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Abstract

Background: At the end of December 2019, a novel coronavirus tentatively named
SARS-CoV-2 in Wuhan, a central city in China, was announced by the World Health
Organization. SARS-CoV-2 is an RNA virus that has become a major public health
concern after the outbreak of the Middle East Respiratory Syndrome-CoV (MERS-
CoV) and Severe Acute Respiratory Syndrome-CoV (SARS-CoV) in 2002 and 2012,
respectively. As of 29 October 2020, the total number of COVID-19 cases had
reached over 44 million worldwide, with more than 1.17 million confirmed deaths.
Discussion: SARS-CoV-2 infected patients usually present with severe viral pneumo-
nia. Similar to SARS-CoV, the virus enters respiratory tract cells via the angiotensin-
converting enzyme receptor 2. The structural proteins play an essential role in
budding the virus particles released from different host cells. To date, an approved
vaccine or treatment option of a preventive character to avoid severe courses of
COVID-19 is still not available.

Conclusions: In the present study, we provide a brief review of the general biological
features of CoVs and explain the pathogenesis, clinical symptoms and diagnostic
approaches regarding monitoring future infectivity and prevent emerging COVID-19

infections.
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In December 2019, a novel coronavirus (nCoV) termed “SARS-CoV-
2, announced by the World Health Organization (WHO) as being
responsible for the outbreak of COVID-19, was

reported.’? The incidence of the SARS-CoV (Severe Acute Respi-
ratory Syndrome-coronavirus) in 2002 and 2003 and the MERS-CoV
(Middle East Respiratory Syndrome-coronavirus) in 2012 showed the
potential for the transmission of newly emerging CoVs from animal to
human and person to person.3~> In total, seven human coronaviruses
(HCoVs) have including HCoV229E,

now been discovered,

Malihe Mohamadian and Hossein Chiti contributed equally to this work.

In the last two decades, SARS-CoV and MERS-CoV have
caused epidemics with mortality rates of approximately 9.5% and
34.4%, respectively.? COVID-19 was the third highly epidemic
disease to be detected, with a lower mortality rate than SARS and
MERS, differing from country to country. According to WHO
statistics, there are 45,678,440 (1 November 2020) confirmed cases
in 219 countries caused by the high transmission capacity of
SARS-CoV-2.7 Hence, to characterize the acute infection in humans
as a result of the SARS-CoV-2, scientists and governments have
urgently taken decisive steps to monitor its outbreak and carry out

etiological research.® In combination with advances in molecular
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technologies, the development of a viable vaccine appears to be
imminent. 1112

The higher transmissibility, varied clinical manifestations and
lower pathogenicity of COVID-19 could be a result of diversity in the
biology and genome structure of the SARS-CoV-2 compared to
SARS-CoV and MERS-CoV.?** This review focuses on the virus
biology, clinical symptoms and potential diagnostic routes for achieve

efficient prevention and reduction of COVID-19 mortality.

2 | GENOMICS STRUCTURE AND
BIOLOGICAL FEATURES OF SARS-COV-2

Coronaviruses belong to the order Nidovirales in the family
coronaviridae. Coronavirinae and Torovirinae subfamilies are divided
from the family. The subfamily Coronavirinae is further divided into
four genera: Alpha-, Beta-, Gamma- and Deltacoronavirus.*®> Phylogenic
analysis revealed that SARS-CoV-2 is closely related to the
beta-coronaviruses. Similar to other coronaviruses, the genome of
SARS-CoV-2 is positive-sense single-stranded RNA [(+) ssRNA] with a
5’-cap, 3'-UTR poly(A) tail. The length of the SARS-CoV-2 genome is
less than 30 kb, in which there are 14 open reading frames (ORFs),
encoding non-structural proteins (NSPs) for virus replication and
assembly processes, structural proteins including spike (S), envelope
(E), membrane/matrix (M) and nucleocapsid (N), and accessory pro-
teins.'®” The first ORF contains approximately 65% of the viral
genome and translates into either polyprotein ppla (nsp1-11) or
pplab (nsp1-16). Among them, six nsps (NSP3, NSP9, NSP10,
NSP12, NSP15 and NSP16) play critical roles in viral replication. Other
ORFs encode structural and accessory proteins.*®? The S protein is a
transmembrane protein that facilitates the binding of viral envelop to
angiotensin-converting enzyme 2 (ACE2) receptors expressed on host
cell surfaces. Functionally, the spike protein is composed of receptor
binding (S1) and cell membrane fusion (52) subunits.?° The N protein
attaches to the viral genome and is involved in RNA replication, virion
formation and immune evasion. The nucleocapsid protein also inter-
acts with the nsp3 and M proteins.?* The M protein is one of the most
abundant and well-conserved proteins in the virion structure. This
protein promotes the assembly and budding of viral particles through
interaction with N and accessory proteins 3a and 7a.2?>?° The E
protein is the smallest component in the SARS-CoV-2 structure that
facilitates the production, maturation and release of virions.*®

