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1. Introduction

Following the emergence of severe acute respiratory syndrome (SARS) in 2002

and the Middle East respiratory syndrome (MERS) in 2012, the world is now
combating a third large-scale outbreak caused by a coronavirus, the
coronavirus disease 2019 (COVID-19). After the rapid spread of
SARS-coronavirus (CoV)-2 (the virus causing COVID-19) from its origin in
China, the World Health Organization (WHO) declared a Public Health
Emergency of International Concern (PHEIC) on January 30, 2020. From the
beginning of the COVID-19 pandemic, a significant number of studies have
been conducted to better understand the biology and pathogenesis of the
novel coronavirus, and to aid in developing effective treatment regimens,
therapeutics, and vaccines. This review focuses on the recent advancements
in the rapidly evolving areas of clinical care and management of COVID-19.
The emerging strategies for the diagnosis and treatment of this disease are
explored, and the development of effective vaccines is reviewed.
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Since the first identification of human cases
with symptom onset in December 2019
in Wuhan, China, severe acute respiratory
syndrome (SARS)-coronavirus (CoV)-2 has
spread rapidly across the globe, infected
more than 30 million people in 212 coun-
tries and territories, and caused 950 000
deaths as of September 2020.!'3] The coron-
avirus disease 2019 (COVID-19) has created
an onerous burden on the global health care
system and has led to an unprecedented in-
crease in demand for intensive care units
(ICUs).l*%l In addition to the clinical im-
plications and public health concerns, the
COVID-19 pandemic has greatly affected
the social fabric of nations and has caused
severe global macroeconomic impacts.””!
SARS-CoV-2 is the seventh species of coronavirus that is
pathogenic to humans and transmittable between people.[1%11]
Among these coronaviruses, SARS-CoV, SARS-CoV-2, and the
Middle East respiratory syndrome (MERS)-CoV can cause severe
disease and fatality, while HKU1 (discovered in 2005), NL63 (dis-
covered in 2004), and OC43 and 229E (both characterized in the
1960s) are known to produce mild clinical symptoms.['?] While
SARS-CoV-2 mainly attacks the lower respiratory system causing
viral pneumonia, emerging data suggests that it may also dam-
age the heart, gastrointestinal system, liver, kidney, and central
nervous system, resulting in multiple organ failure.'*17] Simi-
lar to other coronaviruses, SARS-CoV-2 contains a single-strand
positive-sense 30 kb RNA genome that is encapsulated within a
membrane envelope.>!$1° This genome is ~#80% and 50% iden-
tical to SARS-CoV and MERS-CoV, respectively; however, more
than 90% of the sequence is shared with some of the coron-
aviruses isolated from bats and pangolins, suggesting a zoonotic
origin for COVID-19.3:20.21]

The containment of the novel coronavirus relies in part on
effective diagnosis and active symptom monitoring. Real-time
reverse transcription polymerase chain reaction (RT-PCR) has
been the primary technique, due to its high specificity, for diag-
nosing COVID-19 through the amplification of specific regions
of the SARS-CoV-2 genome.['"?2] High-throughput sequencing
approaches, though capable of generating whole viral genomes
that are critical for molecular epidemiological tracking of SARS-
CoV-2, have a slow turnaround time and are not commonly used
for diagnosis in other cases.[?’] Based on patient symptomol-
ogy, computed tomography (CT) imaging of the chest and lungs
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Table 1. Differences between COVID-19, SARS, and MERS viruses.
Respiratory Common symptoms (% Less common Emergence Incubation Transmission Receptor Cell line Receptor
infections of cases) symptoms period susceptibility distribution
COVID-19 o Fever (81-91) ® Nasal Wuhan, China, ~14 days!®] e Confirmed between ACE2 e Respiratory tract Alveolar
® Cough (48-68) congestion potentially related humans (respiratory ® GCobletcells in monocytes,
® Dyspnoea (19-31) ® Headache to a food market droplets) the nose macrophages
® Sore throat (29) ® Muscle aches  (December 12, ® Postulated ® |Intestinal tract Liver with
® Dizziness/confusion ® Chills!®’] 2019).1281 contaminated dry ® Kidney inflammatory cell
(22) surfaces o Liverl®l infiltration
® Smell/taste (self-inoculation of Heart
dysfunctions (28-41) nose, eyes, or mouth Small intestine
® Diarrhea (16) mucous Respiratory tract
® Nausea/vomiting membranes!] epithelium!(®?]
(6)1%8]
MERS e Fever (81.7-98) N/A Identified from the  2-14 ® Close DPP4 e Respiratory tract Respiratory tract
® Cough (56.9-83) saliva of a patient  days!*®] person-to-person ® |Intestinal tract epithelium
® Dyspnoea (22-72) with acute contact (respiratory ® Genitourinary Kidney
® Sore throat (9.1-14) pneumonia and secretions from tract Small intestine
® Dizziness/confusion renal failure in coughing and ® Liver Liver and
(5.4) Jeddah, Saudi sneezing) ® Kidney prostate
® Diarrhea (19.4-26) Arabia, 2012.1] ® Close contact with ® Neuronsl®] Activated
® Nausea/vomiting infected dromedary leukocytes!®’]
(14-21)128] camels!®4]
SARS e Fever (99-100) ® |Intestinal Animal host 2-12days e Close ACE2 e Respiratory tract ® Arterial, venous
® Cough (57-75) symptoms transmission to [%8] person-to-person ® Kidney endothelium
® Dyspnoea (40-42) [26] humans in animal contact (respiratory o Liver [%] Arterial smooth
® Sore throat (13-25) markets, droplets) [9°] muscle
® Dizziness/confusion Guangdong ® Small intestine

province, China,

November 2002
(971,

(40-43)
® Diarrhoea (23-70)
® Nausea/vomiting
(20-35)128]

® Respiratory tract
epithelium

® Liver with
inflammatory cell
infiltration

® Alveolar
monocytes,

macrophages [%°]

has been used as an auxiliary diagnostic method!?*]; however,
this technique does not distinguish between various other vi-
ral pneumonia.l?*?%] Alternatively, serological test kits that detect
specific viral antigens or antibodies against SARS-CoV-2 using
enzyme-linked immunosorbent assay (ELISA) are being devel-
oped or are under clinical evaluation.[?”-?! Overall, the immedi-
ate response to the COVID-19 pandemic urgently requires high-
throughput diagnostic tests with increased sensitivity, high speci-
ficity, reduced cost, and rapid turnaround times.

In addition to diagnostics for detecting SARS-CoV-2, major
global campaigns have been mounted to better understand the
pathophysiology of the disease, develop optimized clinical ap-
proaches for managing symptoms, and identify strategies for de-
veloping effective therapeutics and vaccines. One approach to
treating patients with advanced symptoms has relied on repur-
posed drugs known to be effective against other RNA viruses
as potential treatments for COVID-19.3% In particular, antivi-
ral drugs such as lopinavir, remdesivir, arbidol, baricitinib, and
chloroquine (CQ), agents postulated to disrupt viral replication
and maturation, have been enrolled in clinical trials to assess
their therapeutic effects against SARS-CoV-2.31-3% Additionally,
due to the relatively large basic reproduction rate (basic reproduc-
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tion number of ~3) of the virus, the development of vaccines ap-
pears essential for controlling the spread of SARS-CoV-2.1**] Pre-
existing vaccines with potential effects against SARS and MERS
coronaviruses can facilitate the development of vaccines against
SARS-CoV-2, given the significant sequence homology between
the viruses.*%! In this review, we summarize the known biolog-
ical characteristics of SARS-CoV-2 and highlight the differences
with SARS-CoV and MERS-CoV. The established and emerging
diagnostics and treatment options for COVID-19 are reviewed,
and the ongoing research on the development of vaccines against
COVID-19 is explored.

