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COVID-19, a highly transmissible pandemic disease, is affecting millions of lives around the world.
Severely infected patients show acute respiratory distress symptoms. Sustainable management strategies
are required to save lives of the infected people and further preventing spread of the virus. Diagnosis,
treatment, and vaccination development initiatives are already exhibited from the scientific community
to fight against this virus. In this review, we primarily discuss the management strategies including
prevention of spread, prophylaxis, vaccinations, and treatment for COVID-19. Further, analysis of vaccine
development status and performance are also briefly discussed. Global socioeconomic impact of COVID-
19 is also analyzed as part of this review.

© 2021 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
A respiratory disease caused by the novel SARS-CoV-2 virus,
Coronavirus disease 2019 (COVID-19), had outbroken fromWuhan
seafood wholesale market in China in December 2019, and
incontinently spread by the first quarter of 2020 [1]. The clinical
manifestations related to the COVID-19 infected patients are
usually cough, fever, respiratory distress, breathing difficulty, and
sometimes asymptomatic [2]. The virus usually transmits via
respiratory droplets (saliva, coughing, or sneezing) even via fecal
transmission is also possible [2e4]. It has become a major global
health concern, and the World Health Organization (WHO)
declared this a ‘Pandemic’ in March 2020 [5]. More than 156
million individuals has been infected and is responsible for at least
3,262,000 deaths globally by May 06, 2021 and the surge con-
tinues [6,7].

Within three months of the reported outbreak, scientists from
the National Institute of Allergy and Infectious Diseases (NIAID) and
Moderna, Inc have begun the first human trial of a SARS-CoV-2
vaccine, mRNA-1273 [8]. Recently, three vaccines have received
& Electrical Engineering and
aton, FL 33431, USA.

vier Masson SAS. All rights reserve
Emergency Usage Authorization (EUA) by the Food and Drug
Administration (FDA) in United States. Moreover, several other
vaccine candidates have been approved and distributed globally.
Besides, at present, several vaccine candidates, including genetic
and inactivated whole virus-based vaccines, and treatments
including monoclonal antibodies and small molecule antivirals are
in the different phases of clinical trials [9,10]. Despite many of these
attempts are ongoing under “warp speed”, it may take years to
vaccinate entire population around the world. In the meantime,
social distancing and lockdown measures have been taken inten-
sively, including closing borders and halting international travels to
mitigate viral transmission [11]. All these mitigation measures have
severally impacted social encounters and financial dealings. In
addition, the development of new mutant strains with various
infection rates and their relationship with the uncertainty in
responding to the current vaccines are other major problem in the
management of this disease.

In this manuscript, we review primarily therapeutic and vacci-
nations for COVID-19. We discuss therapeutic development stra-
tegies, the efficiency of developed drugs, vaccine development
technologies with comparative performance analysis, passive im-
munization, and the worldwide socioeconomic impact by the
disease.
d.
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1. Genomic structure of SARS-CoV-2

Seven coronaviruses infects humans in which four of them
(HKU1, NL63, OC43, and 229E) usually shows veryminor symptoms
whereas rest of the three (SARS-CoV, MERS-CoV, and SARS-CoV-2)
causes acute respiratory problems and causes high rate of fatality
[14]. SARS-CoV-2 is a þ sense ssRNA virus with a size of
100e160 nm [15]. The genomic analysis of this virus presented that
the genomic length is approximately 30 kb and encodes two types
of proteins (structural and non-structural proteins) [13]. The entire
genome encodes 13e15 open reading frames (ORFs), and 12 are
functional. The two encoded polyproteins (ORF1a and ORF1ab)
creates 16 non-structural (NS) proteins (NSP1eNSP16) and struc-
tural proteins are known as spike (S), envelope (E), membrane (M)
and nucleocapsid (N) (Fig. 1A, B) [16]. Besides, it also contains two
untranslated regions (UTR) including a 50 cap terminal and 30-poly-
A tail. The ORFs are mainly replicase and protease however the S
protein consists of two subunit S1 and S2. S protein plays a sig-
nificant contribution in viral entry (S1) and fusion (S2) as a result
they are considered a key target for designing/developing drugs/
vaccine candidates against COVID-19 [13].

2. Management of COVID-19

The first step of management of a disease is to regulate the
escalation of contagion. Orderly understanding the cause of the
COVID-19 pandemic and adopting with different preventive mea-
sures plays vital role in controlling a pandemic like COVID-19. Be-
sides, extensive researches on specific treatments, vaccine
developments and administration have been ongoing with the
advent of SARS-CoV-2. The currently available treatments include
Fig. 1. A) Structure of SARS-CoV-2 consisting four structural proteins including ES, M and N
having encoded both structural and nonstructural type proteins (Reprinted from Ref. [13]).
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small molecule drugs that prevent viral entry into host cells or
block viral replication and assembly, as well as biologics/antibodies
that control COVID-19 associated pro-inflammatory immune re-
sponses tominimize the disease associated pathologies [17]. On the
other hand, vaccines' goal is to produce an adaptive immunity
counter to SARS-CoV-2 by generating required antibodies to
neutralize the virus. Notable milestones in the developments of
treatments and vaccines as well as protective actions are summa-
rized below:

