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The development of COVID-19 vaccines was promptly regulated to ensure the best possible approach. By January
2022, 75 candidates reached preclinical evaluation in various animal models, 114 vaccines were in clinical trials
on humans, and 48 were in the final testing stages. Vaccine platforms range from whole virus vaccines to nucleic
acid vaccines, which are the most promising in prompt availability and safety. The USA and Europe have
approved vaccines developed by Pfizer-BioNTech (BNT162b2) and Moderna (mRNal273). So far, Pfi-
zer-BioNTech, Moderna, Johnson & Johnson, AstraZeneca-University of Oxford, Sinopharm, Sinovac Biotech

Gamaleya, Bharat Biotech, and Novavax have documented effective vaccines. Even with technological advances
and a fast-paced development approach, many limitations and problems need to be overcome before a large-scale
production of new vaccines can start. The Key is to ensure equal and fair distribution globally through regulatory
measures. Recent studies link Bacillus Calmette-Guérin (BCG) vaccination programs and lower disease severity.

1. Introduction

COVID-19 is the disease caused by the novel coronavirus (SARS-CoV-
2), which is said to have originated from a live sea-food market in
Wuhan, China, somewhere around December of 2019 [1,2]. The disease
has spread globally, with total positive cases estimated at over 356
million and mortality at over 5.6 million, accounting for a considerably
high fatality rate (WHO data on 26 January 2022). The world commu-
nity was faced with developing a safe and effective vaccine against the
pandemic, emphasizing the time. Experience with SARS and MERS has
proved that if the global health threat passes, vaccine development is
likely to be put on hold [2,3]. Vaccine development should be guided by
speed manufacturing, deployment, and global access. The Coalition for
Epidemic Preparedness Innovations (CEPI), which funds the develop-
ment of epidemic vaccines, in collaboration with the World Bank, set up

the COVID-19 Vaccine Development Taskforce controlling finance and
global access for vaccines [4]. The greatest burden of vaccine develop-
ment is in North America, with about 46%. China, the rest of Asia and
Australia, and Europe account for approximately about 18% each.
Currently, China has Sinopharm and Sinovac’s vaccines, which so far
have inoculated 243 million people. [5,6]. A total of 9 billion COVID-19
vaccine doses were being used each day worldwide, mostly in high-
income countries [7]. Among the confirmed active vaccine candidates,
around 72% are patented and produced by private developers, and the
remaining 28% are led by academic, non-profit, and public sectors [8,9].
Even with the participation in the process of such companies as Sanofi
and GlaxoSmithKline, many of the leading vaccine candidates have been
developed by small manufacturers that do not have sufficient experience
with large-scale manufacturing. Global coordination is key in
manufacturing and meeting the demands [10]. One striking feature of
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the COVID-19 vaccine development is the various technology platforms
being tested, ranging from whole virus vaccines, which are the most
traditional through subunit vaccines, virus-like particles, and nucleic
acid vaccines (DNA and RNA) [11,12]. Many of these are novel tech-
nologies currently not used in any licensed vaccines. This offers great
flexibility in speed and antigen manipulation [10]. We have reviewed
current and past literature to summarize the vaccine development sce-
nario in the most recent times.

1.1. Previous coronavirus vaccine experiences

1.1.1. SARS

The Severe Acute Respiratory Syndrome (SARS) outbreak of 2003
originated in Guangdong, China, and affected more than 26 countries,
characterized by influenza-like symptoms [13-15]. SARS was caused by
the SARS-Coronavirus (SARS-CoV), which is thought to be originated
from an animal reservoir such as bats, much similar to COVID-19 of
2019 [16]. Coronaviruses are broadly classified into three antigenic
groups (Group 1 human coronavirus — HcoV229E, Group 2 porcine, fe-
line and diarrhea virus FIPV, Group 3 avian virus), whereas the SARS-
CoVs did not belong to any of these groups but slightly resembles
Group 2. The virus probably evolved to infect humans into an early
version causing localized disease and later into the SARS-CoV, which
caused a global outbreak [17]. The SARS-CoV is an RNA-positive-
stranded, large virus [18]. The RNA contains open-reading frames
encoding a large polyprotein needed for viral replication, the spike
protein (S), an envelope protein (E), membrane protein (M), nucleo-
capsid (N), which are the four structural proteins and eight polypeptides
[19]. Three vaccine types were developed for SARS [17,20,21]. The first
generation was the inactivated SARS-CoV-based vaccine which would
elicit viral-neutralizing antibodies. This was developed by treating the
SARS-CoV virus using formaldehyde, ultraviolet light, or beta-
propiolactone. The whole virus vaccine effectively elicits an immune
response in animal models. Still, it cannot be deemed safe for human use
as the complete antigenic properties of all structural proteins of the virus
are unknown. Extreme caution needs to be used in production since
workers will have to handle a high concentration of virus [17,19-22].
The SARS-CoV S protein is a transmembrane glycoprotein with three
components: extracellular, transmembrane, and intracellular. The
extracellular domain has a receptor-binding domain and attaches to
angiotensin-converting enzyme 2 (ACE2), which initiates the infection
[23]. Vaccines able to strengthen immune response by triggering a huge
antibody production were planned to stop the S protein binding to the
host cells and represented the second type of vaccine studied. Many
genetically engineered, attenuated, and vaccine vectors have also been
considered encoding the virus’s S protein [1,17,19]. Analysis of sera
from SARS patients revealed five immunodominant sites (IDS) in the S
protein, with the fifth being the most immunodominant. IDS peptides
could elicit high titers of S protein-specific antibodies, but there was not
much evidence to neutralize the antigens. It was unclear whether this
would enhance infection or neutralize it [24,25]. The third type of
vaccine is a recombinant receptor-binding domain (RBD) antibody that
can bind to the RBD of S protein and neutralize the virus. This was
successful in mice models [1,17,19].

In a comparative study conducted by See et al., two SARS vaccines
were compared (whole killed virus (WKV) and adenovirus vector vac-
cine (Ad S/N)). It was reported that the WKV vaccine was more effective
than the adenovirus vector-based vaccine. After the SARS-CoV chal-
lenge, the results showed a reduced viral load in mice’s respiratory tract
with the WKV vaccine [26]. On the other hand, the intranasal admin-
istration of the adenovirus vector vaccine-elicited considerable protec-
tion in mice. This study helps understand which vaccine can be pushed
to study in a human model [26]. Using a whole killed virus vaccine in
ferrets and monkeys in preclinical trials demonstrated an
immunopathogenic-type pulmonary disease [27]. Some prior experi-
ences with RSV (respiratory syncytial virus) vaccinated children showed
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an increase in severity of naturally occurring RSV disease, even leading
to hospitalization and death [27]. Further investigation into these vac-
cines was shelved due to various reasons.

1.1.2. MERS

The Middle East respiratory syndrome coronavirus (MERS-CoV)
affected over 2400 people in 2012. The case fatality rate associated with
MERS is 34.5% [28,29]. As in the case of SARS and COVID-19, symp-
toms included fever, shortness of breath, and in severe cases leading to
pneumonia requiring ventilation support [30]. MERS-CoV is a positive-
stranded RNA virus of the Coronaviridae family with at least ten open
reading frames (ORFs) encoding four structural proteins (spike S, en-
velope E, membrane M and nucleocapsid N), 16 non-structural proteins,
and five accessory proteins. The S and N proteins are of particular in-
terest as these are enabled with eliciting a T-cell response and are highly
immunogenic. The S protein induces neutralizing antibodies [31]. In
dromedary camels, S-specific antibodies were isolated in affected areas
such as Saudi Arabia, Jordan, Qatar, and the United Arab Emirates [32].
MERS vaccines have been extensively researched and have even cleared
preclinical trials, although there is no approved vaccine to this day
[33,34]. Vaccination may activate B-cells to secrete IgG and secretory
IgA antibodies, both of which attach to the virus and mediate mucosal
and systemic immune response [32]. Many animal models such as rhe-
sus macaques, marmosets, and transgenic mice have been developed for
preclinical studies [32,35].

