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Abstract

The world is grappling with an unprecedented public health crisis COVID-19 pandemic caused by the novel coronavirus
SARS-CoV-2. Due to the high transmission/mortality rates and socioeconomic impacts of the COVID-19, its control is
crucial. In the absence of specific treatment, vaccines represent the most efficient way to control and stop the pandemic.
Many companies around the world are currently making efforts to develop the vaccine to combat COVID-19. This review
outlines key strategies for generating SARS-CoV-2 vaccine candidates, along with the mechanism of action, advantages, and
potential limitations of each vaccine. The use of nanomaterials and nanotechnology for COVID-19 vaccines development
will also be discussed.
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Abbreviations MERS Middle east respiratory syndrome
ACE2 Angiotensin converting enzyme 2 RBD Receptor binding domain
APC Antigen-presenting cell SARS-CoV-2 Severe acute respiratory syndrome
ChAdOx1 Chimpanzee adenoviral vector 1 coronavirus-2
COVID-19 Coronavirus disease-19 SC Subcutaneous
CQD Carbon quantum dots siRNA Small interfering RNA
LNP Lipid nanoparticles TLR Toll-like receptor
ID Intradermal VLP Virus-like particle
M Intramuscular
Introduction

< Mostafa Rezaei-Tavirani

tavirany @yahoo.com From the beginning of the coronavirus disease (COVID-19),

! Advanced Therapy Medicinal Product (ATMP) Department, the world faced a major health crisis. After months of fight-
Breast Cancer Research Center, Motamed Cancer Institute, ing the disease, medical supplies are often scarce, hospitals
ACECR, Tehran, Iran are overwhelmed, and medical staff are exhausted. The high

2 Proteomics Research Center, School of Allied Medical prevalence and severe clinical impact of COVID-19 have

Sciences, Shahid Beheshti University of Medical Sciences,

forced governments around the world to take strict meas-
Tehran, Iran

ures, including quarantine, social distancing, and isolation of
patients with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection, to prevent the spread of the virus
and to tackle pandemic [1]. However, the incidence and mor-
tality rate of COVID-19 is still high, especially because of
the constant mutations in the viral structure of SARS-CoV-2.
The rate of mortality and severity of COVID-19 is higher
in elderly persons, and patients with immunodeficiency
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diseases, cancer, diabetes, and cardiovascular disease [2].
As of 20th December 2021, COVID-19 has already caused
273,900,334 confirmed cases globally, including 5,351,812
deaths, reported to WHO [3]. Given the urgent need to
manage and treat COVID-19 patients, a variety of treat-
ment options from antiviral agents, repurposed drugs, and
protease inhibitors to convalescent plasma and monoclonal
antibodies are in clinical trials [4]. Nevertheless, no licensed
and effective treatment for this disease has been found. In
the challenging situation of the COVID-19 pandemic and
the lack of approved therapeutic protocol, it seems vacci-
nation can be the best approach to controlling the disease.
Generally, vaccination is one of the most effective public
health interventions that modern medicine offers to prevent
the large-scale spread of infectious diseases economically
[5]. The impact of scientific advances is quite evident in
COVID-19 vaccine development, as in this case the com-
mon required time for the effective vaccine has been reduced
from more than a decade to about a year. However, lever-
age from what has been learned from prior infectious dis-
ease outbreaks; severe acute respiratory syndrome (SARS)
and the Middle East respiratory syndrome (MERS), along
with research from recent years characterizing next-genera-
tion and high-tech vaccine platforms helped to accelerate the
process and shorten the development timeline [6].

According to last data from WHO on December 17, 2021,
137 vaccine candidates are undergoing human clinical trials
worldwide and 194 vaccine candidates are in the preclinical
development stage. Of these, at least six COVID-19 vaccine
trials have reported very promising provisional results and a
total of 8,387,658,165 vaccine doses have been administered
[7]. In this context, a variety of platform technologies have
been employed by various research groups to make notable
advances in developing vaccines in a short time. These vac-
cine platforms are ranging from virus-based (live attenuated
and inactivated) and protein-based (subunit and virus-like
particle) to novel gene-based and nano-based strategies.
In this review, the principles and design considerations in
COVID-19 vaccine development, including antigen selec-
tion, the routes and regimens of vaccination, and various
vaccine platforms are discussed. We address the importance
of nanotechnology to design COVID-19 vaccine candidates.
Finally, we discuss advantages, disadvantages, and chal-
lenges regarding each COVID-19 vaccine platform.

COVID-19 vaccine development

Viral vaccines are biological products that can induce
activity. Because vaccination is probably the most effec-
tive way to overcome the pandemic, attempts to develop
safe and effective SARS-CoV-2 vaccines have been ignited
in several countries. Before using a vaccine in a larger
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population, its safety and efficacy must be fully deter-
mined. Ineffective vaccines not only cannot protect against
the virus but can also cause diseases through antibody-
dependent boosting or other mechanisms [8]. Before vac-
cine development, the collection of important information,
including target antigen detection, immunization pathway,
vaccine platform, correlated-immune protection, animal
models, scalability, production capability, outbreak esti-
mating, and target population must be clearly defined [9].
To date, more than 200 candidates for the COVID-19 vac-
cine are being developed in various stages of trials and the
number is continuing to grow [10]. This diversity of vac-
cine candidates faces a wide range of challenges from pro-
ducing, manufacturing, storing to injecting them into vul-
nerable individuals in the short term. Choosing the right
type of vaccine, carrier or vector, adjuvant, excipients,
dosage form, and route of administration can be a solution
to overcome these challenges and also have a direct impact
on the effectiveness of the vaccine against COVID-19 [10].

