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Abstract: The pandemic of coronavirus disease-19 (COVID-19) was a worldwide health crisis affecting many more
people than 221 countries causing life-threatening complications and indirectly affecting even more individuals through
disruption of daily living. COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which is a member of beta-coronavirus having RNA as a genetic material sharing 79% similarity with the bat SARS-
CoV genome. The SARS-CoV-2 enters the host cells by binding specifically to the angiotensin-converting enzyme-2
(ACE-2) which is expressed on the surface of epithelial cells in the respiratory tract, intestine, kidneys, and others
causing severe acute respiratory failure and other complications. In addition to respiratory symptoms, uncontrolled
SARS-CoV-2 infection can induce a cytokine storm, whereby pro-inflammatory cytokines and chemokines such as
IL-6, TNF-a, and IL-1f are increased, which in turn leads to multiorgan damage. Herein, we described the history
and classification of coronaviruses, geographical distribution of COVID-19, SARS-CoV-2 structure and genomic
organization, life cycle, immunopathological responses, symptoms, and finally pulmonary and extra-pulmonary
complications of SARS-CoV-2 infection.

Keywords: SARS-CoV2 infection, COVID-19, life cycle, immunological responses, COVID-19 complications

1. Introduction

Human beings are under constant attack from invading microbes including viruses which are submicroscopic
contagious agents that replicates only within the cells of living organisms and are fully dependent on the host cells’
translational machinery to synthesize their polypeptides that are substantial for the replication of virus; therefore the
host responses to invading viruses determine the outcome of these infections [1].

World Health Organization (WHO) China Country Office was informed on December 31, 2019, that there are
several cases of pneumonia of obscure causes appeared in Wuhan, Hubei Province, China, and then, on January 9, 2020,
China Center for Disease Control and Prevention declared that the reasonable factor was a new coronavirus identified
as 2019-nCoV (i.e., 2019 Novel Coronavirus), which is phylogenetically similar to SARS-CoV and within few months
the virus spread rapidly around the world [2]. Therefore, WHO reported on March 11th, 2020, that the new official
name for the epidemic disease caused by 2019-nCoV was coronavirus disease or COVID-19 and the International
Committee on Taxonomy of Viruses renamed 2019-nCoV as severe acute respiratory syndrome coronavirus-2 (SARS-
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CoV-2) [3-4]. On July 01, 2023, there were 690,956,914 cases and about 6,895,913 deaths were reported in about
222 countries [5]. The SARS-CoV-2 outbreak is a major global challenge, causing a serious healthcare crisis even in
regions with developed healthcare systems therefore scientists from different disciplines are working hard to assess the
situation and control this crisis [6]. The clinical manifestations of severe COVID-19 patients are hypoxia and dyspnea
with fast deterioration to acute respiratory distress syndrome (ARDS) [7], acute renal failure [8], hypercoagulability
and coagulopathy [9], cardiovascular complications [10], and others. Therefore; this narrative review will focus on the
history and classification of coronaviruses, COVID-19 geographical distribution, SARS-CoV-2 structure and genomic
organization, life cycle, immunopathological responses, symptoms, and finally pulmonary and extra-pulmonary
complications of SARS-CoV-2 infection.

1.1 History and classification

Coronaviruses are a large family of viruses which can infect avian and mammalian species, including humans. The
first coronavirus to be discovered was the avian infectious bronchitis virus (IBV) identified by Schalk and Hawn [11] in
1931. The first human coronaviruses were identified in 1966 by Tyrell and Bynoe as positive single-stranded, enveloped
RNA (+ve ssRNA) viruses with a genomic size of 26-32 kb, which can infect both humans and mammals [12]; then
Tyrell et al. in 1968 coined the name “coronavirus” which is derived from the “corona”-like (crown-like) morphology
characterized for these viruses under the electron microscope [13].

Coronaviruses belong to Nidovirales order and Coronaviridae family. In June 2005, the Coronaviridae family was
divided into two subfamilies, Coronavirinaea and Torovirinae [14]. Then; Coronavirinaea was further subdivided based
on serology and phylogenetic clustering into different four genera, Alpha (a)-coronavirus, Beta (B)-coronavirus, Gamma
(v)-coronavirus and, Delta(d)-coronavirus [15]; as depicted in Figure 1.

Family Arteriviridae Coronaviridae Mesoniviridae Roniviridae

Sub- Coronavirinaea Torovirinae
family

Genus

Beta- Gamma- Delta-
coronaviruses coronaviruses coronaviruses

Alpha-
coronaviruses
Coronaviruses HCoVs-0OC43
known to HCoVs NL63 HCoVs HKU1
infect humans HCoVs 229E SARS-Co-V

MERS Co-V

Figure 1. Taxonomy of Coronaviruses
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Alpha- and Beta-coronaviruses mostly infect humans and mammal [16] and Beta-coronaviruses are the most
fatal one, in particular, including till now three pandemic viruses which are SARS-CoV, MERS-CoV [17-18], and
finally SARS-CoV-2. While Gamma-coronavirus, and Delta-coronavirus mostly infect birds and fish [19].To date, only
seven human coronaviruses were identified; two alpha-coronaviruses HCoVs-NL63 and HCoVs-229E and five beta-
coronaviruses HCoVs-OC43, HCoVs-HKU1, SARS-CoV, MERS-CoV and finally SARS-CoV-2 [20].

Till now; there are three human coronaviruses are reported in the WHO Blueprint list due to their potential to cause
epidemic diseases and the absence of effective therapies:

(1) In November 2002, in Guangdong, China; Severe Acute respiratory syndrome coronavirus (SARS-CoV) was
first recognized in humans and then worldwide spread to 29 countries, resulting in 8098 confirmed cases and 774 deaths
with a mortality rate of 9.6%. In July 2003, the SARS epidemic ended and there is no new cases of SARS have been
identified since 2004 [21].