The most complex component of the coronaviruses genome is
the receptor-binding domain (RBD) in the spike protein.?*?° Six RBD
amino acids are necessary for attaching to the ACE2 receptor and
hosting SARS-CoV-like coronaviruses. According to multiple sequence
alignment, they are Y442, L472, N479, D480, T487 and Y4911 in
SARS-CoV, and L455, F486, Q493, S494, N501 and Y505 in SARS-
CoV-2.2% Therefore, SARS-CoV-2 and SARS-CoV vary with respect to
five of these six residues. The SARS-CoV strain genome sequences
derived from humans were very close to those in bats. Even so,
several differences have been identified between the gene sequences

of the S gene and the ORF3 and ORF8 gene sequences that encode

the attachment and fusion proteins and replication proteins, respec-
tively.?” Specific MERS-CoV strains derived from camels were shown
to be identical to those extracted from humans, with the exception of
differences between the genomic regions S, ORF4b and ORF3.2% In
addition, genome sequencing-based experiments have shown that
human MERS-CoV strains are phylogenetically linked to those of bats.
However, for the S proteins, the species have a similar genome and
protein structures.?’ Based on the recombination studies of orflab
and S encoding genes, the MERS-CoV was derived from the inter-
change of genetic elements between coronaviruses in camels and
bats. In comparison, with a 96% overall identification, the primary pro-
tease is strongly protected among SARS-CoV-2 and SARS-CoV.27-31

The ACE2 protein is found in many mammalian body tissues, pri-
marily in the lungs, kidneys, gastrointestinal tract, heart, liver and
blood vessels.3?> ACE2 receptors are vital elements in regulating the
renin-angiotensin-aldosterone system pathway. Based on structural
experiments and biochemical studies, SARS-CoV-2 appears to have an
RBD that strongly binds to ACE2 receptors of humans, cats, ferrets
and other organisms with the homologous receptors.®®

The genome sequencing of SARS-CoV-2 in January 2020 was
shown to be 96% identical to the bat coronavirus (BatCoV) RaTG13
genome and 80% identical to the SARS-CoV genome.3* However, sig-
nificant differences exist. For example, the protein 8a sequence in the
SARS-CoV genome is absent in the 2019-nCoV, and the protein 8b
sequence of SARS-CoV-2 is 37 amino acids longer than that in
SARS-CoV.*

Alignment sequence analysis of the CoV genome indicates non-
structural and structural proteins being 60% and 45% identical,
respectively, among various types of CoVs.* These data show that
nsps are more conservative than structural proteins. RNA viruses have
a higher mutational load as a result of shorter replication times
(Figure 1).3¢ Based on comparative genomic studies between SARS-
CoV-2 and SARS-like coronaviruses, there are 380 amino acid substi-
tutions in the nsps genes and 27 mutations in genes encoding the
spike protein S of SARS-CoV-2. These variations might explain the dif-
ferent behavioral patterns of SARS-CoV-2 compared to SARS-CoVs.2
For example, the primary N501 T mutation in the Spike protein of
SARS-CoV-2 could have significantly increased its binding affinity to
ACE2.%”

2.1 | Pathogenesis of SARS-CoV-2

The entry of the SARS-CoV-2 into host cells and release their
genomes into target cells is dependent on a sequence of steps. The
virus uses the protein spike, which is important for assessing tropism
and virus transmissibility. Additionally, SARS-CoV-2 even targets
human respiratory epithelial cells with ACE2 receptors, indicating a
structure of RBD similar to SARS-CoV.*® After attachment of the
S1-RBD to the ACE2 receptor, host cell-surface proteases such as
TMPRSS2 (transmembrane serine protease 2) act on a critical cleavage