2. Coronavirus and Respiratory Diseases

The respiratory illnesses caused by coronavirus (SARS-CoV and
MERS-CoV) are highlighted and comparable to COVID-19. This
section will discuss the current knowledge on etiology, epi-
demiology, clinical presentation, and histopathological features
of these pathogens. Table 1 summarizes the main differences
between SARS-CoV, SARS-CoV-2, and MERS-CoV coronavirus
diseases in terms of symptoms, emergence, incubation period,
transmission, and biological characteristics.
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2.1. SARS

SARS-CoV is a member of the Coronavirus genus in the Coro-
naviridae family and is characterized by the presence of a large
positive-sense RNA genome (27.9 kb).3®! The outbreak of SARS
was initially identified in Foshan, China, in November 2002 and
emerged in mainland China by February 2003. The outbreak
spread to North America and Europe (encompassing 29 coun-
tries) by infected international travelers. SARS was contained by
July 2003 with 8096 reported cases and 774 deaths during the
outbreak period.[*’-3°] However, confirmed cases were reported
in Singapore, Taiwan, and China from September 2003 to May
2004, and mainly traceable to laboratories working with SARS.[0]
No new suspected cases have been reported since May 2004. Ge-
nomic analysis indicated that SARS-CoV spread from a bat to an-
other host, likely a palm civet (Paguma larvata), and was transmit-
ted to humans in live exotic animal markets (Figure 1).1*!] This
was consistent with the later discovery of a colony of horseshoe
bats in China with genetically similar coronaviruses.[*!]

SARS-CoV is mainly transmitted through close person-to-
person contact and the exchange of respiratory droplets formed
through coughing or sneezing, or by touching contaminated
surfaces.*»*] Infection symptoms manifest 2-12 days following
infection and include a high fever (>38 °C), myalgia, malaise,
headache, body aches, diarrhea (10-20%), and a dry cough that
may lead to hypoxia. Moreover, infected individuals present
with low lymphocyte and blood platelet counts and elevated
levels of C-reactive protein and lactate dehydrogenase.’”] El-
derly and immunosuppressed patients were the most vulnerable
to SARS-CoV and accounted for a disproportionate number of
fatalities.[3744]

SARS-CoV primarily targeted the immune system, causing
low levels of lymphocytes and epithelial cells of the respira-
tory tract, which resulted in diffuse alveolar damage.*”) The
histopathology was dependent on the duration of illness and var-
ied for the different stages of the disease. Acute diffuse alveolar
damage occurred in the primary stage, followed by the appear-
ance of acute fibrinous and pneumonia in subsequent phases.!*¢]
Bradley and Bryan reported a pathologic result obtained from an
open lung biopsy of a patient with early phase SARS-CoV (one
week after symptom presentation).’”] This revealed a mild in-
crease in interstitial lymphocytes and alveolar macrophages with
hyaline membrane formation. The autopsy of the lung tissues
revealed bronchial epithelial denudation, loss of cilia, and squa-
mous metaplasia morphological changes. A noticeable increase
in macrophage density in the alveoli and the interstitium was
also reported. Cytomegaly, characterized by nuclear enlargement
and amphophilic granular cytoplasm, was present in the alveolar
pneumocytes, and viral particles were found in dilated secretory
vesicles in the cytoplasm of epithelial cells. Furthermore, signif-
icant atrophy of the white pulp of the spleen was detected in one
patient.!*’]

2.2. MERS
MERS is a viral respiratory disease caused by the coronavirus

MERS-CoV, which emerged in 2012, 10 years after the outbreak
of SARS-CoV.I*8] MERS-CoV is the sixth discovered coronavirus
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that has a long positive-sense RNA genome (30.1 kb).*] The
single-strand SARS-CoV and MERS-CoV genome is translated
into two large polyproteins called ppla and pplb. The ppla and
pplb polyproteins are cleaved into 16 nonstructural proteins
(nsps) to conduct the replicase-transcriptase of the virus. The
envelope spike glycoprotein of SARS-CoV and MERS-CoV bind
to the cell-surface receptors angiotensin-converting enzyme 2
(ACE2) and dipeptidyl peptidase 4 (DPP-4), respectively. The vi-
ral RNA genome is released into the host cell’s cytoplasm follow-
ing membrane fusion and the subsequent translation of polypro-
teins, cleaved into 16 nsps by proteases, and concludes with viral
genome replication.[*+0]

The first case of MERS was reported in Saudi Arabia, where
MERS-CoV was discovered in the sputum of a deceased patient
with acute pneumonia and subsequent renal failure.l*8] MERS-
CoV was then spread from the Arabian Peninsula by infected
international travelers and resulted in person-to-person nosoco-
mial transmission (Figure 1). As of January 2020, MERS-CoV
cases were reported in 27 countries with 2519 confirmed cases
and 866 fatalities.>!] Since bats are known reservoirs of different
types of coronavirus, initial studies focused on bats as the reser-
voir of MERS-CoV.*?] This hypothesis was initially supported by
a study in which fragments of the MERS-CoV genome was found
in a bat colony, similar to the human isolated virus.[>*! However,
later serological and genetic studies found neutralizing antibod-
ies and MERS-CoV RNA in dromedary camels, suggesting that
camels were the intermediate hosts or reservoirs of MERS-CoV,
and transmitted the virus to humans.>>]

Nosocomial transmission has been reported as the most com-
mon route of human-to-human infection transmission.*®! For
instance, in May 2015, the outbreak of MERS in South Korea oc-
curred after the hospital admission of a single infected individ-
ual returning from the Middle East. The transmission from this
patient caused MERS outbreaks in 16 hospitals, resulting in 186
cases and 36 reported deaths (19.4% fatality rate). The majority of
patients were infected by this superspreader as MERS is capable
of surviving on hard surfaces for several days; therefore, trans-
mission occurred via touching infected surfaces in these health
care facilities.[%) Fast transmission of MERS-CoV within house-
holds was also reported, as family members are in close contact
and were easily exposed to the respiratory secretions of infected
individuals.[]

The elderly and people with chronic diseases of the heart, lung,
and kidney, diabetes, and cancer are more susceptible to MERS
due to the increased likelihood of progression to respiratory
failure in such patients. MERS can be symptomatic or asymp-
tomatic, however, higher fatality rates are observed in symp-
tomatic patients, as the onset of symptoms appears when sub-
stantial virus shedding occurs within the body.*" Clinical symp-
toms appear after an incubation period of 2-14 days, and are
commonly fever, cough, shortness of breath, myalgia, sore throat,
and headache. Patients diagnosed with MERS also present with
abnormal chest X-rays, which show multilobar airspace disease,
ground-glass opacities, and occasional pleural effusions.[>8¢]
Less commonly reported symptoms include diarrhea, nausea,
vomiting (up to 33%), acute kidney injury (up to 50%), and neuro-
logical sequelae.l®!l Leukopenia and lymphopenia were reported
as the most common hemostatic laboratory derangements, while
thrombocytopenia and anemia were present in some patients.[>!
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Figure 1. Schematic illustrating the transmission of SARS, MERS, and COVID-19 coronaviruses. Pangolins have been suggested as the intermediate
carriers, however, the real source is still unknown, according to WHO.[6¢]
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Furthermore, increased levels of aminotransferase were preva-
lent among patient with severe conditions.

Histopathological features of MERS-CoV have not been re-
ported upon in depth, owing to the limited number of autopsy
cases performed on patients infected with the virus. Ng et al.
observed lung damage with exudative diffuse alveolar damage
with hyaline membrane, deposition of alveolar fibrin, type 2
pneumocyte hyperplasia, and multinucleate syncytial cells in a
patient who died 8 days after hospital admission.[®?] Immuno-
histochemistry analysis also confirmed the infection of pneu-
mocytes (multinucleated epithelial cells) with MERS-CoV. These
cells expressed DPP-4 surface antigens, which are the cell re-
ceptor of MERS-CoV. Furthermore, 50-150 nm spherical MERS-
CoV particles were detected in the encased hyaline membrane
and membrane-bound vesicles. Histopathological analysis of the
brain, heart, lung, liver, kidney, and skeletal muscle tissues in a
patient with T cell lymphoma showed acute kidney injury, portal
and lobular hepatitis, and myositis with muscle atrophic changes,
in addition to the necrotizing pneumonia. Additionally, accumu-
lation of viral particles was observed in the respiratory epithe-
lium and renal proximal tubular epithelial cells.l%}] Histopatho-
logic evaluations performed on the biopsy of the kidney tissue of
a MERS-survivor revealed acute tubular necrosis and acute tubu-
lointerstitial nephritis.[** Based on human ex vivo and in vitro
experiments, Yeung et al. suggested that the high incidence of
MERS-induced renal failure was due to the hyperexpression of
MERS against decapentaplegic homolog 7 (Smad?7) and fibrob-
last growth factor 2 (FGF2) in kidney tissues.[®]

2.3. SARS-CoV-2

SARS-CoV-2 first emerged in Wuhan, China, and rapidly spread
on an international scale. SARS-CoV-2 is one of the most ag-
gressive forms of coronavirus, having infected ~30 million peo-
ple and having caused over 950 000 deaths, worldwide.['=3¢7]
Symptoms typically associated with COVID-19 include tussis,
fever or chills, and shortness of breath.[®] The prevalence of pre-
existing medical conditions such as hypertension, obesity, dia-
betes, asthma, and cardiovascular disease are confounding fac-
tors linked to COVID-19 fatalities.[*®]

SARS-CoV-2 has a bat origin and is transmitted to humans
through an intermediate host, potentially pangolins.[11969]
SARS-CoV-2 shares 96% genomic sequence identity with the bat
coronavirus RaTG13, and 79% and 50% sequence identity with
SARS-CoV and MERS-CoV, respectively.'%! Viral strains detected
in pangolins have a similar spike protein amino acid sequence as
SARS-CoV-2, which binds to the human ACE2 receptor,[1%196]
leading to the theory of pangolins as an intermediate
species.

