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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the coronavirus disease
2019 (COVID-19) pandemic that emerged in December 2019 in Wuhan city, China. An effective vaccine is
urgently needed to protect humans and to mitigate the economic and societal impacts of the pandemic.
Despite standard vaccine development usually requiring an extensive process and taking several years to
complete all clinical phases, there are currently 184 vaccine candidates in pre-clinical testing and another
88 vaccine candidates in clinical phases based on different vaccine platforms as of April 13, 2021.

Iéz{{vg?égf/:-z Moreover, three vaccine candidates have recently been granted an Emergency Use Authorization by
Vaccines the United States Food and Drug Administration (for Pfizer/BioNtech, Moderna mRNA vaccines, and
Platforms Johnson and Johnson viral vector vaccine) and by the UK government (for University of Oxford/

Reverse genetics system

AstraZeneca viral vector vaccine). Here we aim to briefly address the current advances in reverse genetics

mRNA system of SARS-CoV-2 and the use of this in development of SARS-CoV-2 vaccines. Additionally, we cover
the essential points concerning the different platforms of current SARS-CoV-2 vaccine candidates and the
advantages and drawbacks of these platforms. We also assess recommendations for controlling the
COVID-19 pandemic and future pandemics using the benefits of genetic engineering technology to design
effective vaccines against emerging and re-emerging viral diseases with zoonotic and/or pandemic
potential.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
Contents
3 PR 134 e s o3 K TN 2509
2. SARS-COV-2 Ieverse SeNetiCS SYSTRIMI . . . v v vttt ittt ettt ettt et e et e e e e e et et et e et et et e e e e e ettt ettt 2509
3. Current Phase III vaccine candidates/platformms . . .. ... ... .ttt et e e e e 2510
3.1, Live-attenuated VIIUS VACCIMOS . . . .. vt vttt e ettt et e et et e e e e et et e e e e e et e e e e e e e e et ettt 2510
3.2, Inactivated VIFUS VACCINE . . . . ..ttt ittt ettt et et e e e et e e e e e e e et et e e e e e e e et ettt 2510
3.3, Protein SUDUNIT VACCINES. . . . ..ottt ittt et et ittt e e e e e e e e e e e e e et e e e e et e e e et 2512
3.4,  Replication-defiCient VECLOTS . . .. .ttt e e e e e e et et e e e e ettt e 2513
3.5. Genetic vaccines (DNA and RNA VaCCINeS) . . ..ottt ettt e e e e e ettt ettt e ettt ettt 2513
4.  Concerns about AdenovVirtus-5 (Ad-5) VECEOT USE . . . ...ttt vttt ettt et et et e e et et et et e ettt ettt et ettt et e 2514
5. Promising virus vectors requiring further eXploration. . . ... ... ... ittt ittt ittt it ettt e e e e
5.1, MeASIES VITUS VECLOT . . o . ottt ettt ettt et et ettt ettt e e et e ettt e e et et et et e e e e e e

5.2.  Newcastle diSEase VIIUS VECIOT. . . ..ot vttt ittt et ettt et e e e e ettt et et e e ettt et et et ettt
5.3.  Adeno-associated VIIUS VECIOT . . . ..ottt ittt ettt ettt et et et e e e e et ettt et et e e ettt s
6. Efficacy of COVID-19 vaccines against emergent variants of SARS-COV-2 . . .. ... ittt ettt e et et ettt e
7. Summary and OULIOOK . . . ..ot e e e e e e e e e e e

* Corresponding author.
E-mail address: balhatlani@qu.edu.sa (B. Alhatlani).

https://doi.org/10.1016/j.csbj.2021.04.061
2001-0370/© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2021.04.061&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2021.04.061
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:balhatlani@qu.edu.sa
https://doi.org/10.1016/j.csbj.2021.04.061
http://www.elsevier.com/locate/csbj

A. Nagy and B. Alhatlani

Author contributions. . . ....... oo
Declaration of Competing Interest ...................cuvn.n..
References ... .ot e

Computational and Structural Biotechnology Journal 19 (2021) 2508-2517

1. Introduction’

In late December 2019, China reported cases of idiopathic pneu-
monia in the city of Wuhan. One month later, the causative agent
was identified as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [1]. SARS-CoV-2 caused the epidemic of coronavirus
disease 2019 (COVID-19) in different cities in China, which then
spread globally and was later classified as a pandemic by the World
Health Organization (WHO) [1,2]. SARS-CoV-2 belongs to the genus
Betacoronavirus in the family Coronaviridae. SARS-CoV-2 is an
enveloped virus that contains a single-stranded positive-sense
RNA genome of 29,903 nucleotides in length with 11 open reading
frames (ORFs), which encode 27 viral proteins. ORF1a/b is 21,290
nucleotides length and encodes 16 nonstructural proteins (nsp1-
nsp16). The last part of the genome is 8613 nucleotides that
encodes four structural and six accessory proteins. The structural
proteins are the spike (S, virus attachment and major antigenic
protein), envelope (E), matrix (M), and nucleocapsid (N) proteins
while accessory proteins include ORF3a, ORF6, ORF7a, ORF7b,
ORF8, and ORF10 as shown in Fig. 1. [3,4].

SARS-CoV-2 is a closely related to SARS-CoV that circulated
from 2002 to 2004 [1]. SARS-CoV together with the Middle Eastern
respiratory syndrome coronavirus (MERS-CoV) have caused epi-
demics with high case fatality rates in humans [5]. Despite this,
there was no current licensed vaccine against coronaviruses in
humans, and the reasons for this may be related to the low priority
given to these viruses by vaccine developers due to few sporadic
human deaths caused by these viruses and their limited geographic
distribution. Moreover, a broad variety of viruses cause human
colds and so, development of multivalent coronavirus vaccine
would only prevent a minor proportion of these [6]. Several vacci-
nes against SARS-CoV were developed pre-clinically with two can-
didates tested in Phase I trials [7,8]. However, these clinical phases
did not proceed further because these epidemics stopped and these
viral infections have not re-emerged in humans since 2004, which
might indicate that the control measurements were effective and/
or that these viral infections were self-limiting. However, vaccines
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against MERS-CoV have been actively developed, and through all
these pre-clinical studies, the spike protein has been identified as
the antigenic target for coronavirus vaccines [9,10].