In traditional (classical) vaccines, the entry of a dead
or weakened pathogen into a healthy person's body warns
his/her immune system that some foreign organisms have
invaded the body and must be removed [11]. In the classic
platform, antigens derived from inactive or semi-active
bacteria or weak viruses can cause disease once they enter
the body, but are still able to activate the immune system
to make its cells produce antibodies. Since then, if a per-
son comes in contact with a native pathogen, the body's
immune system prepares the necessary antibodies and
multiplies them much faster because it has already been
sensitized to the vaccine [11].

Similar to what has already been described for thera-
peutic development, the remarkable genomic match of
SARS-CoV-2 to different coronaviruses helps vaccine
developers to design the most promising candidates for the
COVID-19 vaccine [12]. Artificial intelligence and other
computational tools are currently being used to accelerate
the process of vaccine development against this new path-
ogen [12, 13]. Moreover, in order to minimize the viable
dose and to expand the therapeutic and safety window, the
enhancement of immunogenicity with the help of vaccine
adjuvants is also being a consideration. In this light, ASO3,
MF59, and CpG 1018 are several approved adjuvants pro-
duced specifically for the COVID-19 vaccine [12].

The design of the vaccine includes the selection of
antigens, vaccine platforms, and routes and regimens for
vaccination [14]. The relative immunogenicity of vaccine-
derived viral antigens, whether an immune adjuvant is
needed, and the essence of protective immunity are deter-
mined by the choice of the vaccine platform. The suit-
ability of a vaccine for a specific vaccination route and
whether a prime-boost vaccination regimen is necessary
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to improve mediated protective immunity and stability of
vaccine is also determined by these characteristics [14].

This section will outline the important facets of COVID-
19 vaccine development that should be considered.

Antigens selection

Based on SARS/MERS experiences, the research vaccine
development proposes S1/S2 protein subunits, receptor-
binding domain (RBD), and S protein/gene as the most pre-
ferred target sites. To date, several potent neutralizing mon-
oclonal antibodies (nAbs) to SARS-CoV-2 that target the
RBD have entered clinical trials. Non-neutralizing antibod-
ies are generated to S, E, and M proteins. However, unlike
the S protein, M and E proteins have never been explored as
vaccine targets alone against COVID-19 due to their poorly
immunogenic for humoral responses [15]. Because of the
uncertainly role of these non-neutralizing antibodies, as
well as inadequately neutralizing antibodies in antibody-
dependent enhancement (ADE) disease, the addition of
other structural (N) and/or non-structural proteins as vac-
cine antigens may contribute to a more balanced response
relating humoral and T cell-mediated immunity [15]. The
inclusion of highly expressed proteins (e.g., N protein) or
highly conserved functional proteins that have a key role in
the life cycle of virus (e.g., RNA-dependent RNA polymer-
ase) in a vaccine design can ensure that all emerging variant
strains are targeted.

The routes and regimens of vaccination

The vaccination route is an integral part of vaccine strate-
gies, especially important for mucosal pathogens such as
SARS-CoV-2 and those pathogens against which optimal
protection is provided not only to neutralizing antibodies but
also to innate and adaptive cellular immunity.

The best opportunity to control and clear SARS-CoV-2 is
the asymptomatic course of COVID-19 (2 to 12 days), which
probably requires the presence of all the protective elements
in the respiratory mucosa before the virus enters [14].

Emerging studies show that all or the majority of patients
with COVID-19 have a strong and broad T-cell response in
both CD4 and CDS8, and some people develop a memory
phenotype that heralds potential long-term immunity. In
addition, milder patients of COVID-19 have more number
tissue-resident memory T cells (TRM cells) in the respira-
tory tract than patients with severe patients [14, 16]. Evi-
dence shows that the induction of such lung TRM cells
depends on the vaccination route. The most common par-
enteral routes include subcutaneous (SC), intradermal (ID),
and intramuscular (IM); while common mucosal routes are
non-invasive oral and nasal. The respiratory mucosal route

of vaccination is adept at strong inducing antibodies and
lung TRM cell responses as well as macrophage-mediated
trained immunity, whereas parenteral vaccination is unable
to do so [14, 17].

Protein subunit, inactivated virus, and nucleic acid vac-
cines cannot be delivered through the respiratory mucosal
route due to their need for potentially risky immune adju-
vants and repeated delivery. By comparison, recombinant
viral-vectored vaccines, particularly those using Ad5 and
ChAd are safe and highly effective in the respiratory mucosal
vaccination route [18].

Former studies in SARS-CoV patients have reported sig-
nificant reductions in neutralizing antibody titers between 1
and 2 years after infection. Regularly, weak immunogenic
vaccines require a repeated homologous vaccination regimen
to be effective [19]. Since it is not yet known a COVID-19
vaccine strategy would be used or how long the protection
caused by the vaccine will last in humans, a homologous or
heterologous vaccination regimen may be needed to main-
tain the protection.

