN-α2, IP-10, G-CSF, and M-CSF (Liu et al., 2020c).

Moreover, IL-6 was found in higher levels in those who died than in the recov-
ered cases (Costela-Ruiz et al., 2020), and low CD4+ and CD8+ T cells are seen in 
severe diseases (Gupta et al., 2020). It is reported that even a moderate elevation in 
IL-6 (i.e., above 80 pg/mL) implies that the COVID-19 patient is at high risk of 
respiratory failure, and hence serial laboratory tests to measure IL-6 level might be 
critical in recognizing disease progression (Gubernatorova et  al., 2020). It is 
reported that the plasma of both ICU and non-ICU patients contained high levels of 
several cytokines, such as IL-1β, IL-7, IL-8, IL-9, IL-10, G-CSF, GM-CSF, IFNγ, 
IP-10, MCP-1, MIP-1α, MIP-1β, PDGF, TNFα, and VEGF, while patients who 
required both ICU admission and oxygen therapy due to severe pneumonia-induced 
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ARDS had higher levels of IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1α, and 
TNFα (Kircheis et al., 2020). The result of a study on laboratory diagnosed symp-
tomatic or asymptomatic patients, as well as healthy individuals, demonstrated 
plasma level of 18 cytokines to be lower in asymptomatic patients, compared to 
symptomatic patients, while the same level of 32 cytokines was detected in both 
asymptomatic and healthy individuals (Long et al., 2020).

�COVID-19 Complications and Long-Term Effects

For unknown pathomechanisms, some COVID-19 patients, referred to as long 
hauler COVID, long COVID, or long-term COVID by various sources, will still 
experience residual and long-term persistence and recurrence of symptoms after the 
initial 4-week period of the acute phase and during the last phase of COVID-19 that 
starts at TT (time of the tail onset) in the post-acute tail phase (Griffin et al., 2021). 
A systematic review and meta-analysis (Lopez-Leon et al., 2021) on 47,910 patients 
revealed that 80% of patients continue to experience one or more symptoms in long 
term, with the most prevalent symptoms being fatigue (58%), headache (44%), 
attention disorder (27%), hair loss (25%), dyspnea (24%), ageusia (23%), anosmia 
(21%), postexercise polypnoea (21%), arthralgia (19%), cough (19%), sweat (17%), 
as well as nausea/vomiting, chest pain, memory loss (each 16%), and hearing loss/
tinnitus (15%). It is estimated that 6 months after the onset of symptoms, 76% of 
patients will continue to have a minimum of one adverse symptom, with tiredness 
or muscular weakness being the most frequent complaint (63%), followed by sleep-
ing difficulties (26%) (Wang et al., 2021a). It has been reported that D614G and 
possibly N501Y mutation are responsible for such neurological symptoms, as well 
as anosmia and ageusia (Wang et al., 2021a). Other chronic signs and symptoms 
such as anxiety, depression, digestive problems, weight loss, skin lesions, pain, 
sleep disorders, intermittent fever, and high heart rate at rest were also reported 
(Lopez-Leon et al., 2021). Moreover, the most common persistent abnormal labora-
tory results in long-term COVID-19 cases were abnormal CXR/CT (34%), D-dimer 
(20%), as well as elevated CRP (8%), ferritin (8%), procalcitonin (4%), and IL-6 
(3%) (Lopez-Leon et al., 2021).

Furthermore, peripheral neuropathy due to prone positioning is a very rare com-
plication in both the perioperative care (in 0.14% patients) and ARDS patients, to a 
point where the landmark PROne positioning in SEvere Acute respiratory distress 
syndrome (PROSEVA) trial does not even include it as a complication (Malik et al., 
2020). Prone positioning is included in The Surviving Sepsis Campaign COVID-19 
guidelines as the mainstay of treatment for moderate to severe ARDS cases and has 
been reported to significantly lower mortality and improve oxygenation (Coppo 
et al., 2020). However, a significantly high prevalence of possibly prone positioning-
induced peripheral neuropathy has been reported in these patients. Malik et  al. 
(2020) reported peripheral neuropathy diagnosis among 14.5% of COVID-19 
patients with ARDS (n = 83), with 91.7% of them having prone positioning in their 
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histories. Upper extremities were most frequently involved in these patients (76.2%), 
as well as ulnar nerve (28.6%), radial nerve (14.3%), sciatic nerve (14.3%), brachial 
plexus (9.5%), and median nerve (9.5%). The etiology behind such neural injuries 
seen in SARS-CoV-2 and other viral infections (e.g., HCV, HIV, and VZV) is still 
not known and might be the result of prone positioning-induced nerve compression 
or stretch, as well as postinfectious inflammatory neuropathy, systemic neuropathy, 
or hematoma-induced nerve entrapment (secondary to anticoagulant therapy) 
(Fernandez et al., 2021). Osteoporosis and osteonecrosis can be the complication of 
COVID-19 coagulopathy or corticosteroid treatment (Ramani et al., 2021). Similar 
to myositis seen in other viral infections (e.g., hepatitis, influenza, or HIV), myositis 
and its complication, rhabdomyolysis, have been reported in SARS-CoV-2-infected 
patients (Ramani et al., 2021). Myalgia and weakness in some COVID-19 patients 
can be due to myositis and/or rhabdomyolysis, which might result in compartment 
syndrome, and intravascular coagulation, and myoglobinuria-induced acute kidney 
injury (Ramani et al., 2021).

�COVID-19 Clinical Trials

Since the start of the pandemic, approximately 500 randomized controlled trials 
(RCTs) have been registered globally for therapeutics or postexposure prophylaxes 
of COVID-19 (Davis et al., 2020). The most common drugs used for the treatment 
or prophylaxis purposes in decreasing order were HCQ, immunomodulatory drugs, 
antivirals, angiotensin system antagonists, colchicine, NSAIDs, and tranenxamic 
acid (Babaei et al., 2020).

HCQ and chloroquine (CQ), two antimalarial and anti-inflammatory medica-
tions, were among the earliest drugs used alone or in combination of several trials 
(Gao et  al., 2020) for either prophylaxis or treatment of mild, severe, or critical 
COVID-19 patients (Babaei et al., 2020). It was found that neither CQ nor HCQ 
improve outpatient or inpatient outcomes, nor do they reduce infection rates when 
used as postexposure prophylaxes (Fang et  al., 2020). The second category of 
widely used agents was immunomodulatory, such as mAb (e.g., tocilizumab, which 
is an IL-6 receptor antagonist), glucocorticoids, immunoglobulins, and IFNs (such 
as IFNα2b) (Babaei et al., 2020). Glucocorticoids (dexamethasone), alone or with 
other drugs, were found to decrease mortality (by one-third in those on ventilation 
and by one-fifth in on oxygen therapy) in critically ill patients; however, it might be 
dangerous if administered at early disease stage as it disrupts antiviral immune 
response (Babaei et al., 2020). A retrospective study on the effect of dexamethasone 
on COVID-19 pneumonia patients demonstrated no significant impact on clinical 
course, adverse events, or outcome (Hu et al., 2020). It is reported that immuno-
modulatory agents could increase the risk of bacterial and fungal superinfections, 
such as secondary invasive pulmonary aspergillosis (Fang et al., 2020). Additionally, 
combining inhaled IFN-α2b and angiotensin receptor blockers (ARB) was shown to 
increase inflammatory process resolution (by lowering IL-6) and viral clearance 
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(Zhou et  al., 2020a). In a multicenter, open nonrandomized observational study 
(Pereda et al., 2020) in Cuba, where all laboratory-confirmed COVID-19 cases were 
treated with intramuscular IFN-α2b (Heberon Alpha R) combined with lopinavir-
ritonavir (LPV/RTV) (except those with contraindications), it was concluded that 
those who received these agents had almost 60 times greater chance of recovery. 
Other clinical trials that tested the efficacy of antiviral therapy, including LPV/RTV, 
remdesivir, and umifenovir, found LPV/RTV to have therapeutic potential; how-
ever, they found no efficacy when antivirals (or HCQ) were combined with azithro-
mycin (Babaei et al., 2020). Moreover, Babaei et al. (2020) reported umifenovir to 
be safe, with a higher rate of negative PCR on day 14 of infection, nonetheless, with 
no evidence of improved outcomes. The “Adaptive COVID-19 Treatment Trial” 
(ACTT), a double-blind placebo RCT, found that remdesivir decreased recovery 
time compared to a placebo, prevented disease progression and resulted in a shorter 
hospital stay and faster discharge (Beigel et al., 2020). A randomized trial of conva-
lescent plasma (that contains Abs of recovered patients) and placebo in severe 
COVID-19 patients with pneumonia did not find any significant differences in over-
all mortality or clinical outcome (Simonovich et al., 2021). However, in an uncon-
trolled case series of five critical COVID-19 patients with ARDS, the administration 
of convalescent plasma improved clinical outcomes, reduced fever, viral load, pul-
monary lesions on CT, and the need for mechanical ventilation (Shen et al., 2020).

Moreover, a double-blind RCT on hospitalized non-intubated COVID-19 patients 
indicated that tocilizumab has no impact on intubation or death prevention, although 
it decreased the risk of developing serious secondary infections (Stone et al., 2020). 
In an ongoing phase 2 trial (BLAZE-1 trial), the efficacy of placebo and intravenous 
infusion of neutralizing mAb bamlanivimab (LY-CoV555) in either 700, 2800, or 
7000 mg in treating mild or moderate COVID-19 was compared. It was demon-
strated that compared to placebo, those treated with bamlanivimab had lower symp-
tom severity and lower hospitalization rate, and the patients who received the 
highest dose had lower viral load at day 11. Since this viral load reduction was 
found in most patients, it was considered to be the result of natural disease course 
and not having a clinical significance (Chen et al., 2021). Three other clinical trials 
in more than 300 hospitals across 5 continents are investigating the benefit of thera-
peutic (high dose) and prophylactic (low dose) anticoagulants such as heparin in 
moderately ill-hospitalized patients who are not in the ICU and not on any organs 
support (e.g., mechanical ventilation). It demonstrated that high-dose heparin is safe 
and effective in preventing thromboembolism in these patients (National Heart, 
Lung, and Blood Institute (NHLBI), 2021).