2.1. Prevention of spread as a strategy to reduce infections

The primary transmission media is respiratory droplets and
COVID-19 can be transmitted even before showing symptoms. To
mitigate the virus's spread, two things need to be followed: first, an
infected individual needs to be isolated and limited contact with
non-infected patients and, secondly, decrease per contact trans-
mission possibility [18]. Human behavior crucially affects the
COVID-19 transmission pattern and adopting with the new
behavioral changes are significant for further spreading [19]. Ac-
curate and rapid diagnosis is the main key to fight against this kind
of pandemic and proved to be fruitful in previous pandemics
[20e24]. Utilization of ASSURED (Affordable, Sensitive, Specific,
User-friendly, Rapid and robust, Equipment-free and Deliverable to
end-users) criteria regulated by WHO to develop diagnosis devices
should be considered [25e28]. Isolation of the infected patients
and maintaining social distancing actions, including mandating
“shelter in place”, have been adopted to mitigate the spread of the
virus globally, but at a huge cost to society and economy [19].
Proper practice of masks and gloves, hand sanitation, cleaning
highly touchable areas with disinfectant have already proved to be
(Reprinted from Ref. [12]). B) Genomic organization of 30 kb long, positive-sense ssRNA
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beneficial (Fig. 2A) [29]. A recent study about the effectiveness of
mandating face masks in Germany outlined that the daily use of
mask reduced the daily growth of COVID-19 infection by 47% [30].
Some studies also suggest that proper use of mask reduces the
severity of the infection if someone gets infected by COVID-19 [31].
However, the effectiveness of masks also depends on the material
or the fabrics it is made of. A study with 14 different types of masks
represented that N-95/surgical masks are most effective against
droplets (Fig. 2B) [32]. On the other hand, use of face shield also
demonstrated to be fruitful from respiratory droplets but only for
short time [33]. Gloves has been used since a long time to ensure
the safety of healthcare workers in healthcare facilities. CDC has
recommended all the healthcare professionals to use gloves who
are engaged in providing care to infected people. While disinfecting
the exposed/contaminated areas, always, CDC recommended
guidelines should be followed [34]. However, maintaining social
distancing, creating a barrier where frequent interaction occurs like
in retail stores, avoid public gatherings, avoiding unwanted trav-
eling also plays important role onmitigating the spread of the virus.
Fig. 2. A) Prevention of spread by implementing behavioral changes. B) Comparative effe
droplets (Reprinted from Ref. [32]). C) Estimation of reproduction no reduction after imposin
Ref. [36]).
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Different countries, globally, have implemented travel restriction
measures to downscale the intercontinental transmission [35]. A
recent study regarding impact of imposing travel restrictions and
banning public gatherings also demonstrated significantly reduced
reproduction number of the virus infection (Fig. 2C) [36]. However,
several safety measures should be considered if travel is necessary
specially all passengers in an aircraft should be tested negative
before boarding.

2.2. Developments and repurposing of small molecule drugs/
biologics

With the outbreak of SARS-CoV-2, scientists/medical practi-
tioners around the globe initially began testing the existing drugs
as a repurposing strategy to treat affected patients without exten-
sive clinical trials. Some of the most widely used/tested drugs
include antivirals of other viral diseases, anti-inflammatory agents,
immunomodulators, anticoagulants, and vasodilators [37,38].
While the antiviral drugs are mostly helpful in the early stage of
ctiveness analysis of masks made of different materials to provide protection against
g travel restrictions, banning gatherings and closing schools in Brunei (Reprinted from
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infection, anti-inflammatory/immunomodulatory agents are
almost exclusively effective in preventing disease progression in
the late stage when there is a need to suppress hyperimmune re-
sponses; the anticoagulants can be useful to manage coagulation
associated abnormalities caused by COVID-19 [37].

Most antiviral drugs (protease/polymerase. and reverse tran-
scriptase inhibitors) that underwent clinical trials to treat COVID-19
were originally developed for similar infectious diseases including
influenza, SARS-CoV, MERS, HIV, and Ebola with an understanding
that known drugs that have worked against an infectious disease
will also work against COVID-19 [39].