2.38

site on S This results in membrane fusion and viral infection. Fol-

lowing virus entry, the uncoated genomic RNA is translated into
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FIGURE 1 The schematic genomic structure of coronavirus. (a) COVID-19. (b) MERS-CoV. (c) SARS-CoV. The typical coronavirus genome is a
single-stranded, which is approximately 25-32 kb. It contains 5' caps and 3'-UTR tails. (d) Coronavirusencoding structural proteins four structural
genes, including spike, envelope, membrane and nucleocapsid genes, as well as accessory proteins (3a, 3b, 6, 7a, 7b, 8b, 9b and ORFs)

polyproteins (ppla and pplab) and then assembled into replication/
transcription complexes with virus-induced double-membrane vesicles
(DMVs). Subsequently, this complex replicates and synthesizes a
nested set of subgenomic RNA by genome transcription, encoding
structural proteins and some accessory proteins. Newly formed virus
particles are assembled by mediating the endoplasmic reticulum and
the Golgi complex. Finally, virus particles are budded and released into
the extracellular milieu compartment. Thus, both the viral replication
cycle and progression begin.'°

Inside the host cells, survival of SARS CoVs is maintained by mul-
tiple strategies to evade the host immune mechanism, which can also
be generalized to SARS-CoV-2.34° As a result of the lack of
pathogen-associated molecular patterns on DMVs originating from
the first step of SARS-CoVs infection, they are not recognized by pat-
tern recognition receptors of the host immune system.?> Nsp1 can
impede the interferon (IFN)-I responses through several mechanisms,
such as a silencing of the host translational system, the induction of
host mRNA degradation and the repression of transcription factor sig-
nal transducer and activator of transcription (STAT)1 phosphorylation.
Nsp3 antagonizes interferon and cytokine production by blocking the
phosphorylation of interferon regulation factor 3 (IRF3) and inter-
rupting the nuclear factor-kappa B (NF-KB) signaling pathway. NSPs
14 and 16 cooperate to form a viral 5’ cap similar to that of the host.
Thus, the viral RNA genome is not recognized by immune system
cells.** The accessory proteins ORF3b and ORF6 can disrupt the IFN
signaling pathway by inhibiting IRF3 and NF-KB-dependent IFNp

expression and blocking the JAK-STAT signaling pathway, respec-
tively. Also, IFN signaling is flattened by structural proteins M and N,
which result in a disturbance in TANK-binding kinase 1 (TBK1)/IKB
kinase ¢ and TRAF3/6-TBK1-IRF3/NF-KB/AP1 signals.??3? Because
the D614 G mutation is found in the outer spike protein of the virus,
this attracts a huge amount of attention from the human immune sys-
tem and may therefore impair the ability of SARS-CoV-2 to avoid
vaccine-induced immunity. D614 G is not in the RBD, although it is
involved in the interaction between individual spike protomers that
regulate their mature trimeric form on the surface of the virion by
hydrogen bonding.*? Korber et al. reported that the SARS-CoV-2 vari-
ant in the D614 G spike protein has become influential across the
globe. Although clinical and in vitro evidence indicate that D614 G
alters the phenotype of the virus, the effect of the mutation on repli-
cation, pathogenesis, vaccine and therapy development is relatively
unknown.*® From in vitro and clinical evidence, it is apparent that
D614 G has a distinct phenotype, although it is not clear whether this
is the outcome of verified adaptation to human ACE2, as well as
whether it enhances transmissibility, or will have a significant

impact.*®

2.2 | Diagnosis of COVID-19

Early diagnosis and isolation of suspected patients play a vital role in

k.44

controlling this outbrea The specificity and sensitivity of different
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diagnostic techniques differs between populations and the types of
equipment employed.*® Several proceedures have been rec-
ommended for the diagnosis of COVID-19:

A. Clinical presentation

COVID-19 symptoms are observed approximately 5 days after
incubation.*® The median time of symptom onset from COVID-19
incubation is 5.1 days, and those infected display symptoms for
11.5 days.*” This duration was shown to have a close link with the
patient's immune system and age. Gastrointestinal symptoms include
diarrhea, vomiting and anorexia, recorded in almost 40% of
patients.*®4? Up to 10% of patients with gastrointestinal symptoms
show no signs of fever or respiratory tract infections.>® COVID-19
has also been linked to hypercoagulable disease, elevating the risk of
venous thrombosis.°* There are also records of neurological symp-
toms (such as fatigue, dizziness and disturbed awareness), ischemic
and hemorrhagic strokes, and muscle damage? Many
extrapulmonary symptoms comprise skin and eye manifestations.
Italian researchers have identified skin manifestations in 20% of
patients.>® The clinical outlook for children can progressively worsen
as a result of respiratory failure, which could not be corrected within
1-3 days by traditional oxygen (i.e. nasal catheter®*) in severe cases;
the hallmarks are septic shock, sepsis, extreme and continuum bleed-
ing as a result of coagulation abnormalities, and metabolic acidosis.>®