ACE2 is a cell membrane protein expressed in multiple or-
gans throughout the human body. The primary role of ACE2 is
in the renin-angiotensin system that serves to counterbalance the
function of ACE by converting the vasoconstrictor Angiotensin 2
to Angiotensin-(1-7), essentially regulating blood pressure.[”07!]
ACE2 has been shown to be the major cell receptor for SARS-
CoV and SARS-CoV-2.372l Tt has been suggested that patients
suffering from hypertension and type 1 and type 2 diabetes have
a higher risk of developing acute COVID-19,[2°! due to the up-
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regulation of ACE2 by ACE inhibitors and Angiotensin type 2
receptor blockers.!?67374] The structure of SARS-CoV-2 is shown
in Figure 2; displayed in yellow are the spike glycoproteins that
SARS-CoV-2 uses to bind the ACE2 enzyme.

The prevalence of ACE2 in the lower respiratory tract'’”>7%! has
been theorized as the reason for the lack of upper respiratory
tract infections and symptoms.'*] Patient age is a factor that in-
fluences the severity of SARS-CoV-2 infections. Data from the
USA Center for Disease Control show that hospitalization rates
were highest among people more than 65 years old (13.8 per
100 000), while the hospitalizations of other age populations was
lower than 6 per 100 000./%8] Data from the British Columbia Cen-
ter for Disease Control in Canada show a similar trend with 67%
of hospitalizations, 71% of intensive care visits, and 98% of fatal-
ities occurring in patients >60 years old.l”®!

Other important epidemiological aspects of the disease in-
clude the incubation period, transmission rate, infectious period,
and pathogenesis. Lauer et al. found that the median incubation
period was 5.1 days and that 97.5% of infected patients displayed
symptoms within 11.5 days.””] Several studies found similar
incubation periods for SARS-CoV-2.3>787°] The transmission
rate of SARS-CoV-2 has been estimated by multiple sources
to be 2.2.358081] The infectious period for those afflicted with
the SARS-CoV-2 virus is still being debated, however, He et al.
developed a model showing that infectiousness begins 2-3
days prior to the development of symptoms and diminishes
after a week with symptoms.[82] A brief case study by Zou et al.
confirmed infection by asymptomatic patients®*] while another
case study by Rothe et al. has identified viral transmission while
the patient was in the incubation period.[®*] The evidence points
to increased transmissibility of the virus in the early stages of
infection.

Once infection has taken place, the COVID-19 disease pro-
gresses with the initial common symptoms of fever, cough, fa-
tigue, and muscle aches.'*! Symptoms then progress to short-
ness of breath and difficulty breathing, before developing into
acute pneumonia.l'*l Chest CT scans showed ground glass opac-
ities in the lungs that became worse as the disease progressed.!®”]
Lastly, cardiovascular injury was observed in some patients, while
elevated cytokine levels (including some proinflammatory cy-
tokines) were detected in the patient’s blood.[**!

3. Diagnostic Tests

Patients with COVID-19 pneumonia possess nonspecific symp-
toms such as cough, fatigue, and shortness of breath, which
cannot be considered for an accurate diagnosis as these symp-
toms may be associated with other respiratory infections.['%! Cur-
rently, real time reverse transcriptase polymerase chain reaction
(rRT-PCR) assay and chest imaging using CT scans are the pri-
mary diagnosing methods. Based on the common diagnostic cri-
teria established by the China National Health Commission, lab-
oratory molecular-based tests have become a standard tool for
diagnosis of COVID-19 due to their accuracy in targeting and
identifying particular pathogens.['!] This section highlights the
common methods of COVID-19 detection including nucleic acid
tests, chest imaging, and rapid kit test, including the advantages
and drawbacks.
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Figure 2. Schematic of SARS-CoV-2 structure.

3.1. Nucleic Acid Diagnostic Tests
3.1.1. RT-PCR

PCR has become a standard diagnostic and research tool due to
its capacity for providing quantitative genetic analysis of DNA
and RNA.1%2] Current diagnostic tests that have been the most
frequently used for detecting COVID-19 are based on nucleic
acid amplification methods, such as RT-PCR, real time (rRT-
PCR), and reverse transcription loop-mediated isothermal ampli-
fication (RT-LAMP), with the former being considered the gold
standard. In this assay, viral RNA extracted from patient sam-
ples (e.g., oro/nasopharyngeal swab, sputum, or bronchoalveolar
lavage) is transcribed to complementary DNA (cDNA) and ampli-
fied by PCR (Figure 3A).[1] RT-PCR can be conducted as a one-
or two-step assay to target the two main regions (ORF1b and N) of
SARS-CoV-2. The major advantage to one-step reactions is the re-
quirement for fewer manipulations, providing high-throughput
analysis and a lower risk of cross-contamination.!'*! The two-
step assay is more sensitive and time-consuming, due to an extra
open-tube step and pipetting manipulations, which can also re-
sult in greater variability and risk of contamination.%]

RT-PCR assays use three different regions of SARS-CoV-
2 genes, encoding the RNA-dependent RNA polymerase
(RdRp)/helicase (Hel), spike (S), and nucleocapsid (N). The
RT-PCR assays based on RdRp/Hel genes have high specificity
as the PCR primers do not amplify other human coronaviruses
(e.g., MERS and SARS).'1%] Many RT-PCR assays have been
approved by the Food and Drug Administration (FDA) with
the most prominent being the Xpert Xpress SARS-CoV-2 test
developed by Cepheid (USA) that detects SARS-CoV-2 virus
in nasopharyngeal swab, nasal wash, or aspirate specimens
in 45 min.[%1%] Vivalytic COVID-19 test is another RT-PCR
assay developed by Bosch (Germany) and Randox Laboratories
(United Kingdom) that enables detection in under 2.5 h and
simultaneously detects SARS-CoV-2 with nine other respiratory
viruses.!1%] The recently introduced Abbott ID Now test provides
results in 5 min, amplifying the RdRp gene. The test is designed
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for near-patient testing in any healthcare environment. Throat,
nasal, nasopharyngeal, and oropharyngeal swabs can be used for
sampling.[1¢]

Despite RT-PCR being the gold standard for COVID-19 diag-
nosis, there is a potential for false-negative results, and may be
related to the viral load and the time of sampling. The RT-PCR re-
sults typically provide a positive result if specimen was collected
2-8 days postinfection.[1%!

Although RT-PCR molecular tests have become standard tools
for COVID-19 detection, there remain numerous challenges,
including sample collection issues such as inappropriate or
inadequate sample collection in terms of quality and volume,
incorrect transportation and storage of samples (e.g., delay in
transport or improper packaging and shipping methods), and
presence of interfering substances (e.g., blood, nasal secretions,
or mucus). Other challenges include the shortage of reagents
and instrumentation, delays with the installation of instruments,
and false-negative results (~30%).11%!