Six different vaccines are under study for MERS [36]. Recombinant
MERS-CoV vaccines induced humoral and T-cell mediated immune
response and neutralizing antibodies in mice, but the possibility of
virulence recurrence is high. The viral-vector-based vaccines protected
transduced mice when challenged with MERS-CoV, and in dromedary
camels, the viral lung titers were considerably low. The chances of non-
neutralizing immune reaction to epitopes of full-length S protein are
possible. Nanoparticle vaccines were effective in mice in the presence of
an adjuvant (Matrix M1). DNA vaccines could elicit antigen-specific
neutralizing antibodies in mice, non-human primates (NHPs), and
camels and be found to protect NHPs when challenged with the virus.
DNA prime/protein-boost vaccines could induce strong serum-
neutralizing antibodies in mice and NHP models and protected NHPs
on the challenge. DNA prime vaccines require an adjuvant like alum.
Subunit vaccine induces potent neutralizing antibodies in mice and
rabbit models [32,37]. It elicited T-cell responses in mice and protected
NHPs on the MERS-CoV challenge. Subunit vaccines require appropriate
adjuvant and need to maintain suitable protein conformation [31,32].
One study conducted by Doremalan et al. researched the replication-
deficient simian adenovirus vaccine vector (ChAd) encoding a full-
length MERS-CoV S protein (ChAdOx1 MERS) vaccine in NHPs (rhesus
macaques) [30]. The macaques were administered a single dose of the
vaccine and were challenged with the virus but did not develop any
disease [35]. A first-in-human phase 1 study has been commenced using
the MERS DNA vaccine. This breakthrough is to develop vaccines and
help protect the affected region from the disease [38].

1.2. Vaccine candidates for COVID-19

1.2.1. Vaccines in the clinical trial stage

Until the end of 2020, the response to the pandemic has been to
implement case identification, isolation, contact tracing, and physical
distancing. The UK Imperial College’s response team has speculated that
once these preventive measures are reversed, there may be a quick
rebound of transmission [114]. Additionally, WHO has revealed a
warning of multiple outbreaks occurring worldwide simultaneously
[115]. Vaccine development is of utmost priority to effectively control
the spread of COVID-19 [4]. The adaptive immune responses play a vital
role in successful vaccination. With SARS, seroconversion was observed
between 4 and 14 days, and neutralizing antibodies were observed
almost two years after infection. In SARS-CoV infected patients, a strong
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T-cell response leads to higher neutralizing antibodies [24,39]. Most
responses were found against the spike protein epitope of the SARS-CoV
virus. The genetic similarity of the SARS-CoV-2 to SARS-CoV shows
promise in exploring these immune processes for vaccine development.
This has sped vaccine development due to existing knowledge [40].
Vaccine approaches include recombinant subunit vaccines, DNA vac-
cines, and mRNA vaccines [1,41]. One study conducted in-silico identi-
fied potential vaccine target epitopes, 28 peptides studied with the SARS
outbreak, and 48 peptides that had similarities to epitopes previously
identified [42]. Another study found that vaccines targeting the S1
subunit of the spike protein may not be as effective as those targeting the
S2 subunit [43]. This indirectly relates to the type of immune response
they mediate. The S1 subunit induces a B-cell response, and the S2
subunit induces a T-cell response known to have long-lasting antibodies
in studies on SARS-CoV [43,44].

It has been reported that 114 vaccine candidate vaccines are in
clinical trials against SARS-CoV-2 (29 vaccines in phase 1, 16 vaccines in
phase 2, and 37 vaccines at phase 3) [45,46]. However, ten vaccines
from China and Russia based on the adenovirus and protein, from France
based on mRNA vaccine, from Imperial College London based on a “self-
amplifying” RNA vaccine, from New Jersey-based OncoSec Immuno-
therapies based on a loop of DNA that encodes both IL-12 and the spike
protein, Merck company based on the project of Themis and IAVI on a
second viral vector vaccine, Maryland-based Altimmune based on Ad5
adenovirus, SK Bioscience, a South Korean vaccine maker based on
fragments of the spike protein, Australia’s University of Queensland
based on combining coronavirus spike proteins with an adjuvant made
by CSL as well as Iran’s Ministry of Defense based on inactivated coro-
naviruses are at the early or limited approval, and they have been
certified without the results confirmation of Phase 3 trials.

The adenovirus type 5 vector (Ad5-nCoV by CanSino Biological Inc./
Beijing Institute of Biotechnology) is a non-replicating viral vector
currently entered Phase 2 clinical trials [44]. Safety, immunogenicity,
and tolerability of an aerosolized adenovirus type-5 vector-based
COVID-19 vaccine (Ad5-nCoV) in adults showed two doses of this
vaccine-induced neutralizing antibody responses, similar to one dose of
intramuscular injection [47]. Another investigation also showed that the
heterologous recombinant adenovirus type 26 (rAd26) vector and a
recombinant adenovirus type 5 (rAd5) vector-based COVID-19 vaccine
has a good safety profile and stimulated strong cellular and humoral
immune responses in participants [48]. The genetically modified vector
vaccine is made non-replicative and made to express the spike protein of
SARS-CoV-2. Previous experiences with such vaccines have been suc-
cessful with Ebola [49]. In March, 108 volunteers participated in the
first phase of the CanSino Biologics study in China. The second phase of
the trial was carried out in Wuhan city with the participation of 508
people. The results of two phases of studies were published recently
[44]. According to the report, the investigated vaccine is safe. It induces
a significant humoral and cellular immune response in most vaccinated
people after receiving a single dose of the vaccine. Another adenovirus
vector vaccine is developed by the University of Oxford (ChAdOx1)
[50]. Also, a genetically modified non-replicative vaccine is designed to
express the S protein of SARS-CoV-2 to elicit immunity. Phase 1 trials
have shown to be safe, well-tolerated, and with no major side effects
[51]. Immunogenicity and safety of ChAdOx1 MERS vaccine candidate
in a trial in the UK in healthy Middle Eastern adults (MERS002) support
selecting the ChAdOx1 MERS vaccine for phase 2 clinical evaluation
[52].

The second vaccine entered into a Phase 1 trial is the DNA plasmid
vaccine administered through electroporation (INO-4800). It was
immunogenic in 100% of the vaccinated participants and induced good
tolerability and safety by stimulating cellular or humoral immune re-
sponses. [53,54]. Inmunogenicity and safety of INO-4800 DNA vaccine
against SARS-CoV-2 were shown in Phase 2 clinical trial in adults with a
high risk of viral exposure [55].

Viruses used as vectors include the vaccinia virus, measles virus, and
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adenovirus (that causes the common cold) [56].

Inovio Pharmaceuticals, in association with Beijing Advanced
Biotechnology, developed a vaccine as previously for HIV, Nipah,
Hepatitis B, Zika, and cancer therapy [53]. . The INO-4800 vaccine
elicits a T-cell response through the DNA plasmids. This platform’s main
advantage is that it activates the immune response and adds therapeutic
antibodies intradermally [41,54,55,57].

Two inactivated viral vaccines have been developed by the Beijing
Institute of Biological Products/Wuhan Institute of Biological Products
and Sinovac. These vaccines are currently in phase 3 trials approved in
China and have emergency use in other countries [58]. In a study con-
ducted by Gao et al., the Sinovac developed PiCoVacc, a purified inac-
tivated CN2 strain of virus, was studied in mice models, and the result
was very promising [59]. Upon administration of PiCoVacc mixed with
alum adjuvant and serological testing of mice revealed similarity to
blood recovered from patients who recovered from COVID-19. Similar
results were observed upon administering three vaccine doses to rhesus
macaques [59].

An mRNA vaccine in phase 3 trials that were developed by Moderna,
Inc. in collaboration with the National Institute of Allergy and Infectious
Diseases (NIAID), the LNP-encapsulated mRNA (mRNA-1273) encodes
the viral spike (S) protein. A breakthrough with this vaccine is that it was
developed in-silico and did not require cell culture, and this will help
immensely with rapid development and manufacturing. An mRNA
vaccine’s main advantage is that it lacks genome integration with the
host [41]. Another candidate mRNA vaccine developed by BioNTech in
collaboration with Fosun Pharma and Pfizer has been approved and
granted by Food and Drug Administration the vaccine and World Health
Organization in an Emergency Use Listing [60,61].

Advances in technology and a solidarity approach to research and
testing are paving a new path in vaccine development in these times.
Every day new vaccine models are being tested and approved for a
human trial, and the turnaround time for preclinical trials is shortened
significantly due to sharing more information. There is no doubt that
more candidate vaccines will be available for clinical trials soon.

1.3. Vaccines in the preclinical stage

As of January 2022, the global vaccine R&D against COVID-19 in-
cludes about 114 clinical trial evaluations in humans and 75 in the
preclinical stage in animals, and 18 approved for emergency use. Many
novel technology platforms have been evaluated as part of vaccine
development. Platforms such as DNA and RNA, virus-like particles, viral
vectors, recombinant protein, live attenuated virus, and inactivated vi-
ruses have been studied. Some of these are not typical platforms used in
active vaccinations, but oncology breakthroughs have led researchers to
pursue these new platforms. The advantages include a quick develop-
ment time and manufacturing [10].