Septic shock could cause severe damage and impair several
organs, in addition to a severe pulmonary infection. When
extrapulmonary system dysfunction occurs, including the circulatory
and the digestive systems, septic shock is probable, and the mortality
rate increases substantially.>®> Premature delivery and intrauterine
hypoxia occur when the prenate is deprived of an adequate environ-
ment of oxygen. Insidious symptoms require specific care in some
newborn and preterm infants. Reports have indicated a good progno-
sis for children within 1 or 2 weeks.”® Children are prone to a hyper-
inflammatory response to COVID-19 similar to Kawasaki disease,
which responds well to management, for which a new term is being
coined.>®

Also, considerable research has revealed the age distribution of
adolescent patients between the ages of 25 to 89 years. Many elderly
patients were between 35 and 55 years, and fewer cases among new-
borns and infants were found. An analysis of the initial transmission
dynamics of the virus showed that the median age of patients was

59 years, varying from 15 to 89 years; most (59%) were male.*®
B. Nonspecific screening tests for COVID-19 in exposed patients

The findings of most blood tests are usually nonspecific but
could help determine the causes of the disease. A complete blood
count typically shows a normal or low count of white blood cells
and lymphopenia. C-reactive protein (CRP) and erythrocyte sedi-
mentation rate were generally increased, which would optimally be
rechecked on days 3, 5 and 7 after admission.>*”°® Creatine kinase
aminotransferase  and  alanine

plus  myoglobin, aspartate

aminotransferase, lactate dehydrogenase, D-dimer, and creatine
phosphokinase levels could be increased in severe forms of
COVID-19 disease. During viral-bacterial co-infections, procalcitonin
levels may be elevated.””®° In a systematic review and meta-
analysis study, Pormohammad et al.%! investigated the accessible
laboratory results obtained among 2361 SARS-CoV2 patients, with
the results demonstrating 26% leukopenia, 13.3% leukocytosis and
62.5% lymphopenia. Also, among 2200 patients, 91% and 81% rev-
ealed elevated platelets (thrombocytosis) and CRP, respectively.®!
Additionally, a review of case studies identified clinical diagnosis
and clinical parameter modification in a 47-year-old man diagnosed
with the disease from Wuweian.%?

To investigate the effect of the coronavirus during the acute
phase of the disease, plasma cytokines/chemokines tumor necrosis
factor (TNF)-a and interleukin (IL)-18, IL1RA, IL2, IL4, IL5, IL-6, IL-10,
IL13, IL15 and IL17A were measured.>®® One study showed that mac-
rophages and dendritic cells play crucial roles in an adaptive immune
system. These cells contain inflammatory cytokines and chemokines,
such as IL-6, IL-8, IL-12, TNF-a, monocyte chemoattractant protein-1,
granulocyte-macrophage colony-stimulating factor and granulocyte
colony-stimulating factor. These inflammatory reactions could cause a
systemic inflammation.®*

Therefore, fecal and urine tests have been recommended for
patients and health staff to detect possible alternate transmission.
Consequently, the advancement of tools for determining the different
transmission modes, including fecal and urine samples, is urgently
warranted to develop strategies for inhibiting and minimizing trans-

mission, as well as develop therapies to control the disease.®
C. Radiological findings

Chest X-ray examination may display diverse imaging characteris-
tics or patterns in COVID-19 patients with a different disease severity
and duration. Imaging results differ based on patient age, disease
stage during screening, immune competency and drug therapy proto-
cols.®® On the other hand, computed tomagraphy (CT) imaging is
essential for monitoring disease progression and assessing therapeutic
effectiveness. It can be re-examined 1 to 2 days after admission,
based on the Diagnostic and Treatment Protocols Regulation
(DTPR).¢”

The cardinal hallmark of COVID-19 was multiple, bilateral, poste-
rior and peripheral ground-glass opacities with or without pulmonary
consolidation and, in severe cases, infiltrating shadows.® Autopsy
analysis of a COVID-19 patient displayed fluid accumulation and hya-
line membrane formation in alveolar walls, which may be the primary
pathological driver of the ground-glass opacity.®®

However, further studies indicated that small patchy shadows,
pleural changes, a subpleural curvilinear line and reversed halo signs
are generally observed in COVID-19 patients.”®”? The intralobular
lines and thickened interlobular septa were shown in a crazy-paving

d.¢” Also, several lobar

pattern on the ground-glass opacity backgroun
lesions can be found in the respiratory system in children with a

severe infection. Evidence showed that chest CT manifestations
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(pulmonary edema) reported for COVID-19 are generally close to
SARS and MERS.%*

