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Abstract
Coronavirus disease of 2019 (COVID-19) pandemic, taking place globally, occurs as a
result of the SARS-CoV-2 viral infection which has caused death of innumerable
numbers of people and is responsible for a massive drop in the global economy. Millions
of people are infected, and the death rate is also quite high in different countries. So, there
is an urgent requirement of the invention of some effective and efficient drugs that can be
effective against this deadly viral infection. The invention of new drugs and vaccine has
become a matter of utmost importance to stop the mayhem of coronavirus pandemic. In
the middle of such a deadly pandemic, the necessity of development of a vaccine is of
high importance in this context. Among all the popular methods of vaccine development,
the mRNA vaccines turned out to be the one of the most versatile vaccine with quick
responses. However, in this review, we have explained all the possible types of vaccines
available including DNA vaccines, RNA vaccines, and live and attenuated vaccines.
Their effectiveness, importance, and application of the vaccines against the SARS-CoV-2
virus have been discussed. Research is also being conducted in the field of gene silencing,
and one of the best possible ways to combat the virus at the molecular level is by applying
RNAi technology. The modified siRNA molecules can be used to silence the gene
expression of the virus. A summarization of the virus’s behavior, characteristics, and
the methods by which RNAi technology can be administered to control the virus is
depicted in this study.
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Introduction

One of the greatest pandemic in human civilization is caused by the SARS-CoV-2 virus or
the novel coronavirus infection, and it is still causing havoc throughout the world [1].
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Pharmaceutical industries, government agencies, scientists, and researchers from all over
the world are tirelessly working for creating a new vaccine effective against this deadly viral
infection. The whole world is suffering from this pandemic and trying to find a way out; all
the pharmaceutical companies are trying their best to find a cure of the pandemic by
inventing a vaccine. SARS-CoV-2, an envelope, positive-sense, single-stranded RNA beta
coronavirus, is a member of the family corona viridae [2]. The RNA is associated with a
nucleoprotein, and it is encapsulated within a helically symmetrical nucleocapsid made up
of matrix protein. Recent cryo-electron microscopy tomography studies reported that this
virus is 125 nm in diameter [3]. The most unique and defining feature of this virus is the
presence of the club-shaped spike projections. These spike proteins give the virus the
appearance of solar corona, and thus was named so. Coronavirus belongs to the order
nidovirales, a group of large, non-segmented, positive-sense, and single-stranded RNA
animal viruses [4]. During the later half of 2019, many patients with severe pneumonia were
admitted to Wuhan City Hospital in China [5]. The pneumonia causing viral agent was
sequenced, and the results came out to be a strain of beta coronavirus which was almost a
similar strain like SARS-like BAT coronavirus, bat-SL-COVZC45 and bat-SL-
COVZXC21 with 88% similarity, 79.5% homology with SARS-CoV-1, and 50% with
MERS-CoV [6]. Although the mortality rate is estimated to be lower than that of SARS-
CoV-1 or MERS-CoV, coronaviruses can have negative impact on different organs of
human body and cause a large variety of diseases in mammals, including livestock,
domesticated animals like dogs and cats, as well as primates other than human. Human
coronaviruses are commonly associated with mild respiratory and enteric diseases, although
they are also known to cause more critical lower respiratory tract illnesses [7]. Studies on
sequence similarity among different viruses showed a 79% similarity of SARS-CoV-2 with
SARS-CoV-1 and about 50% with MERS-CoV [3]. MERS is a viral respiratory disease
which occurs because of Middle East Respiratory Syndrome Coronavirus or MERS-CoV
[8]. This virus was first identified in Saudi Arabia in 2012. According to the World Health
Organization, approximately 35% of patients having infection with MERS-CoV have died
[9]. TheMERS-CoV infection generally occurs from human to human contact, especially in
health care sectors, but some studies also suggest that dromedary camels can be a vital host
or carrier of theMERS-CoV and so interactions with camels can also cause this disease [10].
However, the exact mode of transmission process of MERS-CoV virus from dromedary
camels to humans is still unknown. This virus does not pass from a person to another person
unless they are in very close contact. The largest outbreak of this disease is seen in countries
like Saudi Arabia, United Arab Emirates, and the Republic of Korea. MERS-CoV is a
zoometric virus. This indicates that this virus is generally transmitted between animals and
people. This virus is also identified in many dromedaries from many countries of South and
West Asia and Northern Africa [11]. Apart from developing SARS-CoV-2 vaccine, the
focus is also given on finalizing the appropriate dose of it [12]. Both pharmacokinetics and
pharmacodynamics studies are carried out to determine the optimum dose [13]. In corona-
virus disease of 2019 (COVID-19) vaccine trials, it is observed that the vaccines are capable
of inducing immune response and producing antibodies that will bind and neutralize the
SARS-COV-2 virus [14]. Research is going on to optimize the vaccine which will induce
the production of ample amount of antibody which will render long-term protection [15].
Apart from protein-based vaccines, research to develop mRNA vaccine is also underway,
and if it succeeds, it will revolutionize the whole outlook of vaccine research as very few
RNA-based vaccines are successful.