2.2.1. Protease inhibitors
Results from previous studies on diverse viruses reveal that, in

many cases, while the viral proteases play essential roles in the
intracellular processing of structural polyprotein into individual
proteins for viral assembly, host cell proteases such as type 2
transmembrane serine protease (TMPRSS2) promote viral uptake
by activating envelope glycoproteins [37]. Screening of viral pro-
tease inhibitors such as lopinavir-ritonavir combination (a.k.a.
Kaletra™), which is an effectful therapy for HIV infections, did not
show a clear benefit in the clinical trials of severely infected hos-
pitalized patients [40,41] when equated to typical care alone [42].
This observation likely reflects that SARS-CoV-2 has viral proteases
that are substantially different from other viral proteases and may
not be efficiently inhibited by pan-protease inhibitors. In contrast,
the inhibitors of host cell proteases (e.g. TMPRSS2) that process the
S protein and help host cell entry appear to hold clear promises
[37]. Notably, Nafamostat, a TMPRSS2 inhibitor, effectively inhibi-
ted MERS-CoV S protein-initiated membrane fusion [43], while
Camostat mesylate was able to block entry of the virus into lung
cells [44,45]. Both Camostat and Nafamostat are currently under
extensive clinical investigations as potential antiviral treatments
for COVID-19 [46]. However, another clinical protease inhibitor
candidate developed by Pfizer (PF-07321332) has showed prom-
ising antiviral action in case of SARS-CoV-2 in lab studies [47].
Recently, they have started phase-1 clinical trial (NCT04756531) for
this orally administrated therapeutic including single and multiple
ascending doses in healthy adults [48]. Moreover, Pfizer is also
studying the potent activity of an intravenously (IV) administered
inhibitor (PF-07304814) for the hospitalized patients and currently
conducting Phase 1b multi-dose clinical trial (NCT04535167)
[47,49].

2.2.2. Polymerase inhibitors
Among the tested RNA-dependent RNA polymerase (RdRp) in-

hibitors, remdesivir, firstly formulated by Gilead Sciences (US) for
Ebola/Marburg diseases, is probably the most promising agent
despite mixed results from the clinical trials. Although remdesivir
initially failed to demonstrate statistically significant clinical ben-
efits on hospitalized patients with different levels of severity [50],
however, more focused trials revealed promising data. The out-
comes of a double-blinded, arbitrary, and placebo-controlled trial
of 1063 individuals confirmed that patients with remdesivir had a
faster recovery time compared to placebo-controlled group (11 vs.
15 days) [51,52]. Consequently, the FDA has permitted EUA of
remdesivir to treat COVID-19 patients [52]. Among other RdRp in-
hibitors, EIDD-2801, an investigational drug, developed by Emory
Institute for Drug Development (EIDD)/Ridgeback Therapeutics
(US), underwent phase II/III clinical trials (NCT04405570 and
NCT04405739) [53]. Both remdesivir and EIDD-2801 are ribonu-
cleotide analogs that non-selectively block replication of multiple
RNA viruses, although they appear to work in different ways,
meaning they could be complementary [53]. Unlike remdesivir,
which is administered intravenously, EIDD-2801 can be
4

administered orally. However, Another study showed that MK-
4482/EIDD-2801 successfully reduced the viral load in ferret
models [54]. MK-4482/EIDD-2801 can be an auspicious antiviral
therapeutic for suppressing the spread of COVID-19 in commu-
nities. Other polymerase inhibitors include favipiravir/avigan,
which was initially developed for influenza in Japan by Fujifilm
Toyama Chemical also tested against SARS-CoV-2. Although Favi-
piravir initially showed promising results in treating patients from
Wuhan and Shenzhenwith mild or moderate symptoms [55], more
recent trials using favipiravir alone or in combination with another
broad-spectrum antiviral drug, umifenovir/arbidol, suggested no
significant improvement in clinical recovery; however, the combi-
nation product did expedite relief from fever and cough [56].
Moreover, Favipiravir has teratogenic effects on pregnancy; as a
result, drug administration should be controlled [57].

2.2.3. Immunosuppressants
Like other cytopathic viruses, SARS-CoV-2 infections trigger an

innate immune response by recruiting macrophages, monocytes
and release cytokines and chemokines, and prime T and B lym-
phocytes for adaptive immune response [37]. This procedure is
successful in clearing the infection for more than 80% cases;
nevertheless, in some patients, a dysfunctional immune response
can lead to an overwhelming release of pro-inflammatory cyto-
kines ((such as interferon gamma, interleukin (IL-1, IL-6), and
complement factor 5a)) that mediates widespread lung inflam-
mation, requiring intensive care in hospitals. Indeed, many people
with COVID-19 do not die from the tissue damage caused by the
virus but from an aggravated immune response leading to “cyto-
kine release syndrome”, or “cytokine storm” [37]. In such cases,
another treating technique consisting suppressing the inflamma-
tory response by immunomodulatory monoclonal antibodies
(mAbs) including the IL-6 inhibitors (tocilizumab and sarilumab),
and IL-1b blockers (canakinumab) among others [58]. A clinical
study for tocilizumab and sarilumab reported that they can reduce
the death rate to critically ill patients by blocking the protein to
detect IL-6 [59]. The use of corticosteroids, such as dexamethasone,
was found to be beneficial in severe patients who required me-
chanical ventilation but not those in the early stages of infection
[60]. In contrast, the antimalarial drugs, chloroquine/hydroxy-
chloroquine, which also may have the positive immunomodulatory
effects in vivo [61] in addition to their ability to prevent viral attack
and endocytosis of the virus in vitro [62], have also been tested in
several clinical trials with or without combining azithromycin, but
did not show any clear benefit in hospitalized patients [63,64].