1.4. Whole virus vaccine

Usually, an inactivated whole virus vaccine is the classic approach
for viral vaccinations. A whole virus vaccine’s features are that they
have inherent immunogenicity and can elicit Toll-like receptors (TLRs).
Still, the major disadvantage is that they can sometimes increase disease
severity, requiring stringent safety tests [62]. There are currently four
live attenuated and sixteen three inactivated candidate SARS-CoV-2
vaccines in clinical trials on humans [63,64]. The most important ben-
efits of the live-attenuated SARS-CoV-2 vaccine are stimulating and
targeting potent cellular and mucosal immunity, which is critical for
viral [65]. The disadvantage of SARS-CoV-2 is the potential excretion of
live-attenuated SARS-CoV-2 vaccines in the feces of vaccinated people
and possible transmission of SARS-CoV-2 to unvaccinated individuals
[66].

Moreover, the risk of recombination between circulating wild-type
virus and the vaccine strain may be increased through the
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administration of the live-attenuated SARS-CoV-2 vaccine and induce
the generating of new variants of SARS-CoV-2. However, the formula-
tion and production of a live attenuated SARS-CoV-2 vaccine requires
rigorous quality control and is labor-intensive [67]. Inactivated SARS-
CoV-2 virus technology has been approved through the Chinese com-
panies Sinopharm-Beijing, Sinopharm-Wuhan, and Sinovac [68]. The
phase 3 trial started in the United Arab Emirates, Morocco, and Peru.
Bahrain and U.A.E. approved Sinopharm’s vaccine to use on government
officials and health care workers. It was 79.34% effective [69]. Johnson
& Johnson is currently designed as an adenovirus vector-based whole
viral vaccine similar to their Ebola vaccine with a key part of the SARS-
CoV-2 virus that induces an immune response. [70,71]. A live influenza
vaccine that expresses SARS-CoV-2 protein is under development at the
University of Hong Kong. Codagenix, in collaboration with the Serum
Institute of India, has developed a live attenuated vaccine in preclinical
trials. Codagenix optimizes the viral genes by using algorithms that
multiply slowly in the host [72]. Also in preclinical trials is the German
Centre for Infection Research’s live attenuated measles virus with S and
N targets, which is also a candidate for Zika [73]. The Novartis Company
also will manufacture a vaccine based on an adeno-associated virus
(AAV) vector technology that delivers coronavirus gene fragments into
cells [68,74]. The Chinese company CanSino Biologics also developed a
vaccine according to an adenovirus with promising results from phase 3
trials that demonstrated the vaccine stimulated a potent immune
response [75,76]. However, CanSino started phase 3 trials in several
countries such as Pakistan, Russia, Mexico, Chile, and Saudi Arabia.
China also approved the CanSino vaccine for general use. The University
of Queensland has designed the synthesizing of viral surface proteins
with funding from the Coalition for Epidemic Preparedness Innovations
(CEPI) that effectively activates the host immune responses [77].

1.5. Subunit vaccines/protein-based vaccines

Subunit vaccines and protein-based vaccines are relatively safe and
easy to produce that well-tolerated regarding to whole virus vaccines.
The low immunogenicity of this kind of vaccine is their limitation.
Therefore, adjuvants are usually used to improve their immunogenicity.
Subunit vaccine approaches include using the S-spike protein of SARS-
CoV-2 and eliciting an immune response against it [78]. This prevents
the virus from binding with the host ACE-2 receptors [39]. There exists a
risk of higher infectivity and eosinophil filtrations. The University of
Queensland has begun synthesizing viral surface proteins with funding
from CEPIL Novavax has produced a recombinant S-protein based on
virus-like nanoparticles, and Clover Biopharmaceuticals has progressed
with a trimerized S protein subunit vaccine with their patented Trimer-
Tag® technology. In collaboration with the University of Texas and New
York Blood Centre, Texas Children’s Hospital Centre for Vaccine
Development has developed a receptor-binding domain (RBD) of S
protein-only vaccine [79]. Also, adjuvant-like alum has elicited high
levels of immunity in test models. The advantage of the RBD-based
vaccine is that it displays very low chances of host immune potency.
Immunization with adjuvanted S-Trimer of COVID-19 with an oil-in-
water emulsion of ASO3 or TLR9 agonist (CpG 1018) plus alum adju-
vants stimulated high-level of Thl-biased cellular immune responses
and neutralizing antibodies in animal models [80]. Moreover, another
study reported strong neutralization antibodies stimulated by a recom-
binant based protein of trimeric spike of COVID-19 adjuvanted by PIKA
[81]. Immunogenicity and safety of recombinant S-Trimer of COVID-19
also reported in healthy adults through the potent humoral responses
and neutralizing antibodies [82].

Moreover, a Russian biological research center named Vector Insti-
tute designed a small portion of viral proteins called EpiVacCorona that
is in the phase 3 trial and showed that it is a safe vaccine with low
reactogenicity [83]. Many other privately helped firms have developed
subunit vaccines using various vectors, which are in preclinical trials.
These companies include BioVaxys Technology; Applied Biotechnology
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Institute; City College of New York and TechnoVax; Doherty Institute
and Monash University; Dyadic and Sorrento; EpiVax; Eyegene and
Pharmcadd; Generex; GeoVax; Heat Biologics; iBio; Iconovo and ISR;
ImmunoPrecise Antibodies; IMV; Inserm, Vaccine Research Institute and
Université Paris-Saclay; Instituto Buntantan; Intravacc; IrsiCaixa; Izmir
Biomedicine and Genome Center; MIGAL Galilee Research Institute;
Nanografi Nano Technology, Middle East Technical University, and
Ankara University; Navarrabiomed; Neo7Logix; NidoVax; Novavax;
OncoGen; Oragenics; Osaka University, BIKEN, and National Institutes
of Biomedical Innovation, Japan; Osivax; PDS Biotechnology; Quadram
Institute; Reliance Life Sciences; ReVacc Biotech; Soligenix; Uvax; Uni-
versity of Pittsburgh; University of San Martin and CONICET, Argentina;
University of Sao Paulo; University of Virginia; Vaxxas, University of
Queensland and Griffith University; Voltron Therapeutics; Walter Reed
Army Institute of Research. A total of 46 subunit vaccines are in pre-
clinical trials [41,73].

1.6. DNA and mRNA vaccines

The idea of immunizing with DNA was conceptualized with good
results in 1993 in mice models [84]. Mice were vaccinated with DNA
against influenza, showing considerable immunity [85]. This concept is
not proven yet in humans and may need additional research before
approval [86]. DNA vaccines will not be the quickest route for the
COVID-19 situation. Inovio has successfully entered phase 1 trials with
their DNA vaccine. Karolinska Institute / Cobra Biologics has developed
a DNA vaccine with electroporation that is in phase 1 trials [87,88].
Osaka University with Takar Bio has a DNA plasmid vaccine in phase 2/
3 trials [7]. Immunomic Therapeutics, Inc./EpiVax, Inc./Pharmalet,
Inc. have also developed a needle-free delivery vaccine with DNA
plasmid in phase 1 trials [88]. Other organizations such as Zydus Cadila
(phase 3), BioNet Asia (phase 1), and the University of Waterloo have
DNA vaccines in clinical studies [73,89]. In partnership with Translate
Bio, Sanofi is developing an mRNA vaccine that produces a potent
antibody response in monkeys and mice, which they followed up Phase
1/2 trial in March 2021 [79,90].

1.7. Virus-like particle vaccine

Virus-like particle (VLP) vaccines are a subunit vaccine class that
mimics an actual virus particle structure without virulence. They are
safer than whole inactivated vaccines or attenuated vaccines as they
cannot genetically reverse to being pathogenic. They elicit a stronger
immune response than single protein-based vaccines [91]. Moreover,
they are administered through the mucosal to target the pulmonary
system [92]. VLP vaccines for SARS-CoV were successful in mice models.
Novavax had a nanoparticle VLP vaccine under development for MERS-
CoV, which was successful in mice and cattle [93]. Medicago Inc. has
developed a plant-based VLP vaccine which is in Phase 2/3 trial [94].
Imophoron Ltd., with Bristol University’s Max Planck Centre and Doh-
erty institute, is currently in preclinical trials with their candidate VLP
vaccines [87,95,96].

1.8. Non-specific vaccines

1.8.1. BCG vaccine

The Bacillus Calmette-Guérin (BCG) is an attenuated Mycobacterium
bovis vaccine used to protect from tuberculosis. BCG use is highly
prevalent as a routine vaccination for infants and neonates in many
countries. Its main utility is preventing tuberculosis meningitis and
disseminated tuberculosis [97]. Although not extensively studied in
humans, the BCG vaccine has shown some heterologous beneficial
properties against non-related infections. In a study (randomized
placebo-controlled human challenge), BCG vaccination-induced
genome-wide epigenetic reprogramming of monocytes when chal-
lenged with an attenuated yellow fever virus vaccine strain [98]. This
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shows that the BCG vaccine successfully induces immunity, in vivo,
against other non-related viral infections [99]. This occurs due to
monocytes’ epigenetic reprogramming, increasing cytokine production
when exposed to a non-related pathogen, for up to 3 months after
vaccination. This phenomenon is termed ‘trained immunity’ (mediated
by Interleukin-1 f). Another study explored the extent of the trained
immunity one year after vaccination by measuring the heterologous T
helper 1 (Thl) and Th17 immune cells. The study proved that even 1
year after vaccination with BCG, sustained innate immunity and a het-
erologous Th1/Th17 responses were present against non-specific in-
fections [98].