1745Applied Biochemistry and Biotechnology  (2021) 193:1744–1756



Structure and Genomic Organization of the Virus

The SARS-CoV-2 genomic RNA is non-segmented, positive sense and is about 29,700 bp in
length and has several large open reading frames (ORFs) [16]. The genome contains a 5′ cap
structure along with a 3′ poly (A) tail, allowing it to act as an mRNA for translation of the
replicase polyprotein. Out of the total genome size, around 20 kb code for the non-structural
proteins (NSPS), while the rest are structural or accessory genes. The SARS-CoV-2 genomic
RNA is encapsulated by multiple nucleocapsid proteins [17]. It has the following domains: 5′-
leader-UTR- replicase-S (Spike)-E (Envelope)-M (Membrane) - N (Nucleocapsid)-3′ UTR-
poly (A) tail with accessory genes combined within the structural genes at the 3′ end of the
genome. The most abundant structural protein in the virion is the membrane (or the M) protein.
The protein is small in size (about 25 to 30 kDa) with three transmembrane domains and gives
the virion its shape [18]. It has a small N-terminal glycosylated ectodomain and a much larger
C-terminal endodomain that extends 6–8 nm into the viral particle. The spike glycoprotein is
about of 140 kDa, membrane glycoprotein is of around 23kDa, and the envelope protein is
approximately of 10 kDa [19]. The arrangements of nucleocapsid protein (N), envelope
protein (E), and membrane protein (M) among other beta coronaviruses are different [20].
The envelope has club-shaped glycoprotein projections. Besides these main structural proteins,
different COVs encode special structural and accessory proteins, such as a hemagglutinin-
esterase protein 3a/b protein and 4a/b protein [21]. Most of the accessory proteins are not
associated with replication process; however, they have important functions in viral patho-
genesis [22]. The most abundant structural protein is the membrane (M) glycoprotein which
spans the cell membrane bi-layer three times, leaving a short NH2-terminal domain outside the
virus and a long COOH terminal cytoplasmic domain inside the virus [23]. Molecular structure
of the virus is shown in Fig. 1.

Fig. 1 Molecular architecture of SARS-CoV-2 with both outer surface and inner core structures [24]
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Transmission of SARS-CoV-2

When the spread of SARS-CoV-2 began to start, it was confined within China only. The USA
has the highest number of confirmed cases until now; India and China being the most
populated countries are trying to restrict the spreading through complete lockdown process
in their respective countries [25]. Similarly, the UK has also tried to maintain a low rate graph
by maintaining social distancing and lockdown. The studies and research show that the
presence of multiple strains and high mutation capability of the virus made it more difficult
to contain the spread. The disease is spread by the droplet transmission mainly [26]. The
infected people should follow strict quarantine for a definite span of time [27].

