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5.1 Introduction

CoronavirusDisease 2019 (COVID-19), causedby severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was first discovered in Wuhan, China, in late 2019
[1]. As of 24 December 2020, COVID-19 has spread to more than 200 countries and
territories and has infected more than 78.7 million people and killed more than 1.7
million people globally and counting [2]. Elderly and those with underlying ailments
such as diabetes, hypertension, heart disease, chronic respiratory disease, and cancer
are at a higher risk of getting infected and exhibiting symptoms [3]. COVID-19
can be easily transmitted by inhalation of respiratory droplets and human-to-human
contact [4]. Hence, most countries have implemented lockdowns and stringent social
distancing policies.

Coronaviruses (CoVs) are enveloped, positive-sense single-stranded RNA
(ssRNA) viruses that belong to theCoronaviridae family [5]. Currently, seven genera
ofCoVs that can cause infection in humans havebeen identified. Four of these viruses,
including human (h)CoV 229E, hCoVOC43, hCoV NL63, and hCoVHKU1, are all
associatedwith relativelymild symptoms [6]. The remaining three genera ofCoVsare
highly pathogenic and can sometimes be fatal. The potentially lethal CoVs, severe
acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS),
and the newly discovered SARS-CoV-2 have caused or continue to cause severe
illness in humans. Most human CoVs cause mild upper respiratory tract infections
like common cold, unlike SARS-CoV, MERS-CoV, and SARS-CoV-2 which cause
severe pneumonia [7, 8]. However, in comparison to SARS-CoV and MERS-CoV,
SARS-CoV-2 has a lower fatality but higher transmission rate [8].

RNA viruses like CoVs evolve by mutations and homologous and non-
homologous recombination, which facilitates the crossing of species barriers. It is
still unclear as to how SARS-CoV-2 was first transmitted to humans. Its origin can
be traced to bats, which is also the original host for other CoV infections in humans
[9–11].

The genome and sub-genomes of a typical CoV include at least six open reading
frames (ORFs). The first ORFs (ORF1a/b), which is about two-thirds of the whole
genome length, encodes 16 NSPs (NSP1-16). The remaining one-third encodes at
least four key structural proteins: spike (S) protein, envelope (E) protein, membrane
(M) protein, and nucleocapsid (N) protein (Fig. 5.1) [12]. The S protein, which is
expressed on the surface of the virus, is required for cell entry and plays a key
role in eliciting immune response during disease progression [13]. The trimeric S
protein consists of two subunits (S1 and S2), which mediate receptor binding (S1)
and membrane fusion (S2). These subunits are further split into different functional
domains. The S1 subunit includes a fragment called receptor-binding domain (RBD)
that binds to angiotensin-converting enzyme 2 (ACE2), a receptor which is expressed
in all organs [14], but primarily found in the lungs [15], brain [16], and gut [17]. After
binding, the S protein is cleaved and activated by host transmembrane protease, serine
2 (TMPRSS2), for cell entry [18]. Studies based on the full-length genome phyloge-
netic analysis show that SARS-CoV-2 shares approximately 79% sequence identity
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Fig. 5.1 Schematic representation of structure and genome of SARS-CoV-2 a SARS-CoV-2 is an
enveloped RNAvirus with fourmain structural proteins: spike (S), membrane (M), envelope (E) and
nucleocapsid (N) proteins. b The single-stranded RNA genome of COVID-19 encodes two large
overlapping open reading frames (ORFs) that makeup about two-thirds of the viral genome. These
two ORFs encode 16 non-structural proteins (nsp1-nsp16). The 3′-end (the remaining one-third of
the viral genome) encodes the four structural proteins (S, M, E and N) and accessory proteins

and has a similar cell entry mechanism and human receptor usage as SARS-CoV
[10]. The SARS-CoV-2 genome shares about 50% sequence identity with MERS-
CoV [9]. Therefore, previous investigationsmostly onSARS-CoVand to some extent
on MERS-CoV can provide insights into vaccination strategies for COVID-19.