In the current COVID-19 scenario, a non-peer-reviewed study was
published that studied the patterns of BCG vaccination country-wise and
its impact on COVID-19 [100]. The national policy on BCG vaccination
varies widely by country. In general, it was found that countries without
universal BCG vaccination programs were more severely affected. This
includes countries like Italy, the Netherlands, USA. The pandemic
appeared less severe in countries with a long-standing BCG vaccination
program policy with a markedly lower fatality rate [101]. In some
countries like Iran, which commenced the BCG program much more
recently, the fatality rate was high since the elderly population was
never exposed to the BCG vaccine [102]. Although a little early to say,
preliminary data suggests that the number of reported COVID-19 posi-
tive cases in countries with a BCG program was lower in number
[102,103]. However, this association between the BCG vaccine and
lower COVID-19 cases could not be interpreted as a cause-effect rela-
tionship since it is only a statistical association that should be confirmed
by more interventional studies. Despite this fact, the BCG vaccine could
be a new promising tool in the fight against SARS-Cov-2 [104]. [68].

1.9. Vaccine development in pandemic paradigm

Other population health problems and pandemics in the past have
proven to be a learning experience in the field of vaccine development.
Openly shared research, innovation, and global coordination have been
identified as key contributors to vaccine development. Due to many
regulatory processes for licensing and post-marketing surveillance, the
influenza vaccine was available almost after a 6-month delay, by which
time the pandemic had peaked. Another challenge to address was the
manufacturing capacity for mass production of vaccines. Major learning
was vaccine timing. Like with the HIN1 2009 pandemic, many countries
received vaccine lots only after some countries had either begun or
completed their vaccination programs [105,106]. As a result of these,
today, many guidelines exist to manage vaccine preparedness, surveil-
lance, and pre-qualification [105,106].

CEPI supports vaccines’ development for five epidemic diseases
defined by WHO [107]. Their goal is to create reserves of investigational
vaccines that have completed Phase 2a trials, begin clinical trials during
the next epidemic, and speed up vaccine production. CEPI has developed
a technology platform for novel virus pandemics such as COVID-19,
using which viral sequencing to enter clinical trials can be completed
in 6 weeks [107]. The most promising vaccines in terms of speed are
DNA and RNA vaccines, as they do not require cultures or fermentation
and can be synthesized quickly. The next probability would be recom-
binant subunit vaccines. With the advancement in technology, the use of
next-generation sequencing and reverse genetics can cut development
time.

One of the major challenges with SARS-CoV-2, although the spike
protein offers the best immunogenic response route, optimizing antigen
design is needed. Debate is still ongoing if the vaccine should target the
entire spike protein or only the receptor-binding domain. Experience
with SARS and MERS raises concerns about exacerbating the infection
due to antibody-dependent enhancement. The question of the validity of
protection also still lingers. Assessing the number of doses is a time-
consuming process as it is key first to get results on how long the im-
munity lasts after vaccination [108].
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Developing a vaccine in a pandemic paradigm incurs extra costs and
risks. Unlike traditional development, pandemic vaccine development
cannot happen sequentially. Multiple steps are to be carried out simul-
taneously without awaiting the results of the previous step. The chance
of failure with high investment is a heavy possibility. CEPI commenced
developing vaccines with partners as soon as the genetic sequence of
SARS-CoV-2 was made available. Moderna entered their candidate
vaccine into Phase 1 trials in less than ten weeks. Phase 2 trials need to
be conducted almost simultaneously with bulk vaccine production, and
the trials themselves need to be performed simultaneously for multiple
candidates [109]. The demand for vaccines increased worldwide and
required a fair allocation system globally [108].

1.10. Approved and limited vaccines

Vaccines approved for full use are mRNA-based and non-mRNA-
based vaccines produced by different countries. These include the
German company BioNTech in collaboration with New York-based
Pfizer and the Boston-based Company Moderna with 95% and 94.5%
effective immune responses [60,110]. The BioNTech researchers man-
ufactured the vaccine based on genetic instructions for building coro-
navirus spike protein. After injection, the vaccine induces spike proteins’
production in the cells, which stimulates a potent response from the
immune system to induce antibodies against SARS-CoV-2. Phase 2/3
trial vaccine has been performed with 30,000 volunteers in the United
States and other countries like Brazil, Germany, and Argentina [79].
Pfizer and BioNTech also released the FDA independent analysis of the
clinical trials. They reported 95% of efficacy for their vaccine. It has
been revealed that Latino, white, and Black volunteers have little dif-
ference in their protection. Besides, people with diabetes or obesity
showed the same protection level—the same efficacy rate of under
65has been reported in older adults. However, without documented
serious side effects, the BioNTech vaccine-induced fever, muscle aches,
and short-lived fatigue [111]. Similar to BioNTech and Pfizer, Moderna
produces its mRNA vaccine for coronavirus. Recently, this company has
tested an mRNA vaccine that protects monkeys from the coronavirus.
After promising results, phase 3 testing on 30,000 volunteers started on
27 July 2020. The scientists proposed 94.1% of efficacy for this vaccine,
and it is not reported how long this efficacy will last. Moderna has
announced that a strong immune defense against the coronavirus has
been detected after three months of vaccination.

On the other hand, a vaccine has been canceled from the University
of Queensland in Australia after entering a clinical trial on 10 December
2020 because of worrying symptoms in volunteers. This vaccine was
based on coronavirus spike proteins combined with GlaxoSmithKline’s
proprietary adjuvants made by CSL. The animal studies on hamsters
offered great responses from the coronavirus at first for this vaccine
(University of Queensland 2020 Significant step’ in COVID-19 vaccine
quest. ug.edu.au 21 February). However, before the late-stage trials of
this vaccine, an unwelcome discovery has occurred, and some volun-
teers were shown positive tests for HIV. Nevertheless, they were not
contaminated with that HIV. According to these reports, the trouble
appears to be because unfolded spike proteins cannot work against real
viruses’ antibodies. So the researchers create a little clamp at one end of
the protein to preserve the molecule’s proper shape. Unfortunately, the
designed clamp resembles an HIV protein, which induces the immune
system to produce HIV-like antibodies [112].

1.11. Limitations

Vaccines for diseases like COVID-19 need to be developed from
scratch and the time required for such development is immense. This
means that a safe and effective vaccine is developed when the public
health threat has long been overcome, ending any further development
in the space. Vaccine development goes through design, production,
purification, animal testing to check for safety, and four phases of


http://uq.edu.au

A. Gasmi et al.

human testing. Phase 1 of testing is done for safety, and phases 2 and 3
are for efficacy. Developing a vaccine is taking a risk and counting on the
infection being still circulating when they reach phase 2 and 3 trials
[10,113-115]. There is still an enhanced safety concern in vaccine sci-
ence, complicated manufacturing processes, and assay requirements.
New rules have to be made in manufacturing and regulatory processes to
produce a vaccine at the time of a pandemic quickly. The challenge
remains in quickly organizing efficacy studies and finding the right
animal models extremely valuable in vaccine development. One work-
around is improving traditional development and making way for newer
vaccine technologies, which have previous human study experience. It is
also vital to assess if the developer can scale up the development model
to produce nearly 10 million vaccine doses, keeping in line with GMP.
Any manufacturer with recent production experience will be in a
favorable position [92].

Regulatory challenges to prove the safety of the vaccine become an
issue. It is important to prove that the vaccine will not elicit the same
detrimental immune responses a virus-like SARS-CoV-2 elicits in the
body. This affects the type of immunogens and, ultimately, the type of
vaccine. Commercial manufacturing is different from development
manufacturing and requires to be validated. The question remains
whether the same regulatory standards hold well across countries or
whether the safety and regulations must be revisited. Cell banks and
other products need to be accepted globally, across borders, so do the
commercial and political barriers [92]. Lastly, for the entire world to get
a fair share of the vaccine, a few things need to be addressed, such as
vaccine ownership, production funding at a large scale, pricing, and
supply, coordinated administration to achieve the best outcome during a
pandemic [92,108].