Fortunately, lessons learned from pre-clinical and clinical data
of SARS-CoV and MERS-CoV vaccine trials provided sufficient expe-
rience to design promising SARS-CoV-2 vaccine candidates in just a
few weeks after the emergence of this new virus and to begin the
first clinical trial in March 2020 (trial number NCT04283461) with
an overlapping schedule, such as using Phase I/II trials followed by
rapid start of Phase III trials [6]. Currently, 184 vaccine candidates
are in pre-clinical development, and 88 vaccine candidates are in
clinical development stages [11] with three vaccines recently
granted an Emergency Use Authorization (EUA) by the Food and
Drug Administration (FDA). Here, we briefly summarize the advan-
tages and disadvantages of the current vaccine candidates/plat-
forms used in Phase III trials against SARS-CoV-2 and their
efficacy against the new variants. We also investigate why using
recent advances in genetic engineering offers promising solutions
for rapid design of effective vaccines against emerging and re-
emerging viral diseases that have zoonotic and/or pandemic
potential.

2. SARS-CoV-2 reverse genetics system

Reverse genetics (RG) is a powerful tool that is widely used for
the genetic manipulation of RNA viruses from their full-length
cloned DNA (cDNA) and can lead to the development of successful
countermeasures. [12]. A number of RG systems were previously
developed for various coronaviruses, including SARS-CoV, MERS-
CoV, murine hepatitis virus, and human coronavirus 229E (HCoV-
229) [13]. However, difficulties in rescuing infectious viral RNA
from cDNA have always been challenging in coronaviruses because
of the large size of their genomes and the instability of some
regions within the viral genome [13]. To overcome these chal-
lenges, a robust RG system for SARS-CoV-2 and other RNA viruses
was rapidly developed during the early events of the COVID-19
pandemic [14]. In this yeast-based system, viral overlapping
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Fig. 1. Genome Organization of SARS-CoV-2. The SARS-CoV-2 RNA genome is ~ 30 kb in length and is organized into at least 11 open reading frames (ORFs). The viral
genome is capped at the 5’ end and polyadenylated at the 3’ ends. ORF1a and ORF1b, which occupy the two-thirds of the viral genome, encode the nonstructural proteins
(nsp1 to nsp16), whereas the four structural proteins, which include the spike (S), envelope (E), membrane (M), and nucleocapsid (N), are encoded by the structural genes. In
addition, accessory proteins are also encoded by the structural genes. Identified cis-acting regulatory elements are also shown at the 5’ end (SL1 to SL8), at the ORFla/b
frameshifting region (FSE), and at the 3’ untranslated region. SL: stem-loop; TRS: transcriptional regulatory sequence; FSE: frameshifting element; PK: pseudoknot; HVR:
hypervariable region.

Abbreviations: AAV. 3deno-associated virus vector; APC, antigen presenting cell; Ad-5, adenovirus-5; BAC, bacterial artificial chromosome; CIGB, Center for Genetic Engineering and

Biotechnology; COVID-19, coronavirus disease 2019; CMV, cytomegalovirus; EUA, emergency use authorization; FDA, Food and Drug Administration; GE, gene end; GOI, gene of
interest; GS, gene start; HSV, Herpes simplex virus; IS, intergenic sequence; ISA, infectious-subgenomic amplicons; MERS-CoV, Middle Eastern respiratory syndrome coronavirus;
MHYV, murine hepatitis virus; MV, measles virus; NDV Newcastle disease virus; ORF, open reading frame; RBD, receptor binding domain; RG, reverse genetics; SAR-CoV-2, severe
acute respiratory syndrome coronavirus 2.
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subgenomic cDNA fragments are produced and reassembled in
Saccharomyces cerevisiae using transformation-associated recombi-
nation cloning [14]. Viral RNA is in vitro transcribed using T7 poly-
merase and then transfected together with an mRNA that
expresses the N protein of the SARS-CoV-2 into BHK-21 cells or
BHK cells that express the SARS-CoV N protein (BHK-SARS-N) to
recover viable SARS-CoV-2. A similar robust RG system was also
developed for SARS-CoV-2 and is based on an in vitro ligation
method that resulted in viral replication kinetics similar to the
original clinical isolate [15]. In this RG system, the full-length
SARS-CoV-2 genome is initially assembled from seven cDNA frag-
ments, one of which contains the T7 promoter, using an in vitro
ligation approach followed by in vitro transcription of the cDNA
to produce the viral RNA [15]. The recovery of recombinant virus
can then be obtained by electroporating the in vitro transcribed
viral RNA into Vero E6 cells. A third RG method has been estab-
lished using bacterial artificial chromosomes (BAC) [16]; and a
similar system has been previously used for other coronaviruses
such as SARS-CoV [17]. Full-length SARS-CoV-2 cDNA is first
assembled by sequentially cloning the five fragments of the viral
genome into a BAC plasmid under the control of the cytomegalo-
virus (CMV) promoter. The SARS-CoV-2 BAC plasmid can then be
transfected into Vero E6 or other susceptible cell lines to rescue
the infectious recombinant SARS-CoV-2 [16]. Moreover, an addi-
tional RG method that relies on the use of the infectious-
subgenomic amplicons (ISA) approach has been developed [18].
This involves polymerase chain reaction amplification of eight
overlapping synthetic subgenomic cDNA fragments with the inser-
tion of the CMV promoter upstream the first cDNA fragment to
allow transcription initiation; the hepatitis delta ribozyme is
inserted downstream the last cDNA fragment to terminate the
transcription [18]. Rescue of infectious viral particles is achieved
by transfecting the full-length cDNA in permissive cells. The main
advantage of the ISA approach is that it does not require cloning
[19]. Similarly, another approach has also been developed by
assembling 10 SARS-CoV-2 cDNA fragments using circular poly-
merase extension reaction followed by the transfection of the cir-
cular genome into a susceptible cell line [19].