It is indisputable that the world will not return to normality until an anti-SARS-
CoV-2 vaccine is developed. Therefore, a lot of efforts are being put into developing
safe and effective vaccines against SARS-CoV-2. Some vaccines are currently in
advanced clinical stages, and a few of them have already received emergency autho-
rization in some countries. Here, we summarize the SARS-CoV-2-immune system
interaction and provide an overview of previous efforts made on SARS-CoV and
MERS-CoV vaccine development. In addition, we will discuss recent efforts made
towards COVID-19 vaccine development.
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5.2 COVID-19 and Immune System Interaction

5.2.1 Innate Immunity

The first line of defense against viral infections is known as the innate immunity. The
innate immunity provides an initial, non-specific response, with no memory induced
[19]. Due to its novelty, our understanding of the human immune response against
SARS-COV-2 is in its infancy and much remains to be understood. However, the
virus-host interactions in SARS-CoV-2 are most likely to recapitulate many of those
that are seen in previously discovered CoVs due to their resemblance [19].

Upon binding of SARS-CoV-2 and entry to the cells through the ACE2 receptor,
the innate immune system gets triggered [13]. The innate immune response is key for
targeting and restricting infected cells and for the subsequent activation of the adap-
tive immune response. The host immune system recognizes the pathogen via pattern-
recognition receptors (PRRs) signaling such as toll-like receptors (TLRs), a family
of 11 transmembrane receptor proteins that recognize pathogen-associated molec-
ular patterns (PAMPs) [20, 21]. TLRs are important sensor molecules that detect a
wide range of microbial pathogens. For RNA viruses like CoVs, the receptors, TLR3
and TLR7, recognize the viral single-stranded RNA (ssRNA) and double-stranded
RNA (dsRNA) [22]. After PRR activation, downstream signaling cascade leads to
the secretion of proinflammatory cytokines including type I/III interferons (IFNs),
interleukin-1 (IL-1), IL-2, IL-6, IL-7, IL-18, and tumor necrosis factor-α (TNF-α),
therefore, initiating the defensemechanism against viral infection [19]. Togetherwith
the pro-inflammatory cytokines, there will be a strong local inflammatory response
that can lead to an influx of neutrophils and other myeloid cells into the lung [19]
(Fig. 5.2). This is also seen in SARS-CoV and MERS-CoV infections indicating the
importance of cytokine storm and lymphopenia in the COVID-19 pathogenesis [23,
24].

Cytokines induce the infiltration of immune cells to remove infectious viral agents.
Most individuals infected with COVID-19 recover from the disease symptoms once
the infiltrated immune cells clear the infection. However, dysregulation of proin-
flammatory cytokines can have detrimental consequences for the host and lead to
pathogenesis [19]. Therefore, the activation of the innate immune system must be
strictly modulated since excessive activation can cause systemic inflammation and
tissue damage [25].

Similar to other CoVs, SARS-CoV-2 has several mechanisms to evade innate
immune recognition, such as masking its antigenic epitopes, RNA shielding, and
synthesizing viral proteins that hinder anti-viral responses [26, 27]. SARS-like
CoVs encodes multiple proteins that antagonize IFN responses and are critical for
promoting early viral pathogenesis [28, 29]. Similarly, severe cases of COVID-19
have shown impaired IFN-I/III signaling profile as compared to moderate or healthy
cases [30]. Therefore, SARS-CoV-2 promotes prolonged survival via suppressing
IFN-I/III signaling, which gives it adequate time to spread inside pneumocytes and
alveolar cells [31].
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�Fig. 5.2 Overview of innate immunity (a), adaptive immunity (b), and cytokine storm (c) longs.
a Innate immunity is initiated upon detection of the viral pathogen by the pattern recognition
receptor (PRR). Following viral recognition, the expression of cytokines and interferons is induced.
bAdaptive immunity is triggered when infected dendritic cells travel to lymph nodes to activate the
T and B cells. The T cells and antibodies produced by the B cells attack viruses and virus-infected
cells. cAfter viral infection, immune cells identify the virus and produce cytokines. These cytokines
attract more immune cells which in turn produce more cytokines and lead to a cycle of inflammation
that can eventually damage the lungs and cause respiratory failure