2. Conclusion

Today a vaccine to address the COVID-19 pandemic situation glob-
ally is needed. Several candidate vaccines are already in various phases
of clinical trials. Although vaccine development for this pandemic has
happened incredibly fast, it is crucial to thoroughly check safety as no
licensed coronavirus is available to date after two previous epidemics.
The DNA and RNA vaccines show the most promise in terms of speed of
development and safety. Initially, priority for vaccines will be given to
healthcare workers and those at risk of severe disease and death. It is
important to ensure that high-income companies do not monopolize
vaccine supply, which was the case during the HIN1 pandemic. Regu-
latory frameworks need to consider an equal supply of already scarce
vaccines across all countries with different economic statures.

References

[1] K. Dhama, K. Sharun, R. Tiwari, M. Dadar, Y.S. Malik, K.P. Singh, W. Chaicumpa,
COVID-19, an emerging coronavirus infection: advances and prospects in
designing and developing vaccines, immunotherapeutics, and therapeutics,
Human Vacc. Immunother. (2020) 1-7.

[2] Y.S. Malik, S. Sircar, S. Bhat, K. Sharun, K. Dhama, M. Dadar, R. Tiwari,

W. Chaicumpa, Emerging novel coronavirus (2019-nCoV)—current scenario,
evolutionary perspective based on genome analysis and recent developments,
Vet. Q. 40 (2020) 68-76.

[3] A. Gasmi, T. Tippairote, P.K. Mujawdiya, M. Peana, A. Menzel, M. Dadar, A.

G. Benahmed, G. Bjgrklund, Micronutrients as immunomodulatory tools for
COVID-19 management, Clin. Immunol. 108545 (2020).

[4] G. Yamey, M. Schaferhoff, R. Hatchett, M. Pate, F. Zhao, K.K. McDade, Ensuring
global access to COVID-19 vaccines, Lancet 395 (2020) 1405-1406.

[5] L. Dai, G.F. Gao, Viral targets for vaccines against COVID-19, Nat. Rev. Immunol.
(2020) 1-10.

[6] S. Mallapaty, China’s COVID vaccines are going global—But questions remain,
Nature 593 (2021) 178-179.

[7] D. Ndwandwe, C.S. Wiysonge, COVID-19 vaccines, Curr. Opin. Immunol. 71
(2021) 111-116.

[8] Z. Andreadakis, A. Kumar, R.G. Romdn, S. Tollefsen, M. Saville, S. Mayhew, The
COVID-19 vaccine development landscape, Nat. Rev. Drug Discov. 19 (2020)
305-306.

[9] A. Kumar, V. Bernasconi, M. Manak, A.P. de Almeida Aranha, P.A. Kristiansen,
The CEPI centralised laboratory network: supporting COVID-19 vaccine
development, Lancet 397 (2021) 2148-2149.

[10]
[11]

[12]

[13]
[14]
[15]

[16]

[17]
[18]
[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

Clinical Immunology 237 (2022) 108958

T.T. Le, J.P. Cramer, R. Chen, S. Mayhew, Evolution of the COVID-19 vaccine
development landscape, Nat. Rev. Drug Discov. 19 (2020) 667-668.

U. Sahin, K. Kariké, O. Tiireci, mRNA-based therapeutics—developing a new class
of drugs, Nat. Rev. Drug Discov. 13 (2014) 759-780.

M.J. Mulligan, K.E. Lyke, N. Kitchin, J. Absalon, A. Gurtman, S. Lockhart,

K. Neuzil, V. Raabe, R. Bailey, K.A. Swanson, Phase I/II study of COVID-19 RNA
vaccine BNT162b1 in adults, Nature 586 (2020) 589-593.

J. Peiris, Y. Guan, K. Yuen, Severe acute respiratory syndrome, Nat. Med. 10
(2004) S88-597.

J.D. Cherry, The chronology of the 2002-2003 SARS mini pandemic, Paediatr.
Respir. Rev. 5 (2004) 262-269.

N.-S. Zhong, G.W. Wong, Epidemiology of severe acute respiratory syndrome
(SARS): adults and children, Paediatr. Respir. Rev. 5 (2004) 270-274.

K.L. Hon, K.K.Y. Leung, A.K. Leung, S. Sridhar, S. Qian, S.L. Lee, A.A. Colin,
Overview: the history and pediatric perspectives of severe acute respiratory
syndromes: novel or just like SARS, Pediatr. Pulmonol. 55 (7) (2020) 1584-1591.
S. Jiang, Y. He, S. Liu, SARS vaccine development, Emerg. Infect. Dis. 11 (2005)
1016.

N. Satija, S.K. Lal, The molecular biology of SARS coronavirus, Ann. N. Y. Acad.
Sci. 1102 (2007) 26.

Y. He, S. Jiang, Vaccine design for severe acute respiratory syndrome
coronavirus, Viral Immunol. 18 (2005) 327-332.

K.C. Badgujar, V.C. Badgujar, S.B. Badgujar, Vaccine development against
coronavirus (2003 To present): An overview, recent advances, current scenario,
opportunities and challenges, Diabetes Metab. Syndr. Clin. Res. Rev. 14 (2020)
1361-1376.

Y.-D. Li, W.-Y. Chi, J.-H. Su, L. Ferrall, C.-F. Hung, T.-C. Wu, Coronavirus vaccine
development: from SARS and MERS to COVID-19, J. Biomed. Sci. 27 (2020) 1-23.
T.M. Belete, Review on up-to-date status of candidate vaccines for COVID-19
disease, Infect. Drug Resist. 14 (2021) 151-161.

A. Asghari, M. Naseri, H. Safari, E. Saboory, N. Parsamanesh, The novel insight of
SARS-CoV-2 molecular biology and pathogenesis and therapeutic options, DNA
Cell Biol. 39 (2020) 1741-1753.

C.M. Poh, G. Carissimo, B. Wang, S.N. Amrun, C.Y.-P. Lee, R.S.-L. Chee, S.-

W. Fong, N.K.-W. Yeo, W.-H. Lee, A. Torres-Ruesta, Two linear epitopes on the
SARS-CoV-2 spike protein that elicit neutralising antibodies in COVID-19
patients, Nat. Commun. 11 (2020) 1-7.

T.K. Tan, P. Rijal, R. Rahikainen, A.H. Keeble, L. Schimanski, S. Hussain,

R. Harvey, J.W. Hayes, J.C. Edwards, R.K. McLean, A COVID-19 vaccine
candidate using SpyCatcher multimerization of the SARS-CoV-2 spike protein
receptor-binding domain induces potent neutralising antibody responses, nature,
Communications 12 (2021) 1-16.

R.H. See, A.N. Zakhartchouk, M. Petric, D.J. Lawrence, C.P. Mok, R.J. Hogan,
T. Rowe, L.A. Zitzow, K.P. Karunakaran, M.M. Hitt, Comparative evaluation of
two severe acute respiratory syndrome (SARS) vaccine candidates in mice
challenged with SARS coronavirus, J. Gen. Virol. 87 (2006) 641-650.

C.-T. Tseng, E. Sbrana, N. Iwata-Yoshikawa, P.C. Newman, T. Garron, R.L. Atmar,
C.J. Peters, R.B. Couch, Immunization with SARS coronavirus vaccines leads to
pulmonary immunopathology on challenge with the SARS virus, PLoS One 7
(2012), e35421.

S. Al Hajjar, Z.A. Memish, K. McIntosh, Middle East respiratory syndrome
coronavirus (MERS-CoV): a perpetual challenge, Ann. Saudi Med. 33 (2013)
427-436.

J.A. Phillips, Middle East respiratory syndrome (MERS), Workplace Health Safety
62 (2014) 308.

N. van Doremalen, E. Haddock, F. Feldmann, K. Meade-White, T. Bushmaker,
R. Fischer, A. Okumura, P. Hanley, G. Saturday, N. Edwards, A single dose of
ChAdOx1 MERS provides broad protective immunity against a variety of MERS-
CoV strains, Science Advances 6 (24) (2020) eaba8399.

C.Y. Yong, H.K. Ong, S.K. Yeap, K.L. Ho, W.S. Tan, Recent advances in the vaccine
development against Middle East respiratory syndrome-coronavirus, Front.
Microbiol. 10 (2019) 1781.

L. Du, W. Tai, Y. Zhou, S. Jiang, Vaccines for the prevention against the threat of
MERS-CoV, Expert Rev. Vaccines 15 (2016) 1123-1134.

C.M. Coleman, T. Venkataraman, Y.V. Liu, G.M. Glenn, G.E. Smith, D.C. Flyer, M.
B. Frieman, MERS-CoV spike nanoparticles protect mice from MERS-CoV
infection, Vaccine 35 (2017) 1586-1589.

S. Su, G. Wong, Y. Liu, G.F. Gao, S. Li, Y. Bi, MERS in South Korea and China: a
potential outbreak threat? Lancet 385 (2015) 2349-2350.

K. Li, Z. Li, C. Wohlford-Lenane, D.K. Meyerholz, R. Channappanavar, D. An,

S. Perlman, P.B. McCray, B. He, Single-dose, intranasal immunization with
recombinant parainfluenza virus 5 expressing Middle East respiratory syndrome
coronavirus (MERS-CoV) spike protein protects mice from fatal MERS-CoV
infection, Mbio 11 (2020).