(2) In 2012, in Saudi Arabia; the Middle East respiratory syndrome coronavirus (MERS-CoV) was first identified
and continues to cause human disease with sporadic community cluster outbreaks in the Middle East. On Feb 29, 2020,
there were 2,494 confirmed cases and 858 deaths with a mortality rate of 34.4% identified in 27 countries, the majority
of which were reported by Saudi Arabia (2,106 cases, 780 deaths) [22].

(3) In December 2019, SARS-CoV-2 which was first discovered in China and then spread rapidly worldwide,
causing till April 2021, more than 138,519,964 cases and about 2,477,373 deaths were reported in about 222 countries,
with a mortality rate of 2-5%. The transmission and spread of SARS-CoV-2 did not follow the pattern of other
respiratory viruses and in spite of its lower mortality rate that has been estimated until now, the higher ability of
transmission of SARS-CoV-2 over SARS-CoV and MERS-CoV is a determinant factor of its pathogenic danger.

1.2 Geographical distribution of COVID-19
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Figure 2. Daily new cases of SARS-CoV-2 infection from the beginning till June 2023, the highest number was 3,840,352 on Jan. 20, 2022

As mentioned before and according to worldomerter’s reports [5], till July 01, 2023, a total number of 690,956,914
cases of SARS-CoV-2 infection have been confirmed worldwide, with a total of 6,895,913 deaths. As shown in Figure 2,
the highest number of SARS-CoV-2 infection cases was 3,840,352 on Jan. 20, 2022. The top 10 countries in worldwide
with the highest burden of SARS-CoV-2 infection were the United States of America (USA), India, France, Germany,
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Brazil, Japan, S. Korea, Italy, United Kingdom (UK) and Russia; while for Africa, South Africa was ranked as the first
country then, Morocco, Tunisia, Egypt, Libya, Ethiopia, Réunion, Zambia, Kenya, and Botswana; as depicted in Table

(1A).

Table 1. The top 10 countries worldwide and Africa affected by SARS-CoV-2 infection till January 01, 2022

Worldwide Africa
Country No. of cases Country No. of cases
A. According to the total number of confirmed cases of SARS-CoV-2 infection
USA 107,312,026 South Africa 4,076,463
India 44,994,228 Morocco 1,275,136
France 40,138,560 Tunisia 1,153,361
Germany 38,428,685 Egypt 516,023
Brazil 37,671,420 Libya 507,266
Japan 33,803,572 Ethiopia 500,920
S. Korea 32,131,606 Réunion 486,588
Italy 25,897,801 Zambia 347,022
UK 24,618,436 Kenya 343,537
Russia 22,959,198 Botswana 330,008
B. According to the total number of deaths of SARS-CoV-2 infection
USA 1,168,149 South Africa 102,595
Brazil 703,964 Tunisia 29,423
India 531,906 Egypt 24,613
Russia 399,563 Morocco 16,297
Mexico 334,336 Ethiopia 7,574
UK 226,278 Algeria 6,881
Peru 220,695 Libya 6,437
Italy 190,868 Zimbabwe 5,707
Germany 174,352 Kenya 5,689
France 167,642 Sudan 5,046
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The top 10 countries in worldwide with the highest fatality of SARS-CoV-2 infection were the USA, Brazil, India,
Russia, Mexico, UK, Peru, Italy, Germany, and France; while in Africa, South Africa then Tunisia, Egypt, Morocco,
Ethiopia, Algeria, Libya, Zimbabwe, Kenya and Sudan; as depicted in Table (1B).

1.3 SARS-CoV-2 structure and genomic organization

By using the electron microscope; it was found that SARS-CoV-2 is an enveloped virus of particle size 70-140 nm
and its long RNA genome is tightly packed into the center of the particle, and surrounded by a protective nucleocapsid
(N). SARS-CoV-2 core particle is further surrounded by an outer membrane envelope derived from the cells in which
the virus is last assembled but is modified to contain specific viral proteins, including the spike (S), membrane (M), and
envelope (E) proteins [23]; as shown in Figure 3(a).

Coronavirus Structure

Non-structural proteins | Struetural proteins }-3'

Spike (S)

Nucleocapsid (N)

Membrane (M)

Envelope (E)
Furin
cleavage

RNA viral genome site

(a) (b)

Figure 3. SARS-CoV-2 structure and genomic organization. (a): Structure of SARS-CoV-2, (b): SARS-CoV-2 genomic organization

Coronaviruses are enveloped and non-segmented positive single strand (+ss) RNA viruses of 50-200 nm diameter
and ~ 30 kb genome, which is the biggest reported viral RNA genome till now. SARS-CoV-2 is tightly rooted from the
B-lineage of bat coronaviruses, as revealed by the phylogenetic analysis which found that SARS-CoV-2 whole genome
shares 79% genetic similarity with that of SARS-CoV and is 98% identical to the bat coronavirus BatCoV-RaTG13 [24].

The characterization of the SARS-CoV-2 entire genome has been achieved by using an RNA-based low-
input metagenomic next-generation sequencing (mNGS) approach and the results revealed that 29,903 nucleotides
positive-strand RNA genome of the SARS-CoV-2 encodes ~30 known and candidate mature proteins [25]. Like other
coronaviruses, the SARS-CoV-2 genome is a positive single-strand (+ss) RNA of a 5’-cap and a 3’-poly-A tail and
therefore can act as a mature mRNA, permitting its translation directly from the host translation machinery [26].