More recent approaches involve artificial intelligence (AI) to
conduct exhaustive computational screening of large libraries of
“redirected” or “repurposed” drugs against potential SARS-CoV-2
viral targets, followed by clinical investigations on selected candi-
dates [65]. Such examples include losartan (antihypertensive) and
ivermectin (anti-parasitic) [66] that were successful in several in-
dividual cases, but require larger clinical trials to demonstrate their
potentials for COVID-19 management.

2.3. Passive immunization

Passive immunization is one of the most effective means of
treating viral infections by introducing virus-specific antibodies
either from recovered patients or from immunized animals/cells to
newly infected individuals (Fig. 3A) [67,68], and was first demon-
strated in 1890 for the treatment of tetanus and diphtheria [67].
Passive immunization involves the process of obtaining serum from
immune individuals (convalescent plasma (CP), concentrating the
immunoglobulin antibodies (hyperimmune immunoglobulins), or
developing isolated antibodies (polyclonal or monoclonal) using an



Fig. 3. Passive immunization by convalescent plasma therapy. A) Step by step process plasma collection procedure from a recovered COVID-19 patient to infusing to a critically
infected patient. B) Case study of a hospitalized patient showing the change in PaO2/FiO2 and CRP before and after the convalescent plasma therapy. C) Decrease of viral load
shedding reflected in the detection threshold of ORF1b gene using RT-PCR of the same patient's sputum specimen before and after infusing the convalescent plasma (Reprinted from
Ref. [73]).
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immunogen in animal models or cell lines [17,69]. This treatment is
rapid in its action and can generate an immune response within
hours or days, which is substantially faster than vaccines. Further-
more, antibody treatment has the potential to override the defi-
cient immune system, especially in severe cases, when an infected
individual is not in a condition to receive vaccination [70]. However,
passive immunization lasts only for a few days or weeks because
this treatment does not involve the generation of memory B cells
[70] and can be uncertain for reasons that are context-dependent
and not fully understood.

Previous studies on SARS infection have shown that patients
who received plasma therapy remained immune for shorter pe-
riods and had a reduced mortality rate than the high-dose steroids
pulse therapy [71]. Using CP treatment on severely ill patients with
COVID-19 reduced viral load measured by RT-PCR. It immediately
increased correlation between partial pressure of arterial oxygen
(PaO2) to the inspired oxygen (FiO2) (Fig. 3B, C) [72,73]. Therefore,
considering the growing demand for COVID-19 treatment in a short
time and due to the lack of specific treatments, many countries
have adopted CP as their initial line of treatment. However, a
clinical trial, including 228 COVID-19 infected patients who
received CP and 105 patients who received placebo, didn't show a
significant difference in the mortality and other clinical outcomes
[74]. Nevertheless, the US-FDA has approved the use of passive
immunization in treating COVID-19 for its immediate clinical
benefits [75,76]. However, treatment with CP has several limita-
tions, including difficulty in plasma collection, batch-to-batch var-
iations in neutralizing antibody titers, potential contaminationwith
blood-borne pathogens, and the requirement for matching blood
type (Rh factor) [77].
5

Administration of isolated/refined antibodies may be a better
alternative to CP because they are more antigen-selective and do
not have many of the limitations associated with CP's. Several
biotechnologies/pharmaceutical companies are currently devel-
oping hyperimmune immunoglobulins (H-IGs) as well as poly-
clonal antibodies (pAbs) from CPs. Notably, the “CoVIg-19 Plasma
Alliance” is an alliance formed by a number of companies, that aims
to develop plasma-derived H-IGs against COVID-19 [78]. However,
the extraction of antibodies is not only technically challenging but
also requires expensive laboratory procedures. Besides H-IGs and
pAbs, there has been a major push many countries including USA to
developmonoclonal antibodies (mAbs) to treat COVID-19. Since the
identification of SARS-CoV-2, numerous research groups (both ac-
ademic and industrial) have produced mAbs from the single B cells
obtained from SARS-CoV-2 infected patients, or by immunization of
humanized animals. Most neutralizing antibodies are aimed to
prevent viral entry by masking the S protein from interacting with
ACE2 or other host cell receptors, or by preventing the conforma-
tional changes of the S protein that enables membrane fusion [79].