Evidence has indicated that an initial chest CT has a higher detec-
tion rate (approximately 98%) compared to reverse transcriptase-
polymerase chain reaction (RT-PCR) (approximately 70%) in infected

patients. Xie et al.”?

demonstrated that about 3% of patients have no
primary positive RT-PCR but have a positive chest CT; therefore, both
tests are recommended for COVID-19 patients. CT of the chest com-
prises an urgent and simple method for detecting initial COVID-19
infection with a high sensitivity for prompt diagnosis and disease pro-
gression monitoring in patients. Particular notice should be paid to the

role of radiologists in finding novel infectious diseases.
D. Molecular diagnosis

The clinical diagnosis of COVID-19 is focused primarily on epide-
miological data, clinical symptoms and some adjuvant technologies,
such as nucleic acid detection and immunological assays. In addition,
the isolation of SARS-CoV-2 requires high-throughput equipment
(biosafety level-3) to ensure personnel safety. Moreover, serological
tests have not yet been validated. In the field of molecular diagnosis,
there are three main issues: (i) decreasing the number of false nega-
tives by detecting minimal amounts of viral RNA; (ii) avoiding the
number of false positives through the correct differentiation of posi-
tive signals between different pathogens; and (iii) a high capacity for
fast and accurate testing of a large number of samples in a short

time.”®

2.3 | Nucleic acid detection

Two widely used technologies for SARS-CoV-2 nucleic acid detection
are the real-time RT-PCR (rRT-PCR) and high-throughput sequencing.
Nevertheless, as a result of a reliance on equipment and high costs,
high-throughput sequencing in clinical diagnosis is restricted. Access
to the whole genome structure of SARS-CoV-2 has helped the design
of specific primers and has introduced the best diagnostic proto-
cols.*”7% In the first published reports on applying the rRT-PCR in
COVID-19 diagnosis, targeting the spike gene region (S) of SARS-
COV-2 has shown remarkable specificity and limited sensitivity.%®
Later, the sensitivity of this technique was greatly improved by the
use of specific probes for the other viral-specific genes, including
RNA-dependent RNA polymerase (RdRp) in the ORFl1ab region,
Nucleocapsid (N) and Envelop (E). To avoid cross-reaction with other
human coronaviruses and prevent the potential genetic drift of SARS-
CoV-2, two molecular targets should be involved in this assay: one
nonspecific target to detect other CoVs, and one specific target for
SARS-CoV-2. The comparison of the results obtained from targeting
all studied genes exhibited that the RdRp gene is the most appropriate
target with the highest sensitivity. The RdRp assays were validated in
approximately 30 European laboratories using synthetic nucleic acid
technology.”® Currently, Chan et al.”> have proposed a novel RT-PCR
assay targeting a sequence of the RdRp/Hel that could detect low

SARS-CoV-2 load in the upper respiratory tract, plasma and saliva
samples without any cross-reactivity with other common respiratory
viruses. Although the CDC-recommended assays in the USA rely on
two nucleocapsid proteins N1 and N2, the WHO recommends the E
gene assay as a first-line screening, followed by the RdRp gene assay
as a confirmatory test. Based on the most recent evidence, the
QlAstat-Dx SARS-CoV-2 panel, a multiplex RT-real time PCR system
targeting genes RdRp and E, remains highly sensitive despite the
nucleotide variations affecting the annealing of the PCR assay.”®

Generally, quantitative (RT-PCR) RT-gqPCR has high specificity as
a gold standard assay for the final diagnosis of COVID-19. However,
its sensitivity could be variable based on viral load, RNA extraction
technique, sampling source and disease stage during the time of sam-
pling. Indeed, the RT-PCR false-positive results are related to the
cross-contamination of samples and handling errors. By contrast, inac-
curacies during any stage of the collection, storage and processing of
samples may lead to false-negative results. Some studies have rev-
ealed that samples from the upper respiratory tract (bottom of the
nostrils and the oropharynx) are more desirable for the RT-PCR assay
as a result of many viral copies.”” Moreover, other shortcomings of
RT-gPCR assays include biological safety hazards arising from
maintaining and working on patient samples, as well as time-
consuming and cumbersome nucleic acid detection process.5%¢®

