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ABSTRACT

The current Coronavirus Disease 2019 (COVID-19) pandemic is causing great alarm around the world. The
pathogen for COVID-19 - severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) - is the seventh
known coronavirus to cause pneumonia in humans. While much remains unknown about SARS-CoV-2,
physicians and researchers have begun to publish relevant findings, and much evidence is available on
coronaviruses previously circulating in human and animal populations. In this review, we situate COVID-19 in
its context as a transboundary viral disease, and provide a comprehensive discussion focused on the
discovery, spread, virology, pathogenesis, and clinical features of this disease, its causative coronaviral
pathogen, and approaches to combating the disease through immunotherapies and other treatments and
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vaccine development. An epidemiological survey revealed a potentially large number of asymptomatic SARS-
CoV-2 carriers within the population, which may hamper efforts against COVID-19. Finally, we emphasize that
vaccines against SARS-CoV-2, which may be developed by 2021, will be essential for prevention of COVID-19.

Introduction

The current global COVID-19 pandemic has caused great
alarm, since its causative pathogen - severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) - apparently jumped
the species barrier into humans in the latter part of 2019'.
The causative agent of the outbreak was identified as
a betacoronavirus with a genomic sequence closely related to
that of the severe acute respiratory syndrome (SARS) corona-
virus, and the new virus was named as SARS-CoV-2.27*
Coronavirus disease 2019 (COVID-19; formerly known as
“2019-nCoV”) has been declared a pandemic, spreading essen-
tially to all countries and/or territories. This spread encom-
passed both community transmission and case clusters in
countries ranging from the China to the United States,
United Kingdom, Germany, France, Spain, Japan, Singapore,
South Korea, Iran, and Italy.5 COVID-19-infected individuals
are often asymptomatic or exhibit only mild to moderate
symptoms, but the disease progresses to severe pneumonia in
approximately 15% of cases, and ultimately to acute respiratory
distress syndrome (ARDS) in about 5% of cases.®”

To date, no specific treatment or vaccine for SARS-CoV-2
infection has been established, and some attention has focussed
on repurposed therapeutics and/or immunotherapeutic
options for supportive care.>’

Many of the serious questions this disease poses the medical
community remain unanswered. However, investigators and
researchers are starting to publish data ranging from real-
world clinical evidence and clinical study results to initial

investigations in animal models. Furthermore, there is
a wealth of evidence on other coronaviruses (CoVs) in both
human and animal populations. In this review, we set out to
provide a comprehensive discussion of this transboundary viral
disease, covering its discovery, spread, virology, pathogenesis,
and clinical features, and immunotherapies and vaccines that
may be used to combat it, setting these issues within the
context of evidence on previously circulating CoVs.

Historical background on CoVs

CoVs are members of the subfamily Orthocoronavirinae in
the family Coronaviridae and the order Nidovirales. CoVs
are classified into four genera Alphacoronavirus (a-CoV),
Betacoronavirus (B-CoV), Gammacoronavirus (y-CoV) and
Deltacoronavirus (6-CoV) according to phylogenetic relation-
ships and genomic structures.'” The pathogen host ranges
comprise only mammalian species for a-CoVs and -CoVs,
but mainly avian species as well as some mammalian species
for y-CoVs and §-CoVs.'” CoVs are a group of enveloped,
positive-strand RNA viruses. Their genomes are the largest
among RNA viruses (at 26-32 kb) and their numbers of open
reading frames (ORFs) vary between six and 11.'" Further
novel CoVs are predicted to emerge in the future, due to their
large genetic diversity and frequent genomic recombination,
as well as the increasing opportunities for human-animal
interface.'” Up to the present, a number of CoV infections
have been seen in animal and human populations. The
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diseases that result from such infections range from the
asymptomatic to the severe, and where symptoms are pre-
sented, these can include respiratory, enteric, hepatic, and
neurological signs."> Human coronaviruses (HCoVs) have
been known pathogens since the mid-1960s. To date, there
are seven known HCoVs; these comprise two a-CoVs
(HCoV-229E and HCoV-NL63) and five $-CoVs (HCoV-
0OC43 [lineage A], HCoV-HKUI1 [lineage A], severe acute
respiratory syndrome CoV (SARS-CoV) [lineage B], Middle
East respiratory syndrome CoV (MERS-CoV) [lineage C],
and SARS-CoV-2 [lineage B])"’ (Figure 1).