Prospect of RNAi-Mediated Technology for Targeting SARS-CoV-2

Since its discovery in in the last decade of the twentieth century, RNAi technology has become a
handy tool for suppressing the target genes responsible for viral pathogenesis, viral progression, and
virulence. Specific binding of siRNA and shRNA can silence the target molecules. Several RNAi-
based drugs can be repurposed to treat SARS-CoV-2 infection. Several studies reported that siRNA
molecules have the potential to target SARS-CoV-2 and MERS-CoV viruses. The first successful
siRNA-mediated inhibition of SARS-CoV-1 was reported by Weimin et al. (2003). To combat
SARS-Cov-2 infection, RNAi approach can be used to either target the viral proteins necessary for
survival and replication of SARS-CoV-2 or the receptor proteins of the host cells which interact with
the viral envelop. Hence, RNAi-based approach can either be host target-specific or viral target-
specific. Angiotensin-converting enzyme 2 (ACE 2) receptors of the host cell are used to internalize
the SARS-CoV-2 virus [28]. Hence, the ACE 2 receptor can be a potential target. If these receptors
can be blocked, the entry and further progression of the virus can be restricted. Deletion mutation in
ACE2 prevents the formation of the receptors and thus inhibits the virus from binding the ACE2
receptors and prevents its entry and further infection. Proteolytic cleavage of the external domain of
ACE 2 can render it functionless; but as ACE 2 has a beneficial role in our body targeting it and
silencing it, it also has a negative impact in humans. Under these circumstances, it is more prudent to
target viral proteins rather than the host proteins. All the major types of SARS-CoV-2 surface
proteins—S, E, M, and N—can be potential targets of RNAi-induced silencing [7]. Both the endo
and exodomains ofMproteins of the virus can be targeted for RNAi-mediated silencing approach as
these proteins are needed to maintain viral membrane integrity. It was also observed that siRNA-
mediated targetingwas also successful against the genewhich encodes the viralM protein of SARS.
It is already reported in several studies that the targeting of specific conserved domains of the genes
of SARS-CoV-2 that encode virus helicase, RNA-dependent RNApolymerase, proteolytic enzyme,
and nucleoprotein can reduce the viral load up to 70%, 50%, 90%, and 50% respectively [29].
Several biotechnology companies are trying to create a library of siRNAs to target SARS-COV-2.
Two USA-based companies Vir Biotech and Alnylam Pharmaceuticals are working jointly in this
field. It is reported that about 350 siRNAs are already synthesized which can target SARS-CoV-2;
among these, 30 siRNA designs are already submitted for patent filing [30]. Most of the patented
siRNA molecules are targeted against the viral replicase and RNA polymerase [31]. Studies show
that the efficiency of these siRNAs in killing or inhibiting the target virus ranges from 50 to 90%
[32]. Apart from that, Olix Pharmaceuticals of South Korea also designed siRNA targeting highly
conserved domains of SARS-CoV-2 RNA. The gene which codes 3 chymotrypsin-like protease
(3CL) is highly conserved among the different strains of SARS-CoV-2 and MERS-CoV virus.
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Hence, it can be considered one of the potential target for RNAi-induced gene silencing [29]. siRNA
can be delivered by the use of nanocarriers [33]. Among the delivery systems which can be used to
deliver siRNA to target the genes of SARS-CoV-2 andMERS-CoV, nanoparticle-based carriers and
viral vectors have shown the highest efficiency [34]. In an in vitro study, it was observed that
aerosol-based delivery system–coupled polydendrimer nanocarriers can be used for smooth and
efficient delivery of siRNA on to the lung epithelial cells to target SARS-CoV-2 [35]. A schematic
diagram of RNAi-mediated mechanism for targeting SARS-CoV-2 is depicted in Fig. 2.

Type of Vaccines and Their Mode of Action

Live or Attenuated Vaccine

This type of virus is formed of a whole virus which is to be neutralized. Some of the examples
are chickenpox vaccine, MMR, etc. [37].