In addition, some studies have found that vitamin D supplementation decreases 
mortality rate and viral load in COVID-19 patients; thus, currently, a nationwide 
RCT is being conducted in the USA and is to be completed by March 2021 (Sengupta 
et al., 2021). In fact, the deficiency in vitamin D (25-OH-D) has been reported to 
increase the risk of SARS-CoV-2 infection and hospitalization due to COVID-19 
(Babaei et al., 2020), as it prevents CRS by inhibiting the proliferation of inflamma-
tory cells, decreases the AT-II level by upregulating ACE2 level, and decreases the 
hypercoagulability by increasing antithrombotic factors (Sengupta et al., 2021). The 
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effectiveness of NK cells, as well as stem cells (SC) such as umbilical cord (UC)/
Wharton’s Jelly (WG) mesenchymal SC (MSCs), dental pulp SC, and human 
embryonic SC, are being investigated (Babaei et al., 2020). MSCs decrease inflam-
mation by antagonizing the pro-inflammatory cytokines, such as IL-1α and TNF-α 
(Costela-Ruiz et al., 2020). It is reported that the injection of placental and UC/WG 
MSCs is well tolerated and can alleviate respiratory symptoms (Saleh et al., 2021).

It is noteworthy to mention that the stage at which these medications are admin-
istered plays a key role in the achieved outcome. For example, IFNs (that increase 
innate immune response), mAbs, and antivirals are most likely beneficial if given 
during the viral replication period at TDVR, while immunomodulatory drugs affect-
ing innate immunity and anticoagulants are more effective if administered during 
the early inflammatory period at TEI (Griffin et al., 2021). Similarly, the unnecessary 
antibiotics given early in the course of the disease will not only be helpful but will 
increase antimicrobial resistance; hence, in order to be more effective and benefi-
cial, they must be administered at the appropriate secondary infection phase at TSI 
(Griffin et al., 2021).

�Isolation, Quarantine, and Social Distancing

One of the primary reactions against new contagious diseases is quarantine (Parmet 
& Sinha, 2020) that restricts and confines the movements of individuals who have 
been in contact with infectious agents in order to confirm whether or not they were 
infected (CDC, 2017). Two weeks of quarantine at home or in an assigned facility 
has been suggested for those who have come into contact with a confirmed or prob-
able case of COVID-19, as well as travelers from an endemic area (WHO, 2021d). 
It is reported that quarantine is recommended in case of continuous or cumulative 
unprotected exposure of more than 15 min within a distance of 6 feet (≈1.83 m) or 
less (Griffin et al., 2021). Quarantine is distinct from isolation, which segregates 
infected individuals from healthy ones (CDC, 2017).

In China, the government used a “mass quarantine” strategy, imposing quaran-
tines on almost 60  million people, which drastically reduced disease incidence 
(Roper, 2020). The speedy Chinese response to the pandemic was reported by 
Gregory Poland—the director of the Mayo Clinic’s Vaccine Research Group in 
Rochester, Minnesota, USA—as the critical factor that curtailed the spread of the 
virus, as compared to other countries, whose reactions were delayed despite a lon-
ger preparation time (Burki, 2020). It is worth mentioning that after the implemen-
tation of these preventative measures in Wuhan on January 23, 2020, R0 began to 
decline from a value of approximately four to below one by March 2020 (Rahman 
et al., 2020a). In other countries across the globe, such as the USA, quarantine mea-
sures have also been implemented; however, inadequate quarantines resulted in the 
USA, which has only 4% of the world’s population, having almost 26% of world 
cases and 24% of world deaths as of July 16, 2020 (Blumenthal et al., 2020).
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Surprisingly, it was also reported that, compared to those under the age of 42, 
people with confirmed COVID-19 who are above the age of 42 experience longer 
incubation periods, suggesting that effective quarantine policies could be targeted at 
specific age groups as opposed to the existing “unified” policies (Pak et al., 2020). 
Girum et al. (2020) systematically reviewed studies on some COVID-19 prevention 
strategies, such as quarantine and isolation. They concluded that isolation combined 
with a 3-month self-quarantine could prevent 31% of COVID-19-related deaths, but 
that isolation by itself is not very effective since, without high levels of contact trac-
ing and screening, this strategy will miss 75% of cases. In contrast, if SARS-CoV-2 
completely adapts to humans, it would be difficult to contain the pandemic through 
quarantine or other public health measures (Ye et al., 2020).

In the pre-exposure period, vulnerable individuals should employ a range of 
steps, including social distancing and minimizing contact with suspected cases, in 
order to reduce their risk of SARS-CoV-2 infection (Griffin et  al., 2021). Social 
distancing is defined as “keeping a safe space between yourself and other people 
who are not from your household” (CDC, 2020, para.1). It is worth noting that sev-
eral weeks into the pandemic, many scholars have emphasized that the term “social 
distancing” is misleading and, in fact, counterproductive (Sørensen et al., 2021). It 
has been argued that “distant socialization” must be encouraged instead, and in 
order to prevent the spread of SARS-CoV-2, efforts should be made to establish 
social connections while also keeping physical distancing (Sørensen et al., 2021). 
Thus, the WHO Secretary-General, Dr. Tedros Adhanom Ghebreyesus, started 
using the term “physical distance” in his announcements and speeches (Sørensen 
et al., 2021).

The WHO (2021b) advises people to keep an interpersonal distance of at least 
1 m in indoor spaces and when they talk, cough, and sneeze in order to decrease 
infection by SARS-CoV-2 droplets. However, as previously mentioned, the virus 
can be airborne in certain conditions, and computational fluid-particle dynamics 
(CFPD) models show that wind and relative humidity can lead to further movement 
of virus-laden droplets in the air, which would make the implemented social dis-
tancing rule inadequate (Feng et al., 2020). It is, however, important to note that 
without any specific pharmaceutical therapy or prophylaxis, strict social distancing 
(i.e., such as in China, where movement and contact of more than 500 million indi-
viduals across 80 cities were banned) is the primary means to control the pandemic 
(Du et al., 2020) and to prevent asymptomatic carriers—who are usually not identi-
fied and diagnosed—from transmitting the virus (Zhang et al., 2020c). It is reported 
that presymptomatic and asymptomatic individuals are responsible for at least 50% 
of community transmission (Subramanian et  al., 2021). The median duration of 
virus shedding by asymptomatic cases has been varied significantly among different 
studies and ranged between 4.5 and 19 days, with one analysis reported positive 
RNA for up to 2 months in a few cases (Zhang et al., 2020c). Moreover, viral shed-
ding occurs 2–3 days prior to the onset of symptoms (Peng et al., 2021).

A study among 149 countries concluded that using any of 5 different social and 
physical distancing techniques (closing schools, closing workplaces, limiting social 
gatherings, restricting movement, and implementing lockdowns) will result in a 
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13% reduction in disease incidence (Islam et  al., 2020b), while the addition of 
4 months of social distancing to isolation and quarantine interventions for those 
over 70  years old will decrease virus reproduction and decrease the number of 
deaths by almost half (Girum et al., 2020). It is reported that some countries, includ-
ing France, Italy, Spain, Switzerland, and the UK, have been unable to contain the 
pandemic due to failure to implement and maintain adequate social distancing mea-
sures (Islam et al., 2020a). Moreover, with the exception of Switzerland and the UK, 
the other aforementioned countries failed to control the pandemic owing to a lack of 
prompt lockdown enforcement (Islam et al., 2020a).

In contrary to the aforementioned preventative measures, it has been argued that 
several other new and novel viruses have emerged throughout history (e.g., H2N2 
influenza viruses (H2N2 in 1957, H3N2 in 1968, H5N1 in 2004, H1N1 in 2009, and 
seasonal influenza), SARS-CoV (2003), and MERS-CoV (2012)), yet, no social 
distancing, face masks, lockdown, and school closures or other extreme preventa-
tive measures were introduced (United Health Professionals, 2021), even though no 
vaccines were available at the time of outbreak onset. They further explain the 
unscientific logic behind the mandatory use of face masks by asymptomatic and 
healthy individuals by giving reasons such as 77% of influenza cases are asymptom-
atic (yet they are not being asked to no wear masks or practice social distancing), 
prolonged use of face masks increases mouth breathing, thus decreasing saliva and 
drying the mouth, leading to oral inflammation, cavities, and periodontal diseases. 
They also point out to the hygiene hypothesis, stating that strict hygiene measures 
can increase the risk of developing inflammatory, atopic, and autoimmune diseases, 
as well as some types of cancers (United Health Professionals, 2021). According to 
the 1989 hygiene hypothesis by an epidemiologist, Dr. David Strachan, lower inci-
dence of unhygienic-induced childhood infections, such as viral respiratory infec-
tions (RSV, rhinoviruses, etc.) as a result of contact with other children (e.g., in 
daycare settings) can increase the risk of adulthood atopic diseases, such as asthma 
(Schaub et al., 2006), which is exacerbated in 85% of children by most viral respira-
tory tract infections (Morais-Almeida et al., 2020).