Hence, the fast development of these RG systems may answer
several questions regarding the SARS-CoV-2 biology and pathogen-
esis. For example, a recent study used the RG system to generate
reporter viruses to gain insight into SARS-CoV-2 pathogenesis
and tropism [20]. Furthermore, the availability of these systems
could also lead to the development of a live-attenuated vaccine
and/or antiviral therapeutics. One way to achieve this is by using
these RG systems to characterize and generate mutant viruses
via mutating an essential part of the SARS-CoV-2 genome, such
as the cis-acting RNA elements within the 5" and 3’ ends of the viral
RNA genome [21,22]. In addition, RG also enables the study and
characterization of the different aspects of viral the life cycle,
including replication and pathogenesis [23].

3. Current Phase III vaccine candidates/platforms

Currently, there are 16 vaccine candidates in Phase III trials as of
April 13,2021 [11], with encouraging efficacy data from testing in
nonhuman primates and Phase I and II trials. Most current vaccines
in Phase III are administered intramuscularly (few are adminis-
tered using different routes such as skin, e.g., AG0302-COVID19).
Intramuscular vaccination induces strong IgG responses that pro-
tect the lower respiratory tract but does not induce sufficient
secretory IgA to protect the upper respiratory tract, as in the case
of natural infection. These Phase III vaccine candidates have been
developed using different platforms (Table 1). Several of these plat-
forms have already produced licensed vaccines, whereas other
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have not, such as the mRNA platform [6]. Here we summarize
the major vaccine platforms that have progressed to Phase III trials.

3.1. Live-attenuated virus vaccines

Currently, there are only two live-attenuated SARS-CoV-2 vac-
cine candidates in clinical Phase I as of April 13, 2021. The first vac-
cine candidate, called COVI-VAC (trial number NCT04619628), was
developed by Codagenix in cooperation with the Serum Institute of
India. The trial for this candidate was started on December 11,
2020. The second vaccine candidate, called MV-014-212 (trial
number NCT04798001), was developed by Meissa Vaccines, Inc,
with an estimated trial initiation date of March 31, 2021 [11]. Gen-
erally, live-attenuated virus vaccines (Fig. 2A) are usually produced
by either using an avirulent strain of the virus and/or by construct-
ing a genetically weakened form of the virus, whose limited rounds
of replication are insufficient to cause disease but can elicit
immune responses similar to that induced by a natural infection.
Virus attenuation can be achieved by exposing and adapting the
virus to unfavorable conditions such as low temperature growth
in a non-susceptible host or cells. Genetic modification can also
be used via the RG system for codon de-optimization or deletion
of genes that are essential for stimulating innate immune recogni-
tion [24,25].

The advantages of the use of live-attenuated SARS-CoV-2 vac-
cine candidates include the targeting and stimulation of robust
mucosal and cellular immunity, which is essential for protection
without the need for adjuvants [26]. However, this type of vaccine
has some drawbacks: (1) SARS-CoV-2 has been shown to be
excreted in the feces of infected patients [27,28], and this gener-
ates a major safety concern that the live-attenuated SARS-CoV-2
vaccine maybe excreted in the feces of vaccinees, thereby leading
to potential virus transmission to unvaccinated individuals. (2)
The use of live-attenuated SARS-CoV-2 vaccine may increase the
risk of recombination between the vaccine strain and the circulat-
ing wildtype virus, generating new viral variants. (3) Production
and formulation processes are labor-intensive and require strin-
gent quality control, which makes large-scale vaccine production
a slow response to the pandemic [26].

3.2. Inactivated virus vaccine

There are six inactivated vaccine candidates currently in Phase
III trials as of April 13, 2021 [11]. The first vaccine candidate, with