Another strategy to escape the innate immune recognition is the evolution of low
genomic cytosine phosphate guanosine (CpG). Typically, the CpGmotifs in genomes
of RNA viruses are targeted and degraded by the zinc-finger antiviral protein (ZAP).
Among the beta-CoVs, SARS-CoV-2 has the most severe CpG deficiency [27, 32].
Another way to protect mRNA is the processing of capping the 5’ ends of the viral
RNA. Degradation is decreased by capping since it prevents viral recognition by
cytosolic PPRs. Similar to other CoVs, SARS-CoV-2 uses its own cappingmachinery
to synthesize 2’-o-methyltransferase caps [33]. These RNA caps are indistinguish-
able from cellular mRNAs caps, thereby they do not get targeted for degradation. All
and all, these mechanisms pave the way for widespread infection of the virus.

5.2.2 Adaptive (Active) Immune Response

5.2.2.1 Cell-Mediated Immune Response

After virus entry and the subsequent activation of the innate immune response, the
adaptive immune response gets triggered to eliminate the virus. Adaptive immuniza-
tion typically produces long-term immunity due to stimulation of the immune system
by the exposure to an antigen. The adaptive immune system consists of three main
lymphocytes: B cells (antibody-producing cells), CD4+ T cells (helper T cells), and
CD8+ T cells (cytotoxic or killer T cells).

The CD4+ T cells are responsible for regulating CD8+ T cell responses, humoral
immunity, as well as macrophage-mediated antiviral activity. In addition, the CD4+
T cells play a pivotal role in recruiting cells to infection sites. On the other hand, the
CD8+ cells regulate viral infections via lysing the infected cells, secreting cytokines,
and forming memory cells to provide protection if reinfection occurs. Nonetheless,
these viral sensing mechanisms can often over induce the immune response and
eventually lead to tissue damage [25].
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5.2.2.2 Antibody-Mediated Immune Response

SARS-CoV-2 triggers a robust B cell response. The activation of B cells triggers
antiviral antibody secretion and acts against the virus through a number of different
mechanisms, including neutralization, opsonization and activation of complementary
proteins [34]. Antibody-mediated immune response plays an essential role against
CoV infections. The S protein, specifically the RBD subunit, is the main target for
neutralizing antibody (NAb)-mediated inactivation of SARS-CoV-2 by inhibiting it
from binding to ACE2 receptors. Therefore, NAbs remain even after infection to
prevent the virus from re-infecting the host. In addition, NAbs are responsible for
viral clearance during acute phases of the infection andmodulate disease progression
[35]. Most COVID-19 vaccine efforts focus on eliciting NAbs and CD4+ or CD8+
T cells. Therefore, the main role of a vaccine is to induce both arms of the adaptive
immune system and to elicit adequate amounts of T and B cells.

5.3 Vaccine Development

5.3.1 Pre-clinical Studies

Vaccine development is a lengthy process and typically takes many years to develop
a safe and effective vaccine. The first step in vaccine development involves basic
laboratory research and computational modeling to identify natural and synthetic
antigens that can be exploited as a vaccine candidate. Afterwards, the pre-clinical
stage is initiated which involves evaluating the safety and the immunogenicity of the
vaccine by testing it in various animal models. These studies provide insights into
the cellular responses that might be expected in humans. Also, the safest starting
dose and methods for administering the vaccine for the next phase of research will
be determined through this stage of development.

There are various animal models for preclinical testing of SARS-CoV-2. These
animal species have different degrees of susceptibility to SARS-CoV-2 depending
on the binding affinity of the virus to the host ACE2 receptor or on host protease
activities on the S protein [18]. Cats, ferrets, hamsters, mouse models, and non-
human-primate models are all susceptible to SARS-CoV-2 and are usually used as
animal models in pre-clinical studies [36]. The non-human primate models, particu-
larly rhesus macaques, exhibit the highest binding affinity for SARS-CoV-2 among
the animal models tested [37]. These species show viral shedding from the upper
and lower respiratory tract. Nevertheless, their symptoms, clinical signs, and disease
severity are different from humans [38, 39].