As shown in Figure 3b; the genetic material of SARS-CoV-2 is a polycistronic mRNA with 5’-cap and 3’-poly-A
tail, 5’-end of SARS-CoV-2 presents a frameshift between two open reading frames (Orfs), Orfla and Orflb, allowing
the synthesis of two different polypeptides (ppla and pplab) which are further proteolytically break down into 16 non-
structural proteins (nsp1-11 and nsp12-nsp16). Non-structural proteins are supposed to be involved in the virus infection
cycle [27]. The 3’-end contains the sequence necessary for the production of the structural proteins, which are spike
glycoprotein (S), envelope protein (E), membrane protein (M) and nucleocapsid protein (N) [28]. The 3’-end also
encodes nine accessory proteins; which are Orf3a, Orf3b, Orf6, Orf7a, Orf7b, Orf8, Orf9b, Orf9¢ and Orf10; which are
believed to play important roles in host interaction and virulence [29]. It was noted that the SARS-CoV-2 genome lacks
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the hemagglutinin-esterase (HE) gene, which is characteristic of Betacoronaviruses lineage A [30]. Functions of the
non-structural proteins and accessory proteins in the pathogenesis were summarized in Table (2).

Table 2. Functions of SARS-CoV-2 non-structural proteins and accessory proteins in the pathogenesis

Protein

Functions

Reference

nspl

nsp2

nsp3

nsp4

nsp5

nspé

nsp7

nsp8

nsp9

nspl0

nspll

nspl2

nspl3

nspl4

nspl5

nspl6

A. Non-structural proteins (nsps)

* Small protein (179 amino acids), is the first to be produced by the virus and plays an important role in suppressing the
host cell immune response, thereby allowing the SARS coronavirus to infect and replicate freely.

* Also, it blocks host cell translation by binding to the ribosome’s 40S subunit, thereby inactivating their translation
functions and promoting cellular mRNA degradation.

* Binds with two host proteins, prohibitinl and 2 (PHB1 & PHB2), which interact with various transcription factors
modulating transcriptional activity.

« The biggest encoded viral protein (1,945 amino acids).

« Contains two transmembrane regions, TM1 and TM2, along with eight domains: Ubll and Ubl2, Glu-rich, PL2pro, nsp3
ectodomain (3Ecto), macrodomain (X), CoV-Y and Y1 domains.

* Responsible for cleaving nspl, nsp2 and itself from polyproteins.

« Interacts with other nsps and the RNA, modifies the host proteins such as RCHY 1, and therefore supports viral survival.

« Blocks the host’s innate immune response by de-ubiquitination.

« It is a transmembrane scaffold protein, important for the proper structure of double-membrane vesicles (DMVs).

* The main viral protease, also known as 3CLpro or Mpro, cleaves viral polyproteins ppla and pp1b at 11 sites.
* Inhibits IFN induction.

« Induces the formation of endoplasmic reticulum (ER)-derived autophagosomes and therefore removes the host proteins
involved in viral replication inhibition.
* Induces double-membrane vesicles

* Forms complex with nsp8 and nsp12 to produce the RNA polymerase activity.

* Makes heterodimer with nsp7 and 12 to produce the RNA polymerase activity.

« It is a ssDNA/RNA-binding protein.
* May bind to helicase and therefore, favors efficient viral growth and replication.

« Interacts with nsp14 and nsp16 and forms nsp10-nsp14 and nsp10-nsp16 complexes, thereby stimulates their ExoN and
RNA Cap 2-O-methyltransferase activities;
« Contributes to viral replication fidelity

« Consists of 13 amino acids identical to the first segment of nsp12.
« Its function is still unknown.

* RNA-dependent RNA polymerase (RdRp) binds to its essential cofactors, nsp7 and nsp8 to assemble the RNA-synthesis
complex

* RNA helicase.
« Also involved in the mediation of RNA 5’-triphosphatase activity, thereby suggesting its involvement in capping viral
RNAs.

« Bifunctional protein having exoribonuclease activity in the N-terminal domain, and N7 methyltransferase activity in the
C-terminal domain.

« It is proposed to be involved in proofreading, repair and recombination of the coronavirus genome.

« Interferes with IFN-induced antiviral activity.

« It is a Mn2'-dependent viral endoribonuclease.
* Evades RNA sensing.

* Forms nsp10/nsp16 complex and is responsible for executing 2’-O-methyltransferase activity.

« Shields viral RNA by forming a protective cap that prevents recognition by either MDAS or IFIT proteins. This capping
process permits viral infection with reduced host recognition and, consequently, robust viral replication in the absence of
the host cell’s innate immune response.

[31-32]

[33]

[34-35]

[36]

[37]

[38-39]

[40]

[40]

[41]

[42]

[43]

[44]

[45-46]

[47]

[48-49]
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Table 2. (cont.)

Protein Functions Reference

B. Accessory proteins

« Located in between the S and E genes, and is the largest accessory protein of SARS-CoV-2, consisting of 274 amino
acids.
ORF3a e Possessing three transmembrane domains, forms dimer and its six transmembrane helices together create ion channels [50]
on the host cell membrane, which is highly conducive for Ca*/K" cations compared to Na' ion.
« Involved in virus release, apoptosis and pathogenesis.