HCoVs-229E and HCoVs-OC43 were first described in the
1960 s. Infection with these viruses generally causes symptoms
resembling a common cold in immunocompetent individuals,
but their symptoms can be more severe in infants, the elderly,
and the immunocompromised.'®'” The known natural hosts are
bat and palm civets for HCoVs-229E, and bats for HCoVs-
0OC43. HCoVs-229E and HCoVs-OC43 use human aminopep-
tidase N (CD13) and angiotensin-converting enzyme 2 (ACE2)
as their respective receptors.'® HCoVs cause the common winter
cold, and their fatality rates have been estimated at 0.5%-1.5%."

In contrast to HCoVs-229E and HCoVs-OC43, SARS-CoV,
which emerged in Guangdong Province, China, in
November 2002, causes severe lung disease. It rapidly spread
to 29 countries and many regions across the globe, and the total
number of cases reached 8,098 - with 774 fatalities — by the end
of the epidemic in July 2003. Nosocomial transmission was
seen in many cases, with adverse implications for health-care
workers.>* Infected patients exhibited atypical pneumonia
characterized by diffuse alveolar damage, with the potential
to progress to acute respiratory distress syndrome (ARDS).
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Figure 1. Phylogenetic relationships of human coronaviruses (HCoVs). The tree
was reconstructed based on full, published genome sequences for HCoVs using
the maximum-likelihood algorithm implemented in MEGA X software.'® The tree
was edited using iTool version 3 software.'®
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Severe ARDS-related coronaviruses (SARSr-CoVs) or SARS-
like CoVs in horseshoe bats (Rhinolophus spp.) share 88-95%
sequence homology with human and civet CoV isolates, which
suggests that bats were probably the natural reservoir of a close
ancestor of SARS-CoV and palm civets were possible inter-
mediate hosts.”' SARS-CoV infects human alveolar type II cells
and uses ACE2 as a receptor.”

HCoV-NL63 was first detected in patients with respiratory
tract illness shortly after the emergence of SARS-CoV, in
2004.>> HCoV-NL63 is prevalent worldwide and appears with
a seasonal distribution similar to that of other HCoVs.**
Usually, HCoV-NL63 infection causes a mild respiratory tract
disease, but fatalities have been reported in infants and the
elderly.”>?® In addition, HCoV-NL63 and HCoV-229E CoVs
most likely emerged in the human population during two
separate zoonotic transmission events.>’

Both HCoV-NL63 and SARS-CoV have a similar way of
binding to the cellular membrane. This is done via heparan sulfate
proteoglycans, which then facilitate interaction with the ACE2.%*

HKU1 (HCoV-HKUI1) was first detected in 2005 and is
associated with community-acquired pneumonia.”” HCoV-
HKUI induces only a mild disease in most patients; however,
there is a risk of death in a minority of patients who have low
hemoglobin concentrations, monocyte counts, serum albumin
levels, and oxygen saturation levels.*

MERS-CoV was first reported in Jeddah, Saudi Arabia, in
September 2012 and has become endemic in Middle Eastern
countries and South Korea.’"* Since its emergence, notifica-
tions for MERS-CoV to the World Health Organization
(WHO) have covered 2494 laboratory-confirmed cases of
infection and 858 deaths, across 27 countries.”> Population
groups most at risk of a severe disease following MERS-CoV
infection include elderly people, immunosuppressed indivi-
duals, and patients with cancer, chronic lung disease, or
diabetes.”> MERS-CoV enters the cell through the dipeptidyl-
peptidase 4 (DPP4, also known as CD26).>* The transmission
routes for MERS-CoV are not fully established, but one possi-
bility involves an initial transmission from bats to camels and
other possible vector species.”*