Of particular notes, Elly Lilly developed two antibodies, LY-
COV555 (in collaboration with AbCellera) and JS016 (with
Shanghai Junshi Biosciences), both of which act by blocking the
viral S protein [80]. However, ‘bamlanivimab’, which is clinically
known as LY3819253 (LY-CoV555) was examined to have the better
SARS-CoV-2 binding affinity than hundreds of other developed
mAbs [81]. It has received the FDA-EUA clearance for treating the
COVID-19 patients in the USA [82]. Besides, an antibody cocktail
mixture of two human IgG1 antibodies named REGN- COV2 have
recently been developed by Regeneron [83]. This cocktail prevents
viral entry into human cells by targeting S protein's receptor-
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binding domain (RDB) [84]. The clinical trial (NCT04425629) data
suggested a reduced amount of viral load, especially for patients
with more significant viral load at the beginning, and this cocktail
received FDA-EUA recently [82,85]. Sorrento Therapeutics is a US-
based biotech company that currently tests antibody cocktails in
patients with COVID-19. Sorrento's antibody cocktail (COVI-
SHIELD) contains three mAbs attaching distinct epitopes on S
protein. One of the COVI-SHIELD antibodies, STI-1499, binds spe-
cifically to the S1 subunit and can inhibit viral entry as observed in
their preclinical studies [86]. Vir Biotechnology, another US com-
pany, developed VIR-7831 and VIR-7832 antibodies from recovered
SARS patients and S-309 from the memory B cells of SARS-CoV-2
infected patients to target the RDB of SARS-CoV-2 S protein [87].
The company is currently conducting Phase 3 trials on COVID-19
patients with S-309 and has partnered with GSK for large scale
production [79]. In addition to mAbs, Vir Biotechnology and Alny-
lam Pharmaceuticals are currently investigating the use of RNA
interference to selectively block translation of proteins such as
ACE2 and TMPRSS2 that are required for viral entry into host cells.
Other companies, including ImmunoPrecise, Ligand Pharmaceuti-
cals, are also in the process of testing their therapeutic antibodies in
clinical trials.

Some of the potential limitations of mAbs for COVID-19 treat-
ment include unfamiliar bioavailability of passively infused IgG in
tissues that are often largely affected by the disease and some
inherently associated with undesirable effects of antibody treat-
ments in general, including antibody-dependent enhancement
(ADE) of infection [88]. Another important consideration is the
effect of genetic diversity in the virus, which is mainly due to the
error-prone nature of RdRps in RNA viruses such as CoVs [89]. With
currently more than thousands of SARS-CoV-2 genome sequences
has been deposited to date, around 200 recurrent mutations have
been identified in the variable regions of the genome, including the
S protein [89], which is the key target for antibody/vaccine design.
Therefore, it is crucial to monitor the emergence of viral mutations
that are either more virulent or that enable stronger adaptation to
the human host due to antibody treatments or other factors.

2.4. Prophylaxis and vaccine development

Vaccines are used as a preventive medicine that activates the
adaptive host immune response to produce neutralizing antibodies
against pathogens and induce memory B cells for long term im-
munity [90]. Because of the high degree of genomic sequence
conservation of the CoVs, scientists could begin developing vac-
cines afterwards the genomic sequences were available, with
currently more than hundreds of teams working on different vac-
cines [91]. Presently, three vaccines have received FDA EUA
approval and several others vaccine candidate received approval in
different countries around the world and are currently being given
to people (Table 1). Currently, more than seven dozens of vaccines
are in human trials in different phases (Fig. 4 (A,B)) [92]. Vaccine
candidates were developed adopting various technologies,
including genetic (DNA/RNA-based), recombinant protein-based,
vector-based, and inactivated whole viral vaccines (Figs. 4C and
5) [91,93,94]. Many of these trials are sponsored by the Coalition for
Epidemic Preparedness Innovations (CEPI), a charity foundation
that was specially formed for developing vaccines to tackle epi-
demics. The most promising immunogen for developing vaccines
for SARS-CoV-2 is the S protein, but whether the entire protein or
only its RBD is appropriate to produce effective neutralizing anti-
bodies remains to be investigated [93].

BioNTech's lipid nanoparticle (LNP)-formulated, nucleoside-
modified mRNA vaccine (BNT162b1) demonstrated adequate T-
cell responses, and it is the first vaccine to receive FDA clearance in
6

USA [95e97]. Another example of mRNA-based vaccine is Mod-
erna's LNP-encapsulated mRNA-1273 that encodes for a whole,
prefusion stabilized SARS-CoV-2's S protein and is the second
vaccine that received FDA EUA approval [95]. Phase 3 data for both
of the mRNA-based vaccines demonstrated about 95% efficacy [98],
and they are currently being administrated in different countries
globally. Currently, these two vaccines are continuing phase 4
clinical trials. Besides, CureVac, a German company, is also working
on mRNA-based vaccines that recently underwent Phase 2 and
initiated phase 3 trial [99,100].