Vaccine platforms

Candidates for the COVID-19 vaccine come in a variety
of compositions, from traditional whole-pathogen vaccines
to new-generation vaccines. Classic vaccine platforms can
consist of live attenuated virus, inactive virus, protein subu-
nit, and virus-like particle. While next-generation platforms
are including recombinant viral vector, nucleic acid-based,
and antigen- presenting cells [11, 14, 20]. The different
types of vaccine platforms have been shown in Fig. 1. Some

Viral vector

\V,

\;\Yq,’ QLo '
Inactivated ‘;rf o Tt .;r- A Attenuated
virus &5 /‘:_;,.: (/( \J) }Z, ' { :.4 virus
i, %N \ .
1% Pt
$ P 4
S PRS:Coy;
\,\Y,‘ » <
Yoo X
RNA b DNA
o« 5 Fadll 4
v, =
b &
P e plat®
\AY«.)
Virus i A ‘
. . ol : APCs
like-particle 7 e
P

Protein subunit

Fig.1 The vaccine platforms for COVID-19 vaccine development
(Created with BioRender.com)

@ Springer



4946

Molecular Biology Reports (2022) 49:4943-4957

platforms provide crucial advantages such as nucleic acid-
based with antigen manipulation flexibility, and viral vectors
offer their strong immune response, superior protein expres-
sion, and prolonged stability, whereas the recombinant pro-
tein-based development approach is easier to scale up using
established manufacturing capabilities [12]. In Table 1 we
list some of the most advanced COVID-19 vaccine candi-
dates that have recently moved into clinical development. In
the following, we aim to review different types of vaccines,
their compositions, advantages, disadvantages, and potential
limitations of vaccine development.

Live attenuated viral vaccines

Classically, live attenuated virus vaccines are produced by
passing through cell culture until their pathogenicity is lost
and only a mild infection is caused upon injection. Live
attenuated vaccines can naturally provide two components
required to alert and activate the host immune system: anti-
gens and infection signals. Attenuated virus strains can be
rationally designed by mutation or deletion of virulence
genes. In this strategy, deletion of various non-structural pro-
teins, as well as of the structural E protein, has been used to
engineer vaccine strains of numerous coronaviruses [14, 21].
The E protein deletion leads to attenuation and production of
an efficient vaccine strain, but the deformation of the attenu-
ated phenotype has been recorded [22]. Consequently, the
deletion of virulence factors can provide a preferred attenu-
ation mechanism.

Codon deoptimization is another method for viral attenu-
ation that noticeably slows the translation of the viral protein
during infection. This method can produce a highly weak
in vivo virus that can still replicate in vitro if the right viral
protein is chosen for deoptimization [14]. For COVID-19,
Calmette—Guérin (BCG), as a live attenuated vaccine, is
under investigation in clinical trials (Table 1). BCG is an
FDA-approved vaccine that has been developed against
tuberculosis a century ago and is repurposed against SARS-
CoV-2 infection now.

The main drawbacks associated with live attenuated vac-
cines are potential safety concerns. Live attenuated vaccines
are usually more reactive than recombinant protein-based
vaccines, and can infect or reverse the virulent strain in indi-
viduals with weakened immune systems.

Inactivated viral vaccines

Physically or chemically inactivated viral vaccines are one of
the oldest approaches to vaccine design that have been used
successfully against various human viral infections such as
polio, hepatitis A and influenza [23]. The principles of this
method include injecting the inactivated virus into the host,
which induces an immune response and then promotes a
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strong immunity against the virus. In a pandemic scenario,
inactivated viruses can be produced and scaled up quickly
using well-established infrastructure and techniques (Fig. 2)
[14]. Contrasting their live attenuated counterparts, inacti-
vated viral vaccines have few safety issues, and they convey
a large range of native viral antigens, including surface anti-
gens with conserved epitope conformations that can stimu-
late conformation-dependent responses to antibodies [24].
Because completely inactive viruses do not replicate, adju-
vants and repeated administration are needed to stimulate
the immune system and the full efficiency of these vaccines.
Additionally, inactivated viral vaccines are poor inducers of
cytotoxic CD8+ T cells that are likely to be needed for a suc-
cessful COVID-19 vaccine, as are protein subunit vaccines.
Such safety issues can be avoided by the use of TH1 cell-
skewing modified alum or other adjuvants like CpG [25].
A phase III trial of BBIBP-CorV is currently underway by
Sinopharm (ChiCTR2000034780).

Recombinant viral-vectored vaccines

Recombinant viral-vectored vaccines use a bioengineered
viral vector that lake its reproduction ability to express and
clone antigens derived from the target pathogen. Common
vectors used in this platform are lentivirus, retroviruses,
adenovirus, and adeno-associated virus (AAV). Given their
genetic malleability, safety, and capacity to stimulate strong
cellular immune responses without the need for an adjuvant,
the non-replicating viral vaccines have been extensively
studied and have a well-established record for infectious
diseases. Also, a single dose of these viral vector-based vac-
cines can be sufficient for protection [26].