SARS-CoV-2 is the second highly pathogenic human coro-
navirus to emerge since the global scare caused by MERS-CoV.
This novel coronavirus (initially named 2019-nCoV) emerged in
Wuhan, Hubei province, China, in December 2019. A “wet”
market in Wuhan - selling seafood and animals - is regarded
as the likely source of the outbreak. Sequence analysis showed
that the newly identified virus is related to the SARS-CoV clade’.
On January 30, 2020, the WHO officially declared the 2019-
nCoV (previous designation for the disease) epidemic as
a Public Health Emergency of International Concern. Later,
the Coronaviridae Study Group of the International Committee
on Taxonomy of Viruses (ICTV) changed the name of the virus
from 2019-nCoV to its current name, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), based on the phyloge-
netic relationship to related coronaviruses.’” The virus has
rapidly been disseminated since the initial outbreak, with clear
cases of human-to-human transmission enhancing its dissemi-
nation to pandemic proportions.*> Hospitals are confronted
with a massive influx of COVID-19 patients. This creates
a considerable stress for the wider health system and also quickly
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renders the number of ventilator-equipped beds insufficient, and
the number of deaths may increase as a consequence.””°
Globally, around five million people have been infected, of
whom more than three hundred thousand have died. Infection
and subsequent fatalities have occurred in almost all countries
and/or territories around,” with the latter surpassing the com-
bined reported death toll of SARS and MERS (a current total of
1632 fatalities).

The experiences of China and South Korea may offer useful
lessons. Those countries have undertaken aggressive popula-
tion-based tracing, mass testing and isolation measures.’”*®
This contrasts with many other countries where testing is
limited only to those with more severe disease or those who
are at risk of serious complications.

The three highly pathogenic HCoVs (SARS-CoV, MERS-
CoV, and SARS-CoV-2) cause severe respiratory syndrome in
humans. SARS-CoV and MERS-CoV have much higher fatality
rates but much lower transmissibility than SARS-CoV-2. It
appears that SARS-CoV-2 is less pathogenic than SARS-CoV,
and much less pathogenic than MERS-CoV.* Moreover, the
majority of SARS-CoV and MERS-CoV cases were associated
with nosocomial spread in hospitals, whereas COVID-19 is
much more widely transmitted in the community, mostly by
pre-symptomatic and asymptomatic carriers.>*’ In addition, it
has been suggested that modest ACE2 expression in the upper
respiratory tract might limit SARS-CoV transmissibility.*!
SARS-CoV-2 has a greater kinetic binding affinity for ACE2
than SARS-CoV,**** and this may partially explain why SARS-
CoV-2 appears to be more readily transmissible.

Virology

SARS-CoV-2 is an enveloped, non-segmented positive sense
RNA virus with a genome ranging from 29,891 to 29,903
nucleotides in length. It belongs to the genus -CoV of the
subfamily Orthocoronavirinae in the Coronaviridae family. The
SARS-CoV-2 genome possesses 14 ORFs encoding 27
proteins.*> The orflab and orfla genes located at the 5'-
terminus of the genome encode the pplab and ppla proteins,
respectively, with 15 non-structural proteins (nsps), including
nspl to nspl0 and nsp12 to nsp16.* The 3'-terminus of the
genome contains four structural proteins (S, E, M, and N) and
eight accessory proteins (3a, 3b, p6, 7a, 7b, 8b, 9b, and orf14).**
SARS-CoV-2 has 79.6% sequence identity to SARS-CoV and
51.8% identity to MERS-CoV.' Receptor recognition is an
important step and is a key determinant of host cell and tissue
tropism and cross-species infection for viruses. SARS-CoV-2
attaches to ACE2 using the spike protein (S protein) anchored
in the viral envelope, similarly to SARS-CoV."?>** The
S protein of SARS-CoV-2 has a functional polybasic (furin)
cleavage site at the boundary between the S1 (host cell recep-
tor) and S2 (fusion of the viral and cellular membranes) sub-
units, which is processed during biogenesis, a novel feature
which distinguishes this virus from SARS-CoV and SARSr-
CoVs.** The S1 subunit includes the receptor-binding domain
(RBD), whereas the carboxyl terminal S2 portion of the mole-
cule contains regions that drive membrane fusion. SARS-CoV
-2 entry into cells depends on the ACE2 receptor and trans-
membrane serine protease 2 (TMPRSS2) activity, and these