�COVID-19 Risk Factors and Vulnerable Populations

�People with Preexisting Conditions, the Elderly, and Others

According to CDC (2021b), regardless of age, any adults who have cancer, DM 
type-2, chronic kidney disease, immunocompromised status (e.g., solid organ trans-
plant patients), obesity (i.e., body mass index [BMI] ≥ 40 kg/m2), or who are smok-
ers are at increased risk of severe COVID-19. Adults with asthma, HTN, liver 
disease, a BMI of 25–30 kg/m2, pulmonary fibrosis, DM type-1, or immunocompro-
mised status (e.g., blood or bone marrow transplants, HIV, or corticosteroid medica-
tion), among others, might be at increased risk (CDC, 2021b). It is reported that 

P. Hosseini-Nezhad et al.



63

approximately 0.9% of all deaths were not linked with any preexisting medical con-
ditions (Islam et  al., 2020a). A systematic review and meta-analysis (Cao et  al., 
2020) reported 35.6% of COVID-19 patients had comorbidities. Another systematic 
review documented the most common comorbidities and conditions to be HTN 
(20.7%), CVD (9.6%), DM (9.55%), respiratory diseases (7%), and smoking (9%) 
(Hatmi, 2021). Abdi et al. (2020) reported DM as a risk factor for COVID-19, with 
diabetes being 14.5% prevalent in patients. While the signs and symptoms of 
COVID-19 are the same for both diabetics and nondiabetics, the former experience 
higher severity and mortality (Abdi et al., 2020). On the other hand, COVID-19 not 
only can exacerbate and complicate preexisting diabetes but can also result in the 
development of new-onset DM (due to endocrine pancreas involvement) (Rubino 
et al., 2020). Furthermore, the high levels of glucose, free fatty acids, and AT-II in 
those diabetic, obese, and hypertensive patients, respectively, are found to create a 
chronic inflammatory state leading to the hyperactivation of the NF-κB pathway, 
resulting in severe COVID-19 with the worst prognosis (Hariharan et al., 2020). 
Additionally, it is reported that individuals with DM type-2, hypertension, chronic 
pulmonary disease, as well as elderly, have greater expression of ACE2-R, thus 
making them more susceptible to SARS-CoV-2 infection (Solis & Nunn, 2021).

Moreover, age is clearly correlated with poor COVID-19 outcomes, evidenced 
by high mortality rates among nursing home residents (Fang et al., 2020), which 
account for 42%, 54%, and 44.6% of the total deaths reported in the USA, Ireland, 
and France, respectively (Thompson et al., 2020). Similarly, the mean age of death 
in both the UK and Italy was around 80, and in the UK, those above 65 years of age 
accounted for 87% of all deaths (Sornette et al., 2020). It is reported that the per-
centage of men aged 70–84 who may die from COVID-19 rises from about 5% for 
the original SARS-CoV-2 strain to more than 6% for B.1.1.7 variant. Furthermore, 
for males 85 years old or older, the risk of death increases from 17% for the original 
virus to almost 22% for the Alpha variant (Mallapaty, 2021). Elderly men are at 
higher risk of COVID-19 and death than elderly women, as the immune system 
reacts less robustly in older men, besides aging by itself in males substantially 
decreases the total numbers of lymphocytes (Perrotta et  al., 2020). In addition, 
elderly men and postmenopausal women have reduced level of testosterone and 
estradiol, respectively, leading to the disinhibition of NF-κB pathway and hence 
increased level of TNFα and IL-6 and subsequent cytokine storm and resultant lung 
injury, since estrogen attenuates NF-κB signaling cascade and lower cytokine (e.g., 
IL-6, IL-8, and TNF-α) production (Hariharan et al., 2020).

Moreover, younger COVID-19 males have a better outcome than older men due 
to their higher levels of testosterone, as well as the peripheral conversion of testos-
terone to estrogen, which will double the anti-inflammatory effects; testosterone 
deficiency is also associated with higher levels of the inflammatory marker, such as 
CRP (Al-Lami et al., 2020). In fact, the therapeutic role of hormone replacement 
therapy (HRT) has been supported by a reduction in IL-1, IL-6, and TNF-α levels in 
postmenopausal COVID-19 patients, and the exogenous estrogen and testosterone 
are believed to act similar to corticosteroid in reducing SARS-CoV-2-induced 
multi-organ inflammatory damage without hindering the host antiviral immune 
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response, while the anticatabolic effects of testosterone on respiratory muscles are 
believed to decrease the need for mechanical ventilation (Al-Lami et  al., 2020). 
Furthermore, the lower COVID-19 incidence and mortality in young and middle-
aged females compared to the male counterparts are due to their extra X chromo-
some which carries the majority of the genes responsible for controlling and 
regulating immune responses, thus providing women with a more effective innate 
immune response against viral infections while preventing cytokine storm develop-
ment (Hariharan et al., 2020).

Preexisting mental distress can also have an impact on the likelihood of having 
COVID-19. For instance, in a cohort study performed in the USA, Nemani et al. 
(2021) reported the probability of having positive COVID-19 test for schizophrenia 
spectrum, mood, and anxiety disorders was reported to be 22.3%, 25.4%, and 
24.1%, respectively, which could be attributed to SES, as well as high viral expo-
sure due to environmental factors, including crowded living space, institutional set-
tings, and lack of personal protective equipments. Additionally, schizophrenia is 
reported to be associated with abnormalities in cytokine signaling pathways, which 
result in severe COVID-19 and increased mortality (Nemani et al., 2021). Moreover, 
lower SES, and low social integration, will increase the risk of the development of 
chronic diseases, including heart, liver, and kidney disease, as well as DM, asthma, 
and stroke, resulting in higher susceptibility to SARS-CoV-2 infection (Solis & 
Nunn, 2021). Similarly, air pollution which affects 90% of people living in urban 
area globally increases the risk of chronic obstructive pulmonary disease (COPD), 
lung cancer, asthma, and respiratory infections. In fact, according to recent findings, 
air pollution is responsible for approximately 15% of worldwide COVID-19 mortal-
ity (Solis & Nunn, 2021).

Besides these non-modifiable factors, women are less likely to smoke and have 
other bad lifestyle habits and chronic conditions (e.g., HTN, diabetes, etc.), which 
lower their risk of infection (Zheng et al., 2020b). Moreover, even though men were 
shown to be more susceptible to SARS-CoV-2 infection, women account for a dis-
proportionate percentage of healthcare workers, thus having a higher risk of 
hospital-acquired infection (Jensen et al., 2021). The prevalence of being a current 
smoker was reported to be significantly higher in critical or fatal COVID-19 patients 
compared to noncritical individuals (Zheng et al., 2020b). Furthermore, the percent-
age of blood type “A” was considerably greater in COVID-19 cases than that of 
healthy individuals (37.75% vs. 32.16%), whereas this value was significantly lower 
for type “O” (Zhao et al., 2020). This is explained by the presence of anti-A Abs 
(inhibitors of virus-ACE2-R interactions) in people with blood type “O,” which 
prevents viral binding to ACE2-R and makes them less susceptible to COVID-19 
(Zhao et al., 2020). The aforementioned risk factors still do not explain the develop-
ment of critical COVID-19, need for ICU admission, and eventually death in healthy 
young individuals; although a recent report suggests that previously formed unde-
tected auto-Abs in some people may be the reason behind this (New Findings on the 
Pathophysiology of Severe COVID-19 Infections, 2021).
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�Pregnant and Breastfeeding Women and Neonates

The global incidence of COVID-19 in pregnant women is not known; however, a 
screening of all pregnant women admitted for delivery at a New  York hospital 
revealed that 15.4% tested positive for SARS-CoV-2, and 87.9% of these cases were 
asymptomatic (Rodrigues et al., 2020). In general, pregnancy-induced immunosup-
pression is a risk factor for symptomatic infection which increases the risk of mater-
nal (i.e., endotracheal intubation, MOF and ICU admission, DIC, etc.) and neonatal 
complications (i.e., vertical transmission, intrauterine growth retardation, spontane-
ous abortion), and thus prenatal screening for COVID-19 must be performed (Lopes 
de Sousa et al., 2020). A systematic review (Rodrigues et al., 2020) reported that 
pregnant women do not seem to be at higher risk of severe COVID-19 compared to 
nonpregnant women. Another systematic review and meta-analysis of pregnant 
women with COVID-19 reported that 50% needed C-sections (indications not 
reported) and 13% were admitted to the ICU, while 45% experienced complications 
such as placenta previa, premature rupture of membrane, or non-reassuring fetal 
status (Capobianco et al., 2020). According to Capobianco et al. (2020), 6% of neo-
nates were infected—with unknown infection time (i.e., intrauterine, during vaginal 
delivery, or postnatal period)—and 39% of cases presented with neonatal complica-
tions, including fever, pneumonia, respiratory distress syndrome, and preterm birth 
(weight < 3.0 kg); however, no SARS-CoV-2-induced congenital malformations are 
yet reported (Rodrigues et al., 2020). In another systematic review, 68% of neonatal 
COVID-19 cases presented with symptoms, such as fever, GI symptoms, hypoxia, 
or cough, but even so, 75% breathed spontaneously (no intubation needed), and all 
patients were discharged after 10 days (Trevisanuto et al., 2020). Interestingly, vagi-
nal delivery is not a contraindication in infected women due to negative vaginal 
screenings for the virus (Qiu et al., 2020) and of rare and mild cases of neonatal 
infection; thus, mother-infant separation is also not recommended by the WHO and 
UK guidelines (Gale et al., 2021), though a few countries (viz., China, Singapore, 
and South Korea) still recommended separation immediately after birth (Yeo et al., 
2020). Except for Singapore and South Korea, most countries recommended that 
COVID-19-positive mothers breastfeed their neonates, while China recommends 
using pasteurized expressed breastmilk (Yeo et al., 2020).