While the commercial method of producing viral vectors
for gene therapy was created decades ago, the complexity
of viruses needs optimization for particular products to sat-
isfy quality and cost-effectiveness criteria. A bottleneck of
virus vector production is the scaling-up of virus produc-
tion capacity [10, 27]. To achieve scaling up, a suspension
expression system cultured in a bioreactor may be used to
replace the adherent cells grown in cell stacks [10]. The
size of the filter pores is important, if the size of the pores
of the chosen filter is small, virus particles will stick to the
cell membrane, cell debris, and/or impurities of the host
cell, and if the selected filter is large pore size, it will lead to
insufficient removal of process-related impurities. Success-
ful impurity removal, high recovery efficiency maintenance,
and cost reduction for each dose depend on the optimiza-
tion of the downstream process such as centrifugation, DNA
digestion, size exclusion chromatography, ion-exchange
chromatography, and tangential flow filtration methods [28].
Removal of residual host cell DNA and host cell proteins is
another dilemma of the suspension virus construction pro-
cess because DNA and proteins may adhere tightly to viral
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of Turkey

Vaccine-Wuhan; Vaccine-Alpha variant; Vaccine-

Wuhan + Alpha variant

Viral vector (Replicating) + APC Dendritic cell vaccine AV-COVID-19. A vaccine

Phase 1/2

NCT04386252

Aivita Biomedical, Inc

National Institute of Health Research and Develop-

consisting of autologous dendritic cells loaded

ment, Ministry of Health Republic of Indonesia

with antigens from SARS-CoV-2, with or without

GM-CSF
COVI-VAC

Phase 1

NCT04619628

Codagenix/Serum Institute of India

Live attenuated virus

particles and be destroyed by chromatographic processes
[28]. In the development of the production process, the bio-
physical characteristics of the individual virus type and the
relationship between each stage must also be considered.

Early clinical trials data showed significant antibody and
cell-mediated responses after a single dose of adenoviral
vectored vaccines, Ad5-nCoV and Ad26.CoV2. S. Since
Ad26 is generally less immune than Ad5, repeated homolo-
gous or heterologous vaccinations are needed for successful
immunity, as shown in human studies of the Ad26-HIV and
Ad26-Ebola vaccines. However, the single parenteral perfor-
mance of the vaccine Ad26-vectored COVID-19 provided
robust safety in the non-human primate model SARS-CoV-2.
Phase I (NCT04568811) and phase II (NCT04566770) tri-
als are ongoing to evaluate the safety and immunogenic-
ity of a booster dose six months after prime and the two-
dose regimen. Moreover, a single-center, randomized and
double-blinded trial is also undergoing testing the immu-
nobridging between different manufacture scales and lot-
to-lot consistency of the Ad5-nCoV in different age groups
(NCT04916886).

A phase 3 clinical trial has been done by Oxford Uni-
versity in cooperation with pharmaceutical company Astra-
Zeneca to define the safety, efficacy, and immunogenicity of
the non-replicating ChAdOx1 nCoV-19 (AZD1222) vaccine
(NCT04536051) [14]. in February 2021, phase 4 clinical
trials have been started for the non-replicating ChAdOx]1
nCoV-19 vaccine.

AZD1222 has been licensed by the UK Medicines and
Healthcare products Regulatory Agency (MHRA) to provide
emergency immunization for adults aged 18 and over, and
it is recommended to inject two doses at an interval of four
to 12 weeks.

Protein subunit vaccines

The protein subunit vaccine uses full-length SARS-CoV-2 S
protein or a protein fragment such as the RBD or combina-
tion of RBD with a carrier protein as the antigen for induc-
ing a strong immune response against the virus (Fig. 2). The
biggest downside of the recombinant protein vaccine is that
due to the poor immunogenicity of proteins and peptides,
this vaccine usually only triggers humoral immune responses
and sometimes has only partial protection against viral infec-
tions. Therefore, these vaccines often require not only an
adjuvant in the formulation but also repeated administration
to establish immune memory. Besides, protein vaccines are
not appropriate for respiratory mucosal vaccination. Similar
to inactivated viral vaccines, unmodified alum as an adjuvant
inhibits the immune response that is undesirable for host
defense and may play a role in ADE of disease [29]. In this
regard, a placebo-controlled 1/2 phase trial (NCT04368988)
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was assessing the immunogenicity of a full-length recom-
binant SARS-CoV-2 spike nanoparticle vaccine (NVX-
CoV2373) with and without Matrix-M as the adjuvant [10].
The Novavax vaccine is currently in phase 3 trial.

Virus-like particles

Virus-like particles (VLPs), which form particles spontane-
ously assembled from several viral structural proteins, are
gradually emerged as vaccine delivery agents. These mul-
timeric structures can directly stimulate the immune sys-
tem via imitating the 3D structure of native viruses. VLPs
are good options for vaccine production due to the lack of
infectious genetic material as well as functional proteins
for virus entry. Compared to attenuated viruses, Virus-
like particles are safer and more effective and have higher
immunogenicity. Moreover, VLPs have outstanding adju-
vant characteristics, and are able to induce both humoral
and cellular immune responses. Considering these features,
several commercial vaccines have been developed based on
the VLPs platform [14]. In the case of coronaviruses, VLPs
are formed when the viral proteins (S, E, and M with or
without N) are co-expressed in eukaryotic producing cells.
This results in active budding from the producer cells of
VLPs that are structurally similar to the infectious virus but
are non-infectious due to the lack of a viral genome. VLPs
are capable to bind and enter into cells presenting ACE2 by
the S protein on their surface in the same way as the parent
virus [30]. Contrasting subunit vaccines, the S protein array
on the VLPs surface crosslinks to the receptor of B cells and
activates these cells directly, but VLPs often usually require
an adjuvant and multiple doses, like inactivated and subunit
viral vaccines. Nevertheless, the technology of VLPs is well
established, the biology and safety of coronavirus VLPs are
well known, and their large-scale construction is relatively
simple [31].