constitute promising candidates for anti-SARS-CoV-2
therapeutics.”® Both SARS-CoV-2 and SARS-CoV utilize
ACE?2 as a receptor and require the TMPRSS2 to mediate cell
entry, but it is possible that differences in host-entry mechan-
isms account for some of the differences between the two
viruses in transmission and pathogenesis. Importantly, SARS-
CoV-2 is more pathogenic, at least in part because of its 10- to
20-fold greater binding affinity for ACE2 than SARS-CoV
S-protein.”” Further dissemination in the kidneys, the gastro-
intestinal tract, or brain may be related to local ACE2
expression.”> Moreover, increased ACE2 expression and
ACE2 gene polymorphisms may increase SARS-CoV-2 sus-
ceptibility and the risk of a poor COVID-19 disease outcome.”

Protease cleavage of the S protein is required for virus-cell
fusion and release of genomic RNA into the cytoplasm, as well
as translation, RNA replication, packaging, and ultimately the
release of a virion structurally similar to that of SARS-CoV.*

Host and reservoir

Based on current knowledge of virus transmission, some spec-
ulation is possible about the reservoir and transmission route
for SARS-CoV-2.

Such speculation inevitably centers on bats, as known reser-
voir hosts for a wide range of zoonotic viruses.*’ They also host
the vast majority of CoV strains known around the world
today, at 91 of 100 identified phylogenetic lineages, a figure
which includes B-CoVs.*’

Phylogenetically proximate strains to SARS-CoV-2 have
been found in two species. One species was the Malayan
pangolins (Manis javanica), which hosts a strain with 90%
overall nucleotide sequence identity to SARS-CoV-2.** This
strain carries a receptor-binding domain (RDB) predicted to
interact with ACE2 and sharing 97.4% identity in its amino
acid sequence with that of SARS-CoV-2.* The other species
was the Rhinolophus affinis. The CoV strain isolated from this
bat species (BatCoV RaTG13) is 96.2% identical to SARS-CoV
-2 at the whole-genome level.' However, the BatCoV RaTG13
spike diverges from SARS-CoV-2 in the RBD and does not
have a multibasic cleavage site, which suggests that it may not
bind efficiently to human ACE2.”

Assessing the evidence from these two species, the pangolin
and Rhinolophus affinis-hosted CoV strains are unlikely to be
the immediate ancestor of SARS-CoV-2, in view of the
sequence divergences over the whole genome, although they
are closely related to SARS-CoV-2.”" It thus seems likely that
SARS-CoV-2 originated in bats, which acted as the reservoir
before transmission to humans, either directly or via Malayan
pangolins or an as-yet unknown intermediate host."*®
Currently, no intermediate host has been identified for SARS-
CoV-2.