Fig. 2 Scheme of RNAi-mediated mechanism for targeting SARS-CoV-2
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Inactivated or Killed Vaccine

These types are made from dead viruses which are not capable of causing the infection alone.
Polio vaccine can is an ideal example [38].

Toxoid Vaccine

These types are mainly made from bacterial toxins, which are inactive in nature. Tetanus can
be considered an ideal example [39].

Conjugate or Subunit Vaccine

These types of vaccines are made from a particular part of the virus which is generally a key
protein. This key protein is extracted from a live virus usually or it is otherwise synthesized
using recombinant DNA technology. Hepatitis B can be considered an ideal example [40].

DNA Vaccines

The vaccine industry has increased and developed themselves over the years. New kinds of
vaccine types are developed. DNA vaccine has come out specifically as an exception to the
traditional vaccines [41]. The mode of action is different; it is done by introducing the genetic
sequence of a viral antigen into the host cells. The B lymphocytes of our body can target these
genetic materials for the purpose of adaptive immunity [42].

RNA Vaccines

RNA Vaccines

RNA vaccines work by introducing an mRNA sequence that can be synthesized in the
laboratory using a DNA sequence which codes for a disease-specific antigen. When the
synthesized RNA molecule is introduced within the body, it uses the cellular machinery to
translate itself in order to produce proteins which resemble the antigen and is expressed in the
cellular surface, which can be recognized by the immune system, triggering specific responses
and memory. RNA vaccines are faster and cheaper to produce than traditional vaccines, and
therefore is a viable candidate for vaccine generation in case of viral diseases which require
urgent discovery of vaccine. RNA is unstable compared to DNA, and it has a tendency to
degrade rapidly. Due to their shorter half-life and degrading nature, the application of RNA in
vaccine technology is limited. During clinical trials of many early RNA vaccines, it was
observed that results were ineffective and the productivity was not enough and failed to give
rise to a robust immune response [43]. It can be due to the improper integration with the cells
of the body. With advancement of technologies in molecular biology, the efficiency of RNA
vaccines has enhanced. Advancement of technology enabled the protection of the RNA from
early degradation so that there is enough time for the immune system to recognize it as a
foreign molecule and develop an immune response against it. The mode of action RNA
vaccine is almost similar to that of DNA vaccine, but the efficacy is lesser because it is highly
unstable [44]. Among all the popular modes of vaccines, the mRNA vaccines turned out to be
one of the most versatile vaccines with quick responses. Apart from protein-based vaccines,
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research to develop mRNA vaccine is also underway, and if it succeeds, it will revolutionize
the whole outlook of vaccine research, as very few RNA-based vaccines are successful. An
mRNA vaccine is composed of an mRNA strand. This codes for an antigen which is disease-
specific [45]. Moderna, a pioneer in vaccine production, has already reported a positive impact
of mRNA vaccines in combating SARS-CoV-2 infection [46]. They also reported that mice
which were administered with mRNA encoding the full-length of SARS-CoV-2 had shown
higher rate of antibody production compared to mRNA encoding only the S or S2 subunit. The
same kind of experiment was carried out in New Zealand in white rabbits, and it has also
shown the same kind of results [47]. The National Institute of Allergy and Infectious Disease
in collaboration with Moderna reported that mRNA-1273, an mRNA-based vaccine, is
showing promising results in combating SARS-CoV-2 infection [48]. Different mRNA-
based vaccines are designed based on the sequences of the spike protein, envelope protein,
membrane protein, and nucleocapsid protein and are effectively working and providing
immunogenic response to combat the disease [39]. The mechanism of antibody production
by RNA vaccine is depicted in the Fig. 3.

COVID-19 Vaccine Research

A vast range of approaches including nucleic acid (DNA and RNA), virus-like particle,
peptide, recombinant protein, live attenuated virus, and inactivated virus approaches are
adopted for generating SARS-CoV-2 vaccines. Vaccines which are dependent on viral vectors
offer higher level protein expression and long-term stability and help in inducing strong
immune responses. Adjuvants can increase the immune response and can make lower doses
viable and thus will help in vaccination [49]. So far, at least 10 developers are in the race for
developing adjuvant vaccines against the coronavirus [50].