Mice are also a popular animal model for pathogenesis studies of many viruses.
Nonetheless, conventionalmice lack appropriate receptors to initiate CoVviral infec-
tion. The ACE2 receptor of these organisms does not bind well to the S protein of
SARS-CoV-2 [40]. To circumvent this issue, transgenic mice expressing human
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ACE2 have been developed. Previously these mice were tested with SARS-CoV and
are now being tested with SARS-CoV-2. These mice have been shown to replicate
SARS-CoV-2 in the lung and exhibit similar interstitial pneumonia as humans [41].
Another approach involves utilizing mouse-adapted CoV strains that could mimic
and induce health conditions identical to human infection [42]. This strategy has been
employed for SARS-CoV using conventional mouse strains without the requirement
of transgenic mice expressing the human ACE2 receptor and is now being employed
for SARS-CoV-2 [43, 44].

5.3.2 Clinical Studies

After assessing the immunogenicity and safety of the vaccine in animal models,
progress ismade to humanclinical studies. The clinical-stage of development consists
of at least three phases and progresses sequentially. After the clinical stage, the
vaccine proceeds to regulatory approval and licensing. The phase I trial consists of
short-term studies in which the vaccine is administered to a small number of healthy
adult participants usually between 20 and 80 subjects to assess the safety, reacto-
genicity and the type of immune response the vaccine may produce. The optimal
dose range and the desired route of administration are evaluated. In some cases, the
participants are challenged with the pathogens under a controlled environment to
find the true effect of the vaccine [45]. The preliminary information on efficacy and
immunogenicity is analyzed and if satisfactory results are achieved, the trial advances
to the next phase.

Following the completion of phase I trials, the phase II trials are conducted. In
phase II, a large-scale (several hundred) of the target population will be tested. These
trials are randomized, well-monitored, with a placebo control group. The purpose of
this phase of testing is to examine the vaccine’s safety, efficacy, and proposed doses.

The final phase in clinical evaluation before product licensing is the phase III trial,
in which the vaccine is tested in a larger group of people. The designs of phase II
and phase III are alike, but the target population of phase III is much larger. These
trials are designed to evaluate the efficacy and safety of the final formulation. The
immunogenicity (production of antibodies/cell-mediated immunity) is tested in this
stage. After a successful phase III trial, the vaccine will go through licensing, as part
of post-marketing surveillance.

In normal circumstances, vaccine development takes approximately 10–15 years
[46]. The fastest vaccine development has been for mumps, which took about five
years to get approved. The speed with which the COVID-19 vaccine has been
developing is faster than conventional vaccines against other diseases and there is
an overlapping of clinical trial phases and the whole process is compressed into
12–18 months.
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5.4 Vaccine Platform Technologies

A variety of novel vaccine platform technologies have been established over the
past decades. These platforms range from inactivated or live attenuated pathogens,
protein subunit, nucleic acid-based (RNA or DNA), virus-like particle (VLPs), non-
replicating, and replicating viral vectors, with all of them having different advantages
and disadvantages (Table 5.1). Most viral vaccines that are currently available for
human use are virus or protein-based. The virus-based vaccines employ inactivated
or live attenuated viruses. These vaccines are highly effective for contagious diseases.
However, their production is time-consuming and complicated. In addition, extensive
safety testing is required to ensure that the virus does not revert to its infective state
[47]. Protein-based vaccines exhibit more safety and are easier for mass production
than whole-virus vaccines. However, their immunogenicity is lower and might need

Table 5.1 Vaccine production platforms and their advantages and limitations

Vaccine platform Advantage Disadvantage

Live-attenuated vaccine High potency; long-lasting
immune response; provides ‘one
shot’ immunity

Requires low-temperature
storage and transportation
(cannot be used in countries with
limited access to refrigerators);
cannot be used in people with
the weak immune system

Inactivated virus vaccine It offers broad protection; strong
immune response; safer than
live-attenuated virus vaccine