�Children and Adolescents

Children can still experience the same typical symptoms of fever, dry cough, fatigue, 
and so forth; however, they usually present with mild or asymptomatic disease, and 
unlike adults, age and gender are not risk factors (Castagnoli et al., 2020). The mild 
clinical symptoms in children are attributed to the lower expression of ACE2-R in 
their nasal epithelial compared to that of adults (Lee et al., 2020). However, child-
hood COVID-19 cases with complications were first observed and reported in the 
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UK, where eight previously healthy children presented with symptoms of systemic 
hyper-inflammatory shock, called multisystem inflammatory syndrome in children 
(MIS-C) (Feldstein et al., 2020). MIS-C presented with CV (in 80%), hematologic 
(in 76%), mucocutaneous (in 74%), and respiratory (in 70%) symptoms, which 
were similar to those of KD—a rare pediatric vasculitis of unknown origin or pos-
sible abnormal immunological response to an infectious agent—yet, unlike KD, 
MIS-C predominantly affects children over the age of 5 and adolescents (Shaigany 
et al., 2020; Feldstein et al., 2020). This can result in coronary artery aneurysm in 
25% of cases if left untreated (Gupta et  al., 2020). Interestingly, cardiovascular 
manifestations have been reported in adults, including Kawasaki-like multisystem 
inflammatory syndrome, similar to the findings of complicated SARS-CoV-2 infec-
tion in children. For example, a 45-year-old male with no past medical history pre-
sented to the emergency department (ED) with fever, sore throat, diarrhea, bilateral 
pain in lower limbs, bilateral non-purulent conjunctivitis, periorbital erythema and 
edema, unilateral neck lymphadenopathy, diffuse skin rash, etc., meeting criteria for 
Kawasaki disease (KD) (Shaigany et al., 2020).

Severe COVID-19 GI complaints (e.g., diarrhea, vomit, or abdominal pain) were 
predominantly seen in children with COVID-19-related cardiac impairment 
(Giacomet et al., 2020). Among those hospitalized with MIS-C, 84.1% presented 
with GI symptoms (Miller et al., 2020). MIS-C was designated a reportable disease 
on May 14, 2020, by the CDC, which advises clinicians to report any cases meeting 
the criteria (Kest et  al., 2020). However, according to Griffin et  al. (2021), the 
MIS-C in children is similar to adult multisystem inflammatory syndrome (MIS-A).

�Lower Socioeconomic Status (SES) and Ethnic Minorities

The pandemic has been found to disproportionately affect marginalized popula-
tions, people with lower SES, and racial and ethnic minorities (Fang et al., 2020). 
For instance, Black people (13% of the US population) account for 20% of 
COVID-19 cases and 22% of deaths, while Hispanics (18% of the US population) 
account for 33% of COVID-19 new cases (Blumenthal et al., 2020). A similar situ-
ation was reported in the UK, where COVID-19 mortality has been high among 
Black and Asian populations, as well as other ethnic minorities and those with lower 
SES (Han et al., 2020). In addition, compared to non-Hispanics, COVID-19 cases 
were more prevalent in American Indian/Native Alaskan and Hispanic/Latino peo-
ple (CDC, 2021c). Furthermore, compared to white individuals, the American 
Indian/Native Alaskan group was 3.4 times more likely to be hospitalized, while 
this value was 2.8 times for Hispanic/Latino and Black/African American people. 
Moreover, the risk of COVID-19 death in these ethnicities was increased and ranged 
from 2.0 to 2.4 times (CDC, 2021c).

Moreover, exposure to SARS-CoV-2 is higher in those unable to social distance, 
including some of the world’s most vulnerable groups (e.g., prisoners, homeless, 
and refugees), and those who cannot work remotely from home (e.g., healthcare 
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workers, cashiers, food preparation and waitresses/waiters, retail associates, and 
janitors) (Solis & Nunn, 2021). Moreover, low SES and unemployment create food 
insecurity, which force affected individuals to rely on food banks and/or work in 
hazardous settings, thus being at higher risk of SARS-CoV-2 exposure (Solis & 
Nunn, 2021). According to the US Bureau of Labor Statistics, in 2019, 29% of the 
population was able to work from home, while 25% could only occasionally do so; 
however, this value was lower in Hispanic (13%) and Black (18%) wage workers 
(Solis & Nunn, 2021). In addition, many of those able to work remotely had higher 
education level (at least a bachelor’s degree) and greater income (above the 75th 
percentile) (Solis & Nunn, 2021).

Another factor influencing access to health care is proximity to metropolitan 
areas, which have bigger hospitals with more advanced technology. For instance, 
people living in rural areas of the USA or sub-Saharan Africa have lower access to 
healthcare facilities and physicians for the treatment of severe COVID-19. Moreover, 
in the USA, other obstacles limiting equal healthcare access include race and gender 
discrimination, lack of health insurance, as well as disability status and SES (Solis 
& Nunn, 2021). Additionally, the imposed social distancing measures worsened 
healthcare access in some communities in the USA.  A notable example  is  the 
Hualapai tribe that relies heavily on the revenue generated by tourists visiting the 
region; however, the social distancing measures compelled them to close down 
their tourist attraction site, which caused a scarcity of funds to sustain the health-
care facilities and clinics in the community (Solis & Nunn, 2021).

Hou et al. (2020) observed that the prevalence of ACE2 polymorphism was 54% 
and 39% among Non-Finnish European and African/African-American, respec-
tively. This may explain the higher susceptibility to SARS-CoV-2 and even disease 
outcome in certain ethnic groups (Hou et  al., 2020).  In addition,  the acquired 
genetic variants20 such as chromosome 3 (SLC6A20) and chromosome 9 (9q34), 
which interact with ACE2-R and ABO blood group locus, respectively, are also 
more prevalent in European ancestry and increase their risk of COVID-19 (Solis & 
Nunn, 2021). However mortality is still higher among Black, Native American, and 
Latinx communities, implying social and environmental parameters are particularly 
significant in determining COVID-19 outcome (Solis & Nunn, 2021).

In addition, comorbidities, such as obesity, DM, and vitamin D deficiency, show 
health disparities affecting COVID-19 outcomes. For example, in 2011–2012 in the 
USA, the rate of DM type-2 was higher among Black and Latinx communities, and 
American Indian/Alaskan native, Latinx, and Black communities (Solis & Nunn, 
2021). Similarly, vitamin D deficiency is found disproportionately in 84.2% of non-
Hispanic Black communities, compared to Hispanics (56.3%) and of non-Hispanic 
White American (34.8%) (Solis & Nunn, 2021).

20 This is the result of thorough introgression of Neanderthal DNA to the human lineage (Solis & 
Nunn, 2021), defined as infiltration of genetic materials from one species to another genetically 
differentiated species (Arnold & Martin, 2009).
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�Medical Insurance

“In an insurance-based health system, it’s insurers who foot the bill for pandemic 
care […] The pandemic is further complicating an already complicated system” 
(Roehr, 2020, p. 1). The US healthcare delivery and funding are based on a private 
for-profit insurance system (Ridic et al., 2012), and unlike most developed coun-
tries, where health insurance is provided to everyone regardless of their employ-
ment status (Santhanam, 2020), in the USA, health insurance is predominantly 
provided by the employer-sponsored health insurance (ESI) (Fronstin & Woodbury, 
2020). Prior to the COVID-19 pandemic, more than 160 million Americans relied 
on ESI, and 30  million Americans had no health insurance (Santhanam, 2020). 
Analysis has already shown that if the unemployment rate reaches 20%, a maximum 
of 43 million people could lose their health insurance, which is fatal for those with 
serious diseases (The Lancet Oncology, 2020). The US pandemic-related unem-
ployment reached its peak of 14.7% in April 2020 (Fronstin & Woodbury, 2020), 
and from March 2020 to September–October 2020, 60  million unemployment 
insurance (UI) claims have been filed, compared to the previous highest rate of 
695,000 per week, which occurred the week of October 2, 1982, and for 20 weeks 
(from late March 2020), new unemployment claims surpassed 1 million per week 
(Cutler & Summers, 2020). Furthermore, minorities such as Black and Hispanic 
Americans, who are already affected by the pandemic as well as poverty and riskier 
jobs, disproportionately lack health insurance coverage, which further affects their 
health (Blumenthal et al., 2020). The US 2017 census has reported that the insur-
ance coverage rate was higher for those above 400% of poverty (95.7%), as opposed 
to those under the 100% of poverty (83%); the uninsured rate of the US population 
was 8.7%, and of children (<19  years) was 5.4%, with the pediatric population 
(<19 years) living in poverty was to have the uninsured rate of 7.8%, compared to 
the uninsured rate of 4.9% for those children not in poverty (Berchick et al., 2018). 
Moreover, for those who are still able to work during the pandemic, employers have 
decreased insurance coverage, leaving many employees underinsured (Blumenthal 
et al., 2020). The 1985 Consolidated Omnibus Budget Reconciliation Act (COBRA) 
gives laid-off workers the option to still have health insurance even after unemploy-
ment; however, if not qualified for the government subsidy, the employees must pay 
$600 (for individual coverage) to $1800 (for family coverage) at maximum. In other 
words, the employee must pay 102% of the total premium (i.e., both the employee’s 
and the employer’s share), as well as a 2% administrative fee, leading to low 
COBRA demand (Agarwal & Sommers, 2020; Roehr, 2020).