It is of utmost importance to identify which vaccine and adjuvant can have protective antibody
response against SARS-CoV-2 [51]. It has been observed that immunization of mice with inactive
SARS-CoV-2, immunization of rhesus macaques with MVA-encoded S protein, and also the
immunization of mice with DNA vaccine encoding full-length S protein can induce antibody-

Fig. 3 The mechanism of antibody production by RNA vaccine [36]
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dependent enhancement (ADE) to some extent [52]. It is also reported that double-inactivated
SARS-CoV-2 vaccine has been able to neutralize antibody responses in aged mice. On the other
hand, studies in mice also showed that a peptide vaccine which focuses against specific epitopes
within the RBD of the S protein has protective antibody responses [53]. Also, live attenuated
SARS-CoV-2 vaccine can induce protective immune responses in aged mice and hence can
further enhance vaccine efficiency [54]. Viral vector vaccines targeted against coronavirus’s spike
protein and nucleocapsid protein give anti S and anti N IgG in immunized mice respectively.
Now, there have been multiple vaccine candidates (including nucleic acid vaccines, viral vector
vaccines, and subunit vaccines) in the preclinical and clinical trial stages.

Some of the vaccine candidates which have received approvals for phase I and II clinical
trials by the World Health Organization are listed below.

Chadox1 Vaccine

The UK has been working on their one of the major COVID-19 vaccine projects. This
currently is under development and under testing by the University of Oxford. When applied
in rhesus macaque monkeys, positive results are observed with no adverse effects. The
ChAdOx1 nCOV-19 provokes a T cell response within 14 days of vaccination. It can also
induce antibody response within 28 days. A clinical trial program, which was conducted,
predicted that in humans, the strongest immune response was seen in the 10 participants who
were given dual doses of the vaccine and then that would indicate that it could be a great way
and it might be a good strategy for vaccination. In the UK, the first and second phase trials
increased in April and the tests of the Oxford coronavirus vaccine ChAdOx1 nCOV-19. The
research work for creating this vaccine was started in January 2020. During the first and
second phase of the trials, the vaccine has been tested in more than 1000 healthy adult
volunteers between 18 and 55 years in a strategically random trial. Between April 23, 2020,
and May 21, 2020, 1077 volunteers received the vaccine ChAdOx1 nCOV-19. No health
hazards were reported in those volunteers. The third phase trials in the low-income and middle-
income countries including Brazil and South Africa have already begun. AstraZeneca remain
committed to fulfilling their commitment for broad and equitable access to the vaccine. The
last phase of clinical trials will begin and will prove themselves to be successful. This is
approved by the UK, the USA, and by Europe’s Inclusive Vaccines Alliance, the Coalition for
Epidemic Preparedness, and the Serum Institute of India [35].

Sputnik-V Vaccine

Russia managed to successfully build the first vaccine in the world against the SARS-CoV-2 novel
coronavirus named Sputnik-V. The vaccine is named after the first artificial satellite Sputnik-V.
Although no data is available on the safety margin and efficiency of the vaccine, the scientists are
hopeful that the final phase of those clinical trials will be completed soon. In the first two phases, the
vaccine was tested on a lesser number of people. The scientists at the Moscow-based Gamaleya
Research Institute of Epidemiology and Microbiology developed this vaccine. Adenovirus 5 and
adenovirus 26 were constructed individually for making the spike proteins of SARS-CoV-2. These
proteins are on the surface of the virus, and hence, they are the target for antibodies against the
SARS-CoV-2 virus [8]. TheUniversity ofOxford in research collaborationwithAstraZeneca used a
chimpanzee adenovirus to develop the vaccine. Another vaccine which is most recently developed
byChina-basedCanSinoBiologics Inc. is based on adenovirus 5. The company Johnson& Johnson
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uses adenovirus 26 for its vaccine development. All these vaccines are undergoing or already have
undergone through the initial safety measurements and checked if they possess any serious side
effects. In total, 38 people first got a shot containing the engineered adenovirus 26 components [57].
After 3 weeks, those 38 people were given booster injections of the engineered adenovirus 5
components. However, the observations of these studies have not been released yet. As a general
scientific expectation, the candidates in those vaccines that have been applied may develop
antibodies to the adenovirus carrying the spike protein.