Low production titer; might
require multiple doses or an
adjuvant

Viral vector-based vaccine Induces strong T cell response
without requiring an adjuvant;
native antigens are preserved

Complicated manufacturing
process; cannot be used in
people with the suppressed
immune system

RNA-based vaccines Safe and well-tolerated; native
antigen expression; low-cost
and easy manufacturing

Lower immunogenicity; might
require multiple doses; requires
low-temperature storage and
transportation

DNA-based vaccines Low-cost and easy
manufacturing; highly adaptable
to the new pathogen; stable
under room temperature

Requires expensive equipment;
low immunogenicity; risk of
genomic integration

Protein subunit vaccine Can be used on almost everyone
including people with weakened
immune systems; does not have
the live component of the viral
particles; has fewer side-effects

Low immunogenicity; might
require booster shots;
requirement of adjuvant or
conjugate

Virus-like particles (VLPs) A well-established technology;
safe and well-tolerated; native
antigen expression; stable under
room temperature

Low immunogenicity; might
require multiple doses or an
adjuvant



158 F. Fatemi et al.

multiple doses. Nucleic acid-based vaccines have gotten considerable attention in
the new generation vaccines field. One of their advantages is the short time required
from the design to clinical trials and their potential for mass-production. But there
may be a need for multiple doses to enhance immunity against the virus.

The COVID-19 vaccine development is proceeding at an unprecedented speed.
The efforts on vaccine development against COVID-19 started initially in China
as soon as the disease was discovered. Since then, many countries have been
directing their efforts towards the development of safe and effective vaccines against
COVID-19. As of December 22, 2020, the worldwide SARS-CoV-2 vaccine land-
scape includes 233 vaccine candidates, out of which, 61 are in the clinical stage of
development [48].

5.4.1 Live Attenuated Vaccines

Live attenuated and inactivated vaccine technology is one of the most traditional
and effective approaches. Live attenuated vaccines provide a robust and long-lasting
immune response due to preserving the native antigenic moiety. These vaccines have
been commercially available for viruses like influenza, chickenpox, smallpox, polio,
measles, and yellow fever virus [49]. Currently, attenuated virus strains are devised
via deleting ormutating virulence genes. Thus, eliminating its ability to cause disease
in vivo. Deletion of structural E protein [50–53] and non-structural proteins (NSP)
[54, 55] has been used to devise vaccines against strains of several CoVs. The E
protein is known to trigger inflammasomes and is correlated with intensified inflam-
mation in the lung parenchyma [56]. Therefore, deletion or mutating the E protein
can reduce the virulence of CoVs [56]. An alternative approach for the development
of attenuated virus is known as codon deoptimization which involves hampering
the translation of the viral protein during viral infection [57]. The development of a
live attenuated vaccine for CoVs is challenging since they are known to recombine
in nature with other CoVs, leading to new pathogenic strains [11]. In addition, live
attenuated vaccines can have the potential to return to their virulent state [58]. There-
fore, the safety of these vaccines should be thoroughly assessed in animal models
before proceeding into the clinical stage. Currently, there is only one COVID-19 live
attenuated vaccine in the clinical stage [48]. The COVI-VAC live attenuated vaccine,
developed by Codagenix Inc. in collaboration with the serum institute of India is
currently in phase I clinical trial (NCT04619628).

5.4.1.1 SARS-CoV and MERS-CoV Live Attenuated Vaccine

A number of effective SARS-CoV and MERS-CoV live attenuated vaccines have
been developed and tested in vitro and in vivo. Nonetheless, all of these vaccines have
remained in the pre-clinical trials [50–55, 57]. Most CoV live attenuated vaccines are
designed through deletion of the E gene. Lamirande et al. developed a recombinant
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SARS-CoV (rSARS-CoV) live attenuated vaccine lacking the structural E gene.
The rSARS-CoV-� E elicited serum-NAbs and completely protected the upper and
lower respiratory tract against challenge with homologous (SARS-CoV Urbani) and
heterologous (GD03) virus in the Golden Syrian hamster model [50].