RNA vaccines

Compared to other vaccine approaches, the mRNA-based
COVID-19 vaccines are more attractive due to their low cost
and rapid manufacturing process. The use of nanotechnol-
ogy boosts the delivery of mRNA vaccines via the ID or IM
route. In this light, antigen-encoding mRNA that coated with
lipid nanoparticles (LNPs), as a stable lipid bilayer, can be
effectively transferred in vivo into the host cells, which is
an advantage over recombinant protein subunit vaccine plat-
form [8]. After uptake into cells, mRINA prompts the expres-
sion of viral antigen in target cells, which in turn induces the
adaptive immune system to produce neutralizing antibodies
against the target antigen (Fig. 2). The mRNA vaccines are
non-infectious and are synthesized without microbial mol-
ecules by in vitro transcription. These beneficial properties

@ Springer

distinguish mRNA vaccines in terms of protection, effective-
ness, and anti-vector immunity issues from live attenuated
viral vaccines, inactivated viral vaccines, recombinant viral-
vectored vaccines, and protein subunit vaccines. Therefore,
these features enable rapid and inexpensive manufacturing
and repeat vaccination. Another advantage of the RNA vac-
cine platform is likely induction of protective immunity
by using a lower dose because, in self-replicating RNA
vaccines, more vaccine antigen is expressed per cell [26].
However, there are concerns regarding the instability of
delivering naked RNA, along with the size of the delivered
molecules [32, 33].

RNA vaccines may also be associated with adverse
effects, considering their strong immune capacity. RNA
vaccines can lead to autoimmune disorders through the
induction of the development of type I IFNs. In addition,
because RNA vaccines contain a non-human polynucleotide,
an unwanted immune response may be triggered, leading to
extreme immune reactions and adverse effects [20].

A number of major biotechnology companies, such as
BioNTech, Pfizer, Moderna, and CureVac, have developed
COVID-19 vaccine using the advanced mRNA vaccine
platform. mRNA-1273, which is produced by Moderna,
encodes a perfusion-stabilized spike protein encapsulated
in LNPs. Moderna mRNA-1273 was the first vaccine to
enter phase I clinical trials (NCT04283461) and has shown
promising results in preclinical studies in the fight against
COVID-19 [34]. It has shown 94% efficiency in phase 3
clinical trials (NCT04470427) [35]. A phase 4 clinical trial
(NCT04760132) has been launched to evaluate the effec-
tiveness and safety of this SARS-CoV-2 vaccine [36]. Fur-
thermore, a clinical trial INCT04380701) has been designed
to investigate the safety, efficacy, and immunogenicity of
Pfizer’s nucleoside-modified mRNA candidates (BNT162al,
BNT162bl, BNT162b2, and BNT162c2) in preventing
COVID-19 [37]. Phase 1/2 studies have revealed that, com-
pared to Moderna's candidate vaccines, BNT162b1 induces
a stronger CD8-T cell response, which can promote the pro-
duction of CD4-T cells and neutralizing antibodies [38].

The phase 3 clinical trial (NCT04368728) shown that the
lipid nanoparticle—formulated BNT162b2 vaccine in per-
sons 12-to-15-year-old produced a greater immune response
than in young adults, and had a favorable safety and efficacy
against Covid-19 [39]. A two-dose regimen of this vaccine
conferred 95% protection against SARS-CoV-2 in 16 years
of age or older recipients [40].

DNA vaccines

For decades, recombinant plasmid DNA has been explored
as a vaccine platform. DNA vaccines include a genetically
engineered plasmid encoding the pathogen-specific anti-
gen, and a vector responsible for carrying the plasmid into
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the host cell. The injection needs to be accompanied by
electroporation for efficient absorption of the plasmid into
cells. After transduction, an engineered plasmid induces the
expression of the vaccine antigen (Fig. 2). Plasmid DNA
vaccines share many features with mRNA vaccines, such as
safety, ease of manufacture, and scalability [41]. However,
these vaccines are poorly immunogenic, requiring repeated
administration and the addition of an adjuvant. DNA vac-
cines have been investigated in a broad variety of infectious
diseases and have also been considered in the COVID-19
pandemic.

A phase I clinical trial (NCT04336410) is designed by
Inovio Pharmaceuticals to study the effect of a synthetic
DNA vaccine expressing SARS-CoV-2 S protein (INO-
4800) against COVID-19 [20]. Sun et al. used CRISPR/
Cas9 system to generate mouse models expressing hACE2
to study the transmission and pathogenesis of SARS-CoV-2
and to develop a useful tool for evaluating COVID-19 vac-
cines [42].