To improve the molecular diagnostic techniques for COVID-19,
isothermal amplification-based methods are currently in development.
The loop-mediated isothermal amplification (LAMP) utilizes the DNA
polymerase and 4 to 6 different primers binding to the distinct
sequences on the target genome.”® In the LAMP reactions, the ampli-
fied DNA is indicated by turbidity arising from a by-product of the
reaction, a detectable color generated by a pH-sensitive dye, or fluo-
rescence produced by a fluorescent dye.”’ The approach occurs at a
single temperature, in less than 1 hour, and with minimal background
signals. The LAMP diagnostic testing for COVID-19 is more specific
and sensitive compared to the conventional RT-PCR assays and does
not dependent on specialized laboratory equipment such as a
thermocycler. However, as a result of the multiplicity of primers used
in this method, optimizing the reaction conditions presents a major

challenge 881

24 | Microarray-based technique

Microarray is a rapid and high-throughput method for the COVID-19
assay.®2 As a brief summary of the protocol, the coronavirus RNA will
first produce cDNA labeled with specific probes via reverse transcrip-
tion. Complementary DNA is produced by coronavirus RNA templates
and then through reverse transcription labeling with particular probes.
The labeled targets are hybridized to the probe microarray. Free
DNAs are removed by washing the solution. Finally, particular probes
identify COVID-19 RNA.8? Shi et al.®% successfully performed SARS-
CoV detection in samples from patients. In their study, Xu et al.®*
investigated a wide range of spike gene polymorphisms with great

accuracy. Also, other studies have designed fluorescence and
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nonfluorescence methods to detect the entire coronavirus genus with
promising efficacy.8>8¢ Jiang et al.®” constructed a SARS-CoV-2 pro-
teome microarray consisting of 18 out of 28 expected proteins and
administered it to 29 convalescent cases to characterize the immuno-
globulin (Ig)G and IgM reactions in the sera. It was revealed that all of
these patients had IgM and IgG antibodies, which recognize and bind
SARS-CoV-2 proteins, especially Sland N proteins. In addition to
these proteins, important antibody responses to NSP5 and ORF9b are
also recognized. The S1-specific IgG signal relates strongly to age and
lactate dehydrogenase lactate dehydrogenase levels and negatively
relates to the lymphocyte ratio. Shen et al. progressed the RT-LAMP
experiment to show signals using a quenching probe with the same
efficiency as the standard RT-PCR test with respect to MERS-CoV
identification.®°

E. Immunological diagnosis

Antigen detection and immunological techniques can be used
for a rapid and cost-effective diagnosis at the same time as provid-
ing an alternative to molecular methods. Immunological techniques
including the immunofluorescence assay, direct fluorescence anti-
body test, nucleocapsid protein detection assay, protein chip,
semiconductor quantum dots and the microneutralization assay
define a binding between a viral antigen and a specific
antibody.8871 These immunological methods are simple to operate
but have low specificity/sensitivity. In the case of COVID-19, virus
morphology can be observed by electron microscopy according to
traditional Koch’s postulates.”??® Serological tests can improve

coronavirus detection such that associated antigens and monoclonal

antibodies can represent a new diagnostic approach for future
development (Figure 2).745

Serological tests could be specific to one type of immunoglobulin,
they can concurrently measure IgM and IgG antibodies, or they may
be absolute antibody examinations, which often measure IgA
antibodies.”® Based on the specific procedure and device, these exper-
iments will usually be carried out within 1-2 hours after a sample
arrives in the laboratory and is loaded onto the appropriate platform.’”

Guo et al.”®

indicated that IgA and IgM antibodies have positive rates
of 93.0% and 85.5% after 3-6 days, respectively. Also, 78.0% of posi-
tive IgG antibodies were detected during 10-18 days. The efficiency
of detection by an IgM enzyme-linked immunposorbent assay (ELISA)
is higher than that of gPCR after 5.5 days of symptom onset. After
5 days, IgM ELISA detection is more efficient than a gPCR.

Moreover, the combination of PCR and IgM ELISA increased the
detection rate by 98.5%.7% Xiang et al.”® tested 63 infected patients
of SARS-CoV-2 admitted to Jinyintan Hospital in Wuhan, Hubei,
China. Patient serum samples were evaluated using an ELISA and
indirect ELISA IgG capture. The study results indicate that IgM was
positive with an accuracy of 64.3%, a sensitivity of 44.4% and a speci-
ficity of 100% in 28 of 63 samples. The sample identification of
52 cases also showed a positive IgG test with a sensitivity of 82.54%,
a specificity of 100% and an accuracy of 88.8%. In addition, a sensitiv-
ity of 87.3% was achieved using IgM and IgG combination analysis.””