3.1.2. RT-LAMP

To increase testing rates, shorten turnaround times, and improve
upon the limitations of RT-PCR, the one-step nucleic acid ampli-
fication method has been developed for diagnosing COVID-19
infections. LAMP is a single-tube and low-cost technique for the
amplification of DNA following reverse transcription.''! RT-
LAMP has high specificity and sensitivity, operational simplicity,
low cost, and results detectable by the naked eye in less than 1
h (Figure 3B).[11%111] RT-LAMP uses DNA polymerase and 4-6
primers including two inner primers (a forward and a reverse
inner primer) and two outer primers, which chemically bind to
six specific regions on the target genome, making this method
highly specific with the higher number of primers.[!1?] Several
RT-LAMP assays have been developed for COVID-19 detection.
As an example, Lamb et al. recently developed a rapid screening
RT-LAMP diagnostic test that could detect COVID-19 infections
in less than 30 min.'""% They simulated patient samples by
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Figure 3. COVID-19 diagnostic tests. A) RT-PCR test procedure. B) Comparison and benefits of RT-LAMP and RT-PCR. Reproduced with permission.[160]
Copyright 2020, MDPI C) Schematic illustration of rapid SARS-CoV-2 IgM-IgG combined antibody test. Adapted with permission.l'6 Copyright 2020,
John Wiley & Sons. D) Axial chest CT images of COVID-19 pneumonia showing i) GGO, ii) crazy-paving pattern, and iii) consolidation. Adapted with
permission.[2] Copyright 2020, Springer.
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spiking different type of samples including serum, urine, saliva,
oropharyngeal swabs, and nasopharyngeal swabs with a portion
of the COVID-19 nucleic sequence. This simple and fast assay is
portable and could be administered for various types of biological
samples without specialty training or equipment. WarmStart Col-
orimetric LAMP 2X Master Mix is another prominent RT-LAMP
assay, which contains a visible pH indicator for the rapid and
easy detection of LAMP and RT-LAMP reactions. Amplification
is easily detectable with a simple pink-to-yellow color change.[13!

In addition to isothermal amplification, there are other nu-
cleic acid tests for the detection of COVID-19 infection. For ex-
ample, SHERLOCK is a robust test that can detect COVID-19
using Cas13a ribonuclease for RNA sensing.[''*] This technique
showed almost single-copy sensitivity with a shorter turnaround
time than RT-PCR and can be considered as a promising diag-
nostic option for the emerging pathogen.

3.2. Chest CT

Clinical diagnosis using CT imaging has played a vital role in
the early detection and management of COVID-19, particularly
in light of diagnostic test kit shortages and presumptive false-
negative RT-PCR tests.[''*] A chest CT scan involves taking mea-
surements of X-ray attenuation through a cross-sectional plane of
the thorax from different rotational angles. This data is then used
to construct a digital cross-sectional image of the chest showing
the different lobes of the lungs, and is particularly good for de-
tailing soft tissues.''>] Multiple research groups have found that
COVID-19 pneumonia manifests with visible abnormalities in
chest CT images in both symptomatic and asymptomatic patients
(Figure 3D).['*®] This can be helpful in the early screening of sus-
pected cases and for evaluating the severity of a case. The findings
on chest CT scans in early-stage disease (day 0 to day 4 following
the onset of symptoms) are prominently multiple patchy ground
glass opacities (GGOs) with or without consolidation involving
multiple lobes with peripheral distribution.[?"?211#] These initial
GGO abnormalities can be accompanied by a halo sign, vascu-
lar enlargement in the lesion, crazy paving pattern, and/or an
air bronchogram sign.'*!"7] Zhao et al. determined that GGO le-
sions more commonly have bilateral involvement, are predomi-
nant in the lower lung, and are multifocal.[''”] As the infection
progresses past day 4, dense consolidation may become increas-
ingly prevalent.['14]

The diagnostic value chest CT has been compared to RT-PCR
assay by researchers Ai et al., who also investigated the consis-
tency of the diagnostic CT findings within a sample group of
1014 patients.[>*] The sensitivity of chest CT scans for diagnos-
ing COVID-19 was found to be higher than RT-PCR. Addition-
ally, 42% of cases showed improvements in follow-up chest CT
scans, before the RT-PCR test results turned negative.[? Similar
findings by Fang et al. show a sensitivity of 98% for CT imaging,
compared to a 71% sensitivity of RT-PCR.[?] Furthermore, Xie
and co-workers report that 3% of 167 patients had a negative RT-
PCR result for COVID-19 upon initial presentation, despite chest
CT scan showing signs of viral pneumonia.l''’] However, chest
CT scan does not distinguish between different pneumonia viral
infections as the imaging features of COVID-19 can overlap. The
specificity of chest CT for diagnosis of COVID-19 is reported as
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low as 25% by Ai et al.,[*] therefore, RT-PCR remains the gold
standard for diagnosis of COVID-19.

The COVID-19 infection confirmed with RT-PCR may present
with normal chest CT scan findings upon admission, however,
the percentage of these patients varies clinically. When imaged
up to 2 days following the onset of symptoms, 56% (20 of 26
patients) were found to have normal chest CT images,!®! while
other research groups observed 2% (1 of 51 patients)!?! after
symptom onset, and 3% (21 of 601 patients) tested positive with
RT-PCR,/?"] had initially normal CT scans. Pan et al. reported
the 19% (4 of 21 patients) with an initially normal chest CT
had visible lung abnormalities in repeated pulmonary CT scans,
around 4 days after initial imaging.['"*! This finding was limited
to patients without severe respiratory disease or requiring oxygen
treatment.

Findings by Yang and Yan showed that 11.4% (17 of 149 symp-
tomatic patients) with normal chest CT at admission became
COVID-19 positive after 7 days.[''¥] Thus, chest CT scans can-
not be used to exclude a positive diagnosis of COVID-19, partic-
ularly in patients with early symptom onset. Medical and public
health bodies in the United States and China have not adopted
chest CT as a diagnosis method. Furthermore, the cost efficacy
and radiation exposure of chest CT scans as a COVID-19 diag-
nostic tool must be examined. CT machines are expensive to run
and maintain, may not be available in developing countries, and
require specific technical expertise. However, it is important to
note that the high virulence of COVID-19 makes identifying sus-
picious CT cases a priority to properly isolate potentially infected
patients and deliver the appropriate treatment.

3.3. Rapid and Point-of-Care (POC) Diagnostic Methods

RT-PCR is established as the standard technique for molecular-
based in vitro diagnostic (IVD) tests, but suffers from drawbacks
including requirements for sophisticated laboratory, expen-
sive equipment, and expert technicians for operation.[106:119.120]
These conditions give the molecular-based analysis method a
long turnaround time. Additionally, using conventional RT-PCR
methods, early stage diagnosis of COVID-19 (up to 2 weeks) can
cause false-negative results as insufficient viral RNA concentra-
tion can be found in the clinical samples during the early stages of
infection.l1%®1%] The limitations of such molecular analysis meth-
ods restricts their application in pandemic conditions, which re-
quire rapid and in-field detection of infected individual to de-
crease disease propagation. Apart from the emerging advances
in molecular-based assays for the detection of virus genomes
in different clinical specimens, there are other potential diag-
nostic tests through which serological levels of antibodies or vi-
ral antigens are detected.[1#12122] The COVID-19 outbreak high-
lights the importance of low-cost rapid and POC diagnostic tools
that are accurate and sensitive for identification of infected cases.
Such tests are required for better understanding the time course
and transmission period of the disease and directly guiding ef-
forts on virus propagation management.

Rapid and POC viral diagnostic kits are considered an ana-
Iytical biosensor device through which the viral target (includ-
ing proteins, antigens, RNA, or DNA) is detected in a fast, ac-
curate, and sensitive response.[12*7126] Given the advancements
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in nanotechnology, recently developed rapid detection kits en-
joy benefits over conventional tests, including a low limit of de-
tection (LOD), real-time analysis, and label-free detection.['#-12°]
Such advances result from new nanosystems that facilitate vari-
ous receptor-ligand binding reactions and subsequently reduce
the detection time. Rapid and POC diagnostic kits for COVID-
19 are divided into two distinct groups; genomic diagnostic tests
and immunodiagnostic tests.

3.3.1. Immunoassay-Based Rapid Tests

Immunoassay tests for COVID-19 diagnosis can detect virus anti-
gen or SARS-CoV-2 specific host antibodies (immunoglobulins
M and G (IgM and IgG) (Figure 3C). Serological methods like
ELISA and lateral flow immunoassay (LFIA) are robust tests that
are capable of detecting viral infections with short turnaround
times.[107130131] [ FTA is a powerful pathogen detection platform
through which both viral biomarkers (virus specific antigens and
associated antibodies) are detectable. With sufficient levels of the
biomarker in a sample, a visible color change in the test and
control zone indicates the positive results of the experiment.
However, by using different nanoparticles (e.g., gold nanopar-
ticles, nanoclusters, and polymers dots) for labeling chemistry,
the interaction of the detection antibody on the strip and viral
biomarker results in a specific signal that varies from optical
to fluorescent signals with different sensitivity.['3>133] All LFIA-
based tests detect either anti-SARS-CoV-2 IgG and IgM antibod-
ies separately or the whole antibody (mainly IgM and IgG) within
samples. IgM/IgG detection LFIA and ELISA kits for diagnosing
COVID-19 have been produced by several companies and have
shown higher throughput rates than nucleic acid assays (Table 2).