Like mRNA vaccines, the viral vector-based vaccines are also in
the advanced stages of clinical investigations. DNA/RNA of the
spike protein is conveyed using another vector in this case to
create the immunity required to fight against SARS-CoV-2. John-
son & Johnson has developed a vaccine named Ad26.COV2.S using
human adenovirus to transport the mRNA for the S protein and
completed the phase 3 trials with around 40,000 participants
[101]. The phase 3 trial showed that the vaccine has 66.3% efficacy
for preventing of symptomatic patients and the US-FDA has
approved the administration of this vaccine on February 27, 2021
[102]. Besides, Gamaleya Research Institute of Epidemiology and
Microbiology in Moscow developed a vaccine “Gam-COVID-Vac”
which later named “Sputnik V” combining two Adenoviruses to
express S protein inside the host cell and completed its phase 1
and 2 clinical trial (Trial no: NCT04436471) on August 10, 2020
[103]. The Russian authority has approved the vaccine's wide-
spread use before completing the phase 3 clinical trial [104].
However, later, the phase 3 trial reported that it is 92% effective
[105]. CanSino biologics (China) has started phase 3 clinical trials
for its Ad5-nCoV vaccine with 20,000 participants (Trial no:
NCT04526990), which utilizes adenovirus type-5 (Ad5) as a vac-
cine vector [106,107]. CanSino's Ad5-nCoV vaccine has been
approved by the Chinese Military as a “specially needed drug” on
June 25, 2020 and is currently one of the approved vaccines for
COVID-19. The University of Oxford's Jenner Institute and the
British-Swedish pharmaceutical company, AstraZeneca have
already completed phase 3 trials on their ChAdOx1/AZD1222
vaccine and it has shown around 76% effective at preventing
COVID-19 [108e111]. The ChAdOx1/AZD1222 vaccine has received
approval from UK's medicines regulator to be distributed in UK
beginning of 2021 and currently being administrated in more than
100 countries globally [112]. Both Ad5-nCoV and ChAdOx1/
AZD1222 use replication-deficient adenoviruses capable of
encoding Sprotein of SARS-CoV-2, thus enabling formation of
endogenous antibodies against SARS-CoV-2 [108,110]. However,
recently more than 20 countries have halted the administration of
this vaccine due to discrete reporting of rare blood-clotting
problems in women (<55 years) [113]. WHO and the European
Medicines Agency (EMA) stated that this vaccine is harmless and
recommends it, though EMA couldn't rule out the possibilities.
Another interesting example of an adenovirus-based vaccine
formulation includes an oral pill, rather than injectables, made by
Vaxart. This USA based company is currently conducting the phase
1 trial (NCT04563702). In addition, Sinovac Biotech and Wuhan
Institute of Biological Products, and China National Pharmaceu-
tical Group (Sinopharm) have started the clinical trials of their live
attenuated whole virus vaccines on humans [106,114]. Inactivated
vaccines utilize a whole, attenuated strain of the SARS-CoV-2 to
initiate the immune response inside human body [115]. Even
though the introduced viruses are attenuated, they are still
capable of inducing both distinctive and adaptive immunity in
humans [116]. Inovio has formulated a DNA plasmid vaccine, INO-
4800, that showed excellent safety and tolerability with 100%
immunogenicity [117]. No serious adverse effects in phase 1 were
observed, and is currently continuing the phase 2/3 trials [118].



Table 1
Vaccines candidates that are currently on/completed Phase III human trials. (Updated on April 02, 2021) [92,149,150].

Type of
Vaccine

Vaccine name Developer Trial No Doses Efficacy Approved in countries

RNA vaccines CVnCoV
Vaccine

CureVac AG NCT04674189 2 e e

Viral vector
based
vaccines

Ad5-nCoV/
Convidecia

CanSino Biologics Inc., Academy of Military
Medical Sciences, Hubei Provincial Center for
Disease Control and Prevention

NCT04526990 1 e Chinese Military (Limited use),
Mexico, Pakistan.

Ad26.COV2.S1 Janssen Vaccines and Prevention, Beth Israel
Deaconess Medical Center, Johnson & Johnson

NCT04505722 1 USA-72% South
Africa- 64%, Latin
America-61%

WHO (EUA), EU, USA, Canada,
Switzerland, Bahrain, Iceland,
Liechtenstein, Norway, Thailand,

Gam-COVID-
Vac/Sputnik V

Gamaleya Research Institute of Epidemiology
and Microbiology, Health Ministry of the
Russian Federation, Acellena Contract Drug
Research and Development

NCT04530396
NCT04564716

2 91.4% Russia and more than 50 other
countries.

Inactivated
Vaccines

Inactivated
SARS-CoV-2
vaccine

Sinopharm, China National Biotec Group Co,
Beijing Institute of Biological Products

ChiCTR2000034780
NCT04560881

2 Bahrain, China,Egypt, Hungary,
Iraq, Jordan, Pakistan, Peru,
Republic of Serbia, Seychelles, and
United Arab Emirates

Institute of Medical Biology, Chinese Academy
of Medical Sciences

NCT04659239 2 e China.
United Arab Emirates (Limited
use).

QazCovid-in® Research Institute for Biological Safety
Problems, Rep of Kazakhstan

NCT04691908 2 e e

Covaxin Bharat Biotech International Limited, Iqvia Pty
Ltd, Indian Council of Medical Research,

NCT04641481 2 80.6% India, Iran, Mauritius, Nepal,
Zimbabwe.

Recombinant
protein
based
vaccines

NVX-
CoV2373

Novavax NCT04611802 2 96% against original
coronavirus, 86%
against B.1.1.7, 49%
against B.1.351

e

ZF2001 Anhui Zhifei Longcom Biopharmaceutical,
Chinese Academy of Sciences

ChiCTR2000040153,
NCT04646590

3 e China, Uzbekistan.