The nonstructural protein 16 (nsp16), a conserved 2’Omethyltransferase (MTase)
that encodes essential functions in immune modulation and infection [54], can be
used as an alternative target for attenuation of CoVs. However, targeting the nsp16
gene alone can have the potential for reversion of the virus to its virulence state
in aged animal models [59]. To overcome this issue, Menachery and colleagues
designed a SARS-CoV vaccine by mutating the nsp16 gene in combination with
another conserved attenuating mutation in nsp14, exonuclease (ExoN) activity. They
evaluated this vaccine in themousemodel and noticed that combining the 2’OMTase
mutation with a second attenuating mutation provides a vaccine strain that offers
protection from heterologous virus challenge with no evidence of reversion to viru-
lence state [54]. These results indicate that CoV 2’O MTase in parallel with other
conserved attenuating mutations can be a suitable strategy for the production of
live attenuated CoV vaccines. The dnsp16 can also serve as a target for live attenu-
ated vaccine development against MERS-CoV. Menachery et al. devised a dnsp16
mutant MERS-CoV strain as an alive attenuated vaccine platform which showed
robust protection from challenge with a mouse-adapted MERS-CoV strain [55].
Therefore, the viral 2’O-MTase activity can be a potential universal platform for
vaccine development of human and animal CoVs.

5.4.2 Inactivated Vaccines

Inactivated vaccines are made non-infectious through chemical (e.g., formaldehyde)
or physical (e.g., heat) methods [60, 61] and are a suitable option given their ability to
induce robust immune responses and their feasibility for large-scale production [62].
However, inactivated vaccines’ potency is less than that of live attenuated vaccines.
Therefore, there may be a need for multiple doses over time to develop ongoing
immunity against the disease. Inactivated vaccines have the risk of viral reactivation
if improperly inactivated and deformation of immunogenic epitopes during the inacti-
vation process can sometimes weaken the protection that inactivated viruses provide.
In addition, inactivated viral vaccine studies have shown that CoVs may induce
antibody-dependent enhancement (ADE) effect, recommendingmore attentionwhen
evaluating the safety of vaccines against these viruses [63, 64].

5.4.2.1 SARS-CoV and MERS-CoV Inactivated Vaccine

Afew inactivated vaccines have been reported for SARS-CoV.Most of these vaccines
induce high levels of specific NAbs in animal models65−69. Xiong and colleagues
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formulated a formaldehyde inactivated SARS-CoV vaccine treated with formalde-
hyde and supplemented with aluminum hydroxide, Al(OH)3 [65]. Three doses of
the vaccine induced specific IgM and IgG antibodies in BALB/c mice on day four
and day eight, respectively, with no significant change in CD4+ and CD8+ levels
[65]. Luo et al. reported an inactivated SARS-CoV Z-1 vaccine that elicits neutral-
izing and protective antibody response in rhesus macaques upon challenge. They
also examined whether the vaccine could trigger antibody-dependent enhancement
(ADE). They found that low levels of antibodies induced by the inactivated SARS-
CoV Z-1 vaccine might not induce ADE in rhesus macaques [66]. Takasuka et al.
immunizedmicewithUV-inactivated SARS-CoVwith orwithout an adjuvant (alum)
[67]. They noticed that the UV-inactivated SARS-CoV virion induced a high level of
humoral immunity and long-term antibody production and memory B cells even in
the absence of an adjuvant. However, the serum IgG production was enhanced with
the addition of alum to the vaccine [67].

Despite exhibiting potency in eliciting protective antibody responses, some UV
and formaldehyde inactivated CoV vaccines that include the N protein are reported
to cause eosinophil-related lung pathology in animal models upon SARS-CoV chal-
lenge [68, 69]. In addition, adverse effects may arise from SARS-CoV N protein-
specific T cells and Th2-skewed cytokine profile [68]. As a result, it is highly crucial
to boost the protective S-specific immune response and decrease the potentially
pathological anti-N response. In addition, some studies have shown that alumunadju-
vanted or adjuvanted inactivated SARS-CoV vaccines provide inadequate protection
in mice and induce eosinophilic pro-inflammatory pulmonary response post-viral
challenge [68, 70]. Therefore, inactivated vaccines must be thoroughly evaluated
prior to clinical studies.