Xiao et al. have developed an ELISA test to detect the presence
of SARS-CoV-2 antibodies by capturing IgM and IgG.!"**] One of
the other predominant and rapid POClateral flow immunoassays
is the BioMedomics (USA) COVID-19 IgM/IgG test, which can
detect both early marker and late marker IgM/IgG antibodies in
human finger-prick or venous blood samples. Another prospec-
tive POC serology-based test has been recently developed by Phar-
macyt AG company (Germany). According to a study reported
by Woo et al., the type of viral target for immunoassay detection
affects the accuracy and sensitivity of the test; the sensitivity of
SARS-CoV N-based IgG ELISA (94.7%) is significantly higher
than that of SARS-CoV S-based IgG ELISA (58.9%).1'*] Immune-
associated antibodies (IgG and IgM) are typically the host im-
mune cell’s first response for fighting the virus, so that IgM ap-
pears within the first 5-7 days of the infection but fades toward
the end. Following this step, IgG antibodies, hallmarks of hu-
moral immune system maturation and long-term protection in-
dicators, are produced in the serum and typically recruit other im-
mune cells (e.g., macrophages) for clearing viral pathogens.[**]
In this regard, most of the serological tests that only measure the
level of IgM or IgG are unable to differentiate between a patient
with an acute infection and a recovered patient. Herein, devel-
oping a quantitative LIFA assay with the capacity for IgM to IgG
ratio measurement is a good approach for initially assessing a pa-
tient’s immune status. Given that 20-80% of COVID-19 cases are
estimated to be asymptomatic,®] current antibody immunoassay
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tests are a suitable solution for monitoring and surveillance of the
population in such a pandemic.

Direct antigen detection is an alternative method in which the
presence of viral proteins expressed by the virus are detected in
a collected sample. Unlike the previous method, where samples
are restricted to the blood or serum of patients, various origins
of the antigen are able to be used. Viral antigens can be directly
detected in either finger-prick samples or saliva. In this regard,
Sona Nanotech Inc. (Canada) has recently developed a rapid LIFA
kit that actively produces a signal when exposed to COVID-19
viral antigens. However, obstacles such as low viral concentra-
tions in the collected specimens or a lack of high-quality speci-
men collection may impact the sensitivity of the experiment, vary-
ing between 34% and 80%.!""] In this regard, LEADGENE Co.
(South Korea) has developed a modified rapid antigen kit with a
turnaround time of 10 min and higher sensitivity without cross-
reactivity to MERS and general coronaviruses. According to the
WHO, the majority of the developed antigen/antibody assay kits
could potentially be used as triage tests to rapidly screen likely
COVID-19 positive patients, so there is an urgent need to develop
multiplex testing methods that can detect several biomarkers in
a single test. These innovations would enable health providers to
not only detect the acute infected cases at early stages, but also de-
tect the severity level of the disease and period of infection, which
can have a positive impact on the further spread of infection.
Moreover, further integration of nanochemistry and disposable
microdevices can contribute to biosensor platforms with sensi-
tive and accurate quantitative results for analyzing the viral load
in infected patients.

3.3.2. Genomic Assay-Based Rapid Tests

A promising method that enables the rapid detection of SARS-
Cov-2 targets multiple regions of the viral genome through a mul-
tiple gene assay. This method has been adopted by Chu et al.; a
single step RT-PCR assay detects ORF1b and N regions of SARS-
CoV-2 in 1 h and 15 min, respectively.'%!l Accula SARS-CoV-2
test is another molecular rapid test that uses throat and nasal
swab samples in an automated RT-PCR handheld cartridge, with
results given after 30 min.['*®] ePlex SARS-CoV-2 has also devel-
oped a rapid molecular test with a qualitative nucleic acid multi-
plex assay, conducted on a single use cartridge, where results are
reported in 2 min.'"*] As described above, LAMP is a powerful
method that facilitates platforms for rapid molecular diagnosis of
SARS-CoV-2. Abbott ID-now technology is the most recent FDA
emergency-approved rapid molecular POC test that can deliver
positive results in as few as 5 min and negative results in 13 min.
This test utilizes the LAMP technology method to target the RdRp
gene in the genome profile of SARS-CoV-2!'*% Another effort in
this field was made by Milenia Biotec (Germany) with the devel-
opment of the HybriDetect method, where different molecules,
including gene amplification products, proteins, and antibodies,
are rapidly detected on a lateral flow dipstick (LFD). Using this
method, the sample-to-answer process takes ~30 min. To prove
the HybriDetect method for rapid detection of SARS-CoV-2,
Broughton et al. developed the SARS-CoV-2 DNA endonuclease-
targeted CRISPR trans reporter (DETECTR) assay.'>!] This assay
performs simultaneous RT-LAMP for RNA extraction from
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Company Product name Sample type Detectable Detection Phase of Advantages Disadvantages Refs.
factor method development
RayBiotech Coronavirus e Human serum 1gG antibodies Lateral flow Approved for e Results ready in <20 ® Testing limited to [138]
(USA) (COVID-19) e Plasma assay and research use min healthcare and
IgM/1gG ® Whole blood ELISA under FDA e High sensitivity pharmaceutical
Rapid Test Kit o Finger prick EUAInUS e Sand N protein professionals
receptor binding of ~ ® Requires special training
1gG antibody (in ® Not IgM antibody
ELISA) detection
Cellex Inc (USA) Cellex e Humanserum 1gG/IgM Lateral flow FDAand EUA e Easy to use e Testing limited to [139]
GSARS-CoV-2 e Plasma antibodies assay for ® Results ready in healthcare and
IgG/1gM ® Whole blood diagnostics 15-20 min pharmaceutical
Rapid Test professionals
® Unknown test sensitivity
early after infection
® Test results must read
between 15-20 min after
a specimen is applied to
the sample well
Aytu BioScience COVID-19 e Humanserum 1gG/IgM Lateral flow CE approved, o Results ready in ® ~91.9% sensitivity [140]
(USA/China) Rapid Test ® Plasma antibodies assay awaiting FDA  2-10 min at the POC ® Follow-up testing with a
® Whole blood approval molecular diagnostic
should be considered
® Fresh samples only
Wondfo Biotech Finecare o Humanserum 1gG/IgM Lateral flow CE/IVD in China e Small specimens e Testing limited to (41
Co., Ltd. SARS-CoV-2 e Plasma antibodies assay (5 uL of healthcare and
(China) Antibody Test e \Whole blood serum/plasma or pharmaceutical
10 uL of whole blood)  professionals
® Resultsreadyin 10 ® Requires special training
min
® High sensitivity and
specificity
Dynamiker 2019 nCOV e Humanserum 1gG/IgM Lateral flow Not FDA e FEase of use Testing limited to healthcare ~ [142]
(China) Rapid Test e Plasma antibodies assay approved ® Results ready in 10 and pharmaceutical
® Whole blood min professionals
Requires special training
Boditech ichroma ® Humanserum  1gG/IgM Fluorescent Not FDA ® Resultsreadyin 10 ® Testing limited to (143]
(Korea) COVID-19Ab e Plasma antibodies lateral flow approved min healthcare and
® Whole blood assay ® Results are pharmaceutical
semiquantitative as professionals
positive, ® Requires special training
intermediate, or
negative
Advaite (USA)  RapCov e Humanserum IgG/lgM Lateral flow Emergency FDA e Ease of use o 88% sensitivity [144]
® Plasma antibodies assay request ® Results ready in <15 ® Testing limited to
® Whole blood pending min healthcare and
pharmaceutical
professionals
Sona Nanotech Rapid COVID-19 ¢ Human serum  Virus antigen Lateral flow Expected ® Results ready in 5-15 N/A [145]
Inc. (USA) Test ® Plasma assay regulatory min
reliefby FDA e Costs less than $50
® No specialized
laboratory equipment
or technicians
required
(Continued)
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Company Product name Sample type Detectable Detection Phase of Advantages Disadvantages Refs.
factor method development
LEADGENE SARS/SARS- e Nasopharyngeal Virus antigen  Lateral flow Not FDA e Viral antigen Research use only [139]
(Taiwan) CoV-2 swab specimens assay approved detection
Antigen Rapid e Nasopharyngeal ® Results ready in
Test wash or aspirate 10-15 min
® No cross-reactivity
Epitope KT-1032 ® Humanserum 1gG/IgM ELISA Not FDA ® Highaccuracyand  ® Testing limited to (401
Diagnostics KT-1033 ® Plasma antibodies approved sensitivity healthcare and
Ltd. (USA) KT-1034 ® Whole blood pharmaceutical
professionals
® Requires special training
® Two separate kits for I1gG
and IgM detection
Creative SARS-CoV-2 ® Humanserum  Nucleoprotein/ ELISA Not FDA Capability of direct virus o Testing limited to [147]
Diagnostics 1gG/IgM ® Plasma NP protein approved antigen testing healthcare and
(USA) ELISA Kit or Quantitative results in pharmaceutical
SARS-CoV-2 Patient IgG antigen testing professionals
antigen ELISA that reacts to  Requires special training
Kit N protein
BTNX (Canada) COV-13C25 o Humanserum 1gG/lgM Lateral flow Not FDA High accuracy e Testing limited to 11461
® Plasma antibodies assay approved healthcare and
® Whole blood pharmaceutical
professionals
® Not for the screening of
donated blood
Sugentech COVID-19 e Humanserum 1gG/IgM Lateral flow CE Mark, FDA e Results visually e Testing limited to [147]
(South Korea)  1gM/IgG kit o Plasma antibodies assay approved observable within 10 healthcare and
® Whole blood min pharmaceutical
professionals
® Requires special training
MyBioSource  Human Human serum 1gG/1gM ELISA FDA approved e High accuracy and ® Testing limited to health- [144]
(USA) COVID-19 antibodies sensitivity care/pharmaceutical
1gG/IgM professionals
Antibody ® Time consuming sample
ELISA Kit