Moreover, the 2014 Affordable Care Act (ACA) forbids private insurers to 
exclude, deny coverage, or charge a higher premium based on individual preexisting 
medical conditions (i.e., “declinable” medical conditions, such as pulmonary or 
heart diseases), jobs (i.e., “ineligible occupations” with a higher risk of infection), 
or serious psychological conditions (depression after losing a loved one); however, 
in June 2020, the Trump administration has asked the US Supreme Court to invali-
date the ACA.  If this happens, it will be catastrophic for patients, physicians, 

P. Hosseini-Nezhad et al.



69

hospitals, etc., as insurers can even discriminate against individuals with acute or 
long-lasting COVID-19 (Pollitz & Michaud, 2020).

The need for health insurance has grown due to the need for the COVID-19 diag-
nosis and treatment (Agarwal & Sommers, 2020). The cost of COVID-19 diagnos-
tic tests among the top two largest hospitals in each state was reported to range from 
$20 to $850 in the USA (Wapner, 2020), and the cost of severe COVID-19 treat-
ments is up to $20,000 for hospitalization (or as high as $90,000 if ventilator sup-
port is indicated) and $3000 for 5-day remdesivir (Pollitz & Michaud, 2020). As a 
result, many Americans are not willing to be tested or to go to hospitals due to high 
costs and lack of insurance (Wapner, 2020). Even though The Families First 
Coronavirus Response Act (FFCRA) that was passed on March 18, 2020, ensures 
all persons, whether insured or not, have access to free testing, and The Coronavirus 
Aid, Relief, and Economic Security Act (CARES) also requires insurers to cover 
“out-network” testing claim, yet, due to legislation loopholes, many individuals still 
have to pay substantial amounts out of their pocket when visiting the emergency 
room (ER) or private healthcare facilities. For instance, if a healthcare facility is in 
the network of the patient insurer, but the ER physician is employed by another 
agency (i.e., out of the network of patient insurance plan), the patient may not be 
covered for the cost; or when asymptomatic or mild COVID-19 patients are asked 
to return for a follow-up (if their status worsens), they may be charged in case no 
testing is required; or in case a doctor requests for influenza (not COVID-19) to be 
ruled, CARES and FFCRA don’t mandate insurers to cover such costs (Wapner, 
2020). Furthermore, as previously mentioned, COVID-19 affects older individuals 
more frequently, yet, several of the large insurance companies, such as Prudential, 
Lincoln National, and Protective Life, are imposing restrictions on new life insur-
ance policies sold to those older than 80 by either suspending or delaying policy 
applications, and Securian does not take any applications from those who are 76 or 
older (Markowitz, 2021).

The failure of these health policies highlights the need to switch to a nonprofit 
social insurance model (Himmelstein & Woolhandler, 2020). For example, in the 
US neighbor, Canada, all the provincial healthcare systems must meet each and 
every principle of the Canada Health Act (CHA), including public administration, 
comprehensiveness, universality, and accessibility. The public administration refers 
to the provincial healthcare insurance being publicly administered and on a non-
profit basis; the comprehensiveness means that it is mandatory for provincial health-
care insurance to cover all the required and necessary healthcare services; by 
universality and accessibility, all Canadians must be provided with public health-
care insurance, and at no cost, respectively (Martin et al., 2018). Similarly, in order 
to promote a better healthcare system, the payments of health insurance benefits, 
off-site settlement, and financial compensation were all been established in China 
during the third phase of the pandemic (Islam et al., 2020a). Moreover, in China, 
everyone is covered for the cost of complex medical procedures through the estab-
lished universal health coverage; hospitals are provided with additional funds and 
emergency equipment; and pharmaceutical companies are granted reimbursements 
to cover the cost of medications (Shadmi et al., 2020).
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�Death Tolls Among Different Nations

COVID-19 Infection Fatality Rate (IFR = COVID-19 deaths/total number of cases) 
varies significantly across different countries but is estimated to be 0.68% 
(Meyerowitz-Katz & Merone, 2020), while the mortality rate (MR) is reported to be 
6.76% (Lu et al., 2020). Currently, the mortality rate associated with COVID-19 
pandemics is markedly lower than that of SARS (9.6%) and notably lower than the 
mortality rate of MERS (34%)  (Islam et  al., 2020a). Sornette et  al. (2020) have 
compared the number of deaths per million inhabitants among Western and Eastern 
block, developed Southeast Asian, Northern Hemisphere developing, and Southern 
Hemisphere countries (Fig.  7). Interestingly, the mortality patterns revealed that 
COVID-19 is responsible for more deaths in Western nations, which are most likely 
due to their higher proportion of elderly people (Sornette et al., 2020). For instance, 
high MR in Italy, where almost 60% of people are over the age of 40, is thought to 
be caused by population age (Triggle et al., 2020), and the high MR among devel-
oped countries (except Norway and Japan) that have “lavish healthcare systems” 
compared to developed Southeast Asian countries is also attributed to the higher age 
of their populations (Sornette et al., 2020). Even with the same public health mea-
sures, those countries with an older population still experienced higher IFR (e.g., 
Italy vs. Israel with a median age of 45.4 and 30 years, respectively) (Meyerowitz-
Katz & Merone, 2020). It is estimated that IFR exponentially increases with age, 

Fig. 7  Population-normalized deaths per million among 55 countries. Notes: Logarithmic (top) 
and linear (bottom) population-normalized deaths per million among 55 countries as of July 14, 
2020. Countries with no lockdown policy (Sweden, Brazil, and Belarus) are in bold. (Source: 
Sornette et al. (2020))
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from 0.005% for pediatric age groups to 0.2% for 50, 0.75% for 60, and 27% for 
those 85 years of age or older (Meyerowitz-Katz & Merone, 2020). It must be noted 
that depending on countries’ testing and screening strategies, as well as an official 
report, IFR can be overestimated or underestimated (Subramanian et al., 2021).

Moreover, the difference in higher infection and MR of various geographic 
regions can be attributed to disparities in SARS-CoV-2 mutations distribution. For 
instance, ORF3a mutation is found to be associated with higher MR, and it is 
reported to be more prevalent in countries with higher rates of infection and mortal-
ity (e.g., Brazil, Mexico, Spain, and the UK) (Majumdar & Niyogi, 2020). 
Furthermore, a preliminary study conducted in Italy on COVID-19 patients demon-
strated a higher rate of SARS-CoV-2 infection and death in individuals carrying 
HLA-DRB1*08 since this allele and its subtypes are not capable of viral peptides 
recognition. Interestingly, the higher frequency of HLA-DRB1*08 allele was 
detected in most of Northern Italy, where a more cumulative incidence of COVID-19 
was reported. On the other hand, the two provinces with low incidence showed a 
low level of this allele in their population (Amoroso et al., 2020).

In an evidence-based review, healthcare policies, access to resources, demo-
graphics, population characteristics (comorbidity, genetics [e.g., blood group], etc., 
discussed earlier), and viral variants, among other factors, were found to influence 
MR (Abu Hammad et al., 2020). As the COVID-19 death toll is on the rise globally, 
it is being recognized that disease mortality is distributed disproportionately among 
vulnerable groups, including the elderly, those with lower SES, residents of crowded 
places (e.g., prisons), migrants, refugees, and other minorities; the pandemic has 
also increased all-cause mortality, as a result of people losing their jobs, homes, and 
health insurance (Shadmi et al., 2020). For example, in Iran, the lack of medical 
supplies due to US-imposed sanctions and the government’s failure to implement 
COVID-19 measures is thought to have attributed to high MR (Triggle et al., 2020), 
while in other countries, the lack of ventilators could have increased the death rate 
among the elderly and other vulnerable groups, since medical staffs have been 
forced to choose some patients over others (Abu Hammad et al., 2020). Moreover, 
in India, a low-middle-income country with a high proportion of the low-income 
population and limited healthcare access, the implemented preventative measures 
(e.g., limiting gatherings and events, hand hygiene, etc.) by The Indian Ministry of 
Health and Welfare were most effective among the high-income population; this, 
combined with other sociocultural factors, such as congested living, religious gath-
erings, public transportation use, and so on, exacerbated the health disparity (Solis 
& Nunn, 2021).

The higher death rates in the USA and the UK compared to China and South 
Korea were due to the lack of screening of those with travel histories or contacts 
with suspected or confirmed cases (Yoo et al., 2020). Early detection can reduce 
MR (Das et al., 2020), and according to the chief executive of WHO:

“The most effective way to prevent infections and save lives is breaking the 
chains of transmission. You cannot fight a fire blindfolded, and we cannot stop this 
pandemic if we don’t know who is infected. We have a simple message for all coun-
tries: test, test, test, test” (Yoo et al., 2020, p. 10). According to reports, one of the 
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reasons for the inability to control the pandemic in countries such as Turkey, the 
UK, and the USA was their failure to implement nationwide testing and contact 
tracing (Islam et al., 2020a).

Between May 10, 2020, and September 19, 2020, the top 6 countries with the 
highest COVID-19 MR still had lower deaths per 100,000 population than the USA 
(e.g., Italy 9.1/100000 vs. US’s 36.9/100000) (Bilinski & Emanuel, 2020). A lack of 
adequate measures by public health officials has made COVID-19 the leading cause 
of death in the USA (Woolf et al., 2020).