Transmission and clinical manifestations

SARS-CoV-2 appears to be highly contagious and can spread
from person to person through respiratory droplets when an
infected person coughs or sneezes, and through fomites.
Presymptomatic and asymptomatic carriers may also represent
a significant driver of transmission.>> This was borne out in the



case of the Diamond Princess, a cruise ship quarantined at the
port of Yokohama, Japan, when a number of passengers were
known to have developed COVID-19. Ultimately, a large num-
ber of the crew and passengers tested positive for the virus, and
the proportion of asymptomatic cases was 17.9%.>> Other
study has reported a high viral load shortly after symptom
onset, highlighting SARS-CoV-2’s ease of transmission.”*

Considering the potential for asymptomatic and pre-
symptomatic transmission, many recommendations for pre-
venting virus spread (within the community generally and to
people in health care settings in particular) and “flattening the
increase curve” involve testing, isolation of those who test
positive, and social distancing, and many view such measures
as essential.>>>® Confronted with this situation, many countries
have started to develop and manufacture a wide range of vital
equipment such as ventilators, medical oxygen, and personal
protective equipment.

SARS-CoV-2 has an estimate basic reproduction rate (R,) of
2-6.47, higher than those of SARS-CoV (=3) and MERS-CoV
(>1), indicating a higher transmissibility than other for
HCoVs; however, the exact Ry is still a subject of debate.””>°
Nevertheless, the Ry of SARS-CoV-2 is gradually decreasing
with the implementation of epidemiological intervention
strategies. The median incubation period for COVID-19 is
estimated to be 4-5.1 days,60 and 97.5% of those who develop
symptoms will do so within 11.5 days of infection.®!
Accordingly, the length of the incubation period should be
considered when setting the duration of quarantine or periods
of active monitoring for individuals potentially exposed to
COVID-19, although longer monitoring periods are regarded
as the most effective measure to limit spread of SARS-CoV-2
infection.®”

The majority of immunocompetent adult COVID-19
patients experience an uncomplicated condition with mild
symptoms including dry cough, fever, dyspnea, and fatigue.
Some patients have also reported the loss of smell and taste.
The spectrum of symptoms also extends to sputum produc-
tion, headache, hemoptysis, acute cardiac injury, diarrhea,
dyspnea, thrombocytopenia, and lymphopenia.>*® In more
complicated cases (14-29%), developments can include
acute respiratory distress syndrome (ARDS), RNAaemia,
bacterial super-infections, acute kidney and cardiac injury,
and death.® Around 14% of complicated cases require hos-
pitalization and oxygen support, and around 5% require
admission to an intensive care unit.®®> Older patients, men,
and those with high body-mass index or comorbidities such
as pulmonary, cardiac, or renal disease, diabetes, and hyper-
tension have a greater risk of mortality, suggesting that
there are specific susceptible populations for COVID-19.°%*

Pregnant women show similar clinical manifestations of
COVID-19 to non-pregnant women, with COVID-19.9°
Pediatric COVID-19 is mainly due to family transmission,
presents with mild symptoms, and is associated with a more
favorable prognosis than the adult condition.®® Interestingly,
children and adolescents represent a low proportion of SARS-
CoV-2 infections and do not exhibit higher viral loads than
adults, and thus may not contribute significantly to virus
circulation.” The mean case-fatality rate worldwide is esti-
mated to be about 6.7%.° Due to the lack of a real denominator,
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and considering the probability of large numbers of asympto-
matic carriers, mortality rates are probably overestimates.
Overall, COVID-19 seems to have a much lower fatality rate
than either SARS (9.6%) or MERS (37%).°%%°

Pathogenesis and immune responses

The mechanisms underlying the pathogenesis of COVID-19
remain poorly understood. Common laboratory findings on
admission to hospital include lymphopenia and pneumonia
with characteristic and bilateral pulmonary ground-glass
opacity changes on chest x-ray or computed tomography
scan.*® Histological examination of biopsy samples from
lung, liver, and heart tissue from fatal case has shown bilat-
eral diffuse alveolar damage with cellular fibromyxoid exu-
dates and interstitial mononuclear inflammatory infiltrates
dominated by lymphocytes in the bilateral lungs.” These
pathological features greatly resemble those observed in
SARS and MERS. Interestingly, clinical and histopathologi-
cal findings for the upper and lower respiratory tract in
animal models of SARS-CoV-2 infection resemble those in
humans.”®"”? Histopathologically, this model showed exuda-
tive inflammation in the initial phase progressing to diffuse
alveolar damage with hemorrhage and necrosis, and
a proliferative phase was reached after 1 week.”” Thus,
COVID-19 onset may result in progressive respiratory fail-
ure due to alveolar damage, and death. ACE2, to which
SARS-CoV-2 attaches, has a broad expression pattern with
high expression in the type II alveolar cells in the lungs, as
well as in the gastrointestinal system, heart, brain and
kidney.”” There is already some evidence that COVID-19
can cause damage to tissues and organs other than the
lung.”*