preparation

® Sample type limited to
serum, which must be
collected with no bacteria

respiratory swab samples in universal transport medium (UTM),
followed by the detection of Casl2, a predefined coronavirus
sequence. This CRISPR-based DETECTR method provides a
visual and faster alternative to the RT-PCR assay with 95%
positive and 100% negative predictive agreement for COVID-19
detection. Table 3 summarizes the genomic assay-based tests for
COVID-19 detection.

4. Treatment Strategies

4.1. Current Therapies

According to the WHO documentation for clinical management
of severe acute respiratory infection[*) and the Chinese Na-
tional Health Commission documentation for diagnosis and
treatment of pneumonia caused by COVID-19 v7.0,[}*1] when
COVID-19 disease is suspected, symptomatic and respiratory
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support must be the main focal points for COVID-19 treatments.
WHO guidelines recommend the following for the management
of COVID-19 and the associated clinical symptoms: adults and
children with severe pneumonia and severe acute respiratory in-
fection (SARI), acute respiratory distress syndrome (ARDS), hy-
poxaemia, or shock should be given supplemental oxygen ther-
apy. Co-infections causing SARI and sepsis should have treated
with empiric antimicrobials. Extracorporeal membrane oxygena-
tion (ECMO) is also recommended for patients with refractory
hypoxemia.l'*%l As health organizations do not currently recog-
nize any specific anti-COVID-19 treatments for patients with con-
firmed cases of COVID-19,['*] the few published clinical trials,
descriptive reports, and clinical treatment experiences must be
carefully evaluated as clinical outcomes and mortalities will dif-
fer widely with shifting demographics. Table 4 highlights poten-
tial therapeutics for the treatment of COVID-19. The cut-off date
for the following reported data is July 2020. Future randomized
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Company Product Sample type Detectable Detection Phase of Advantages Disadvantages Refs.
name biomarker method development
Bosch (DE) Vivalytic: e Nose/throat swab Viral DNA Multiplex PCR ~ EU (CE Mark) o patient sample canbe @ Testing limited to (152]
rapid- and p-array tested for nine other healthcare and
test-for- respiratory viruses (not pharmaceutical
COVID- including SARS-CoV-2) professionals
19 ® Fully automated sample ® Requires special training
processing
Partnership: GeneXpert N/A Viral DNA/RNA CRISPR- Proof-of- ® Sample cartridge ® Testing limited to (133]
Cepheid + SHER- Cas12/Cas13-  concept for ease-of-use healthcare and
(USA), LOCK based broad pharmaceutical
Sherlock test product professionals
Bio- development ® Requires special training
sciences
(USA)
CASPR N/A N/A Synthetic CRISPR-Cas12- Proof of * High sensitivity e Testing limited to (1541
Biotech SARS-CoV-2  based principle ® Rapid detection (<1h) healthcare and
(USA) RNA test evaluation e Ppaper-based testing strips  pharmaceutical
sequences are portable and professionals
administrable in public ~ ® Requires special training
Cepheid ~ Xpert ® Nasal swab Viral RNA Nucleicacid ~ FDA emergency ® Results returned in ~45 ® Testing limited to (3]
(USA) Xpress technology use min healthcare and
SARS- (real-time authorization e Uses disposable pharmaceutical
CoV-2 qPCR) cartridges prefilled with professionals
the required chemicals,
which are channeled
around test chambers
using microfluidics
® Does not require a lab
facility or special training
to operate
Abbott IDNOW e Nasal swab Viral RNA Isothermal FDA emergency e High sensitivity ® Testing limited to 156l
(USA) COVID- nucleic acid use ® Results returned in healthcare and
19 amplification authorization <5 min pharmaceutical
(LAMP) professionals
Tdrop Inc.  Tcopy e Nasopharyngeal Viral RNA Nucleicacid ~ FDA approved e High sensitivity (limit of ® Testing limited to (1571
(KR) & COVID- swab/oropharyngeal technology and commer-  detection of 200 genome  healthcare and
Lumi- 19qPCR  swab cialized copies mL~", equivalent pharmaceutical
narie Multi Kit to 4 genome copies per professionals
Canada PCR reaction) ® Requires special training
Inc. ® Short measurement time
(<2 h)
Thermo  TagqPath e Nasopharyngeal swab  Viral RNA Nucleicacid ~ FDA approved o Targeted specificityto @ Testing limited to (1581
Fisher COVID- e Nasopharyngeal aspirate technology and commer-  100% of currently healthcare and
(USA) 19 ® Bronchoalveolar lavage (real-time cialized available complete pharmaceutical
Combo (BAL) specimens PCR) genomes for SARS-CoV-2  professionals
Kit ® Improper collection,
transport, or specimen
storage may reduce
accuracy
® Nonspecific to
SARS-CoV-2 diagnostic
report generation in <4 h
InBios Smart ® Nasopharyngeal swab  Viral RNA Nucleic acid FDA emergency e High accuracy e Testing limited to [159]
(USA) Detect e Anterior nasal swab technology use ® High sensitivity healthcare and
SARS- e Mid-turbinate nasal swab (real-time authorization pharmaceutical
CoV-2 PCR) professionals
rRT-PCR ® Requires special training
Kit ® Results take around 4 h
(Continued)
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Table 3. Continued.
Company Product Sample type Detectable Detection Phase of Advantages Disadvantages Refs.
name biomarker method development
Anatolia Ge-Bosphore e Human respiratory Viral RNA Nucleic acid EU (CE Mark) e High specificity ® Testing limited to [158]
neworks  Novel samples technology ® No cross-reactivity to healthcare and
(TU) Coron- (real-time other viruses pharmaceutical
avirus PCR) professionals
(2019- ® Requires special training
nCoV)
Detection
Kit

Table 4. Potential therapeutics for the treatment of COVID-19.