It has been reported that the MERS-CoV vaccine accompanied with alum or
MF59 adjuvant can induce NAbs [71]. However, these vaccines can also induce
eosinophil-related lung pathology on the challenge with the virus [71]. Inactivated
vaccines can still be a suitable platform for CoV vaccine development since the
incorporation of suitable inactivation techniques and adjuvants can overcome the
bottleneck of lung pathology. Iwata-Yoshikawa and co-workers have shown that
UV-inactivated SARS-CoV adjuvanted with TLR agonists could elicit protective
antibodies and can reduce eosinophilic responses in the BALB/c mouse model [72].
In addition, inactivated MERS-CoV inactivated with formaldehyde and adjuvanted
with a combined alum and unmethylated CpG adjuvant can decrease or prevent
pulmonary immunopathology and enhance protective immunity againstMERS-CoV
in mice post-challenge [73].

5.4.2.2 COVID-19 Inactivated Vaccine

As of now, there are eight vaccine candidates based on inactivated SARS-CoV-2
going through clinical trials. Among these vaccines, the CoronaVacc (also known as
PiCoVacc) developed by Sinovac Biotech Ltd in China is the most advanced with
published preclinical results [74]. CoronaVacc vaccine is produced in Vero cells and
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inactivated using β-propiolactone [74]. This vaccine has been tested on non-human
primates, rats, and mice, demonstrating potency, safety, and good immunogenicity
with vaccine-induced NAbs that neutralize representative strains of SARS-CoV-2
[74].Data published frompre-clinical trials inmacaque andmicemodels demonstrate
that adequate specific IgG response and NAb titer levels were achieved with no
notable cytokine changes andADE in themacaques [74]. In addition, no pathological
changes in vaccinated macaques’ vital organs were observed after the SARS-CoV-2
challenge [74]. CoronaVacc has completed its phase I/II clinical trial and is currently
in phase III of the clinical trial [48]. Results from phase I/II show that the vaccine is
well-tolerated and induces NAbs with a seroconversion rate of 90% [75].

The SARS-CoV-2 inactivated vaccine developed by Sinopharm Inc. in collab-
oration with Wuhan Institute of Biological Products works through propagating
WIV04 strain from different COVID-19 patients in Vero cells doubly inactivated
with two rounds of β-propiolactone exposure [76]. In their phase I and II studies,
different dosage and injection timelines were tested. All the vaccinated patients
who received different vaccination regimens had produced NAbs with little to no
adverse effects in their phase I/II studies [76]. In addition, Sinopharm Inc. is devel-
oping another COVID-19 vaccine called BBIBP-CorV, with Al(OH)3 as an adjuvant
[77]. This vaccine has a similar manufacturing process as the other Sinopharm Inc.
vaccine except that the HB02 strain is used instead of theWIV04 strain. The BBIBP-
CorV has been tested in pre-clinical models and has demonstrated efficacy in non-
human primates when immunized with two doses of BBIBP-CorV with no disease
enhancement upon SARS-CoV-2 challenge [77]. The results from their I/II clinical
trial demonstrate the vaccine’s efficacy, tolerability, and good humoral response in
all participants 42 days post-immunization in all tested doses [78]. Both of these
Sinopharm Inc. inactivated vaccines are currently in Phase III clinical trial.

Three vaccine manufacturing and academic/research institutions in Iran are in the
process of developing inactivated COVID-19 vaccines. The alum adjuvanted inacti-
vated vaccine developed by Shifa-Pharmed, a part of the state-owned pharmaceutical
conglomerate, has recently started its clinical trial in Iran. In the Phase I clinical trial,
they enrolled 56 participants, each receiving two shots of the vaccine within a period
of two weeks. This company has not disclosed any of its pre-clinical results, and its
Phase I clinical results are to be announced roughly a month after the second shot
[79].