ORF3b - Inhibits the synthesis of type 1 IFNs (IFN-alpha/beta), which are the major components of the innate immune response. [51-52]

« Is a 61-amino acids long membrane-associated protein.
ORF6 < Is present in the ER and Golgi compartments in virus-infected cells. [53]
« Suppresses the induction of type 1 IFN and IFN signaling pathways

« Is a 122-amino acids type-I transmembrane protein.
« It contains a 15 amino acids signal peptide sequence, an 81 amino acids luminal domain, 21 amino acids transmembrane

ORF7a domain and a short C-terminal tail. [54]
* Induces apoptosis and immune response by activating NF-xB and the IL-8 promoter.
« Is a 44-amino acids integral membrane protein expressed in SARS-CoV-infected cells wherein it remains localized in
ORF7b . [55]
the Golgi compartment.
* Consists of 121 amino acids, the 1-17 residues comprise the N-terminal signal sequence, which is essential for transport
ER.
ORFs ' [56]

« Interacts with major histocompatibility complex-1 (MHC-I), thereby mediating their degradation in cell culture, and
therefore may help in immune evasion.

ORF9a Consists of 97 amino acids. (57]
« Tends to associate with the adaptor protein, TOM70, and thereby suppresses IFN-I to mediate antiviral response.

ORF10 e Located downstream of the N gene and has been detected in infected cells. [58]

« It is made up of 73 amino acids and is synthesized by leaky scanning of the N gene.

ORFl4 Its function is not clearly understood.

[59]

1.4 Life cycle of SARS-CoV-2

The life cycle of SARS-CoV-2 inside the host cell comprises six stages, as represented in Figure 4.

1.4.1 Virus entry

Among SARS-CoV-2 structural proteins, the spike (S) protein-glycoprotein and spike-like protrusions present
on the coronavirus’s transmembrane-has necessary roles in the attachment and entry of the virus and subsequently
COVID-19 pathogenesis [60-61]. The viral life cycle initiates when the receptor-binding domain (RBD) at the N
terminus of the S1 subunit of S protein binds to angiotensin-converting enzyme 2 (ACE2) which is expressed on the
surface of epithelial cells in the respiratory tract, intestine, kidneys and others [62]. The RBD in S1 is the most variable
part of the coronavirus genome; in SARSCoV-2, there are five crucial amino acids-L455, F486, Q493, S494, N501,
and Y505- which give high affinity to the RBD towards the extracellular domain of human ACE2, causing the natural
selection to human host or other mammals having human-like ACE2 [24].

The S protein of SARS-CoV-2 has two characteristic features that are absent in SARS-CoV: Firstly it has a high
affinity to bind human ACE2 receptor, which seems to be linked to the increased transmissibility of SARS-CoV-2 and
subsequently COVID-19 severity. Second, at the boundary between the S1 and S2 subunits, it contains an insertion of
four amino acids, which introduces a new furin cleavage site, which is likely to help in the processing of S protein at the
S1 and S2 subunit boundary by ubiquitously expressed furin-like proteases for preliminary activation [63].

After binding, the S protein is proteolytically broken down at the boundary between the S1 and S2 subunits by
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transmembrane protease serine 2 (TMPRSS2) which is present close to ACE2 in a process known as S protein priming;
and thereafter increasing the membrane fusion with the host cell and subsequently the release of the viral genome into
the host cells [64]. Other proteases such as factor Xa, trypsin and plasmin may also participate in this process [65].

Also; SARS-CoV-2 can enter the host cell by endocytosis. In this process; the S protein is activated in endosomes
by the action of furin and cathepsin B/L (CatB/L) in endo-lysosomes [62], which finally triggers the fusion of viral
envelope with the host cell membrane and then the release of viral RNA. It seems that the endosomal entry pathway
might be the dominant coronavirus entry pathway in the infection of cells cultured in vitro, but its importance for
infection in vivo remains unclear [66].

Coronavirus @ @ Binding and viral entry

ACE-2
Receptor

Cytoplasm

/ @ Release of viral genome

WA genome Virus inside
/ golgi vesicle

@ Repllcgtlon of viral
genomic RNA @ Assembly of viral parti

@ Transcription of viral RNA M;
Viral genome % Nucleocapsid

@ Translation of viral protelns using host N in eviopl
>/ machinery in cytoplasm
i

S, M, and E at
ER membrane M

Binding and viral entry

Endoplasmic
reticulum (ER)

m————

Figure 4. The Life cycle of SARS-CoV-2 in host cells. Firstly, SARS-CoV-2 enters target cells through an endosomal pathway, as viral S protein
binds to the cellular receptor angiotensin-converting enzyme 2 (ACE2), and the ACE2-virus complex is then translocated to endosomes, where S
protein is cleaved by transmembrane protease serine 2 (TMPRSS2) or the endosomal acid proteases (cathepsin L) to activate its fusion activity.
Subsequently, viral genomic RNA is released into the host cell, and viral +ssRNA is translated into viral polymerase encoded by the genome, which
initiates replication of +ssRNA to -ssRNA and further produces a series of genomic and subgenomic mRNAs. These are translated into viral proteins,
which are subsequently assembled with genomic RNA into virions in the endoplasmic reticulum (ER) and the ER-Golgi intermediate compartment
(ERGIC) to form mature virions that are trafficked via Golgi vesicles out of the cell by exocytosis and a new cell cycle may begin.

1.4.2 Translation of viral replication machinery

After the entry and uncoating of the viral endosome in the host cell cytoplasm, the coronavirus replicative cycle
begins with the translation of mRNA into two polyproteins (ppla and pplab) which are proteolytically cleaved by two
viral proteases 3CLpro and PLpro to produce 16 mature non-structural proteins (nsps) [26].
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1.4.3 Replication

Among the translated non-structural proteins, nsp12 (RNA-dependent RNA polymerase i.e. RARp) binds with other
nsps to form a replication and transcription complex (RTC), which is embedded in the double-membrane vesicles (DM Vs)
and responsible for the viral genome replication and transcription [66].