Treatment category Drug(s) Description of treatment Stage of development for Refs.
COVID-19
Respiratory support - Supplemental oxygen therapy Approved [140]
Oxygenation support - ECMO Approved [140]
Corticosteroid Budesonide—formoterol 200/6 ug inhaled BID for 30 days Investigational, Phase 3 NCT04331054
Antiviral Remdesivir Intravenous infusion of 200 mg, followed by Authorized for emergency NCT04280705,
100 mg for 10 days use NCT04292730,
NCT04292899
Antiviral Lopinavir-ritonavir 400 mg lopinavir 4+ 100 mg ritonavir orally BID Investigational, Phase 3 NCT043211741172]
for 14 days
Antiviral Chloroquine— 10 mg base kg~ loading dose, 155 mg QD for 3 Investigational NCT04303507
hydroxychloroquine months
Antiviral Arbidol 2 tablets/time, 3x per day for 14-20 days Investigational, Phase 4 NCT04260594
Antiviral Nafamostat - Preclinical testing 121]
Antiviral Nitazoxanide— 500 mg BID + 200 mg HCQ BID for 10 days Investigational, Phase 4 NCT04341493
hydroxychloroquine
Antiviral Favipiravir 1800 mg 2x day 1, followed by 800 mg BID days Authorized for emergency NCT04434248
2-14 use
Antiviral Baricitinib 4 mg QD orally + 300 mg BID ritonavir for 2 Investigational, Phase 3 NCT04320277
weeks
Convalescent plasma COVID-19 CP Single dose 300 mL CP infusion Investigational, Phases 2,3 NCT04342182
Vaccine mRNA-1273 Encodes for full-length, perfusion stabilized spike Investigational, Phase 2 [32130]
protein of SARS-CoV-2
Vaccine COVID-19 S-Trimer Targets native trimeric viral spike protein on the Investigational 131]
viral envelope of SARS-CoV-2
Vaccine MVA-VLP Multiprotein structure mimics the organization Investigational 180]
and conformation of SARS-CoV-2
Vaccine Measles Cross-reactivity with SARS-CoV-2 Approved 1971

control trials are required to support the efficacy and safety of
alternative COVID-19 therapies.

4.2, Corticosteroids

Several conflicting reports have stated that COVID-19 symptoms
can be exacerbated with or without the use of corticosteroids.[**]
Corticosteroids are involved in key physiological processes such
as the immune and inflammatory responses and are commonly
prescribed at low dosages to patients with suppressed immune
systems. In the recently published clinical management report,
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WHO does not currently support the use of corticosteroids as a
COVID-19 treatment option.['*”] However, corticosteroids were
widely used during SARS-CoV!'%*l and MERS-CoV!'®] outbreaks
to modulate the inflammatory responses of the lungs and im-
munopathological damage. A systematic review of community-
acquired pneumonia (CAP) suggests that corticosteroid use
could reduce mortality rates and the need for mechanical ven-
tilation for patients with community-acquired pneumonia./1¢]
A retrospective cohort study by Zhou et al. looked at 813 adult
patients with varying levels of systematic corticosteroid treat-
ments given 10-16 days after COVID-19 symptom onset. Re-
searchers hypothesized that high-dose corticosteroid may have
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contributed to poor clinical outcomes.['*”! Alternatively, the low-
dosage use of methylprednisolone for severe COVID-19 pneu-
monia was associated with faster clinical improvements.[1%®] The
ongoing randomized clinical trial (NCT04331054) will focus on
the use of an inhaled steroid therapy and f, adrenergic agonist,
commonly prescribed to asthmatic individuals, for a local pro-
tective effect against SARS-CoV-2 infection in terms of time to
clinical improvement. Concerns regarding the use of corticos-
teroids as therapeutics include secondary infections, long-term
complications, and prolonged virus shedding.['®*] As existing ev-
idence remains inconclusive, future randomized controlled trials
are needed to determine the safety and efficacy of corticosteroid
treatment recommendations.

4.3. Antiviral Drugs
4.3.1. Pre-Existing Antiviral Drugs

The administration of antiviral drugs immediately after the onset
of COVID-19 symptoms can stem contagiousness by reducing vi-
ral shedding in respiratory secretions, given that the viral load in
sputum can last up to 2 weeks.['®] Typical antiviral drugs include
neuraminidase, ganciclovir, acyclovir, ribavirin, and methylpred-
nisolone, none of which is yet recommended for the treatment
of COVID-19.17]

Preliminary trials have begun on coformulations of protease
inhibitors lopinavir-ritonavir, drugs currently used in control-
ling infections caused by the human immunodeficiency virus
(HIV-1).71 Lim et al. suggest that lopinavir-ritonavir could de-
crease the shedding of SARS-CoV-2 virus; however, larger stud-
ies have failed to confirm these observations.['}72] A Phase 3
randomized clinical trial (NCT04321174) on the effectiveness of
lopinavir-ritonavir dosage is ongoing and due for completion in
2022.

CQ and hydroxychloroquine (HCQ) have been extensively
used for the treatment of malaria and chronic inflammatory dis-
eases. While both have shown antiviral activity against SARS-
CoV-2 in vitro,'”3] multiple recent randomized control trials
have failed to confirm the effectiveness of these drugs in treat-
ing patients hospitalized for COVID-19.17476] An uncontrolled
study with a smaller sample size of 26 patients showed that
HCQ treatment was associated with significant viral load re-
duction, in addition to a synergistic effect when combined with
azithromycin,['””] while a second uncontrolled trial demonstrated
no such viral clearance in severe COVID-19 patients with combi-
nation drugs therapy.l'’?] Of note, a double-blind, randomized,
placebo-controlled trial of CQ against HCQ for the prevention of
severe COVID-19 symptoms (NCT04303507) is currently being
planned, with the involvement of 40 000 participants.

Remdesivir demonstrates broad-spectrum antiviral activity
against some RNA viruses.['”’! In an in vitro study, Wang et al.
showed that remdesivir efficiently inhibited virus infection in hu-
man liver cancer cell line Huh-7, which is sensitive to SARS-CoV-
2.134] Researchers Grein et al. prescribed intravenous remdesivir
(GS-5734) on a compassionate-use basis to patients hospitalized
with severe COVID-19 days (i.e., low oxygen saturation and/or
required mechanical ventilation) for a total of 10 days.['”’! Clini-
cal improvement was observed in 68% of patients and the mor-
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tality rate in the cohort was lower than those reported in other
countries, however, outcomes for 50% of the patients were yet
to be determined at date of publication. Three existing Phase 3
clinical trials are ongoing for the evaluation of remdesivir in pa-
tients with mild to severe COVID-19, including NCT04280705,
NCT04292730, and NCT04292899. The adaptive, randomized,
double-bind, placebo-controlled adaptive COVID-19 treatment
trial (NCT04280705), sponsored by the National Institute of Al-
lergy and Infectious Diseases (NIAID), will evaluate the clinical
severity, hospitalization, and mortality of patients, compared to
a control. Based on a topline data review of this trial, the unap-
proved product remdesivir has been authorized for emergency
use by the FDA for the treatment of patients hospitalized with
severe COVID-19, as of May 2020.

Other antiviral drugs being evaluated for off-label use for
SARS-CoV-2 infection are nafamostat, nitazoxanide, favipiravir,
baricitinib (NCT04320277), and arbidol (NCT04260594). In vitro
studies showed that both nafamostat and nitazoxanide blocked
SARS-CoV-2 replication and infection.”!l Nitazoxanide will
be tested in combination with HCQ in a Phase 4 clinical trial
(NCT04341493), to contrast the beneficial effect of nitazoxanide
when combined with other drugs. A limited nonrandomized
study where patients were treated for 9 days with arbidol showed
lower mortality rates and shorter hospital discharge rates.[®]
Favipiravir was compared with arbidol in a randomized multi-
center study. Differences in clinical recovery were observed with
moderate infections, with favipiravir contributing to significant
relief from pyrexia and cough.'® Initially marketed as an
anti-influenza agent with inhibition of 53 strains of influenza,
favipiravir has received approval for emergency use in more
than 10 countries. The optimal clinical dosage of favipiravir
has been difficult to establish from the limited preclinical and
in vitro data of SARS-CoV-2, however higher dosages have
been required to inhibit infection in epithelial Vero cells.**) An
ongoing Phase 3 trial has shown that, after 3 days of high-dose
favipiravir treatment, fever returned to baseline normal in 70%
of recruited patients when compared to the standard of care
group (NCT04434248). During the pivotal phase of this trial, a
favipiravir dosage will be selected based on observations of viral
elimination by day 10, time to viral elimination within 1 month,
and time to clinical improvement.