K. Modjarrad, MERS-CoV vaccine candidates in development: the current
landscape, Vaccine 34 (2016) 2982-2987.

A. Mubarak, W. Alturaiki, M.G. Hemida, Middle East respiratory syndrome
coronavirus (MERS-CoV): infection, immunological response, and vaccine
development, J Immunol Res 2019 (2019).

A. Zumla, Z.A. Memish, D.S. Hui, S. Perlman, Vaccine against Middle East
respiratory syndrome coronavirus, Lancet Infect. Dis. 19 (2019) 1054-1055.

L. Khattabi, Recombinant protein targeting and opsonizing spike glycoprotein for
enhancing SARS-CoV-2 phagocytosis, Med. Hypotheses 143 (2020), 110108.

E. Prompetchara, C. Ketloy, T. Palaga, Immune responses in COVID-19 and
potential vaccines: lessons learned from SARS and MERS epidemic, Asian Pac. J.
Allergy Immunol. 38 (2020) 1-9.


http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0005
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0005
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0005
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0005
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0010
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0010
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0010
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0010
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0015
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0015
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0015
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0020
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0020
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0025
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0025
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0030
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0030
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0035
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0035
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0040
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0040
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0040
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0045
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0045
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0045
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0050
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0050
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0055
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0055
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0060
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0060
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0060
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0065
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0065
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0070
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0070
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0075
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0075
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0080
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0080
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0080
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0085
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0085
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0090
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0090
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0095
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0095
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0100
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0100
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0100
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0100
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0105
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0105
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0110
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0110
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0115
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0115
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0115
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0120
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0120
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0120
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0120
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0125
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0125
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0125
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0125
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0125
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0130
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0130
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0130
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0130
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0135
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0135
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0135
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0135
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0140
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0140
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0140
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0145
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0145
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0150
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0150
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0150
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0150
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0155
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0155
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0155
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0160
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0160
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0165
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0165
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0165
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0170
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0170
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0175
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0175
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0175
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0175
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0175
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0180
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0180
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0185
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0185
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0185
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0190
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0190
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0195
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0195
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0200
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0200
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0200

A. Gasmi et al.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

D.-G. Ahn, H.-J. Shin, M.-H. Kim, S. Lee, H.-S. Kim, J. Myoung, B.-T. Kim, S.-

J. Kim, Current Status of Epidemiology, Diagnosis, Therapeutics, and Vaccines for
Novel Coronavirus Disease 2019 (COVID-19), 2020.

C.H. Lee, H. Koohy, In silico identification of vaccine targets for 2019-nCoV,
F1000Research 9 (2020).

S.F. Ahmed, A.A. Quadeer, M.R. McKay, Preliminary identification of potential
vaccine targets for the COVID-19 coronavirus (SARS-CoV-2) based on SARS-CoV
immunological studies, Viruses 12 (2020) 254.

F.-C. Zhu, X.-H. Guan, Y.-H. Li, J.-Y. Huang, T. Jiang, L.-H. Hou, J.-X. Li, B.-

F. Yang, L. Wang, W.-J. Wang, Immunogenicity and safety of a recombinant
adenovirus type-5-vectored COVID-19 vaccine in healthy adults aged 18 years or
older: a randomised, double-blind, placebo-controlled, phase 2 trial, Lancet 396
(2020) 479-488.

S. Chakraborty, V. Mallajosyula, C.M. Tato, G.S. Tan, T.T. Wang, SARS-CoV-2
vaccines in advanced clinical trials: where do we stand, Adv. Drug Deliv. Rev. 172
(2021) 314-338.

Y.-F. Tu, C.-S. Chien, A.A. Yarmishyn, Y.-Y. Lin, Y.-H. Luo, Y.-T. Lin, W.-Y. Lai, D.-
M. Yang, S.-J. Chou, Y.-P. Yang, A review of SARS-CoV-2 and the ongoing clinical
trials, Int. J. Mol. Sci. 21 (2020) 2657.

S. Wu, J. Huang, Z. Zhang, J. Wu, J. Zhang, H. Hu, T. Zhu, J. Zhang, L. Luo,

P. Fan, Safety, tolerability, and immunogenicity of an aerosolised adenovirus
type-5 vector-based COVID-19 vaccine (Ad5-nCoV) in adults: preliminary report
of an open-label and randomised phase 1 clinical trial, Lancet Infect. Dis. 21
(2021) 1654-1664.

D.Y. Logunov, 1.V. Dolzhikova, O.V. Zubkova, A.I. Tukhvatullin, D.

V. Shcheblyakov, A.S. Dzharullaeva, D.M. Grousova, A.S. Erokhova, A.

V. Kovyrshina, A.G. Botikov, Safety and immunogenicity of an rAd26 and rAd5
vector-based heterologous prime-boost COVID-19 vaccine in two formulations:
two open, non-randomised phase 1/2 studies from Russia, Lancet 396 (2020)
887-897.

F.-C. Zhu, A.H. Wurie, L.-H. Hou, Q. Liang, Y.-H. Li, J.B. Russell, S.-P. Wu, J.-X. Li,
Y.-M. Hu, Q. Guo, Safety and immunogenicity of a recombinant adenovirus type-5
vector-based Ebola vaccine in healthy adults in Sierra Leone: a single-Centre,
randomised, double-blind, placebo-controlled, phase 2 trial, Lancet 389 (2017)
621-628.

P.M. Folegatti, K.J. Ewer, P.K. Aley, B. Angus, S. Becker, S. Belij-Rammerstorfer,
D. Bellamy, S. Bibi, M. Bittaye, E.A. Clutterbuck, Safety and immunogenicity of
the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: a preliminary report of a
phase 1/2, single-blind, randomised controlled trial, Lancet 396 (2020) 467-478.
E. Mahase, Covid-19: Oxford Team Begins Vaccine Trials in Brazil and South
Africa to Determine Efficacy, British Medical Journal Publishing Group, 2020.
M. Bosaeed, H.H. Balkhy, S. Almaziad, H.A. Aljami, H. Alhatmi, H. Alanazi,

M. Alahmadi, A. Jawhary, M.W. Alenazi, A. Almasoud, Safety and
immunogenicity of ChAdOx1 MERS vaccine candidate in healthy middle eastern
adults (MERS002): an open-label, non-randomised, dose-escalation, phase 1b
trial, the lancet, Microbe 3 (2022) e11-e20.

W.-H. Chen, U. Strych, P.J. Hotez, M.E. Bottazzi, The SARS-CoV-2 vaccine
pipeline: an overview, Curr. Tropical Med. Rep. (2020) 1-4.

P. Tebas, S. Yang, J.D. Boyer, E.L. Reuschel, A. Patel, A. Christensen-Quick, V.
M. Andrade, M.P. Morrow, K. Kraynyak, J. Agnes, Safety and immunogenicity of
INO-4800 DNA vaccine against SARS-CoV-2: a preliminary report of an open-
label, phase 1 clinical trial, EClinicalMedicine 31 (2021), 100689.

M.P. Mammen, P. Tebas, J. Agnes, M. Giffear, K.A. Kraynyak, E. Blackwood,

D. Amante, E.L. Reuschel, M. Purwar, A. Christensen-Quick, Safety and
Immunogenicity of INO-4800 DNA Vaccine against SARS-CoV-2: A Preliminary
Report of a Randomized, Blinded, Placebo-Controlled, Phase 2 Clinical Trial in
Adults at High Risk of Viral Exposure, medRxiv preprint (2021).

A. Nagy, B. Alhatlani, An overview of current COVID-19 vaccine platforms,
Comput. Struct. Biotechnol. J. 19 (2021) 2508-2517.

K.A. Kraynyak, E. Blackwood, J. Agnes, P. Tebas, M. Giffear, D. Amante, E.

L. Reuschel, M. Purwar, A. Christensen-Quick, N. Liu, SARS-CoV-2 DNA vaccine
INO-4800 induces durable immune responses capable of being boosted in a Phase
1 open-label trial, medRxiv Jan 25 (2021) jiac016, https://doi.org/10.1093/
infdis/jiac016.

W.H. Organization, Background Document on the Inactivated Vaccine Sinovac-
CoronaVac against COVID-19: Background Document to the WHO Interim
Recommendations for Use of the Inactivated COVID-19 Vaccine, CoronaVac,
Developed by Sinovac, 24 May 2021, World Health Organization, 2021.

Y. Gao, D.M. Krpata, C.N. Criss, L. Liu, N. Posielski, M.J. Rosen, Y.W. Novitsky,
Effects of mesenchymal stem cell and fibroblast coating on immunogenic
potential of prosthetic meshes in vitro, Surg. Endosc. 28 (2014) 2357-2367.