1.4.4 Translation of viral structure proteins

The products of viral RNA are localized in the DMVs and then transferred to the cytosol by the molecular pore
complex across the double membrane. Then, the structural S, E and M proteins are translated in the endoplasmic
reticulum and then transported to the Golgi apparatus for the assembly of virion [26].

1.4.5 Assembly:

The viral RNA and N protein assemble into the nucleocapsid in the cytoplasm and then associate with other viral
structural proteins (S, M and E) to produce new viruses [50].

1.4.6 Release of new viruses

Finally, the new viral particles are released through exocytosis, and therefore ready to infect other host cells, and it
so on [67].

1.5 Immunopathological responses to SARS-CoV-2 infection

SARS-CoV-2 infection could result in the production of immunopathological responses can lead to severe tissue
damage if not controlled. After the entry of SARS-CoV-2 into human cells, the viral RNAs are released and can act as
pathogen-associated molecular patterns (PAMPs), which are recognized by pattern recognition receptors (PRRs) such
as retinoic acid-inducible gene-I (RIG-I) type I receptors and toll-like receptors (TLR3, TLR7 and TLR9). The binding
of viral RNA to these receptors activates the translocation of different nuclear transcription factors as AP-land NF-xB
to the nucleus, which in turn increases the gene expression of acute inflammatory response proteins (C-CRP and SAA),
pro-inflammatory cytokines and chemokines (IFNs, TNF-a, MPC-1, IP-10, IL-1, IL-6 and IL-8) [68-69]. The major
antigen presentation cells (APCs) involved in the binding, processing and presentation of viral peptides are the dendritic
cells, which are associated with class I and class I major histocompatibility complex (MHC) molecules for killer (CD8+)
and helper (CD4+) T cells, respectively [70].

It is reported that severe COVID-19 patients have lymphopenia with a significant decrease in the B cells, NK cells,
CD4+ T cells and CD8+ T cells, along with a reduced number of eosinophils, monocytes and basophils. In addition to
this, the cytokines storm and chemokines such as TNF-a, MCP1, MIP1b, PDGFB, IL1-b, IL1Ra, IL6, IL7, ILS, IL9,
IL10, Fibroblast growth factor 2, GCSF, GMCSF, IFNc, IP10, and VEGFA were found to be significantly increased in
the COVID-19 patients [71-72]; which subsequently resulting in acute respiratory distress syndrome (ARDS), multiple
organ failure and eventually death in the extreme cases of SARS-CoV-2 infection [69].

1.6 Symptoms of SARS-CoV-2 infection

Patients with COVID-19 can be either asymptomatic carriers or may have symptoms, ranging from fever, myalgia,
dyspnea, dry cough and fatigue to severe respiratory infection or multiple organ dysfunction. Also; diarrhea, anosmia,
abdominal pain, headache, dizziness, confusion, and hemoptysis may occur [73-74]. The incubation period of SARS-
CoV-2 infection is 2-14 days; while in asymptomatic COVID-19 patients, it may be increased to 19 days [75-76]. The
risk factors of SARS-CoV-2 infection are male gender, elder persons and patients with fundamental diseases such as
diabetes mellitus, hypertension, chronic cardiac or kidney disease, and cancer [7].

According to the symptoms, COVID-19 disease can be classified into mild, moderate, severe, and critical. There
are about 80% of COVID-19 patients with asymptomatic or mild infection, 15% with a serious illness requiring
hospitalization, and 5% have critical life-threatening diseases such as cardiac and respiratory failures, septic shock, and
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multiple organ dysfunctions [77].

1.7 Complications of SARS-CoV-2 infection

Several studies reported that COVID-19 affects mainly the respiratory system and also different organs [7-10]. The
complications of SARS-CoV-2 infection can be divided into pulmonary and extra-pulmonary complications.

1.7.1 Pulmonary complications of SARS-CoV-2 infection

Lungs are the principal organs affected in the early stages of COVID-19 and the respiratory system is the front-
line of the SARS-CoV-2 infection. The virus binds the ACE2 receptor, which is present mainly in the lower respiratory
tract, and causes injury to the lungs in three ways: acute respiratory distress syndrome (ARDS) with diffuse alveolar
damage (DAD), diffuse thrombotic alveolar microvascular occlusion, and inflammatory mediator-associated airway
inflammation [78]. These combined actions cause impaired alveolar oxygenation, hypoxemia, and acidosis. Of
the lack of effective treatment, the consequences of this poor oxygenation are either the death of the patient from
respiratory failure or the sequelae of permanent lung injury if the patient recovers [78-79]. As a result, the typical
pathophysiological feature of COVID-19 pneumonia/ARDS is that alveolar gas exchange and oxygenation are severely
impaired [80]. Approximately one-third of COVID-19 survivors had significant pulmonary fibrosis [81].

The radiological evaluations and assessments such as chest CT imaging are critical for the detection and prognosis
of SARS-CoV-2 infection as the X-ray chest radiography is not sensitive for the detection of ground-glass opacity,
and may display normal results in the initial stage of SARS-CoV-2 infection [82]. The chest CT scan of COVID-19
patients shows different patterns, ranging from single ground-glass opacity (GGO) to bilateral diffuse heterogeneous
consolidation with air bronchogram and bronchiectasis. COVID-19 patients with ARDS have higher mortality rates and
neutrophilia, age, elevated LDH, and D-dimer are identified as risk factors for the development of ARDS [83].