VAT00002 Sanofi Pasteur þ GSK PACTR202011523101903 2 e e

Soberana 1 Instituto Finlay de Vacunas RPCEC00000354 2 e e

EpiVacCorona Federal Budgetary Research Institution State
Research Center of Virology and Biotechnology
"Vector"

NCT04780035 2 e Russia (Early use)

CIGB-66 Center for Genetic Engineering and
Biotechnology (CIGB)

RPCEC00000359 3 e e

DNA Based nCov vaccine Zydus Cadila CTRI/2020/07/026352 3 e e
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The Japanese biotechnology company AnGes in collaboration with
Osaka University and Takara Bio, is also working on a DNA vaccine
that is in the phase 2/3 stage.

A recombinant protein-based vaccine, RBD-S, consisting of a
RDB of the SARS-CoV-2 S protein, is currently under in phase I/II
trial by Kentucky BioProcessing [119,120]. Similarly, NVX-CoV2373,
a USA-based company Novavax, has also developed a prefusion
stabilized recombinant S protein-based vaccine that utilizes a
proprietary nanoparticle technology for enhanced immune re-
sponses [121,122]. Other vaccines using the recombinant protein-
based platform are made by ExpresS2ion, iBio, Baylor College of
Medicine, University of Queensland, and Sichuan Clover Bio-
pharmaceuticals [95].

All these vaccine platforms have their own advantages and
disadvantages. For example, the genetic vaccines are relatively easy
to handle, yet they can invoke aberrant immune responses and
cause immunogenicity issues [95]. Similarly, the viral vector vac-
cines have proved to be excellent in preclinical and clinical phases
for MERS and SARS-CoV; however, pre-existing vector immunity
might reduce vaccine effectiveness [95]. Attenuated whole virus
vaccines are a straightforward process, yet the relatively larger size
of their genome can take a long time to create clones of the
attenuated SARS-CoV-2 vaccine seeds [123]. Regardless of vaccine
platforms, one key issue is the potential duration of immunity as
the neutralizing antibody levels against SARS-CoV-2 seems to wear
off relatively quickly, viz. within 2e3 months post-infection [124].
In contrast, recent reports demonstrated 70% and 100% of conva-
lescent patients COVID-19 specific CD4þ and CD8þ T cell responses
7

respectively, and it lasts for months if not years [125]. Collectively
these studies indicate that the frequency of vaccine doses needed to
confer immunity may be closely observed and/or adjusted
consequently.
3. Social and economic impacts

3.1. Social impacts

The social effects created by the international transmission and
pandemic due to COVID-19 is showing beyond imaginable conse-
quences to the entire world. The total social impact is beyond
comprehendible. After the health emergency declared byWHO, the
world responded quickly to “flatten the curve” or limiting the
virus's spread by prohibiting cross-border travels, closing non-
essential businesses, closing educational institutions as well stop-
ping all kind of large gatherings. Around 300 billion people are
under full or partial lockdown currently even aftermore than a year
since the first case was reported [126]. Since people are staying at
home due to COVID-19, the first impact arises inside the home in
the form of exacerbating or sparking domestic violence, including
physical, phycological, and sexual violence, or some form of child
abuse [127e129]. The longer time staying at home due to the
lockdown means more prolonged exposure of abuser to the victim.
A recent study summarizes the increment of domestic violence in
different developed countries around theworld, counting France by
32%e36%, USA by 21%e35%, 5% increase in domestic abuse calls to



Fig. 4. Current stages of COVID-19 vaccine development. A, B) As of April 02, 2021, in total 268 vaccine candidates are in underdevelopment phases. Among them 84 candidates
are in different phases of trials and 15 of them are in or completed phase 3 trials including 5 are continuing phase 4 trials. C) Different platforms have been adopted for developing
COVID-19 vaccines including virus-like particles, DNA, viral vectors (replicating and non-replicating), inactivated vaccines, live-attenuated vaccines, subunit vaccines, and RNA
vaccines. Source: World Health Organization (http://www.who.int/blueprint/priority-diseases/key-action/novel-coronavirus/en/).

Fig. 5. Types of technology used for developing COVID-19 vaccine for phase III candidate.
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police in Australia, and 25% increase calls to the helpline to report
abuses in UK [130].

On the other hand, more than 900 million learners are directly
or indirectly affected by the closures of educational institutions
from preschool to universities all over the world [131]. But, most of
the developed countries avoided physical classroom activities and
adopted online teaching with a campaign “School's Out, But Class's
On” [132]. As a consequence of staying home for a more extended
8

period, students are becoming more and more addicted to video
games and pose the risk of setting unhealthy routine patterns [133].
Experts are concerned that this could increase childhood obesity as
well as disparities in obesity risk [134]. The pandemic impacted
religious activities in many ways, with canceling religious gather-
ings, worshiping of various faiths, religious festivities, and pil-
grimages to religious sites [135,136]. The kingdom of Saudi Arabia
has provisionally canceled the pilgrimage (Umrah as well as the

http://www.who.int/blueprint/priority-diseases/key-action/novel-coronavirus/en/
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yearly hajj) out of precaution for the first time after the Kingdom of
Saudi Arabia was formed [137]. Apart from all this, the social im-
pacts of the pandemic have an advert effect on the mental health of
individuals staying under lockdown for more extended periods,
which is intensified by anxiety, self-isolation, depression, and
physical distancing [138]. Experts suggested that these factors
could create perpetual fear and anxiety and also lead to suicidal
tendencies [139].