Liu et al. evaluated the anti-IgM and anti-IgG produced against
recombinant spike protein and nucleocapsid protein of SARS-CoV-2
in 397 PCR confirmed COVID-19 patients and 128 negative cases at
eight distinct clinical sites. The average sensitivity and specificity of
the examination was 88.5% and 90.5%, respectively. The findings

Screening criteria
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1 [ - Contact with patients
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showed considerable detection consistency among the different types
of venous and fingerstick blood samples. Compared to a single IgM or
IgG test, the IgM-1gG combination analysis has a higher effectiveness
and sensitivity.3”1%° Therefore, it is important and urgent to improve
several sensitive and specific supplementary approaches for COVID-
19 diagnosis.

F. Novel techniques

2.5 | CRISPR technique
Nucleic acid detection with CRISPR-Cas13a/C2c2 is a highly rapid,
sensitive and specific molecular detection platform, which may aid in
the epidemiology, diagnosis and control of the disease. In addition,
Cas13a/C2c2 can detect the expression of transcripts in live cells and
different diseases.'°%192 Zhang et al. presented a protocol for the
detection of COVID-19 using the CRISPR diagnostics-based SHER-
LOCK (Specific High Sensitivity Enzymatic Reporter UnLOCKing)
technique. RNA fragments of the SARS-CoV-2 virus help detect target
sequences of approximately 100 copies. The experiment is performed
by isothermal amplification of the extracted nucleic acid of samples
from patients and then amplification of the viral RNA sequence via
Cas13 and is finally read out by a paper dipstick in less than
1 hour.1%%1%% Huang et al.1°° established a CRISPR-based assay by a
custom CRISPR Cas12a/gRNA complex. They used a fluorescent
probe to identify target amplicons produced by standard RT-PCR or
isothermal recombinase polymerase amplification. This method
showed specific detection at places not equipped with the PCR sys-
tems needed for qPCR diagnostic tests in real time. The analysis
allows the identification of SARS-CoV-2 positive samples with a test-
to-response time of approximately 50 minutes and a detection limit of
two copies of each sample to be detected. The findings of the CRISPR
test on nasal samples collected from persons with COVID-19 were
comparable with matched data achieved from the CDC-approved
RT-gPCR test.’°”

Broughton et al.l®® described the development of a fast
(< 40 min), simple-to-implement and precise CRISPR-Cas12-based lat-
eral flow test to diagnose SARS-CoV-2 from RNA extract from a nasal
swab. Using artificial reference samples and clinical specimens from
patients, comprising patients diagnosed with COVID-19 disease and
42 patients with other respiratory illnesses, they confirmed their pro-
cess. This CRISPR-based approach has provided a visual and quicker
alternative option to the SARS-CoV-2 real-time RT-PCR method used
in the US Centers for Disease Control and Prevention, with approxi-
mately 100% negative predictive agreement and 95% positive predic-

tive agreement.%¢

2.6 | LAMP-based technique

Loop-mediated isothermal amplification (LAMP) is a new isothermal

nucleic acid amplification method with great efficiency. This is used to

amplify RNAs and DNAs with high specificity and sensitivity as a
result of its exponential amplification feature and six particular target
sequences diagnosed by four separate primers.°” The LAMP assay is
rapid and does not need high-priced reagents or equipment. Further-
more, the gel electrophoresis method is widely utilized for investiga-
tion of the amplified items to detect endpoints. Hence, the LAMP test
will help to decrease the cost of coronavirus detection. Several strate-
gies for the detection of coronavirus based on LAMP are defined here,
as developed and performed in clinical diagnosis.1°®

Poon et al.'®® have reported a simple LAMP test in the SARS
study and demonstrated the feasibility of this method for SARS-CoV
detection. The SARS-CoV ORF1b site was selected for SARS detec-
tion and amplified in the presence of six primers via the LAMP reac-
tion, and then the amplified products were assessed by gel
electrophoresis. The sensitivity and detection levels in LAMP test for
SARS are close to those of traditional PCR-based techniques. Pyrc
et al*® effectively applied LAMP to HCoV-NL63 detection with a
desirable sensitivity and specificity in mobile cell cultures and clinical
specimens. Particularly, one replica of RNA template was found to be
responsible for the detection restriction. Amplification is observed as
fluorescent dye or magnesium pyrophosphate precipitation. These
techniques can be achieved in real time by monitoring the turbidity of
the pyrophosphate or fluorescence, which correctly overcome the
restriction of endpoint detection.!®

Shirato et al.*'! developed a beneficial RT-LAMP assay for the
diagnosis and epidemiological monitoring of human MERSCoV. This
method was highly specific, without any cross-reaction with other
specific respiratory viruses, and detected as few as 3.4 copies of
RNA.1? Subsequently, they developed the RT-LAMP assay by reveal-
ing a sign using a quenching probe (QProbe), which has the same
efficiency as the usual real-time RT-PCR test with respect to
MERSCoV detection.!??