1.7.2 Extra-pulmonary complications of SARS-CoV-2 infection:

Although lung infection and acute respiratory syndrome are the main features of SARS-CoV-2 infection, other
organs such as the kidneys, liver, heart, small intestines, and brain are also present and the majority is the renal injury;
as shown in Figure 5 [84]. Extra-pulmonary complications of SARS-CoV-2 infection include:

i
Drug effect

Reactivation of
el pre-existing liver
disease

SARS-CoV-2 virus SARS-CoV-2 virus

e Cytokine storm

Others
e.g. Hypotension
Coagulopathy
Hyponatremia
Oedema

J

Directly
Indirectly
\
Directly
Indirectly

Acute kidney injury (AKI)

Liver injury

(@ (b)

Applied Microbiology: Theory & Technology 24 | Riham Abdel-Hamid Haroun, ef al.



Cytokine storm,
hypoxia, fever,
multiorgan failure,

Through
hematogenous,

. > -CoV-2 vi .
lymphatic, = SARS-CoV-2 virus drug toxicity, and il Cytokine storm
synapse-connected, = severe metabolic
or retrograde - or electrolyte Acute pl
neuronal routes . Asibemness AT o e u?uer:) trzl raeque
> 2
° 31
[ 2
. Electrolyte
Severe neurologica Nonspecific disturbances
. syn.mptf)tl_n g neurological (c-g.K)
e SYIPIO ..
o enceghalo;;athy Vgl Others
* stroke Y headac'he . . e.g. Medications
o * anorexia Cardiovascular disease (CVD)
o * dizziness
* Guillain-Barré AP,
syndrome
(¢ (d)

Cytokine storm

Drug effect

SARS-CoV-2 virus

Directly
Indirectly

Ir 1 flora
disoders
“Gut-lung axis”

disturbances

Gastrointestinal manifestations

A
[ I I )
Nausea & Abdominal
Vomiting pain

(©)

Figure 5. Possible causes of extra-pulmonary complications of SARS-CoV-2 infection. (a): Possible causes of acute kidney injury (AKI) in SARS-
CoV-2 infection; (b): Possible causes of Liver injury in SARS-CoV-2 infection; (c): Neurological manifestations of SARS-CoV-2 infection; (d):
Possible causes of cardiovascular disease (CVD) in SARS-CoV-2 infection; and (e): Gastrointestinal (GI) disturbance causes and manifestations in
SARS-CoV-2 infection

1.7.2.1 Renal Complications:

Several studies reported the presence of renal functional impairment in COVID-19 patients [8, 85-86]. COVID-19
patients, especially critical patients, are at higher risk of developing acute kidney injury (AKI), which was reported to
be a risk factor for mortality [87]. It was reported that AKI develops in about 0.5-7% of COVID-19 patients and this
proportion raised to 2.9-23% in COVID-19 critically ill patients [7, 71, 88]. In China; there is a centric prospective
cohort study including 701 COVID-19 patients who reported that there were 43.9% of patients with proteinuria 26.7%
with hematuria on admission and 5.1% developed AKI during hospitalization [85]. Elevated BUN (14.3%), elevated

Volume 5 Issue 1]2024| 25 Applied Microbiology: Theory & Technology



serum creatinine (10.7%) and albuminuria (38.8%) were also reported in COVID-19 patients.

It was believed that renal damage in COVID-19 patients was caused by directly SARS-CoV-2 infection or
indirectly by virus-induced cytokines such as TNF-a, IL-6, and IL-10 [89]. Previous studies revealed that SARS-CoV-2
nucleocapsid protein is present in epithelial cells of the renal tubular [90-91], while other studies found that ACE-2
receptor and TMPRSS genes are expressed in the epithelial cells of kidneys such as in lungs, therefore; kidneys can be
considered as an important target organ for SARS-CoV-2 infection [92]. These results suggest that AKI can be caused
by SARS-CoV-2 either directly through cytopathic effect on kidney cells by binding to ACE-2 [93] which could clarify
the presence of proteinuria and hematuria reported in a high percentage of COVID-19 patients [85] or indirectly through
the pathological immune responses triggered by cellular damage; as shown in Figure 5(a).

1.7.2.2 Hepatic complications

Abnormal liver function has been reported in 16.1-66.6% of COVID-19 patients in several studies; that
manifested by increased alanine transaminase to aspartate transaminase ratio (ALT/AST) along with decreased
albumin concentration, slightly increased bilirubin level, and variable levels of alkaline phosphatase and gamma-
glutamyl transferase (GGT) [7, 71, 88, 94]. The prevalence of liver impairment in severe COVID-19 patients was
significantly increased when compared with mild patients [71, 94]. The proportion of liver impairment might reach 78%
in nonsurvival COVID-19 patients. Previous studies revealed that the levels of ALT and AST in serum increased up to
7590 U/L and 1445 U/L, respectively; in a severe COVID-19 patient [95].

To date, studies on the mechanismatic procedure of liver damage by SARS-CoV-2 infection are limited. Several
studies found that both hepatocytes (liver cells) and cholangiocytes (bile duct cells) express ACE2, but the expression
of ACE2 in cholangiocytes is much higher than that of hepatocytes and similar to alveolar type 2 cells in the lung
[96]. Therefore, it was suggested that cholangiocytes rather than hepatocytes were infected by SARS-CoV-2; which is
explained by the presence of the virus in feces [97]. In the SARS-CoV pandemic, there is no proof of the presence of
visible coronavirus particles in liver tissue by using TEM examination [98]. However, for SARS-CoV-2, there is a study
reported the presence of SARS-CoV-2 viral particles in the hepatocytes cytoplasm of two COVID-19 patients and most
of the viral particles were with entire envelope structure suggesting that SARS-CoV-2 not only enter but also replicate
in the hepatocytes. This observation was proved by the different structural features of the impaired cell membrane,
mitochondrial swelling, and dilatation of the endoplasmic reticulum. The immunohistochemistry results of the same
study showed decreased levels of CD8+ and CD4+ T cells in liver tissues, indicating that immunopathologic harm might
not be preferable in liver damage [99]. From several studies, there are five possible mechanisms of liver damage caused
by SARS-CoV-2 infection, as shown in Figure 5(b):

1- Direct cytopathic effect is caused by the viral replication in hepatocytes and cholangiocytes [88, 96].