Ad5-nCOVVaccine

In China, the epicenter of this viral outbreak is also trying to develop its own indigenous
vaccine. CanSino Biologics is trying to prepare one vaccine. The vaccine is known as Ad5-
nCOV. The World Health Organization has announced that the clinical trials are yet to be
conducted for 17 vaccine candidates. Out of those, 7 are being developed in China. Out of
these, one of the candidates has been made by the Oxford University and AstraZeneca. This
vaccine is in its phase III studies. The researchers in China have predicted that the invention of
a new drug can be able to cease COVID-19 infection, more than the vaccine can do [8].

COVAXIN Vaccine

Bharat Biotech successfully developed India’s first anti-COVID vaccine called COVAXIN. It
is made in collaboration with the National Institute of Virology. COVAXIN has already got an
approval from the Drugs Controller General of India for human clinical trials [32]. The phase I
of the clinical trials turned out to be successful for this vaccine. The second and third stages are
still to be completed and reported. If these stages turn out to be a success too, COVAXIN will
be registered as the country’s “first” indigenous COVID-19 vaccine. When this vaccine will be
ready for mass vaccination, it will have no potential for infection or replication because the
virus is already killed. The preclinical tests on laboratory animals like guinea pigs and mice
have been already being done to determine its efficacy before the company approached
CDSCO for the permission of approval for starting human trials. Twelve institutes have been
approved by ICMR where the clinical trial of COVAXIN was done.

Apart from the abovementioned vaccines, work is going on to develop X-CoV2373 vaccine
by NOVAVAX, at Witwatersrand University in Johannesburg, South Africa. They will start
with the clinical trial soon. Another vaccine AD26 CoV2-S, a Johnson & Johnson creation, is
also under trial. This trial is in collaboration with the Oxford University and the Jenner
Institute. BioNTech in collaboration with Pfizer and Fosun Pharma (Chinese drug-maker)
are developing an mRNA vaccine which is to be delivered in two doses. In May, they
launched a phase I and II trials on two versions of the vaccines. It was observed that both
these versions produced antibodies and T-cells when administered in the human body. One
version, BNT162b2, showed relatively limited side effects (fevers and fatigue) and so allowed
to carry out phase III trials.

Conclusion

There is no specific drug for the treatment of SARS-CoV-2 infection. At the onset of the
pandemic, there were no vaccines or drugs available, and it necessitated the need to having a
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vaccine. The world has got few SARS-CoV-2 vaccines, and the scientists are trying their level
best to discover more. Even after the arrival of the vaccine in the market and after its
distribution among the civilians for use, research and surveillance process must be carried
on for observing and tracking the efficacy of vaccination in the population. Along with it,
actors such as the rate of mutation of the virus, generation of new strains, and the long-term
effectiveness of the vaccine against all the strains should be checked and looked upon. For the
treatment of SARS-CoV-2 infection, RNAi-based therapy can be developed against the novel
coronavirus SARS-CoV-2. RNA interference (RNAi) mechanism can be utilized to formulate
an antidote against the harmful virus. It specifically binds and silences targets by using siRNA
and shRNA molecules. In this review, we lay out the prospects of RNAi technology for
combating SARS-CoV-2 emphasizing on viral delivery approaches and molecular underpin-
ning of design of RNAi agents is summarized. The future of RNAi therapy is of utmost
importance as it is incredibly beneficial for combating SARS-CoV-2. This review could help
to achieve a better understanding of the various aspects of possible vaccine discovery and use
of RNAi technology to combat against SARS-CoV-2 infection.
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