Laboratory diagnosis

The genome of SARS-CoV-2 was sequenced very early during
the outbreak and the full genome sequence data have been
published, allowing the development of a reliable technique to
diagnose COVID-19.* WHO published the protocols for
a real-time reverse transcription-polymerase chain reaction
(RT-PCR) COVID-19 test targeting the SARS-CoV-2 N, E,
S and RdRP viral genes. It is recommended that all patients
meeting the suspected case definition be tested for COVID-19
virus regardless of whether another respiratory pathogen is
suspected.””>’® Sample preparation and RNA extraction
should be carried out at Biosafety Level 2, using a Class-2
Biosafety Cabinet and wearing PPE equipment. Collecting
specimens from the upper respiratory tract (nasal, pharyn-
geal, and nasopharyngeal swabs or washings in ambulatory
patients) and/or lower respiratory tract (sputum, endotra-
cheal aspirate, or bronchoalveolar lavage in patients with
more severe respiratory disease) is important when COVID-
19 is suspected.”® Such specimens should be promptly stored
and shipped at 2-8°C within 1 to 5 days for laboratory
testing.”® COVID-19 virus has been detected in rectal swabs,
blood, and saliva, but not in urine specimens.”” In addition to
molecular testing, sequencing of strains isolated from clinical
samples can be useful to monitor viral genome mutations and
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sequencing results can also be used to make adaptations to
molecular testing.”® Additionally, several serological tests are
being developed but they will require validation before they
can be brought into general use to complement the RT-PCR
assay.

Therapeutics and immunotherapeutics

To date, no therapeutics or vaccines against any HoCV have been
approved. The current approach to COVID-19 management
focuses on supportive care, bed rest, repurposing of many drugs
including antiviral and antibiotic drugs, immunomodulating ther-
apy, organ function support, respiratory support, and extracorpor-
eal membrane oxygenation.”®”® Randomized clinical trials have
been started in China, US, Japan, and Europe (such as the
Solidarity and Discovery studies) with many drugs and results
are expected by during 2020 (Clinicaltrials.gov).

Researchers are gaining some understanding of the adaptive
immune response. Seroconversion times for total antibody (Ab),
and IgM and IgG Abs have reported durations of 11, 12 and 14,
days, respectively.*® Furthermore, high Ab levels have been pro-
posed as a risk factor for critical illness, independently from older
age, male gender, and relevant comorbidities.®® COVID-19
patients show decreases in helper, suppressor, and regulatory
T cell counts and these decreases may be implicated in the patho-
logical process of SARS-CoV-2 infection.”** Patients with severe
COVID-19 show a higher neutrophil count and a lower lympho-
cyte count than those with a mild disease.** Of further interest,
COVID-19 patients have higher serum levels of IL-1B, IL-1RA, IL-
7, IL-8, IL-9, IL-10, basic FGF, GCSF, GMCSF, IFN-y, IP10,
MCP1, MIP1A, MIP1B, PDGF, TNFa, and VEGF than healthy
adults. Markers of systemic inflammation show higher levels in
patients admitted to an intensive care unit (ICU) than those not
admitted, which may reflect the heightened severity of patient
condition.® This evidence demonstrates that patients may experi-
ence a massive cytokine storm associated with the development of
typical lung damage and the consequent ARDS when COVID-19
is at its most aggressive. Moreover, compared with SARS-CoV,
which is thought to induce inadequate interferon responses,
SARS-CoV-2 robustly triggers expression of numerous IFN-
stimulated genes.®