2- The enormous cytokines released from the immune system, i.e. cytokine storm, due to the viral infection; which
can cause death in about 30% of died COVID-19 cases [100].

3- Drug-induced liver damage due to the use of hepatotoxic treatments like tocilizumab, ritonavir, remdesivir,
tocilizumab, chloroquine, and uminefovir [101].

4- Liver damage due to hypoxia-i.e. an imbalance between organ oxygen supply and demand-as respiratory failure
is one of the main characteristics of COVID-19 and patients with severe COVID-19 may develop hypoxic-ischemic
liver injury [99, 102].

5- Pre-existing liver diseases can be reactivated due to SARS-CoV-2 infection [103].

1.7.2.3 Neurological complications

There is clinical evidence of neurological complications of SARS-CoV-2 infection as several reports revealed that
the infection of SARS-CoV-2 may result in neurological complications in COVID-19 patients [104-105], especially in
hospitalized severe patients [106]. The prevalence of neurological complications is about 37% in COVID-19 patients
[106-108] and this proportion is increased to 88% in severe patients [106]. It is known that the ACE2 receptor is
expressed in the neural tissue (glial cells and neurons), endothelial cells, and brain which makes them good targets for
SARS-CoV-2 infection [109]. Also; the viral RNA was found in both brain tissue and cerebrospinal fluid of COVID-19
patients [110]. These findings emphasize the neurological damage of SARS-CoV-2 which can enter into the central
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nervous system (CNS) either by hematogenous, lymphatic, synapse-connected, or retrograde neuronal routes [107, 110].
Neurological manifestations are generally observed in COVID-19 patients, and these might involve CNS, peripheral
nervous system (PNS), and skeletal muscles [111]. In mild COVID-19 patients; numerous non-specific neurological
manifestations are observable, including anorexia (40%), myalgia and/or fatigue (11-44%), headache (8-42%), dizziness
(12%), anosmia (5%), and ageusia (5%) [7, 71, 95].

In COVID-19 patients, the most common nonspecific neurological symptom is myalgia. Cytokine storm and the
resulting inflammation could be the main causes of myalgia [112]. Till now, it is still obscure whether muscle symptoms
of COVID-19 are due to direct muscle invasion or an unspecific systemic inflammation. In severe COVID-19 patients,
serum levels of lactate dehydrogenase (LDH) and creatine kinase (CK) can be significantly increased [113].

Several studies have reported that headache is the most common nonspecific neurological manifestation and is
considered the fifth most frequent symptom of COVID-19 after fever, cough, myalgia/fatigue, and dyspnea [71, 114].

Olfactory and gustatory disorders are the most common sudden neurological manifestations of SARS-CoV-2
infection, which is associated with PNS involvement and seem to appear in the early stages of COVID-19 disease
therefore it is believed to be diagnostic markers [115]. Previous studies revealed ACE2 receptor cannot be expressed by
olfactory sensory neurons; therefore SARS-CoV-2 cannot infect these cells. While the olfactory epithelium cells express
ACE2 and therefore are suitable for SARS-CoV-2 infection [116-117]. From these findings, we can conclude that the
cause of anosmia associated with COVID-19 is due to SARS-CoV-2 damage to the olfactory epithelium rather than
neuronal injury.

Also, neuralgia, hyposmia and hypogeusia were observed in some COVID-19 patients (2-10%). It was believed
that SARS-CoV-2 passes to the CNS through the olfactory bulb as the epithelial cells of the nasal and oral cavity
express high levels of ACE2 receptors therefore impairing the function of sensory neurons [106].

In severe COVID-19 patients; the neurological manifestations deteriorate to be acute stroke [118], confusion or
impaired consciousness [119], meningitis, encephalitis, and meningoencephalitis infection [120], seizures and epilepsy
[121]. In addition, Guillain-Barré syndrome [122], hemorrhagic posterior reversible encephalopathy syndrome [123]
and acute necrotizing encephalopathy [124] have also been reported in some patients; as shown in Figure 5(c).

1.7.2.4 Cardiovascular complications

The COVID-19 patients may have severe cardiovascular disease (CVD) and patients with CVD have a higher risk
of death. Several studies reported different cardiovascular presentations of COVID-19 [125-126]. A high percentage of
pre-existing CVD has been exist among COVID-19 patients, and associated with increased mortality [7, 71, 88]. Also,
COVID-19 may enhance the occurrence of cardiovascular disorders [10, 127]. The prevalence of developing CVD in
severe COVID-19 patients is myocardial injury (20-30%) [10, 127], biventricular cardiomyopathy (7-33%) [128-129]
of hospitalized COVID-19 patients. Cardiac arrhythmias and isolated right ventricular failure with or without confirmed
pulmonary embolism are also reported with a prevalence of 17% of inpatients with COVID-19 [130]; while atrial
arrhythmias were more common among mechanical ventilated COVID-19 patients [131].