DNA vaccines are often concerned with certain draw-
backs and side effects because they are genetically modified.
In DNA vaccines, only protein antigens can be utilized as
immunogens. The risk of the formation of anti-DNA anti-
bodies and the creation of dysplasia by prompting mutations
in the host genome are also two examples of the adverse
effects of plasmid DNA vaccines [20].

Antigen-presenting cells

Antigen-presenting cells are the important elements in the
response of the immune system to a vaccine. Tradition-
ally, dendritic cells are usually taken from the person, then
enlarged and manipulated to deliver the desired antigen, and
injected back into the same person. This is expensive and too
time-consuming for a large-scale vaccine. This has led to the
development of artificial antigen-presenting cells (aAPCs)
that by introducing the pathogen-associated antigen to the
adaptive immune cells contribute to the antiviral immune
response. aAPCs bypass the need to harvest patient dendritic
cells. These vaccines are lentivirally modified APCs that
express the proteins of the virus and subsequently activate T
cells and induce an immune response against the virus [43].
In preclinical and clinical studies, aAPCs vaccines have been
considered for the development of the COVID-19 vaccine
[44]. A Phase I clinical trial (NCT04299724), is using inac-
tivated aAPCs expressing conserved structural and protease
epitopes of SARS-CoV-2 to evaluate the safety of this vac-
cine in healthy and COVID-19 positive volunteers [45]. The
deployment of these vaccines on a large scale is prevented
by extra cold chain requirements for cell-based vaccines and
injection methods, particularly because repeated administra-
tion is required for a desirable response. Vaccine platforms

and targeted selected antigens for SARS-CoV-2, and their
advantages and disadvantages are summarized in Table 2.

Nanotechnology and COVID-19

Nanotechnology is an area that is embracing rapidly in
many sectors, ranging from healthcare and medicine to
electronics and construction. In medicine, it is expected
to revolutionize diagnostics, drug delivery, gene therapy,
regenerative medicine, and the treatment of various dis-
eases. It can also be considered to develop drugs with
successful therapeutic effects and lower side effects. [46].
Nanoparticles (NPs) such as metal, peptide, graphene
oxide, small interfering RNA (siRNA), carbon quan-
tum dots (CQDs), and organic materials have been sug-
gested as antiviral agents [47-49]. Today, nanotechnol-
ogy can establish a therapeutic approach for the treatment
of COVID-19 [50]. NPs can deliver drugs to the target
organ accurately at the proper time [51]. NPs that contain
immune-regulating molecules and antioxidants (adenosine
and a-tocopherol, respectively) can deliver their therapeu-
tic contents to inflammation sites and reduce inflamma-
tion, cytokine reactions, and oxidative stress associated
with COVID-19 [52, 53].

NPs have also developed in nanomedicine as identifi-
cation factors and direct inhibitors of various microbes
and cancer cells. Moreover, NPs play an essential role in
vaccines design, diagnosis, follow-up, and therapeutic
responses using non-invasive imaging techniques. Con-
sidering the size of SARS-CoV-2 that is in the nanoscale,
nanotechnology can be used to fight against COVID-19
[54]. Drug NPs can provide new and cost-effective solu-
tions for COVID-19 treatment by increasing biocompat-
ibility, biodegradation, and being environmentally friendly
[55]. In a computational study, ACE2-based peptide inhib-
itors were proposed for SARS-CoV-2 blocking. In this
study, nanoparticles have been considered as carriers to
which multiple peptides bind to their surface. The authors
hypothesized that these designed peptide domain-based
NPs mimic the binding domain of the virus to the ACE2
receptor and could be used as inhaled therapeutics, pre-
venting the virus activation in the lungs [56].

One of the main objectives in COVID-19 vaccine
development is the more effective stimulus of T and B
immune cells against the virus and the production of the
next-generation vaccine with greater immunogenicity [57].
Nevertheless, poor immunogenicity is created because of
the rapid degradation of antigens in the body and fail-
ing of DNA- and RNA-based vaccines to reach the target
sites [58]. Therefore, designing the COVID-19 vaccine
with more protection, durability, immunization, and more
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accessibility to target cells is important. In this regard,
nanoparticle vaccine carriers can be considered [59].

Nano-based vaccine strategists for coronaviruses
Viromimetic nanoparticle vaccine against CoVes

Virus-like nanoparticles (VLNPs) have been proven to be
effective in stimulating the immune system, so much atten-
tion has been paid to the development of VLNPs to com-
bat corona disease [60]. These types of NPs can improve
vaccine performance, immunization, and targeted delivery.
VLNPs play a role with greater vaccine efficacy, rapid pro-
teolytic inhibition of antigens, increased antigen uptake,
antigen release control, and non-toxicity [61]. These NPs
are composed of capsids, which are structural and non-infec-
tious proteins of viruses, and have been modified for use in
nanotechnology. VLNPs can be produced from productive
infections of host material or by recombinant protein expres-
sion and self-assembly [62]. One of the main properties of
VLNPs is that they can contain additional proteins synthe-
sized from multiple antigens [63, 64] and have a protective
function against viruses and heterologous antigens [65].
VLNPs can accommodate the additional proteins expression
or the endogenous expression of multiple antigens as carri-
ers on their surface [66]. Also, these NPs with high surface
energy cause severe adhesion of biological molecules. These
actions are similar to the effect of the virus on stimulating
the immune system to produce antibodies for eliminating the
infection [67, 68]. Thus, VLNPs have special value in vac-
cine production. Peptide-based NPs are also being studied in
the vaccine to fight against the SARS-CoV-2 [69]. Antibody
production and inhibition of coronavirus function have been
observed in self-assembled peptide NPs using the SARS-
CoV-1 S protein [69].