Historically, convalescent plasma and immunoglobulin (IG)
have been used as the fastest therapeutic option in outbreaks of
emergent or reemergent infections.**

The first strategy involves an immunotherapy approach in
the treatment of inflammatory disorders in which convalescent
plasma (CP) is transferred to infected COVID-19 patients, and
this approach may be effective in neutralizing the virus and
preventing further infection.*® Preliminary data on treatment
with CP show infected patients tolerate plasma from®®
COVID-19-recovered patients, and suggest that CP transfer
potentially improves clinical outcomes for critically ill
patients.”*° However, the optimal dose of CP, treatment
time points, and the clinical benefits of this therapy require
evaluation in larger, well-controlled clinical trials.

Given the variability of the virus, CP only has utility in the
same geographic area and around the time it is prepared.
Monoclonal antibodies (mAbs) thus represent a potential alter-
native for controlling the SARS-CoV-2 infection. Previous

reports showed that passive transfer of mAbs protected ani-
mals challenged with various SARS-CoV isolates and SARSr-
CoV.*® Another recently discovered and characterized mAb,
$309, which was isolated from memory B cells of a SARS-CoV
survivor and cross-neutralizes SARS-CoV and SARS-CoV-2,
could potentially be used prophylactically for individuals at
high risk of exposure or as a post-exposure therapy.”!

Tocilizumab (Actemra), a monoclonal antibody that targets
IL-6 receptors, may block detrimental effects of IL-6 on COVID-
19. In a preliminary study in 21 patients with COVID-19 receiv-
ing tocilizumab on a compassionate basis, patient temperatures
rapidly returned to normal in each case with marked improve-
ment also shown for respiratory function and other symptoms.
In that study, 20/21 (95%) of patients recovered and were dis-
charged within 2 weeks from the start of tocilizumab therapy,
without showing any adverse drug reactions.””

Among immunotherapy approaches to block virus attach-
ment or entry, immunoglobulins (IVIG) are suggested to
represent potential alternative effective treatments for
COVID-19.”* Recent In vitro data using (IVIG) preparations
(Gamunex-C and Flebogamma DIF) showed cross-reactivity
against S1 protein of SARS-CoV-2.”* The utility of IVIG pre-
parations for COVID-19 management requires further inves-
tigation. Taken together, these findings highlight the
importance of treatment regimen for each phase, from mea-
sures against virus entry and replication inhibition in early
infection to anti-inflammatory, immunotherapeutic, and anti-
thrombotic treatments at most advanced stage of the disease.*”
Thus, combining the use of immunotherapy approaches and
antiviral drugs may be more effective than using either mod-
ality alone in COVID-19 management.

Advances in the development of vaccines

The early release of genome sequence of SARS-CoV-2 has
triggered intense global research and development (R&D)
activity to develop a vaccine against the COVID-19. Prior
studies of SARS-CoV and MERS-CoV have enabled the extra-
ordinarily rapid development of candidate vaccines that hope-
fully can curtail the incendiary spread of SARS-CoV-2.”
Advances in technology, vaccine platforms, clinical trial
designs, and bioinformatics are assisting SARS-CoV-2 vaccine
development. However, all of these platforms have advantages
and disadvantages and it is not possible to predict which
strategy will be faster or more successful.”® As of
8 April 2020, the global COVID-19 vaccine R&D landscape
includes 115 vaccine candidates enabled by insights from the
fields of SARS-CoV and MERS-CoV vaccine development and
well-characterized vaccine antigen expression platforms,
including those shown to be safe in humans.”>®” Multiple
types of vaccine candidates are in development including inac-
tivated whole virus, live attenuated virus, non-replicating viral
vector, replicating viral vector, recombinant protein, peptide-
based, virus-like particle, DNA, and RNA vaccines and have
moved into phase 1 trials to evaluate their safety and immu-
nogenicity in humans.”>*’