�Biomedical Waste (BMW) Management

The composition of the generated BMW is 85% general nonhazardous and 15% 
hazardous infectious, and the sudden global surge in the volume of COVID-19-
related hazardous infectious waste has created an additional burden for most gov-
ernments, as they already did not own adequate capacities for the management of 
BMW generated even during regular times (United Nations Environment 
Programme, 2020). At the peak of the pandemic, 247 tons/day of BMW were pro-
duced in Wuhan, six times more than pre-pandemic levels (Singh et al., 2020). The 
daily amount of BMW (tons/day) during the COVID-19 pandemic has also increased 
in other countries, including the USA (8055.03), Brazil (2774.35), India (2160.34), 
Iran (81.31), and Italy (45.09) (Behera, 2021). According to the report, on average, 
2.5  kg/bed/day of COVID-19-related BMW is produced in developed countries 
(United Nations Environment Programme, 2020). This pandemic-generated waste 
must be handled properly, as it will act as vectors not only for SARS-CoV-2 trans-
mission and spread (Shammi et al., 2021) but will also contribute to the spread of 
other communicable diseases such as hepatitis, HIV, cholera, and typhoid (Singh 
et al., 2020). It is estimated that BMW-related diseases are responsible for killing 
5.2 million people, including 4 million children, worldwide (Rahman et al., 2020b). 
It is still not known precisely how long SARS-CoV-2 survives on various fomites 
(WHO & UNICEF, 2020), but it is stated that it can remain viable on various fomi-
tes for 2–9 days, depending on the surface, temperature, relative humidity, and viral 
strain, as well as in serum, stool, and respiratory samples, for 11–21  days, 
17–31 days, and 13–29 days, respectively (Behera, 2021). It is reported that when 
compared to aerosols, copper, and cardboard, the virus survives for a longer period 
of time (up to 72 h) on both stainless steel and plastic, and even for up to 96 h on 
glass surfaces (Islam et al., 2020a).

All the generated BMW during patient care, including those of COVID-19 
patients, are considered infectious (Behera, 2021), and for proper handling, the 
3Rs-based (reduce, reuse, and recycle) waste management hierarchy model must be 
followed to reduce waste generation and disposal in the first place and recover and 
recycle as many wastes as possible. This process starts from source segregation, 
storage, collection/transport, and treatment to the eventual disposal. The source seg-
regation uses a double-layered bag, leak-proof and puncture-resistant (for sharp 
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objects), color-coded and labeled bins, and separating reusable/recyclable items; 
on-site and off-site collection and transport of BMW must be done at regular times 
and routes, respectively, and utilize separate trollies for infectious/hazardous and 
general wastes and minimize contact with patients and other people; the storage site 
must be well-ventilated and secure to prevent human and animal pests access 
(United Nations Environment Programme, 2020). It is recommended that all trollies 
and transport vehicles be disinfected with 1% sodium hypochlorite, and the tempo-
rary storage of COVID-19 waste must not exceed 12 h (Behera, 2021). All BMW, 
especially COVID-19-generated waste, must be treated according to the local 
guidelines before their final disposal, and the most common ways for the treatment 
and dispose of these BMWs are chemical treatment, autoclaving, or incineration 
(Behera, 2021), with incineration being the most effective method (Peng et  al., 
2020). In China, to address this waste, an emergency incineration plant with a 
capacity of 30 tons/day was built, the national capacity for BMW management was 
also increased, and mobile incinerators were used to dispose the huge amount of 
BMW that accumulated during the lockdown and social distancing period (Singh 
et al., 2020). Even though incineration can be utilized for treatment and disposal, it 
produces toxic gases, such as furans and dioxins that increase the risk of developing 
cancer, diabetes, neurotoxicity, immunotoxicity, etc.; thus, many countries have 
used other alternative methods, including high-temperature pyrolysis and medium-
temperature microwave (especially for on-site treatment), that completely eliminate 
digoxin (Behera, 2021). In situations where the number of incinerators does not 
meet the pandemic-generated waste volume, the final disposal can be done in a 
designated standard small landfill pit or in engineered sanitary landfills built far 
from residential and public areas (Behera, 2021).

The bodies of deceased suspected or confirmed COVID-19 individuals must be 
placed in fabric or cloth and sent to the mortuary as soon as possible (Hossain, 
2020). However, before transferring them, all catheters and tubes must be removed, 
and their insertion sites must be disinfected with 1% hypochlorite, then sutured or 
covered with proper dressings; oral opening and nostrils must be packed com-
pletely; finally, the body must be put in a leak-proof plastic bag, and the outside 
must be disinfected using 1% hypochlorite and transported by a separate vehicle for 
cremation or burial (Behera, 2021).

In spite of all these rules and regulations, as a result of inadequate funding, short-
age of equipment, poor knowledge of the dangers of hazardous wastes, and lack of 
qualified personnel, many countries (e.g., Bangladesh, India, etc.) still do not man-
age BMW properly (Shammi et  al., 2021). According to reports, there are great 
disparities between rural and urban BMW handling, with rural regions lacking the 
practical knowledge of proper waste segregation and management. For instance, it 
is reported that in India, 82%, 60%, and 54% of primary, secondary, and tertiary 
healthcare institutes, respectively, do not own a proper BMW management facility 
(Shammi et al., 2021). Hence training healthcare staff and encouraging them to use 
PPE are recommended (United Nations Environment Programme, 2020). Table 6 
summarizes COVID-19-related BMW types, with their segregation, treatment, and 
final disposal.
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Table 6  COVID-19-related BMW types, segregation, treatment, and final disposal

BMW types Color coding
Pretreatment 
requirement Final disposal Reference

Items contaminated 
with blooda and body 
fluids (e.g., dressings, 
plaster casts, cotton 
swabs, etc.)

Yellow None Incinerationb Behera 
(2021)

Liquid wastes, 
including infected 
secretions, aspirated 
body fluids, 
laboratories, and 
housekeeping liquids

Yellow Separate collection Pretreat chemical liquid 
waste shall be pretreated 
prior to mixing with other 
wastewater

PPE made of fiber, 
such as face masks, 
gown, cap, etc.

Yellow None Incineration

Contaminated linen, 
mattresses, beddings 
with blood, or body 
fluids

Yellow None Disinfection with 
non- chlorinated 
chemicals, then 
incineration

Microbiology 
laboratory wastes, 
such as cultures, 
specimen, vaccine, 
petri dishes, blood 
bag, etc.

Yellow On-site sterilization 
in safe plastic bags 
and container using 
autoclave, 
non-chlorinated 
chemicals 
microwave, 
hydoclave

Incineration of pretreated 
wastes

Items such as 
catheters, tubes, 
bottles, urine bags, 
syringes (without 
needles), goggles, 
face shield, plastic 
apron, gloves, etc.

Red, non-
chlorinated 
plastic bags

None Autoclave and shred then 
recycle

Sharp objects, such 
as needles, cutter or 
burner, scalpels, etc.

Translucent 
white puncture 
and leak-proof, 
sharp boxes

None Autoclave or use dry heat 
sterilize and then 
followed by shredding or 
mutilation or 
encapsulation in metal 
container or cement 
concrete or sent for final 
disposal to iron foundries 
or sanitary landfill or 
designated concrete 
waste sharp pit

Contaminated glass 
(e.g., medicine vials 
and ampoulesc)

Blue puncture 
proof container

None Disinfect with 1% 
sodium hypochlorited and 
then recycle

Authors’ Own Table
Abbreviations: COVID-19 coronavirus disease 2019, BMW biomedical waste, PPE personal pro-
tective equipments
aExcept blood bags
bDeep burial method for rural or remote areas, where BMW management facilities do not exist
cExcept cytotoxic-contaminated wastes
dChlorine present in hypochlorite inactivates SARS-CoV-2 by denaturing its proteins
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�Artificial Intelligence and Other Technology Applications

Artificial intelligence (AI) techniques have the potential to be used for COVID-19 
diagnosis, treatment, vaccine discovery, prognosis, epidemiology, and awareness-
raising (Abd-Alrazaq et al., 2020) or reportedly even predicting pandemics before 
they erupt. The most common techniques are deep learning (DL) models (e.g., con-
volutional neural network [CNN], recurrent neural network [RNN]), machine learn-
ing (ML) models, and natural language processing (NLP)  (Abd-Alrazaq et  al., 
2020). Having extracted data from various sources (e.g., global traveler movement, 
online papers, local healthcare workers reports, climate, animal data, etc.), the 
Toronto-based company, BlueDot, utilizes AI, ML, big data, and NLP to predict and 
track communicable disease outbreaks and claims to have warned officials in the 
private sectors of the novel coronavirus days before its detection in China (Bowles, 
2020). CNN could be used as diagnostic and prognostic tools to detect and interpret 
changes seen in patients’ CXR and CT scans (Asraf et al., 2020). Furthermore, DL 
models (e.g., AlphaFold) can rapidly predict viral protein structures and help 
develop vaccines (Khemasuwan et al., 2020). Moreover, RNN and CNN algorithms 
are used in the laboratory for the rapid and accurate diagnosis of SARS-CoV-2 
(Poongodi et al., 2021), and a hybrid of CNN and RNN (called pretrained molecule 
transformer-drug target interactions [MT-DTI]) can identify and predict the effect 
of existing antiviral drugs on SARS-CoV-2 life cycle (Beck et  al., 2020). 
BenevolentAI was able to predict the potential efficacy of baricitinib, a drug used in 
rheumatoid arthritis patients, against COVID-19 (Zhou et  al., 2020b). ML com-
bined with bioinformatics and supercomputing can determine the Abs that are able 
to target RBD (Dey et  al., 2020). Moreover, to better protect the public and to 
develop future preventative measures, big data technology is used to collect a huge 
amount of information from COVID-19 patients (Haleem et al., 2020), pretrained 
DL is used to classify cases according to all CXR and CT findings, and computer 
vision can be used to interpret and detect these findings (Ulhaq et  al., 2020). 
Moreover, POCUS is an incredibly useful imaging option in remote locations since 
it is low in cost, can be connected to smartphones and tablets, and uses AI to assist 
in diagnosis (Yau et al., 2020).