In a study on VLNPs in mice, the MERS-CoV S protein
NPs vaccine with the adjuvant combination of the matrix
protein (M1) shown efficacy in inhibiting the MERS-CoV
replication in the lungs of mice. The high titer of neutral-
izing antibody against S protein indicates a protective state
against the virus in mice [70]. Thus, designed VLNPs with
the S protein can be effective not only against the MERS-
CoV but also against the SARS-CoV-2 because both viruses
use the same mechanism of entry into host cells and cause
infection [71].

Gold nanoparticles vaccine against CoVes

Gold NPs (AuNPs) are more effective in radiation therapy,
cancer cell killing, cell and protein labeling, and drug deliv-
ery to target cells [72]. Therefore, conjugated AuNPs with
a type of coronavirus called transmissible gastroenteritis
virus (TGEV) has been used to assess immunity in mice and

rabbits [73]. The results showed that immunization against
TGEV was performed by significantly increasing the anti-
body titer, increasing the concentration of IFN-y, tenfold
expansion of T cells, and macrophage respiratory activity.
The researchers also developed the anti-MERS-CoV vaccine
by combining ferritin-based NP assembly mediated by RNA.
They concluded that CD4* T cell expression is induced and
eventually led to IFN-y and TNF-a expression. Therefore,
gold-based NPs can be a good option for preparing a vac-
cine against coronavirus [74]. In one study in SARS-CoV-
infected mice, AuNPs and Toll-like receptor (TLR) ago-
nists with recombinant S protein were evaluated [75]. The
AuNPs-adjuvanted S protein vaccine has been claimed to be
very effective in inducing an IgG immune response, how-
ever, the AuNPs-adjuvanted TLR vaccine does not affect
the induction and production of protective antibodies and
eosinophilic infiltration [75].

Polymer-based materials vaccine against CoVes

Polymeric molecules are composed of repetitive and long
units and have found many applications in industry and
medicine due to their special properties [50]. Polymers
are used as delivery systems and adjuvants to improve the
performance of vaccines for increasing immune response,
safety, and effectiveness. Also, the antigen is encapsulated in
polymer structures and creates a barrier to rapid degradation
in vivo [76]. Polymer-Based (PB)-NPs are synthesized with
different formulations and have linear, three-dimensional,
and branched network structures. In this group of NPs, size,
shape, and surface charge play a key role in controlling the
release of the loaded compound [77, 78]. PB-NPs have a
special place in the preparation of VLNP anti-MERS-CoV,
which it could mimic the function of the virus [79]. There-
fore, using PB-NPs to design effective vaccines against
COVID-19 could probably be considered.

Lipid nanoparticles vaccine against CoVes

Lipid-based nanoparticles have different types and physico-
chemical properties depending on their formulations [80].
These NPs include liposomes, niosomes, transfersomes,
solid lipid nanoparticles (SLN), and nanostructured lipid
carriers (NLC). In the lipid-based formulations for each of
these NPs, there are different lipid compounds such as phos-
pholipids, cholesterol, essential oils, surfactants, solid fats,
and edge activators [81]. LNPs are non-viral carriers used
to deliver nucleic acid vaccines to target tissues [82]. These
NPs are used in gene therapy, protein replacement therapy,
and mRNA-based vaccines in cancer and infectious diseases
treatment [83]. Nanostructured lipid carriers (NLCs) are a
group of LNPs that are used as vectors of mRNA-based vac-
cines and have a little toxic effect on the vaccine recipient
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[84]. Today, the best protection against COVID-19 is the
production of RNA-based vaccines [34]. Therefore, several
preclinical studies have evaluated the efficacy and immu-
nogenicity of LNP-mRNA vaccines that encode the SARS-
CoV-2 S protein or S receptor-binding domain [85-89].
The results of a study on the virus S protein RNA encap-
sulated in the LNP vaccine in mice showed an enhanced
immune response against SARS-CoV-2 [87]. As we men-
tioned before, the LNP-mRNA vaccines were developed by
companies like Pfizer and Moderna. The nanoparticle-based
vaccines produced by institutions and pharmaceutical manu-
facturers list in Table 1.

Advantages and disadvantages of applying
nanoparticle-based vaccines

One of the advantages of using NPs in vaccine prepara-
tion is an enhancement of the antigenicity of conjugated or
adsorbed agents [90]. In this case, they can act like viruses
in the form of a pathogen [91]. NPs can be also effective in
stimulating innate and adaptive immune systems. Finally,
NPs play an essential role in antigen delivery as antigen
carriers due to their efficient cell targeting and controlled
release properties [92]. However, NPs-based vaccines have
some limitations. One of the major limitations of the use of
NPs in the design of the vaccines is their cellular toxicity
and the need for an adjuvant to make the vaccine more effec-
tive [93]. Also, the size, shape, charge, and surface area of
NPs have a significant effect on vaccine performance [93,
94]. Other disadvantages of the coronavirus NPs-based vac-
cines include the need for multiple doses, delayed immune
response, and side effects [95].