the trial numbers ChiCTR2000034780 and ChiCTR2000039000,
was developed by Sinopharm in collaboration with China National
Biotec Group co and Wuhan Institute of Biological Products. The
second candidate, with the trial number NCT04659239, was devel-
oped by the Chinese Institute of Medical Biology and Academy of
Medical Sciences. The third candidate, called Qaz-Covid-in with
the trial number NCT04691908, was developed by Research Insti-
tute for Biological safety problems, Republic of Kazakhstan. The
fourth candidate, called BBV152 with the trial number
NCT04641481; CTRIj2020/11/028976, was developed by the
Indian company Bharat Biotech International Limited Hyderabad,
India [11]. The fifth candidate, with trial numbers NCT04560881
and NCT04510207, was developed by Sinopharm (Shanghai, China)
in collaboration with China National Biotec Group Co and the Bei-
jing Institute of Biological Products. The sixth candidate, with trial
numbers [RCT20201202049567N1 and IRCT20201202049567N2,
was developed by Shifa Pharmed Industrial company (Tehran, Iran)
and is currently in Phase II/IIl trials. An example of this kind of
SARS-CoV-2-developed vaccine is CoronaVac, which has been
developed by Sinovac Biotech Ltd, China, and has recently been
granted limited use in both China and the United Arab Emirates
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Table 1
Summary of the current clinical Phase IIl and IV SARS-CoV-2 vaccine candidates.
Vaccine/ Developer Platform Seroprevalence Needs Need Immunogenicity Licensed Vaccines Phase III Registration Emergency References
Commercial Name of Vector Used  Freezing for in Humans From Platform Use
Booster Authorization
(EUA)
Weakened University of Deficient Very low Stable for at Yes High (90%) No NCTa04516746 Yes 6, 11, 46
adenovirus Oxford/ chimpanzeeadenovirus least
(ChAdOx1-S; AstraZeneca 6 months at
AZD1222% 2-8°C
Inactivated + alum  Sinovac Inactivated whole Very low No, needs Yes Unknown Yes NCT04456595 Yes,inUAEand 6, 11, 30
(CoronaVac; virus refrigeration China
formerly
PiCoVacc)
Inactivated SARS- Inactivated Inactivated whole Very low No, needs Yes Unknown Yes ChiCTR-2000034780 Limited use 6, 11
CoV-2 Wuhan Institute  virus refrigeration China and UAE
of Biological
Products/
Sinopharm
Inactivated (BBIBP-  Beijing Institute  Inactivated whole Very low No, needs Yes Very high (86%) Yes ChiCTR-2000034780 Limited usein 6, 11
CorV) of Biological virus refrigeration China,
Products/ approved in
Sinopharm UAE and
Bahrain
Adenovirus Type 5  CanSino Deficient adenovirus-5 High No, needs Single High No NCT04526990NCT04540419 Limited use in 6, 11
Vector (Ad5- Biological Inc./ refrigeration dose China
nCoV) Beijing Institute
of Biotechnology
Bharat Biotech, Covaxin Inactivated whole Very low No, needs Yes Unknown Yes CTRI/2020/11/028976 Yes, in India 11
India(BBV152) virus refrigeration
Adenovirus-based Gamaleya Deficient adenovirus-5 High No, needs Yes Very High (91.4%) No NCT04530396 Early use in 6, 11
(Gam-COVID- Research refrigeration Russia
Vac) InstituteSputnik
\Y
Ad26.COV2.S ¢ Janssen Deficient adenovirus- Very Low but Stable for No Unknown Yes, Ad26 prime NCT04505722 Yes 6, 11
Pharmaceutical 26 high in sub- 2 years MVA boost-based
CompaniesAd26. Saharan African  at — 20 °C and ebolavirusvaccine
Ccov2.s populations 3 months at was licensed in
2-8 °C Europe
Recombinant Novavax Recombinant protein N/AY Stableat 2— Yes High (89.3%) Yes, such as FluBlok  2020-004123-16 No 6,11
glycoprotein 8 °C
nanoparticle
(NVX-CoV2373)
3 LNP-mRNAs BioNTech/ Fosun ~ RNA-based vaccine N/A Yes (—70 °C) Yes Very high (95%) No NCT04537949 Yes 6, 11
(BNT162) Pharma/ Pfizer®
Comirnaty
LNP-encapsulated Moderna/ NIAID® RNA-based vaccine N/A Yes (—20 °C) Yes Very high (94.5%) No NCT04470427 Yes 6,11
mRNA (mRNA-
1273)

2This vaccine has been granted EUA by the UK government, India, Brazil, and the European Union (recent). bThis mRNA vaccine candidate from Pfizer/BioNTech was fully approved in Canada, Bahrain, and Saudi Arabia and was
approved for limited or emergency use in USA, UK, Panama, Ecuador, Chile, Costa Rica, Singapore, Mexico, Kuwait, UAE and the European Union (recent). c Moderna’s mRNA vaccine was recently granted FDA EUA and was also

recently approved in the UK. d N/A: Not applicable. e This vaccine has been recently granted EUA by the FDA but has been put on hold in USA due to safety concerns.
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Fig. 2. Summary of SARS-CoV-2 Vaccine platforms. A) Live-attenuated vaccine platform in which SARS-CoV-2 is engineered by RG system to produce modified vaccine seed
that is used for vaccine production in susceptible cells such as Vero E6 cells. B) Inactivated virus vaccine platform whereby SARS-CoV-2 prepared vaccine seed is propagated
(scaled-up) in Vero E6 cells and is then chemically inactivated and finally formulated with a specific adjuvant. C) Protein subunit platform in which whole or part of spike
protein, such as the receptor-binding domain, is expressed in mammalian or insect cells and/or yeast, purified, and finally mixed with a specific adjuvant. D) Viral vector
platform (replication-deficient adenovirus) in which the adenovirus genome is modified by RG, the open reading frame (ORF) of the spike protein is cloned into adenovirus
genome, and finally infectious recombinant virus is rescued in complementing cells. The final rescued virus is adenovirus expressing SARS-CoV-2 spike protein. E) Genetic
vaccine (plasmid DNA vaccine) in which SARS-CoV-2 spike ORF is cloned into a plasmid DNA under a strong promoter such as that of human cytomegalovirus, and then, the
plasmid is scaled-up in bacteria and finally purified. The final purified plasmid is inoculated into humans using an electroporation gun. F) Genetic vaccine (mRNA vaccine) in
which SARS-CoV-2 spike mRNA is chemically synthesized and enclosed with lipid nanoparticles for efficient delivery into human cells. This figure was created with BioRender
(https://bioRender.com/).