4.3.2. Novel Antiviral Candidates

The current ongoing efforts in the development of new an-
tiviral drugs has been driven by the global need for effective
therapeutic options. Researchers at the Emory Institute for
Drug Development (EIDD) have recently discovered the pro-
phylactic EIDD-2801, which was tested in vitro on human lung
cells infected with SARS-CoV-2 and in vivo in mice infected
with the related SARS-CoV and MERS-CoV coronaviruses./!8!]
EIDD-2801 can reduce the degree of lung damage and weight
loss in mice when given as a treatment 12-24 h after infection
onset. This window of opportunity is expected to extend with
humans, as the period between coronavirus disease onset and
death is generally longer in humans, comparatively. Addition-
ally, Pfizer (USA) has begun Phase 1 clinical trials on small
molecule antiviral PF-07304814, which targets the 3CL protease
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of coronaviruses.[8?] PF-07304814 must be given intravenously
at high dosages (500 mg per day), which may limit its use in
hospital settings. However, researchers also tested the antiviral
in conjunction with remdesivir as a combination antiviral ther-
apy for increased efficacy and reduced resistance. In vitro data
suggested that lower concentrations of each compound allowed
for a similar level of control over coronaviruses in cells. Further,
Selva Therapeutics (USA) has developed a novel small molecule
antiviral therapy SLV213 (administered orally or intravenously)
with activity against a broad range of viruses by inhibiting host
cell cysteine proteases (cathepsin L) and preventing entry and
reproduction of the virus.['®3 Additional data has shown that
SLV213 is highly potent against SARS-CoV-2, while preclinical
investigational new drug (IND)-enabling safety studies have been
completed. Phase 1 clinical testing of SLV213 for SARS-CoV-2
has been scheduled for the third quarter of 2020.

4.4. Immunoglobulin Therapy

In March 2020, the FDA issued recommendations to initiate
studies on the administration of investigational convalescent
plasma (CP) collected from patients who had recovered and were
symptom-free from COVID-19 for 28 days.!8?] The use of CP or
hyperimmune immunoglobulins as a viral treatment has been
studied in outbreaks of multiple respiratory infections including
SARS-CoV-1,¥ HIN1 influenza,!'%5] and MERS-CoV,!*%] with
improved patient outcomes due to the enhanced viral clearance
mediated by neutralizing antibodies.

The first reported COVID-19 CP trial by Shen et al. featured
an uncontrolled case series, resulting in improved clinical status
following the administration of CP in five critically ill patients
10-22 days after admission.['¥’] Additionally, high dosage intra-
venous [VIg (blood product containing polyclonal immunoglob-
ulin G) was given to 3 patients over 5 days, as a potent immune
modulator.[13] All patients clinically improved after administra-
tion; body temperature normalized in 1-2 days and breathing
difficulties alleviated in 3-5 days. However, this report was lim-
ited by the small number of patients and existing confounding
factors. Recently, a study by Duan et al. showed that CP was
well tolerated in 10 severe adult cases of COVID-19 and led to
the disappearance of viremia within 7 days.['®] After 3 days of
treatment, clinical symptoms and paraclinical criteria rapidly im-
proved. Two clinical trials on the use of CP, NCT04342182 and
NCT04333355, are currently in progress. Notably, the Phases 2—
3 randomized comparative trial NCT04342182 will observe pa-
tients given 1 dose of 300 mL CP from COVID-19 recovered
donors for 60 days or until discharge.

While COVID-19 CP is not yet FDA approved and is only an
investigational product, these results illustrate the promising use
of CP for treating severe COVID-19 infections. Further random-
ized trials are still warranted to determine the optimal dosage,
time-point, and clinical benefits.

4.5. Vaccines
Vaccinations using antigens that are pathogen specific can pre-

vent viral infection or reduce disease severity, thereby reducing
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viral transmission. While there is no current vaccine for COVID-
19, strategies employed to develop the experimental SARS-CoV
and MERS-CoV vaccines may prove beneficial for SARS-CoV-
2 vaccine development. Inactive virus, live-attenuated virus, vi-
ral DNA vectors, subunit vaccines, recombinant proteins, and
DNA-based vaccines were developed following the 2002-2004
outbreaks of SARS-CoVI'#-192] and tested in various live animal
models including mice and hamsters. Similar development ap-
proaches were taken for the development of experimental MERS-
CoV vaccines.

SARS-CoV-2 vaccines currently being tested include an in-
vestigational lipid nanoparticle (LNP) encapsulated mRNA-
1273 vaccine, which has completed Phase 1 trials in 45 adult
participants.[3>17°] Interim analysis shows the promise of mRNA-
based vaccines, given their advantages of shorter development
and production cycles and high potency.'®] Early results of the
Moderna COVID-19 vaccine have shown positive results; all eight
vaccinated participants developed neutralizing antibodies to the
virus, exceeding the levels seen in patients who had recovered
from the virus naturally.'®"] Based on these results, the Mod-
erna Phase 2 trial will be amended to two dose levels, with the
aim of selecting a pivotal vaccine dosage. A recombinant protein-
based vaccine that is based on the native trimeric spike pro-
tein on the SARS-CoV-2 envelope (COVID-19 S-Trimer) is under
development.?!l Production of this vaccine is carried out in rapid
mammalian cell-culture based expression system.['*] Further,
GeoVax Labs, Inc. are developing a modified vaccinia Ankara-
virus-like particles (MVA-VLPs) vaccine platform.[®] VLPs are
multiprotein structures that mimic the organization and confor-
mation of the native SARS-CoV-2 virus but lack the viral genome,
making them potentially safer templates with favorable produc-
tion costs.[*]

Vaccines typically activate specific immunological responses
to specific targeted pathogens. Interestingly, the measles vac-
cine has proven to increase the immune system’s ability to
fight off other pathogens. The antigen-sharing similarities be-
tween SARS-CoV-2 and measles are hypothesized to cause
cross-reactivity between the eventual two vaccinations.!'*®! This
cross-reactivity was observed from the reduced vulnerabil-
ity of young populations compared to elderly populations in
COVID-19 epicenters China and Italy. Italy has a significantly
lower measles vaccine coverage than China (84.5% population
coverage).'””] Comparatively, observations have been made that
China (99% coverage),[!®! has significantly lower COVID-19
cases and COVID-19 associated deaths with respect to popula-
tion levels.!147]

The most adequate strategy for the long-term prevention
of COVID-19 outbreaks is the development of a vaccine with
widespread protective immunity. However, the development and
testing of a vaccination requires ~12-18 months before becom-
ing available to the public. It is therefore necessary for research
groups to continue investigations into alternative therapeutic op-
tions and the cross-resistant features of pre-existing vaccines.

5. Conclusion and Perspective

COVID-19 disease, a severe acute respiratory illness, has
emerged as a serious global public health concern. Coronaviruses
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are a family of viruses that are zoonotic, meaning they are trans-
mitted between animals and people, and can result in various
diseases ranging from the common flu to more severe acute res-
piratory illnesses such as MERS and SARS. It is likely that the
main route of COVID-19 transmission (human-to-human) will
continue to occur. Rapid and accurate detection of the causative
viral pathogens of respiratory tract infections is important for the
management of this novel pandemic, in addition to the study
of appropriate treatment methods, clinical and governmental ac-
tions to reduce the spread, and management of the negative eco-
nomic impacts of COVID-19, globally.

Based on the latest guidelines issued by the WHO, labora-
tory molecular PCR based tests such as RT-PCR have become
a standard tool for confirmation of COVID-19. These technolo-
gies are first line weapons in the fight against an outbreak. The
next research step has been the development of serological tests
for their ease-of-operation, efficiency, and use as supporting di-
agnostic methods for nucleic acid tests for viral diagnosis. Such
technologies are now playing an important role in identifying
and managing the spread of COVID-19. However, it should be
noted that these methods have showed misclassification errors
and false negative results, errors that may be due to factors such
as the quality and quantity of the collected samples, incorrect
transportation and storage condition of samples, presence of in-
terfering substances, and the time point during infection when
the sample is collected. Chest CT scans are a common imaging
tool with higher sensitivity for COVID-19 infection when com-
pared to RT-PCR but have diagnostic overlap with other viral
pneumonia. Chest CT can be used in combination with RT-PCR
assays for individuals with high clinical suspicion of infection but
negative RT-PCR results.

The novel coronavirus COVID-19 causes serious respiratory
illness and has proved fatal in severe cases. While many COVID-
19 therapeutic clinical trials are active and ongoing, consider-
able research efforts have been launched to investigate poten-
tial treatments including novel and pre-existing antiviral drugs,
corticosteroids, convalescent plasma, and different vaccination
strategies. However, no anti-COVID-19 treatments are currently
recognized by the WHO, and the clinical outcomes of specific
therapies for the treatment of this novel virus will not be avail-
able for some time. Therefore, current clinical treatments are fo-
cused on supporting respiration and alleviating symptoms. In
addition, vigorous awareness, societal precautions, and surveil-
lance are highly recommended for managing this life threatening
virus.
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