Furthermore, IoT-based devices such as wearables, drones, robots, buttons, and 
smartphone applications are utilized for different purposes (Table  7) (Nasajpour 
et al., 2020). For example, Khan et al. (2020) reported that China and South Korea 
have successfully controlled the pandemic by using advanced technologies that 
reduced human interactions through various robots such as robot receptionists, doc-
tors, and nurses; sampling robots; surgical robots for biopsies; CXR and LUS 
robots; sanitizer-dispensing robots; self-driving cars to transfer patients and collect 
lab samples; disinfectant robots (outdoor spraying robots and indoor UV robots); 
medicine-dispensing robots; and telemedicine robots, among others. Automated 
technology such as the Internet of Things (IoT) devices was also used in Wuhan to 
better control and dispose BMW (Singh et al., 2020).
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Table 7  Some internet of things (IoT) technologies used during the coronavirus disease 2019 
(COVID-19) pandemic

IoT-based 
devices Examples Applications References

Wearables 1. Smart 
thermometers
2. Smart helmets
3. IoT-Q-Band
4. EasyBand and 
Proximity Trace

1. Detect fever
2. Detect fever, location, and face 
image
3. Track quarantine cases
4. Track social distancing (SD)

Nasajpour et al. 
(2020)

Drones 1. Thermal imaging 
drone
2. Disinfectant 
drone
3. Surveillance 
drone

1. Detect symptoms, check patients’ 
respiratory signs, collect swabs, 
deliver treatments, and so forth
2. Prevent medical staff fatigue
3. Prevent mental strain

Robots 1. Autonomous 
robots
2. Collaborative 
robots
3. Social robots

1. Detect symptoms, check patients’ 
respiratory signs, collect swabs, 
deliver treatments, and so forth
2. Prevent medical staff fatigue
3. Prevent mental strain

Smartphone 
applications

1. nCapp (China)
2. DetectaChem 
(USA)
3. Coalition (USA)

1. Keep data up to date, provide 
consulting, and follow up with 
patients
2. Provide low-cost tests
3. Conduct contact tracing

Authors’ Own Table

In order to inform public health officials, several IoT technologies, such as 
“Worldometer,” monitor COVID-19 prevalence, incidence, and outcomes across 
countries (Ting et al., 2020), and Johns Hopkins University’s Center for Systems 
Science and Engineering used all the data from the US CDC, WHO, the European 
CDC, the Chinese CDC, and China’s National Health Commission to create a real-
time tracking map that follows cases globally (Ting et al., 2020). Using the NLP 
algorithm, the Canadian Stallion company built Chatbots, a virtual healthcare assis-
tant, to provide SARS-CoV-2-related information, answer any questions regarding 
coronavirus, monitor symptoms of infected cases, and give them appropriate recom-
mendations whether they must take rest at home or visit hospitals for screening 
(Poongodi et al., 2021). Moreover, in order to monitor people’s maintenance of the 
6-feet social distancing rule, Andrew Ng’s startup Landing AI developed a detector 
that transfers the result to a video screen in red and green color modes, indicating 
inadequate and adequate social distancing, respectively (Poongodi et  al., 2021) 
Furthermore, once a likely infected person has been detected, Google Location 
History (GLH) can follow individuals’ movements and identify the places they have 
visited (Mohammed et al., 2020).
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�Research, Education, and Clinical Lessons Learned

The pandemic has had a dramatic long-term impact on scientific research, either by 
curtailing or closing in-progress clinical research or by redirecting it toward 
COVID-19 (Weiner et al., 2020). Almost a year into the pandemic, more than 64,000 
related papers have been published (Fang et al., 2020), some without undergoing 
peer review (Weiner et al., 2020). More than 4500 COVID-19-related papers have 
been submitted to The Journal of Clinical Infectious Diseases, more than the usual 
number of yearly submissions, and browsing this tsunami of literature is very chal-
lenging for researchers and clinicians (Fang et al., 2020). In addition, the COVID-19 
pandemic has drawn more attention to the already existing academic gender inequal-
ity by disproportionately impacting females more than males in regards to academic 
research productivity. For example, in the USA, since the implementation of the 
lockdown, women have approximately written 14% fewer social science research 
papers than men, and this decrease in research productivity was observed in many 
other countries, including Japan, China, Australia, Italy, the Netherlands, 
Switzerland, and the UK (Cui et al., 2020). This is attributed to the more and more 
countries having implemented social distancing and lockdowns of restaurants, 
schools, and daycares, resulting in a higher number of females, including women 
researchers have to unequally perform the majority of childcare and household 
works, which has been the case even for those gender-egalitarian northern European 
countries (Cui et al., 2020). Similarly, the pandemic lockdown has further increased 
the gap in academic gender inequality by preventing women from contributing less 
to COVID-19-related research papers, with women making up only 34%, 29%, and 
26% of all authors, first authors, last authors, respectively (Pinho-Gomes et  al., 
2020). The percentage of women authors for 2020 pandemic-related studies has 
decreased by 16% relative to the percentage of women authors for all 37,531 papers 
published in 13 US medical journals in 2019; women have also registered fewer 
clinical trials and research projects in March–April 2020, compared to the same 
month in the previous year (Viglione, 2020).

The pandemic has also affected clinical trials. Weiner et al. (2020) reported the 
majority of ongoing and recruitment stage trials were either paused or switched to 
home administration, which highly impacted patients and researchers. Due to the 
rush to find an effective treatment for COVID-19, thousands of trials and studies 
have been published that contain misinformation and that do not meet clinical trial 
or FDA standards, endangering lives and causing resources to be diverted from 
more promising therapeutic agents (Weiner et al., 2020). Hopefully, the pandemic 
will lead to the emergence of better research models and sustained research infra-
structure for public health emergencies and disasters (Weiner et al., 2020). The out-
break has also drawn attention to the shortage of critical care resources in low- and 
middle-income countries and to the need for preparation, education of healthcare 
staff, and modification of medical guidelines to better match and manage the needs 
of the local populations (The Lancet Respiratory Medicine, 2020).
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The most important clinical lesson learned is the inaccuracy of the conventional 
airborne-droplet classification, as previously mentioned (Fang et  al., 2020). The 
successful control of the pandemic in China, South Korea, Taiwan, and Vietnam due 
to aggressive and early action is also a valuable clinical lesson (Triggle et al., 2020), 
as is the value of increasing test availability in order to identify patients in the early 
stages of the disease since patients are contagious 1–2 days before becoming symp-
tomatic (Fang et al., 2020). Further, the use of telemedicine for healthcare delivery 
and artificial intelligence for clinical decision-making could be beneficial 
(Gunasekeran et al., 2021), with the potential of expansion for future use (Kichloo 
et al., 2020). It is also worth mentioning other clinical lessons learned, such as IFN’s 
important role in the early phase of infection, remdesivir’s effect of shortening 
symptom duration, the usefulness of corticosteroids in critical cases on mechanical 
ventilation, and HCQ’s ineffectiveness (Fang et al., 2020). Moreover, the failure of 
many RCTs is likely due to the inappropriate timing of the administration of phar-
maceutical agents. For example, the best time to administer prophylactic agents, 
active immunization (vaccines), or passive immunization (mAbs) is during the pre-
exposure period (Griffin et al., 2021). Similarly, IFN-I therapy is beneficial in the 
preinfection or early infection period, while it is not effective or detrimental if 
administered at the late disease stage (Sa Ribero et al., 2020).

Following the COVID-19 pandemic, which has left governments and public 
health agencies in a state of shock and confusion, a call has been made for the adop-
tion of “One Health” (OH) approaches in order to address the failure to predict and 
prevent the emergence of COVID-19 (de Garine-Wichatitsky et  al., 2020). The 
WHO defines OH as “an approach to designing and implementing programs, poli-
cies, legislation and research in which multiple sectors communicate and work 
together to achieve better public health outcomes” (WHO, 2017). Adopted more 
than a decade ago and with the goal of creating a more widespread societal respon-
sibility for human and environmental health (de Garine-Wichatitsky et al., 2020), 
OH approach acknowledges that the health of people, animals, and the environment 
are all intertwined and interdependent (Ruckert et al., 2020). This implies that those 
form a variety of sectors (e.g., human, animal, and plant health, as well as the envi-
ronment) must collaborate to develop a response infrastructure that places an 
emphasis on information sharing and action coordination among various sectors 
(Ruckert et al., 2020). Solis and Nunn (2021) have coined the term OH disparities 
to argue that social environment is equally important to OH and may aid in illumi-
nating disparities in the COVID-19 pandemic, such as viral origin, transmission, 
exposure, and interindividual susceptibility. Health disparities, according to The 
National Institute of Minority Health and Health Disparities, are the preventable 
diseases that emerge as a result of underlying systemic social issues, such as com-
bination of lower SES, unemployment, education level, and social systemic racism 
(Solis & Nunn, 2021).