(Table 1). Briefly, inactivated virus vaccines, as shown in Fig. 2B, 3.3. Protein subunit vaccines

are usually produced by growing a working virus seed of SARS-

CoV-2 in a susceptible cell line, such as Vero E6, followed by chem- There are seven protein subunit vaccine candidates currently in
ical inactivation [29,30]. Additionally, inactivated vaccines are usu- Phase III trials as of April 13, 2021 [11]. The first candidate was

ally adjuvanted with alum or specific oils and then administered developed by Novavax, Inc. (Gaithersburg, Maryland) (Table 1),
intramuscularly; this tends to produce broad immune responses with the trial number NCT04611802. The second candidate was

as the vaccine induces targeting of a range of different virus pro- developed by Anhui Zhifei Longcom Biopharmaceutical (China)
teins such as S, M, and N [6]. The targeted immune response in this and the Institute of Microbiology, Chinese Academy of Sciences,
kind of vaccine is usually humoral and cellular, with little reacto- with the trial number NCT04646590. The third candidate was
genicity, resulting in a high safety profile of the vaccine in the vac- developed by Sanofi Pasteur (Lyon, France) and GlaxoSmithKline

cinee. There has been over 70 years of research on the (GSK; Brentford, UK), with the trial number PACTR
development of such vaccines [6,26]. However, the production 202011523101903. The fourth candidate was developed by Clover
and formulation of this type of vaccine currently face three chal- Biopharmaceuticals Inc. (Chengdu, China) with GSK and Dynavax
lenges. (1) Cultivation of the live infectious SARS-CoV-2 to high (Emeryville, CA) and is currently in Phase II/III trial, with the trial
titers (scale-up) in biosafety level (BSL) 3 facilities, which has number NCT04672395. The fourth candidate (called FINLAY-FR-2
major safety implications. (2) Inadequate chemical inactivation of anti-SARS-CoV-2 vaccine) was developed by Instituto Finlay de

the cultivated virus would pose a potential risk to production facil- Vacunas (Havana, Cuba), with the trial number RPCEC00000354.
ity workers, causing disease outbreaks and/or harmful immune The fifth candidate (called EpiVacCorona) was developed by the
responses. (3) It is challenging to manufacture billions of doses Federal Budgetary Research Institution State Research Center of
in short time, making response to the pandemic particularly slow Virology and Biotechnology “Vector,” with the trial number
[26]. NCT04780035. The sixth candidate (called UB-612) was developed
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by Vaxxinity (Dallas, Texas) and is currently in Phase II/III trial,
with the trial number NCT04683224. The seventh candidate (called
CIGB-66) was developed by the Center for Genetic Engineering and
Biotechnology (CIGB; Trieste, Italy), with the trial number
RPCEC00000359 [11].

Protein subunit vaccine candidates (Fig. 2C) depend on express-
ing S protein or simply a region of it, such as the receptor-binding
domain (RBD), or other virus genes in different expression systems,
including insect, mammalian, and/or yeast cells [31,32]. Therefore,
this type of vaccine lacks many drawbacks, such as pre-existing
antivector immunity, reversion to virulence, and safety concerns
of incomplete virus inactivation; hence, they are considered very
safe after administration to vaccinees [33]. The target immune
response is mainly humoral, which is usually boosted by conjuga-
tion with an adjuvant [26].

Moreover, this platform has already produced several licensed
vaccines, such as FluBlok for influenza [6]. However, there some
drawbacks in this platform, particularly for SARS-COV-2, wherein
the S protein is difficult to express, making production process a
major challenge. However, this could be solved by expressing only
the RBD, although expression of RBD alone may be sub-optimum
as this does not include all the antigenic epitopes present in full-
length S protein [6]. Another drawback is related to the formula-
tion process, which is labor-intensive and requires development
and establishment of new production protocols and stability assays
for each new antigen [26].

3.4. Replication-deficient vectors

There are four vaccine candidates currently in Phase III trials
using deficient/non-replicating viral vector platform as of April
13, 2021[11]. The first vaccine candidate was developed by Can-
Sino Biological Inc./Beijing Institute of Biotechnology, with the
trial numbers NCT04526990 and NCT04540419. The second candi-
date was developed by Gamaleya Research Institute, Health Min-
istry of the Russian Federation, with the trial number
NCT04530396. The third vaccine candidate was developed by
Janssen Pharmaceutical (Beerse, Belgium), with the trial numbers
NCT04505722 and NCT04614948. The latter vaccine candidate has
recently been granted EUA by the FDA. The fourth candidate
(called GRAd-COV2) was developed by ReiThera, Leukocare
(Munich, Germany,) and Univercells (Nivelles, Belgium) and is
currently in Phase [II/IIl trial, with the trial number
NCT04791423 [11].

Replication-deficient vaccines depend on using a weakened
virus vector generated by the RG system as shown in Fig. 2D. These
vaccines have advantages because of the feasibility of their produc-
tion process and their broad targeted immune responses that
include both humoral and cellular responses without the use of
adjuvant [6]. Further, these advantages and many years of experi-
ence have recently resulted in some licensed vaccines from this
platform, such as Ad-26 prime-modified vaccinia Ankara (MVA)
boost-based ebolavirus vaccine [6]. However, there are some draw-
backs that are currently associated with their use: (1) Pre-existing
immunity against the used viral vector would render the devel-
oped vaccine candidate ineffective [34]; however, this could be
minimized by priming with another type of vaccine, such as a
DNA vaccine [35], or by changing the route of administration
between the prime and booster doses [36]. (2) The viral vector
itself induces an immune response that subsequently interferes
with future vaccines using the same vector [34]. (3) Strong reactiv-
ity in vaccinees indicate genetic toxicity induced by the use of
some viral vectors; however, this can be minimized by using
hybrid vectors [37]. (4) Chance for virus recombination during
the production process [26].
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3.5. Genetic vaccines (DNA and RNA vaccines)

Currently, there are three DNA-based vaccine candidates in
Phase III, whereas there is only one RNA-based vaccine candidate
currently in Phase IIl as of April 13, 2021 [11]. The first DNA-
based vaccine candidate (called INO-4800) was developed by Ino-
vio Pharmaceuticals (Plymouth Meeting, PA) with the International
Vaccine Institute and Advaccine (Suzhou, China) Biopharmaceuti-
cal Co., Ltd., and is currently in Phase II/IIl, with the trial number
NCT04642638. The second candidate (called AG0301-COVID19)
was developed by AnGes, Takara Bio (Kusatsu, Shiga, Japan) in col-
laboration with Osaka University, and is currently in Phase II/III,
with the trial number NCT04655625. The third vaccine candidate
(called nCov vaccine) was developed by the Zydus Cadila (Ahmed-
abad, India,), with the trial number CTRI/2020/07/026352 [11]. The
RNA vaccine candidate is called CVnCoV vaccine and was devel-
oped by CureVac AG (Tiibingen, Germany), with the trial number
NCT04652102 [11].