E. Mahase, Covid-19: UK Approves Pfizer and BioNTech Vaccine with Rollout Due
to Start Next Week, British Medical Journal Publishing Group, 2020.

W.H. Organization, Annexes to the Recommendations for Use of the
Pfizer-BioNTech Vaccine BNT162b2 against COVID-19: Grading of Evidence-
Evidence to Recommendation Tables, First Issued 14 January 2021 (Included in
the Background Document), Updated 15 June 2021, Updated 19 November 2021,
Updated 21 January 2022, World Health Organization, 2022.

Y. Furuya, Return of inactivated whole-virus vaccine for superior efficacy,
Immunol. Cell Biol. 90 (2012) 571-578.

M. Shrotri, T. Swinnen, B. Kampmann, E.P. Parker, An interactive website
tracking COVID-19 vaccine development, the lancet, Glob. Health 9 (2021)
€590-e592.

X.-L. Peng, J.-S.-Y. Cheng, H.-L. Gong, M.-D. Yuan, X.-H. Zhao, Z. Li, D.-X. Wei,
Advances in the design and development of SARS-CoV-2 vaccines, Military Med.
Res. 8 (2021) 1-31.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771
[78]
[79]

[801]

[81]

[82]

[83]
[84]

[85]

[86]
[871
[88]
[891
[90]
[91]
[92]

[93]

[94]

Clinical Immunology 237 (2022) 108958

C. Fett, M.L. DeDiego, J.A. Regla-Nava, L. Enjuanes, S. Perlman, Complete
protection against severe acute respiratory syndrome coronavirus-mediated lethal
respiratory disease in aged mice by immunization with a mouse-adapted virus
lacking E protein, J. Virol. 87 (2013) 6551-6559.

Y. Chen, L. Li, SARS-CoV-2: virus dynamics and host response, Lancet Infect. Dis.
20 (2020) 515-516.

M.M. Higdon, B. Wahl, C.B. Jones, J.G. Rosen, S.A. Truelove, A. Baidya, A.

A. Nande, P.A. ShamaeiZadeh, K.K. Walter, D.R. Feikin, A systematic review of
COVID-19 vaccine efficacy and effectiveness against SARS-CoV-2 infection and
disease, medRxiv preprint (2021).

A.T. Raja, A. Alshamsan, A. Al-Jedai, Status of the current COVID-19 vaccine
candidates: implications in the Saudi population, Saudi Pharmaceut. J. 28 (12)
(2020) 1743-1748.

K. Loo, V. Letchumanan, H. Ser, S. Teoh, J. Law, L. Tan, N. Ab Mutalib, K. Chan,
L. Lee, COVID-19: Insights into Potential Vaccines. Microorganisms 2021, 9, 605,
s Note: MDPI stays neutral with regard to jurisdictional claims in published ...,
2021.

E.H. Livingston, P.N. Malani, C.B. Creech, The Johnson & Johnson Vaccine for
COVID-19, Jama 325 (2021) 1575.

D.K. Shay, Safety monitoring of the Janssen (Johnson & Johnson) COVID-19
vaccine—United States, march-April 2021, MMWR Morb. Mortal. Wkly Rep. 70
(2021).

T. Baviskar, D. Raut, L.K. Bhatt, Deciphering vaccines for COVID-19: where do we
stand today? Immunopharmacol. Immunotoxicol. 43 (2021) 8-21.

N. Chen, M. Zhou, X. Dong, J. Qu, F. Gong, Y. Han, Y. Qiu, J. Wang, Y. Liu,

Y. Wei, Epidemiological and clinical characteristics of 99 cases of 2019 Novel
coronavirus pneumonia in Wuhan, China: a descriptive study, Lancet 395 (2020)
507-513.

T. Dobrowsky, D. Gianni, J. Pieracci, J. Suh, AAV manufacturing for clinical use:
insights on current challenges from the upstream process perspective, Curr. Opin.
Biomed. Eng. 20 (2021), 100353.

D. Ricks, Race for a coronavirus vaccine: thanks in part to institutional support,
CanSino biologics, Moderna therapeutics, and other developers are exploring
diverse approaches against SARS-CoV-2, Genet. Eng. Biotechnol. News 40 (2020)
16-18 (20).

J. Hernandez-Bello, J.J. Morales-Ntinez, A.C. Machado-Sulbarén, S.A. Diaz-Pérez,
P.C. Torres-Hernandez, P. Balcazar-Félix, J.A. Gutiérrez-Brito, J.A. Lomeli-Nieto,
J.F. Munoz-Valle, Neutralizing antibodies against SARS-CoV-2, anti-Ad5
antibodies, and Reactogenicity in response to Ad5-nCoV (CanSino biologics)
vaccine in individuals with and without prior SARS-CoV-2, Vaccines 9 (2021)
1047.

A. Awadasseid, Y. Wu, Y. Tanaka, W. Zhang, Current advances in the
development of SARS-CoV-2 vaccines, Int. J. Biol. Sci. 17 (2021) 8.

T. Yadav, N. Srivastava, G. Mishra, K. Dhama, S. Kumar, B. Puri, S.K. Saxena,
Recombinant vaccines for COVID-19, Human Vacc. Immunother. (2020) 1-8.

J. Corum, D. Grady, S.-L. Wee, C. Zimmer, Coronavirus vaccine tracker, The New
York Times 5 (2020).

J.G. Liang, D. Su, T.-Z. Song, Y. Zeng, W. Huang, J. Wu, R. Xu, P. Luo, X. Yang,
X. Zhang, S-trimer, a COVID-19 subunit vaccine candidate, induces protective
immunity in nonhuman primates, Nat. Commun. 12 (2021) 1-12.

J. Tong, C. Zhu, H. Lai, C. Feng, D. Zhou, Potent neutralization antibodies induced
by a recombinant trimeric spike protein vaccine candidate containing PIKA
adjuvant for COVID-19, Vaccines 9 (2021) 296.

P. Richmond, L. Hatchuel, M. Dong, B. Ma, B. Hu, I. Smolenov, P. Li, P. Liang, H.
H. Han, J. Liang, Safety and immunogenicity of S-trimer (SCB-2019), a protein
subunit vaccine candidate for COVID-19 in healthy adults: a phase 1, randomised,
double-blind, placebo-controlled trial, Lancet 397 (2021) 682-694.

1. Baran, SARS-Cov-2 vaccine development strategies, in: Medical Sciences and
Biotechnology Book 7, 2020, p. 65.

D.S. Pisetsky, Immune activation by bacterial DNA: a new genetic code, Immunity
5 (1996) 303-310.

M.-W. Chen, T.-J.R. Cheng, Y. Huang, J.-T. Jan, S.-H. Ma, L.Y. Alice, C.-H. Wong,
D.D. Ho, A consensus-hemagglutinin-based DNA vaccine that protects mice
against divergent H5N1 influenza viruses, Proc. Natl. Acad. Sci. 105 (2008)
13538-13543.

E.N. Gary, D.B. Weiner, DNA vaccines: prime time is now, Curr. Opin. Immunol.
65 (2020) 21-27.

W.H. Ng, X. Liu, S. Mahalingam, Development of vaccines for SARS-CoV-2,
F1000Research (2020) 9.

R. Sumirtanurdin, M.I. Barliana, Coronavirus disease 2019 Vaccine development:
an overview, Viral Immunol. 34 (2021) 134-144.

N. Pardi, M.J. Hogan, F.W. Porter, D. Weissman, mRNA vaccines—a new era in
vaccinology, Nat. Rev. Drug Discov. 17 (2018) 261.

N.A. Jackson, K.E. Kester, D. Casimiro, S. Gurunathan, F. DeRosa, The promise of
mRNA vaccines: a biotech and industrial perspective, npj Vaccines 5 (2020) 1-6.
R. Noad, P. Roy, Virus-like particles as immunogens, Trends Microbiol. 11 (2003)
438-444.

S. Lu, Timely development of vaccines against SARS-CoV-2, Emerg. Microb.
Infect. 9 (2020) 542-544.

W. Liu, Z.-W. Tao, L. Wang, M.-L. Yuan, K. Liu, L. Zhou, S. Wei, Y. Deng, J. Liu,
H.-G. Liu, Analysis of factors associated with disease outcomes in hospitalized
patients with 2019 novel coronavirus disease, Chin. Med. J. 133 (9) (2020)
1032-1038.