Potential side effects of COVID-19 vaccine

No vaccine is completely free from the risks of adverse
events or complications [96]. The rapid development pro-
cess and lack of sufficient follow-up time after vaccination
have raised public concern related to the safety of current
COVID-19 vaccine candidates. At present, new regulatory
frameworks were established that authorized the expedited
data review and acceptance of new COVID-19 vaccines
without safety data. Many of the new vaccines are com-
pletely based on new technologies that have never been used
for a licensed vaccine before such as RNA and DNA-based
vaccines [97]. Also, no vaccine against coronaviruses had
ever been licensed for use in humans before [97]. Therefore,
there is some level of hesitation related to side effects and
potential adverse reactions of new COVID-19 vaccines in
the global community.

Increasing studies have been designed to evaluate the
safety risks of SARS-CoV-2 vaccines based on articles and
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results posted on various websites and databases. A meta-
analysis study investigated 87 publications with safety data
from clinical trials and post-authorization researches of
19 SARS-CoV-2 vaccines on 6 different platforms [98].
Obtained results from this analysis showed that inactivated
vaccines, protein subunit vaccines, and DNA vaccines have
significantly lower rates of local and systemic reactions com-
pared with RNA vaccines, non-replicating vector vaccines,
and granular vaccines. Pain at the injection site was the
most frequent solicited local reaction, and fatigue and head-
ache were the most frequent systemic reactions. The fre-
quency of reported serious vaccine-related side effects was
lower than 0.1% and balanced between recipients [98]. In a
meta-analysis study from 25 randomized clinical trials, the
clinical characteristics of COVID-19 vaccines were investi-
gated to better assess their efficacy and adverse effects [99].
The study included 58,889 cases and 46,638 controls who
received the COVID-19 vaccine or a placebo, respectively.
The highest efficacy was related to adenovirus-vectored and
mRNA-based COVID19 vaccines after the first and second
doses. The mRNA-based vaccines indicated higher adverse
effects in reactogenicity, including site pain, swelling, red-
ness, fever, headache, fatigue, induration, vomiting, myalgia,
chills, and pruritus. Severe harmful side effects such as ana-
phylactic shock and allergic reactions were not significant
for these vaccines. Compared to other vaccines, adenovi-
rus vector vaccines are associated with increased diarrhea
and arthralgia. As well, one case of anaphylactic shock was
reported for this vaccine [99]. Various cases of pulmonary
embolism and deep vein thrombosis were reported as rare
events of the Oxford-AstraZeneca vaccine, leading to the
temporary discontinuation of the vaccine’s use in several
countries and the introduction of age-specific rollout in other
countries/regions vaccination. Although, so far, the data is
too limited and anecdotal to provide clear causal evidence
[100]. In like manner, Johnson & Johnson's vaccine was tem-
porarily suspended by the FDA in April 2021, because many
people showed rare blood-related problems due to throm-
bosis and thrombocytopenia syndrome, causing cerebral
venous sinus thrombosis [99].

Overall, an important aspect of COVID-19 vaccine devel-
opment is ensuring that potential safety risks and developing
complications are identified and weighed against the poten-
tial benefits. In this regard, more and more research and
long-term population-level monitoring are strongly recom-
mended, to further strengthen the safety profile of the vari-
ous COVID-19 vaccines.
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Conclusion and future perspective

Nowadays, SARS-CoV-2 has caused an international health
emergency. From the earliest days of the recent pandemic,
researchers have focused on finding a way to treat, prevent,
and overcome COVID-19 using a variety of computational and
experimental techniques. In this situation, along with trying to
find effective treatments for COVID-19, vaccination is the best
way to control the disease. In the light of coronaVac develop-
ment, different approaches from nucleic acids and protein sub-
units to virus-like nanoparticles have been used. None of the
designed COVID-19 vaccines provide 100% protection. This is
why, even with vaccination, there is a chance of infection, but
it is probably asymptomatic or very mild, and the chances of
serious illness and death are actually very low. In cases of pan-
demics such as COVID-19, in addition to the common criteria
for successful vaccine development, including safety, efficacy,
and duration of safety, rapid manufacturing of a vaccine with a
very high production capacity, distributing, and administering
the vaccine to the vulnerable population are other important
challenges. Another bottleneck in the process of vaccine devel-
opment against COVID-19 is constant mutational changes of
the SARS-CoV-2 structure. At the time of writing, Lambda
variant SARS-CoV-2 has emerged with increased infectivity
and immune escape from neutralizing antibodies elucidate
by COVID-19 vaccines. Hence, despite the increasing speed
of immunization against COVID-19 worldwide, the immune
escape variant has raised concerns about the efficacy of the
vaccine. Therefore, universities and companies involved with
the development of new vaccines should be accompanied
by strict genomic and proteomic monitoring to rapidly iden-
tify mutations and analyze their effects on the transmission
rate, severity of pathogenicity, and immune escape for better
COVID-19 vaccine development and pandemic management.
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