DNA vaccines (Fig. 2E) depend on cloning the SARS-CoV-2 S
gene into bacterial plasmids that contain a strong mammalian pro-
moter, such as CMV and/or SV40, followed by large plasmid pro-
duction in competent bacteria. The first proof-of-concept DNA
vaccine was tested in 1990 by injecting DNA vectors expressing
chloramphenicol acetyltransferase, luciferase, and beta-
galactosidase into mouse skeletal muscle [38]. Different possible
mechanisms of antigen presentation by DNA vaccines were pro-
posed: (1) Phagocytosis of plasmid-transfected somatic cells such
as myocytes by antigen presenting cells (APCs) such as dendritic
cells, resulting in antigen presentation to both CD4 and CDS8 T-
cells. (2) Attraction of APCs to the injection site with subsequent
transfection with the injected plasmid DNA; the expressed anti-
gens are presented to T-cells through major histocompatibility
(MHC) class I and II complexes [39].

Plasmid DNA vaccines have many advantages, such as targeting
and stimulating both humoral and cellular immune responses;
flexible and simple large-scale production and formulation pro-
cesses over short timescales, making them ideal for rapid
responses during pandemics; flexibility for multivalency; and
room-temperature storage of the final vaccine. However, there
are some crucial drawbacks for this type of vaccines: (1) Low
immunogenicity in humans, which requires several doses of the
vaccine to achieve optimum protection. (2) Risk of carcinogenesis
due to potential integration in cellular chromosomes [26].

In contrast, RNA vaccines have shown very promising results in
many pre-clinical studies with a significant success recently
against COVID-19 with protection percentages of 95% and 94.5%
for both US FDA EUA approved vaccine candidates from Pfizer
and Moderna, respectively. Generally, the development of an
mRNA vaccine is a straightforward process. Once the target antigen
from the emerging pathogen is identified, the gene is sequenced,
chemically synthesized with some modifications, such as the addi-
tion of specific signal peptides and transmembrane domains
(Fig. 2F) to target certain cellular locations, and finally cloned into
plasmid DNA. The plasmid DNA is then subjected to in vitro tran-
scription, following which the vaccine candidate is ready to be
tested in pre-clinical trials. In vivo, mRNA vaccine candidates use
the host cell machinery to translate the mRNA to the corresponding
antigen, thereby stimulating both humoral and cellular immune
responses [40]. Currently, there are two types of mRNA vaccines:
(1) Traditional or conventional mRNA encoding the gene of interest
(GOI) flanked by 5 and 3’ untranslated regions (UTRs). (2) Self-
amplifying mRNA mainly derived from the genome of positive-
stranded RNA viruses, such as alphaviruses and flaviviruses. These
are similar to conventional mRNA, but encode the viral replication
machinery necessary for intracellular RNA amplification, stimulat-
ing high levels of expression of the GOI Both traditional and
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self-amplifying mRNA vaccines have components similar to those
in eukaryotic mRNAs, such as cap structures, a 5 UTR followed
by the ORF of the GOI, a 3’ UTR, and finally a poly A tail [41]. Man-
ufacturing of mRNA vaccines against targets from different viruses
only requires the replacement of the sequence encoding the GOI,
without affecting the final physicochemical characteristics of the
RNA molecule [40]. This kind of vaccine has several advantages,
as it targets both humoral and cellular immune responses,

has a high safety profile, does not result in human genome inte-
gration, has no antivector immunity, and has no chance of infec-
tious virus. However, there are some drawbacks with this
platform: (1) Storage at very low temperatures (Table 1) is essen-
tial to preserve vaccine stability. (2) The high cost of the produc-
tion process makes this kind of vaccine not ideal for low-income
countries [26]. (3) A lack of systematic approaches to the identifi-
cation of the main mechanisms of physicochemical degradation of
the final formulated mRNA vaccine [42]. (4) This platform is rela-
tively new and knowledge about its scale-up is currently lacking
[6].

4. Concerns about Adenovirus-5 (Ad-5) vector use

Previous studies, such as the Phambili Phase IIb that assessed
the Ad5-HIV vaccine candidate inoculated via three vaccinations,
revealed an increased risk of HIV-1 acquisition among vacci-
nated men [43,44]. Moreover, the step trial showed that men
who had high serum titers for Ad-5 on entry into the trial and
were uncircumcised had an elevated risk of HIV-1 acquisition
during the first 18 months of follow-up [45]. Moreover, men
who were uncircumcised with high serum titers for Ad-5 and
who reported unprotected insertive anal sex with a HIV-1-
positive partner with HIV-1 antibody titers had the highest risk
rate, suggesting the potential for an increased risk of penile
acquisition of HIV-1. Additionally, a similar increased risk of
HIV infection was also observed in heterosexual men who were
enrolled in the Phambili study [43]. On the basis of Ad-5-HIV
vaccine candidates, there is concern that the use of SARS-CoV-
2 Ad-5-based vaccine may similarly be associated with similar
problems among vaccinated men. However, this hypothesis
needs further investigation.