3.2. Economic impacts

The extraordinary restrictions prompted due to the pandemic
has halted multidimensional commercial/economic events
throughout the year of 2020 globally. Gradually, the healthcare
instruments demand is increasing parallelly with the rise of
infection rate as well as fatality. Over 100 countries have shut their
borders for non essential travels [140], and global air traffic plunged
just after WHO's “Pandemic” announcement. This harshly
obstructed the global supply chain, as well as intercontinental trade
[140]. The economic experts agreed that COVID-19 will negatively
impact the global economic growth, and this will possibly drive
into a deep recession [141]. The Organization for Economic Coop-
eration and Development (OECD) has projected a monthly 2%
decrease in global GDP, potentially leading us to an economic
shrinkage similar to the great depression in the 1930s [140].

Millions of workers have lost/will lose their job, especially
lower-income individuals or individuals working with daily wages
[142]. Most of the workers related to retails and supply chain are
exceptionally susceptible to COVID-19 in both health and mone-
tarily as they are less likely to receive healthcare insurance pro-
vided by the employer [142]. In just five weeks after the pandemic,
a record-breaking number of about 26 million Americans has filed
for unemployment benefits, which clearly shows the impact of
COVID-19 on US economy [143].

Fears of exponential widespread of the virus severely impacted
the US financial market. Dow Jones, stock market measuring index
for the most significant 30 companies' stock performance listed in
the stock market, has started losing points just after the USA
outbreak and became lowest in the recent history on March 23,
2020 [144]. Due to the lockdown and other travel restriction
measures caused by the pandemic, the oil consumption demand
has evaporated severely. For the first time from the US oil market's
record-keeping history, the crude oil price became negative, which
means the producers are paying the buyers to purchase the oil. The
price of crude oil in the USA has experienced a record drop of
around 300% on April 20, 2020, and oil was traded as low as -$40.32
a barrel [145].

The world tourism sector is experiencing an unexpected fall of
between 20 and 30%, which is equivalent to $300e450 billion [123],
and this could lead many airline companies to go bankrupt [146].
Many European countries like Portugal, Spain, and Greece, whose
GDP vastly depends on tourism, will get the worst hit by COVID-19
[141]. Hotels and restaurants are mostly closed all around the
world, where lockdown measures are imposed. As a result, the
price for agricultural products used in restaurants dropped by
almost 20% [131]. The housing and real estate sector is another
sector that is walloped by the pandemic. An online real estate
database company Zillow has conducted a survey regarding hous-
ing prices during past pandemics and concluded that housing pri-
ces didn't drop or decrease much in most cases. Still, there was a
drop in home/real estate property sales [147]. Moreover, there are
many other sectors directly linked with the economy that are
severely impacted by COVID-19 lockdown and social distancing
measures. Of note, the pandemic may create a financial collapse,
and it can potentially create a recession. Although different
9

countries have started immediate relief packages to save the
economy, it is still very soon to judge what would be the total
economic impact of COVID-19 to the entire world.
4. Future perspectives and conclusion

In addition to current approaches, more potential drugs will be
investigated for their performance and effectiveness towards
COVID-19 in coming years. Still, common protecting measures,
especially social distancing, proper decontamination procedure and
wearing masks, are proven to limit viral spread and should be
executed widely. On the other hand, more than two hundred
candidate vaccines are pacing the R&D to expedite the develop-
ment and clinical trial process to fight against the pandemic. We
also foresee availability of effective vaccines for all within the next
few years as already some vaccine candidates are approved, and
few are in the final stage of the trials and should be available
commercially soon. Although it is very early to say as a conventional
method of vaccine development to a human application takes years
to decades with investigating long term effects, but this pandemic
showed the progression of half a decade's work within just five
months. The development of vaccines for a novel disease like this
will always be a challenge as it has to gain the trust of the scientific
community first. There are challenges needs to overcome after the
vaccine development in the stages like delivery, distribution, and
administration. For an idyllic vaccine the production cost and
storage cost should be minimum. So, it is also important that after
the successful and innocuous development of the vaccines, the
mass level of production, as well as the distribution of vaccines
globally, needs to coordinate effectively to save human life.

Moreover, one major concern for developing a vaccine is to
produce effective and preventive immune response against
mutated and genetically drifted variants of SARS-CoV-2 strains.
Cases of reinfection of COVID-19 for some patients suggests that
immune response due to previous infection may not be effective or
the immune response is not sustained for longer period [148].
Considerations should be given in innovative vaccine de-
velopments and also potentiality od application of combinational
vaccines (two different type vaccines) can also be explored.
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