The most advanced candidates have moved into phase 1
trials. These include a lipid nanoparticle-encapsulated modified
mRNA vaccine encoding a prefusion-stabilized S protein



(mRNA-1273) being developed by Moderna Therapeutics
(NCT04283461), an adenovirus (Ad) type 5 vector that expresses
S protein (Ad5-nCoV) being developed by CanSino Biologicals
(NCT04313127), a DNA plasmid-encoding S protein delivered
by electroporation (INO-4800) being developed by Inovio
Pharmaceuticals (NCT04336410), and DCs modified with lenti-
viral vector expressing synthetic minigene based on domains of
selected viral proteins, administered with antigen-specific CTLs
(LV-SMENP-DC) (NCT04276896) and artificial antigen-
presenting cell (aAPC) modified with lentiviral vector expressing
synthetic minigene based on domains of selected viral proteins
(Pathogen-specific aAPC) (NCT04299724) being developed by
Shenzhen Geno-Immune Medical Institute.”>®” In addition,
a simian Ad vector expressing the SARS-CoV- 2 S protein is
being evaluated in a phase 1/2 clinical trial to evaluate its safety,
immunogenicity, and efficacy at the University of Oxford
(NCT04324606).” A phase 3 clinical trial of an immunostimu-
latory vaccine approach is underway at Murdoch Childrens
Research Institute University Medical Center, Netherlands
(NCT04327206); in that study, Bacille Calmette-Guerin is
being investigated for possible protective use against COVID-
19 pathology.” Moreover, many vaccine developers have plans
to develop adjuvanted vaccines for use against COVID-19,
including GlaxoSmithKine, Seqirus and Dynavax.”’ A major
limiting factor in the quest for identifying ideal vaccines is
time.”® Given the imperative for speedy clinical trials, such
vaccines could probably be available under emergency use by
2021 (Clinicaltrials.gov).

An additional mechanism facilitating viral cell entry and
subsequent damage may involve antibody-dependent enhance-
ment (ADE). Some antibodies have been shown to target one
serotype of viruses but only to sub-neutralize another, leading
to ADE of subsequent invading viruses.””'°" ADE has been
proposed as a factor accounting for the severity of COVID-19,
based on cases observed in Hubei province in China and
among other places in the world, due to prior exposure to
other coronaviruses.'”> ADE will need to be carefully investi-
gated for any role it plays in SARS-CoV-2, since any such role
represents a potential barrier to vaccine development and anti-
body-based drug therapy.'**

However, the goal should be to make vaccines available to
the global population, which presents further challenges. In
addition, there remain substantive challenges in vaccine devel-
opment during a pandemic due, in part, to a need to under-
stand the immune response and the lack of high-throughput
small animal disease models.”

Conclusion

The COVID-19 pandemic is having a serious, adverse impact
on public health, human society, and the economy across the
globe. This review provides an overview of published informa-
tion on the disease globally and our current understanding of
COVID-19. SARS-CoV-2 is an emerging infection known to be
a highly pathogenic human virus and probably a zoonotic agent,
but otherwise, it still leaves the medical community with many
unanswered questions. There are many areas where a better
understanding of the disease is urgent; these cover virological,
epidemiological (source of the virus and rapid global spread),
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and immunological (why some infected individuals showed
only mild or no symptoms) issues, as well as the need to identify
biomarkers to predict outcomes. Much remains unknown about
SARS-CoV-2, and this creates some risk for vaccine develop-
ment under the current pandemic conditions.

At the present time, the world lacks effective drugs and
vaccines. There has been a significant progress in the research
area from complete genome sequencing of SARS-CoV-2 to the
beginning of clinical trials with COVID-19 vaccines. Until they
are developed, appropriate strategies to contain the pandemic
include focusing on public health measures through rapid
diagnosis, contact tracing, successful containment, optimizing
care for infected patients, and awareness-raising in the com-
munity to halt the spread of COVID-19.
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