Based on other evidence, a nucleic acid visualization method was
developed that combines RT-LAMP and a vertical flow visualization
strip for MERS detection.**®

2.7 | Penn RAMP technology

Based on the effectiveness reported by Zhang et al.*°* using the com-
paratively less sensitive LAMP, the improved sensitivity of the Penn-
RAMP technique achieved by Huang et al.1'#, which is attributable to
an updated two-step LAMP protocol, can prove to be substantially
effective as a diagnostic. To amplify specific targets by recombinase
polymerase amplification, in which all targets are simultaneously
amplified, the Penn-RAMP requires a preliminary reaction with outer
LAMP primers. A next highly precise LAMP reaction is then triggered.
Especially, the first stage uses F3 and B3 outer LAMP primers,
whereas the other four RAMP primers are further mixed in the stage
2. Compared to normal LAMP, this ‘nested’ concept considerably
improved the sensitivity of LAMP by approximately 10-100 times,
especially when working with distilled and crude samples.**> Addi-

tionally, when extended to mock trials, the Penn-RAMP methodology
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was given a 100% approval rating at 7-10 copies of viral RNA per
reaction, compared to a 100% approval rating at the 700 viral RNA

copies needed for PCR analysis.}1+11>

2.8 | Dropletdigital PCR

For the direct identification and quantification of DNA and RNA tar-
gets, droplet digital PCR (ddPCR) comprises an extremely sensitive
technique.’*® It has been widely used for infectious disease condi-
tions, particularly because of its ability to identify a few copies of viral
genomes accurately and efficiently.!?” If low-level and/or residual
viral existence identification is appropriate, ddPCR quantitative data
are much more insightful than those provided by regular RT-PCR
tests. In view of the need to restrict (as far as possible) false-negative
results in COVID-19 diagnosis, use of the ddPCR can provide a vital
support. Even so, the ddPCR assay is still very rarely studied in clinical
settings and there is currently no available evidence for European

cases. 118
2.9 | Next-generation sequencing (NGS)-based
technique

RNA viruses come in great assortment of varieties, and they are the
etiological specialists of numerous significant human and animal
infectious diseases.*?

RNA viruses comprise the major variety and are the etiologic
agents of very infectious diseases in humans and animals such as
SARS, hepatitis, influenza and IB (avian infectious bronchitis). High-
throughput NGS technology has a vital role in primary and accurate
diagnosis.120 In addition, the NGS method can detect whether or not
various types of virus comprise a pathogen. The fast novel technique
of viruses by NGS, including DNA-sequencing and RNA-sequencing
has developed the identification of viral diversity.*?* The identifica-
tion of a huge range of pathogen using NGS technologies is also sig-
nificant for controlling viral infection caused by a new pathogen.2?2 In
recent years, the advancement of the NGS method via RNA-
sequencing has enabled us to make great progress in the fast recogni-
tion of new RNA viruses. RNA-sequencing detects millions of
reversely transcribed DNA fragments from complex RNA samples at
the same time using random primers.'?® Chen et al.}?? reported a new
duck coronavirus using the RNA-sequencing method, which differed
from that of chicken IBV (infectious bronchitis virus).?2 The new
duck-specific CoV was a possible new species within the genus
Gamma-coronavirus, as shown by sequences of the viral 1b gene from
three regions.

In conclusion, the outbreak of a novel virus emerged at the end of
December 2019. COVID-19 spread immediately and challenged medi-
cine, economics and public health worldwide. Numerous evidence
proposed that the ACE2 receptors comprise crucial structural proteins
for virus budding and entry into host cells. Both transmission from

unidentified intermediate hosts to cross-species and human to human

transmission have been recognized. Hence, early detection and isola-
tion of suspected patients can play an essential role in controlling this
outbreak. Currently, diagnostic methods for COVID-19 are numerous;
hence, it is imperative to choose a suitable detection protocol. Each of
the described techniques has its specific disadvantages and advan-
tages. Both chest CT imaging and RT-PCR tests are recommended for
COVID-19 patients. However, the use of PCR requires various equip-
ment and a well-established laboratory. LAMP can be detected with
low numbers of DNA or RNA templates within 1 hour. Microarray is
an expensive method for COVID-19 diagnosis, and other newly devel-
oped methods also require additional investigation to achieve rapid
development and detection in the future. Given that the number of
infected cases is rapidly increasing, future studies should reveal the
secrets of the molecular pathways of the virus with respect to devel-

oping targeted vaccines and antiviral treatments.
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