SARS-CoV-2 can either directly or indirectly damage the heart causing cardiovascular complications such as
arrhythmias, venous thromboembolism, myocardial injury, cardiomyopathy, acute coronary syndromes (ACS), and
cardiogenic shock [125, 132]. The pathophysiology underlying the cardiovascular manifestations in SARS-CoV-2
infection is multifactorial. Cells of cardiovascular tissue such as cardiac endothelial cells, fibroblasts, myocytes, and
smooth-muscle can express high amounts of ACE2 receptors which make them vulnerable to direct viral injury [133]. In
addition, myocarditis, which is associated with viral load, is an assumed cause of cardiac dysfunction. Also, it was found
that SARS-CoV-2 was isolated from the myocardial tissue in a few autopsy studies [134], while other studies reported
inflammatory infiltrates without evidence of the presence of SARS-CoV-2 in myocardial tissues [135]. The cytokine
storm resulting from SARS-CoV-2 infection is another putative mechanism of myocardial injury [136]. According to
Xiong et al. [137], there are six possible mechanisms of myocardial injury caused by SARS-CoV-2 infection; as shown
in Figure 5(d):

1- Direct infection: SARS-CoV-2 can damage myocardial cells directly through ACE2 receptors.

2- Cytokine storm: SARS-CoV-2 infection result in elevated levels of pro- and anti-inflammatory cytokines,
which in turn can cause multiple organs injury, including heart.

3- Acute plaque rupture: Systematic inflammation can result in elevated plaque sensitivity and may be rupture
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causing acute coronary syndrome.

4- Hypoxia: As respiratory failure is one of the main characteristics of COVID-19 and therefore inadequate
myocardial oxygen supply/demand, thus resulting in myocardial damage.

5- Potassium (K) and other electrolyte disturbances: SARS-CoV-2 interacts with ACE2 receptors, resulting in
defects of renin-angiotensin system causing hypokalemia which in turn induces serious arrhythmias.

6- Others: Such as immunological agents, antiviral drugs and corticosteroids side effects.

1.7.2.5 Gastrointestinal complications

It is known that SARS-CoV-2 mostly infects the respiratory system causing pneumonia; although, it also can affect
the gastrointestinal (GI) tract [138]. Diarrhea, anorexia, vomiting, nausea, and abdominal pain are the most reported GI
manifestations in COVID-19 patients [139]. Also, acute pancreatitis, GI bleeding, and colitis have been observed [140].
It was found that nearly one-fifth of COVID-19 patients were recorded to have GI manifestations [141]. It was reported
that about 70% of COVID-19 patients have viral RNA shedding by GIT which continued for about 10 weeks after the
beginning of symptoms [142]. It was observed that there is no significant damage to the epithelial cells of the esophagus,
stomach, and duodenum tissues, while the most lymphocyte infiltration was observed in the squamous epithelium of
lamina propria of the stomach, duodenum, and rectum causing abdominal pain [143].

Anorexia is considered the most frequent GI manifestation in COVID-19 patients, and its prevalence is 12.2-50.2%
[7, 144]. Diarrhea is also a frequently observed GI manifestation in patients with COVID-19 and is considered a big
problem, that is due to it is potential for feco-oral transmission of SARS-CoV-2 infection and its prevalence is 2-50%
[145-146]. In addition, vomiting and nausea have been also observed among patients with COVID-19, either as their
only manifestations or combined with other GI manifestations, with a prevalence of 5.2-28% [145-147]. COVID-19
patients may have abdominal pain at presentation, however, it is less common when compared to diarrhea, anorexia,
nausea, or vomiting, and its prevalence is 3.9 to 6.8% [142, 145]. As shown in Figure 5(e); the putative mechanisms
resulted in the GI involvement in COVID-19 patients are:

* Direct cytopathic effect: SARS-CoV-2 enters GIT through ACE-2 resulting in malabsorption, activated enteric
nervous system, and unbalanced intestinal secretion [142].

¢ Indirectly through immunopathological inflammatory responses [148].

* Drug-induced GIT damage [149].

* Intestinal flora disorders induced by SARS-CoV-2 infection [150].

* “Gut-lung axis” disturbances [151].

1.7.2.6 Other complications

It is known that the ACE2 receptor can be expressed in a considerable amount by the pancreatic cells; therefore
pancreas is vulnerable to SARS-CoV-2 infection. Several studies reported that hyperglycemia and an increased risk
of diabetic ketoacidosis are associated with COVID-19 disease. The prevalence of pancreatic injury is 1-2% in mild
COVID-19 patients, while this proportion is increasing to 17% in severe COVID-19 patients [152-153]. Also, it was
found that COVID-19 is related to coagulopathy which was confirmed by the presence of thrombosis in pulmonary
vessels, high levels of serum D-dimer, and disseminated intravascular coagulation (DIC) in severe COVID-19 patients
[154-155]. Electrolyte imbalances, including decreased serum levels of potassium, sodium, and calcium, have been
reported in severe COVID-19 patients [156]. Furthermore, cutaneous involvements in COVID-19 patients include
urticarial, erythematous rash, and chickenpox-like vesicles [157-158]. Finally, eyelid edema and conjunctival hyperemia
have been reported as initial manifestations of COVID-19 and about 2-32% of COVID-19 patients have ocular
symptoms [159].

2. Conclusion

This review tried to discuss the history and classification of coronaviruses, geographical distribution of COVID-19,
SARS-CoV-2 structure and genomic organization, life cycle, Immunopathological responses, symptoms, and finally
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pulmonary and extra-pulmonary complications of SARS-CoV-2 infection.-Understanding how SARS-CoV-2 can infect
humans is critical for our understanding and prevention of future outbreaks of not only COVID-19 but also, other
potential diseases, therefore future epidemiological studies are needed to further investigate the risk factors associated
with adverse outcomes in patients with COVID-19 and monitor the long-term health impact.
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