In regards to SARS-CoV-2 Ad-5-based vaccines, CanSino
reported in their Phase II trial that 266 out of 508 volunteers had
high pre-existing antibody titers to the Ad-5 vector. Moreover,
the older volunteers exhibited a significantly lower immune
response post vaccination, indicating that the SARS-CoV-2 Ad-5
vaccine may not work well in the older population [5,6]. Another
concern is that antibody titers to Ad-5 vector, which may be
long-lasting, vary between different ages of the population, making
use of Ad-5 vector less promising. However, Janssen Pharmaceuti-
cals uses Ad-26, a rarer serotype with a very low seroprevalence
among different human populations, which makes this a more
promising vector compared with Ad-5 [6].

A chimpanzee adenovirus vector was developed by the Univer-
sity of Oxford [46]. There is very low seroprevalence in humans
against this vector; however, using this vector in humans will also
generate immunity against it, which may lower the efficacy of any
other future vaccines developed using the same vector. Another
drawback of vectored-vaccines in general is that their reactogenic-
ity/safety profile is not high. This may have bigger impacts for vac-
cinating younger people as they may experience more strong
postvaccination reactions that include local symptoms such as red-
ness, swelling and pain at the injection site, as well as systemic
symptoms, such as fever and/or headache. These reactions could
be a drawback in countries with large young populations such as
India and many Middle Eastern countries [6].
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5. Promising virus vectors requiring further exploration
5.1. Measles virus vector

The measles virus (MV) belongs to the genus Morbillivirus, fam-
ily Paramyxoviridae, and ranges from 150 to 350 nm in size. MV is
an enveloped negative-sense virus with a non-segmented, single-
stranded RNA genome that is between 15,894 to 16,000 kb in
length and encodes six structural proteins, including nucleoprotein
(N), phosphoprotein (P), matrix (M), fusion (F), hemagglutinin (H),
polymerase (L), and two nonstructural proteins, V and C (Fig. 3A)
[47]. MV replicates in the cytoplasm of the infected cell without
viral integration into host chromosomes and/or reversion to viru-
lence [48]. MV vaccine strains have shown a high profile of genetic
stability, which facilitated scale-up and distribution at low-cost to
several countries [48]. Former pre-clinical trials against MERS-CoV
[49,50] and SARS-CoV [51,52] using an attenuated MV, the
Schwartz strain, showed very promising results. Interestingly, the
pre-existing immunity to measles vector acquired by earlier infec-
tion in the elderly or vaccination in young people did not dampen
responses to a Chikungunya-MV-based vaccine [53], making the
Schwartz measles vector a very promising platform comparable
with adenovirus vectors. A trial in France and Belgium was started
in August 2020 to test a SARS-CoV-2 vaccine candidate based on a
replicating measles vaccine sponsored by Themis company that
was acquired by Merck later (trial number NCT04497298). More-
over, this vaccine [called V591-001- Measles-vector based (TMV-
038)] is currently in Phase I/Il trials, with trial number
NCT04498247 [11].

5.2. Newcastle disease virus vector

Recombinant Newcastle disease virus (NDV) vectors devel-
oped with the RG system have displayed highly promising
results as safe and potent vectored-vaccines against several avian
and human pathogens [54]. NDV belongs to subfamily Avulaviri-
nae, genus Orthoavulavirus, species Avian orthoavulavirus [55].
NDV is a negative-sense single-stranded RNA with a genome
length ranging from 15,186 to 15,192 bp that encodes six struc-
tural polypeptides in the order of (3’-NP-P-MF- HN-L-'5) and two
nonstructural proteins (V and W) synthesized by P-gene mRNA
editing [56,57] (Fig. 3B). NDV could be a very promising vector
for human vaccine development because of the lack of pre-
existing human immunity. Moreover, the NDV vector has poten-
tial as a promising vector against several emerging pathogens,
particularly those affecting the human respiratory tract, such
us SARS-COV. An early study reported that African green mon-
keys immunized intranasally with two doses of SARS-COV-
NDV-based vaccine candidates (NDV-BC/S or NDV-VF/S) devel-
oped significant SARS-CoV-neutralizing antibody titers compara-
ble with the robust secondary response observed in animals
immunized with a different experimental SARS-CoV vaccine that
was based on a recombinant attenuated parainfluenza virus type
3 vector expressing the full-length SARS-CoV S protein, which
was developed by the Laboratory of Infectious Diseases, National
Institutes of Health, USA, and were then challenged with SARS-
CoV [58,59]. A recent study reported an inactivated SARS-COV-
2-NDV-based vaccine candidate elicited high levels of neutraliz-
ing antibody titers in both mice and hamsters and significantly
protected vaccinated animals from viral challenge [60]. A major
advantage of the NDV-based vaccine platform is that the egg-
based production of recombinant NDV vaccines can produce mil-
lions of doses at low-cost and under BSL2 laboratory conditions,
thereby facilitating easy distribution to middle- and low-income
countries.
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Fig. 3. Schematic design of recombinant NDV and MV constructs. A) The gene of interest (GOI) is designed according to the rule of six with consideration of sequences of
gene end (GE), intergenic sequence (IS), and gene start (GS) of next gene and is cloned into P and M junction of NDV LaSota strain antigenomic cDNA that is under the T7 RNA
polymerase promoter (T7p) and the T7 RNA polymerase terminator (T7t) sequence to obtain highest gene expression. B) Schematic design of the recombinant measles virus
(MV) vector construct. The GOI is designed according to the rule of six with consideration of sequences as above and is cloned into the full-length viral antigenomic cDNA of
the measles such as Schwarz vaccine and cloned at various positions to obtain either high or low protein expression dependent on the insertion site (arrows indication). MV
genes: N (nucleoprotein), PVC (phosphoprotein and V/C proteins), M (matrix), F (fusion), H (hemagglutinin), L (polymerase), T7p (T7 RNA polymerase promoter), hh
(hammerhead ribozyme), T7t (T7 RNA polymerase terminator), and (hepatitis delta virus ribozyme).