The term “spillover” refers to the transmission of a pathogen from nonhuman 
animals to human host, while the word “pillback” is commonly used to describe the 
transfer from humans to animals (Solis & Nunn, 2021). Therefore, identifying 
which animals may serve as new reservoirs is essential in the public health setting, 
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while determining which human hosts will have the greatest interaction with those 
animals and become infected is necessary in the context of One Health Disparities 
(Solis & Nunn, 2021). For instance, the agricultural sector would be particularly 
vulnerable if SARS-CoV-2 were to establish itself in farm animals, leading to an 
increased demand for animal vaccinations and greater strain on financial and scien-
tific resources, as well as the potential of emerging a new viral variant that would 
evade such vaccines (Solis & Nunn, 2021). In order for an animal species to be an 
effective reservoir host, SARS-CoV-2 must initially be transferred from humans to 
the specific species and further get established in the species population through 
intraspecies spread and eventually be reintroduced to humans (Sharun et al., 2021). 
Thus, it is reasonable to hypothesize about the potential presence of animal host 
reservoir, which as a result necessitates animal surveillance to monitor viral fre-
quency in animal populations and the risk of spillover into human populations 
(Sharun et al., 2021).

Moreover, geographic information systems (GIS) and methods are increas-
ingly being regarded by health professionals as important tools in monitoring and 
controlling infectious diseases, especially when a disease spread so rapidly; it is 
essential for knowledge and information to disseminate at an even faster pace 
(Kamel Boulos & Geraghty, 2020).  In such circumstances, several SARS-
CoV-2  map-based dashboards (e.g., WHO dashboard and Johns Hopkins 
University’s Center for Systems Science and Engineering (JHU CSSE) dash-
board) become an essential tools in making information easily available, enhanc-
ing data transparency, while also assisting health official in the dissemination of 
information (Kamel Boulos & Geraghty, 2020). Developed by an epidemiologist 
(Lauren Gardner), JHU CSSE dashboard presents an interactive map that displays 
the number of confirmed cases, deaths, and recoveries, while graphs offer a visual 
representation of the progression of the virus over time; however, it lacks com-
plete retrospective data visualization (Kamel Boulos & Geraghty, 2020). It relies 
on five reliable data sources, including WHO, the US-CDC, National Health 
Commission of the People’s Republic of China, European Centre for Disease 
Prevention and Control, and the Chinese online medical resource DXY.cn (Kamel 
Boulos & Geraghty, 2020). Moreover, the WHO dashboard only showed labora-
tory-confirmed cases, the JHU CSSE dashboard included cases that were diag-
nosed based on a combination of symptoms and chest imaging, resulting in 
approximately 18,000 additional reports. However, as of February 19, 2020, both 
dashboards display similar total case counts, and their numbers are consistent 
(Kamel Boulos & Geraghty, 2020). Even with GIS technology, it is difficult to 
track the pandemic, and according to Lauren Gardner, “it is especially challenging 
to collect good data at a fine spatial resolution, which is what most people want to 
know, and without having travel data in real-time that captures these altered 
mobility patterns, it is hard to assess what the geographic risk profile will look 
like moving forward” (Kamel Boulos & Geraghty, 2020).
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�Discussion and Conclusion

This chapter reviewed some of the most recent literature (from 2019 to 2021) on 
SARS-CoV-2 and the COVID-19 and various medical aspects of the virus and dis-
ease itself. There are still enormous unknown issues that are yet to be elucidated, 
and it would be difficult to reach a conclusion regarding SARS-CoV-2 evolutionary 
origin since the related viruses in bats are still poorly analyzed. The finding that 
pangolin SARS-CoV-2-related viruses and SARS-CoV-2 have nearly identical 
S-RBD does not make pangolin a definite intermediate host (Han, 2020). There are 
still several possible pathways for SARS-CoV-2 interspecies transmission, and 
hence future studies are warranted in order to find the exact origin (Ye et al., 2020). 
Moreover, it will not be known where and under what circumstances the recombina-
tion occurred that resulted in the emergence of SARS-CoV-2. Did the recombina-
tion take place between wild viral strains of bats, pangolins, or another species? Did 
it adapt to humans in a farm or laboratory animals and accidentally escaped from 
these places? Or was it the result of an intentional bioterrorism act of the viral 
genome modification by molecular engineering (Sallard et al., 2021)? In order to 
prevent other future outbreaks, regardless of the origin, it is essential to know how 
the virus breached the species boundary and acquired high transmissibility from 
human to human (Sallard et al., 2021). On the other hand, relying on R0 to measure 
transmissibility is not reliable, as the value of R0 and the transmission rate of the 
virus vary among various cohorts (e.g., low vs. high SES or refugees vs. non-
refugees); hence, it is still challenging to measure SARS-CoV-2 transmissibility 
using R0 (Shaw & Kennedy, 2021). However, it has been reported that the reliability 
of R0 will increase as more information become available about this novel virus 
(Liu, Gayle, et al., 2020).

Moreover, the immune cells response to SARS-CoV-2 infections is still not well 
understood. Several studies attribute COVID-19 to the overactivity of the immune 
response, while others believe the T-cell dysfunction and exhaustion are responsible 
(Mathew et al., 2020). The underlying mechanisms behind the defective and dichot-
omous humoral and cellular responses in asymptomatic/mild or moderate/severe 
cases (Gao et al., 2021a), or the three different identified phenotypes among criti-
cally ill patients, remain unknown. As a result, various responses to pharmacothera-
pies, such as anti-inflammatory or immunomodulatory medications, are expected 
among different COVID-19 immunophenotypes (Dupont et al., 2020). The emerg-
ing mutations and variants of SARS-CoV-2 that allow the virus to evade host 
defense mechanisms, vaccines, or neutralizing Abs are the ones that raise public 
health concerns (Callaway, 2020). Thus, it is critical to understand SARS-CoV-2 
genomic variants to better understand the pathogenesis and disease progression, 
implementation of therapeutic and preventative measures, and vaccine or drug 
developments (Laamarti et al., 2020).

Furthermore, Jaber et  al. (2021) performed a study among 3167 participants 
from Jordan and Iraq to determine their level of knowledge and perception of 
COVID-19. They have reported that in both populations, the most common sources 
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to obtain pandemic-related information in decreasing order were doctors/healthcare 
professionals, social media, and newspapers. On the other hand, citizens of Australia 
and other European countries (e.g., Italy, Germany, and the Netherlands) have used 
traditional media, including the television, to obtain such information, which might 
be due to the differences in the way their government officials reported pandemic 
news (Jaber et al., 2021). Moreover, their study explained that social media, which 
is flooded with misleading and inaccurate information, may explain why only 80% 
of the participants were aware of the already-established droplet route of transmis-
sion of SARS-CoV-2. Furthermore, those who are not aware of the route of trans-
mission are less likely to adhere to the recommended preventative measures, which 
highlight the significance of healthcare authorities and other sectors using such plat-
forms to raise public awareness to prevent the spread of the virus (Jaber et al., 2021).

In addition, in regards to the implemented preventative measures by govern-
ments, it should be noted that social distancing alone is not a “magic bullet,” and 
other factors, such as environmental setting, air ventilation, time spent indoors with 
others, viral loads, face mask use, and host factors play a role (Qureshi et al., 2020). 
Moreover, more stringent preventative measures by public health officials are war-
ranted to reduce transmission of the VOCs and control the pandemic (Grubaugh 
et al., 2021). Furthermore, identifying the factors that contribute to the health dis-
parities among various populations will enable the government, policymakers, and 
public health officials to distribute resources more effectively in order to achieve 
more equal health outcomes (Solis & Nunn, 2021). Additionally, modern-GIS tech-
nologies such as map-based dashboards have played a significant role in increasing 
awareness, as well as facilitating the surveillance, preparedness, and response to the 
COVID-19 outbreak (Kamel Boulos & Geraghty, 2020). Given the fact that viruses 
such as SARS-CoV-2 have little regard for national or continental borders, and the 
likelihood of similar pandemics occurring more frequently in the future, (i.e., it is 
not a matter of if  but when and where the next outbreak will happen), it is important 
to consider the potential benefits of a such comprehensive GIS platforms in support-
ing the surveillance, preparedness, and response of another future outbreak (Kamel 
Boulos & Geraghty, 2020). 

In addition, even though the use of technologies, such as AI, is fast compared to 
the conventional methods (e.g., an almost 30-min diagnosis with RT-PCR vs. few 
seconds with AI-inspected CT) (Abd-Alrazaq et al., 2020), choosing the appropriate 
technique to get the most accurate results could be challenging (Albahri et  al., 
2020). Additionally, even if accurate results are achieved, AI by itself is not the only 
solution to the pandemic; nevertheless, in the absence of AI, we will not be able to 
handle the next pandemic efficiently, and thus, in the future, AI-driven automation 
will play an important role (Poongodi et al., 2021). The COVID-19 pandemic has 
also resulted in unemployment and loss of medical insurance, further exacerbating 
the already complicated healthcare system. Thus more efficient health insurance 
policies are required to cover everyone, especially the underprivileged individuals 
of lower SES. Furthermore, the pandemic has resulted in an exponential increase in 
the amount of BMWs produced. For this reason, in order to better control future 
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pandemics and decrease further spread of the virus, there is an urgent need to 
increase the capacity for BMW treatment and disposal facilities; to identify short-
comings in rural and urban places; to supply adequate equipment (e.g., bins, bags, 
transportation trollies, PPEs); and to train all the healthcare professionals involved 
in COVID-19-related issues (United Nations Environment Programme, 2020).

In conclusion, there are still a plethora of unanswered questions and concerns 
that must be addressed in regards to SARS-CoV-2 and COVID-19. More research is 
required to elucidate and fully understand the origin and pathogenesis of SARS-
CoV-2, the types of immunologic response, risk factors, interindividual variabilities 
in clinical findings, and most promising treatments for each specific case, and the 
duration of vaccine-induced immunity. Finally, what could have been done differ-
ently, and more effectively in the first place, and when the pandemic will resolve we 
will return to the pre-pandemic state, are all crucial issues to consider.
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