B. Ortega-Berlanga, T. Pniewski, Plant-based vaccines in combat against
coronavirus diseases, Vaccines 10 (2022) 138.


http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0205
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0205
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0205
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0210
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0210
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0215
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0215
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0215
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0220
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0220
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0220
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0220
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0220
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0225
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0225
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0225
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0230
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0230
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0230
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0235
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0235
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0235
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0235
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0235
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0240
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0240
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0240
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0240
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0240
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0240
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0245
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0245
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0245
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0245
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0245
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0250
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0250
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0250
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0250
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0255
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0255
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0260
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0260
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0260
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0260
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0260
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0265
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0265
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0270
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0270
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0270
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0270
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0275
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0275
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0275
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0275
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0275
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0280
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0280
https://doi.org/10.1093/infdis/jiac016
https://doi.org/10.1093/infdis/jiac016
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0290
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0290
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0290
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0290
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0295
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0295
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0295
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0300
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0300
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0305
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0305
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0305
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0305
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0305
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0310
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0310
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0315
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0315
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0315
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0320
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0320
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0320
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0325
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0325
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0325
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0325
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0330
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0330
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0335
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0335
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0335
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0335
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0340
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0340
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0340
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0345
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0345
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0345
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0345
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0350
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0350
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0355
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0355
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0355
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0360
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0360
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0365
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0365
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0365
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0365
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0370
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0370
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0370
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0375
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0375
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0375
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0375
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0380
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0380
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0380
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0380
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0380
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0380
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0385
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0385
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0390
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0390
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0395
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0395
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0400
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0400
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0400
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0405
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0405
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0405
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0410
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0410
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0410
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0410
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0415
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0415
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0420
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0420
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0425
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0425
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0425
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0425
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0430
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0430
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0435
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0435
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0440
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0440
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0445
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0445
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0450
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0450
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0455
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0455
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0460
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0460
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0465
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0465
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0465
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0465
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0470
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0470

A. Gasmi et al.

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

J. Sebastian, M.D. Ravi, T.P. Kumar, COVID-19 vaccine development, trials and
tribulations, Vaccine 5 (2020) 6.

J. McGregor, J.M. Hardy, C.-S. Lay, I. Boo, M. Piontek, M. Suckow, F. Coulibaly,
P. Poumbourios, R.J. Center, H.E. Drummer, Virus-like particles containing the
E2 Core domain of hepatitis C virus generate broadly neutralizing antibodies in
Guinea pigs, J. Virol. 96 (5) (2022) e0167521, https://doi.org/10.1128/
JVI.01675-21 (JVI. 01675-01621).

G. Redelman-Sidi, Could BCG be used to protect against COVID-19? Nat. Rev.
Urol. (2020) 1-2.

J. Kleinnijenhuis, J. Quintin, F. Preijers, C.S. Benn, L.A. Joosten, C. Jacobs, J. Van
Loenhout, R.J. Xavier, P. Aaby, J.W. Van Der Meer, Long-lasting effects of BCG
vaccination on both heterologous Th1/Th17 responses and innate trained
immunity, J. Innate Immunity 6 (2014) 152-158.

R.J. Arts, S.J. Moorlag, B. Novakovic, Y. Li, S.-Y. Wang, M. Oosting, V. Kumar, R.
J. Xavier, C. Wijmenga, L.A. Joosten, BCG vaccination protects against
experimental viral infection in humans through the induction of cytokines
associated with trained immunity, Cell Host Microbe 23 (2018) (89-100. e105).
M.K. Berg, Q. Yu, C.E. Salvador, I. Melani, S. Kitayama, Mandated Bacillus
Calmette-Guérin (BCG) vaccination predicts flattened curves for the spread of
COVID-19, Sci. Adv. 6 (2020) eabc1463.

G. Lawton, Trials of BCG vaccine will test for covid-19 protection, New Scientist
(1971) 246 (2020) 9.

A. Sharma, S.K. Sharma, Y. Shi, E. Bucci, E. Carafoli, G. Melino, A. Bhattacherjee,
G. Das, BCG vaccination policy and preventive chloroquine usage: do they have
an impact on COVID-19 pandemic? Cell Death Dis. 11 (2020) 1-10.

T.M. Wassenaar, G. Buzard, D. Newman, BCG vaccination early in life does not
improve COVID-19 outcome of elderly populations, based on nationally reported
data, Lett. Appl. Microbiol. 71 (2020) 498-505.

A. Miller, M.J. Reandelar, K. Fasciglione, V. Roumenova, Y. Li, G.H. Otazu,
Correlation between universal BCG vaccination policy and reduced morbidity and
mortality for COVID-19: an epidemiological study, MedRxiv preprint (2020).
D.S. Fedson, Preparing for pandemic vaccination: an international policy agenda
for vaccine development, J. Public Health Policy 26 (2005) 4-29.

[106]

[107]

[108]
[109]

[110]

[111]
[112]
[113]

[114]

[115]

Clinical Immunology 237 (2022) 108958

A. Nicholson, C.M. Shah, V.A. Ogawa, E., National Academies of Sciences,
Medicine, a Spectrum of Considerations for Pandemic Vaccines, Exploring Lessons
Learned from a Century of Outbreaks: Readiness for 2030: Proceedings of a
Workshop, National Academies Press (US), 2019.

T.T. Le, Z. Andreadakis, A. Kumar, R.G. Roman, S. Tollefsen, M. Saville,

S. Mayhew, The COVID-19 vaccine development landscape, Nat. Rev. Drug
Discov. 19 (2020) 305-306.

N. Lurie, M. Saville, R. Hatchett, J. Halton, Developing Covid-19 vaccines at
pandemic speed, N. Engl. J. Med. 382 (2020) 1969-1973.

C.-J. Lin, R.P. Mecham, D.L. Mann, RNA vaccines for COVID-19: 5 things every
cardiologist should know, basic to translational, Science 5 (2020) 1240-1243.
E. Mahase, Covid-19: Moderna vaccine is nearly 95% effective, trial involving
high risk and elderly people shows, BMJ: British Medical Journal (Online) 371
(2020).

J.H. Tanne, Covid-19: FDA Panel Votes to Approve Pfizer BioNTech Vaccine,
British Medical Journal Publishing Group, 2020.

R. Mukherjee, Global efforts on vaccines for COVID-19: since, sooner or later, we
all will catch the coronavirus, J. Biosci. 45 (2020) 1-10.

E.S. Pronker, T.C. Weenen, H. Commandeur, E.H. Claassen, A.D. Osterhaus, Risk
in vaccine research and development quantified, PLoS One 8 (2013), e57755.
N.M. Ferguson, D. Laydon, G. Nedjati-Gilani, N. Imai, K. Ainslie, M. Baguelin,
S. Bhatia, A. Boonyasiri, Z. Cucunubd, G. Cuomo-Dannenburg, A. Dighe,

1. Dorigatti, H. Fu, K. Gaythorpe, W. Green, A. Hamlet, W. Hinsley, L.C. Okell,
S. van Elsland, H. Thompson, R. Verity, E. Volz, H. Wang, Y. Wang, P.G.T. Walker,
C. Walters, P. Winskill, C. Whittaker, C.A. Donnelly, S. Riley, A.C. Ghani, Report 9
- impact of non-pharmaceutical interventions (NPIs) to reduce COVID-19
mortality and healthcare demand, Imperial College Lond. 9 (2020).

WHO, WHO Director-General’s Opening Remarks at the Media Briefing on
COVID-19 - 11 March 2020, retrieved from: https://www.who.int/director-gen
eral/speeches/detail/who-director-general-s-opening-remarks-at-the-media-bri
efing-on-covid-19—11-march-2020, 2022.


http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0475
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0475
https://doi.org/10.1128/JVI.01675-21
https://doi.org/10.1128/JVI.01675-21
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0485
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0485
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0490
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0490
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0490
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0490
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0495
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0495
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0495
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0495
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0500
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0500
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0500
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0505
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0505
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0510
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0510
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0510
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0515
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0515
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0515
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0520
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0520
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0520
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0525
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0525
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0530
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0530
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0530
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0530
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0535
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0535
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0535
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0540
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0540
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0545
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0545
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0550
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0550
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0550
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0555
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0555
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0560
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0560
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0565
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0565
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0570
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0570
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0570
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0570
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0570
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0570
http://refhub.elsevier.com/S1521-6616(22)00038-9/rf0570
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020

	A global survey in the developmental landscape of possible vaccination strategies for COVID-19
	1 Introduction
	1.1 Previous coronavirus vaccine experiences
	1.1.1 SARS
	1.1.2 MERS

	1.2 Vaccine candidates for COVID-19
	1.2.1 Vaccines in the clinical trial stage

	1.3 Vaccines in the preclinical stage
	1.4 Whole virus vaccine
	1.5 Subunit vaccines/protein-based vaccines
	1.6 DNA and mRNA vaccines
	1.7 Virus-like particle vaccine
	1.8 Non-specific vaccines
	1.8.1 BCG vaccine

	1.9 Vaccine development in pandemic paradigm
	1.10 Approved and limited vaccines
	1.11 Limitations

	2 Conclusion
	References