5.3. Adeno-associated virus vector

Adeno-associated virus vector (AAV) is the leading platform for
gene delivery with three current licensed products (Glybera, Lux-
turna, and Zolgensma). AAV vectors potentially have significant
number of advantages compared with other vaccine vectors, par-
ticularly those based on Ad-5 and poxviruses: 1) AAV vectors are
replication-defective viruses [61]; 2) AAV vectors can effectively
transduce dividing and nondividing cells and several tissues
in vivo; and 3) the presence of different AAV serotypes and variants
offers flexibility to develop prime/boost regiments by shifting the
nature of the AAV capsids, which avoids an anti-capsid-
neutralizing immune response being elicited post-priming. AAV
is a small non-enveloped virus in the genus Dependovirus within
the family Parvoviridae [62]. AAV is 4.6-kb single-stranded DNA
genome that contains two viral genes: rep and cap. These genes
can be removed and replaced with a cassette expressing a thera-
peutic GOI along with the necessary rep and cap genes in trans
[63]. The first study that documented the capacity of AAV to induce
a strong humoral and cellular response against the herpes simplex
virus type 1 glycoprotein B was reported in 1997 [64] followed by
an increasing number of uses of AAV for genetic vaccinations.

A recent study showed that recombinant AAV (rAAV) vectors
that expressed influenza virus hemagglutinin (HA) or chimeric
HA protected mice against homologous and heterologous virus
challenges. Unexpectedly, immunization even with wild-type HA-
induced antibodies recognizing the HA-stalk and activated FcyR-
dependent responses, indicating that AAV-vectored expression bal-
ances HA head (hypervariable part of virus HA glycoprotein among
different virus strains) and HA stalk (most conserved part of virus
HA glycoprotein among different virus strains) specific humoral
responses [65]. A recent study reported that a thermostable
SARS-CoV-2 AAV-based (AAVrh32.33 capsid of the AAV-COVID)
vaccine candidate demonstrated potent immunogenicity in mice
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and nonhuman primates after a single injection, with the peak neu-
tralizing antibody titers remained sustained for five months [66].

6. Efficacy of COVID-19 vaccines against emergent variants of
SARS-CoV-2

In late 2020, several SARS-CoV-2 variants emerged as a result of
mutations that occurred within the RBD of the viral S protein. The
first variant was reported in UK and was termed SARS-CoV-
2B.1.1.7 (UK variant 20I/501Y.V1) or variant of concern, and has
subsequently spread to other countries [67-69]. Two more vari-
ants were reported, known as B.1.351 (501Y.V2) and variant P1
(501Y.V3), also known as the South African variant and the Brazil-
ian variant, respectively [70,71]. These new SARS-CoV-2 lineages
have been suggested to be more transmissible than the original
virus, and a recent study has revealed that the B.1.351 and P1 vari-
ants are able to escape neutralizing antibodies that are induced
after infection or vaccination, which has raised concerns about
the efficacy of the currently licensed COVID-19 vaccines [72].

An in vitro study showed that the ChAdOx1 nCoV-19 (AZD1222)
vaccine provided sufficient protection against the new B.1.1.7 vari-
ant, with 70.4% (95% CI 43.6-84.5) protection in symptomatic cases
of the B.1.1.7 variant, compared with 81.5% protection in symp-
tomatic cases of non-B.1.17 variants [73]. Another study has shown
that the two-dose regimen of the BNT162b2 vaccine from Pfizer/
BioNTech elicited neutralizing antibodies against both the UK
and South African variants [74]. However, two doses of the ChA-
dOx1 nCoV-19 (AZD1222) vaccine had no efficacy against mild-
to-moderate COVID-19 symptoms caused by the South African
B.1.351 variant [75]. The efficacy of mRNA vaccines, including the
Pfizer/BioNTech (BNT162b2) and the Moderna (mRNA-1273) vac-
cines was significantly reduced against the UK and South African
variants [76]. Therefore, evaluation of the currently approved vac-
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cines should be continued and the inevitable ongoing emergence of
new SARS-CoV-2 variants should be monitored.

7. Summary and outlook

The main challenge of responding to emerging and re-emerging
viral diseases is always in low- and middle-income countries where
at least half the global population live. Therefore, to combat any
emerging viral disease, scale-up manufacture and globally distribu-
tion of developed vaccines should be simple and as straightforward
as possible, which is an advantage of live-attenuated vaccines such
as measles vaccine. However, the situation is different for SARS-
CoV-2 vaccine candidates that have been granted EUA or are cur-
rently in Phase III trials as many of these candidates are unlikely to
be affordable by low-income countries and will not be cost-
effective. This is very important as it is necessary to vaccinate this
large human population to establish herd immunity in a short time
before emergence of any virus mutant variants. SARS-CoV-2 inacti-
vated vaccine may be of more value than live-attenuated vaccine
because of more favorable safety profile, in particular for vulnerable
persons. However, scale-up of this vaccine will require using large
volumes of the propagated virus under BSL3 conditions and few of
these laboratories and facilities are located in low- and middle-
income countries. Genetic vaccines (DNA- and RNA-based vaccines)
have a considerable promise; however, they have only recently been
developed and their long-term safety and efficacy performance in
humans requires further investigation. Moreover, scale-up of
recently EAU-approved mRNA SARS-CoV-2 vaccines is expensive
and needs specific logistics for shipment to low- and middle-
income countries, which may not be the best option for those coun-
tries. There are many viral vectors that showed highly promising
results in clinical trials, but pre-existing immunity is the main chal-
lenge for most of these. Therefore, having viral vectors that can evade
the pre-existing immunity challenge and can be scaled-up at low-
cost, such as measles, AAV, certain serotypes of adenovirus (chim-
panzee or Ad-26), and NDV vectors, would be ideal platforms for
rapid production and distribution of effective vaccines.
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