5.4.3 Viral Vectored Vaccines

Viral vector vaccines consist of a recombinant virus (often attenuated) in which
genes encoding antigens of interest (usually S gene for CoVs) have been cloned
using recombinant DNA techniques. The viral vector elicits antigen-specific humoral
and cell-mediated immune responses through antigen presentation [80]. The most
commonly employed non-replicating vectors are the adenovirus (Ad), measles virus,
andvesicular stomatitis virus vectors [81]. These vectorsmimic natural viral infection
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and elicit the production of the target viral proteins inside host cells. The main
advantage of vector-based vaccines is their ability to induce both humoral and innate
immune responses [82]. In addition, vector-based vaccines provide stronger cellular
immune responses compared to the recombinant protein vaccines. One of the main
drawbacks of using recombinant viruses is the possibility of genome integration with
the host cell genome.Moreover, themanufacturing process of viral vector vaccines is
very complex and includes optimizing cellular systems and eliminating contaminants
that can potentially impede the efficiency of viral vectors [81].

5.4.3.1 SARS-CoV and MERS-CoV Viral Vectored Vaccines

Some studies have assessed the efficacy of the adenovirus-based SARS-CoVvaccine.
Gao et al. and Liu et al. have shown that Ad vector expressing S1 can induce potent
NAbs responses in rhesus macaques and rats [83, 84]. However, these experiments
were done in vitro and whether these vaccines provide protection against SARS-
CoV challenge in vivo is still questionable. The potency of Ad vaccine expressing
the SARS-CoV S protein has been compared with the whole inactivated SARS-CoV
vaccine by See and co-workers. It was found that these vaccines provide immunity in
mice when challenged with SARS-CoV. Nevertheless, the NAb response is stronger
in the whole-inactivated virus vaccine than the adenovirus-based vaccine [85].

A number of Ad-based MERS-CoV vaccines have been developed. MERS-CoV
vaccines based on human Ad type 5 and type 41 (Ad41) expressing S or S1 protein
have demonstrated the induction of NAb in mice [86, 87]. An example is the Ad5-
MERS-S vaccine which works with S protein nanoparticles. This vaccine provides
protection in hDPP4-transduced mice against viral challenge. In addition, heterol-
ogous immunization with Ad5/MERS prime and S protein nanoparticles boost has
demonstrated enhanced Th1/Th2 responses than the Ad5- or nanoparticles-alone
homologous prime-boost vaccines [88].

5.4.3.2 COVID-19 Viral Vectored Vaccines

Currently, 18 viral vectored COVID-19 vaccines are undergoing clinical trials. Out of
these vaccines, the ChAdOx1nCoV-19 and now designated AZD1222 developed by
Oxford University in collaboration with AstraZeneca is the most clinically advanced
viral-vector basedCOVID-19vaccine. This vaccine consists of a replication-deficient
chimpanzeeAd vector ChAdOx1, containing the S glycoprotein gene. TheAZD1222
is designed via the deletion of E1 andE3 genes. The deletion of E1 inhibits replication
and deletion of E3 allows integration of larger genetic cargo into the viral vector
[89, 90]. The AZD1222 has demonstrated high NAb levels in 91% of participants
following the first dose. Participants receiving booster dose had a highNAb response,
therefore, indicating the need for a two-dose regimen to enhance the NAb response
[89]. Phase I/II results demonstrate its acceptable safety profile with no serious
adverse events with induction of binding and NAb antibodies as well as production



5 Vaccine Development and Immune Responses in COVID-19 … 163

of interferon-γ enzyme-linked immunospot responses with higher antibody titers
after the second dose of vaccine [89, 91]. In addition, no severe adverse effects were
seen during this phase. [89] The interim analysis from the AZD1222 vaccine’s phase
I/II clinical trial showed that AZD1222 has an efficacy of about 70% [92].

Another viral vector-based vaccine is the Ad5-nCoV co-developed by CanSino
Biological Inc. and the Beijing Institution of Biotechnology. The ad5-nCoV is
designed similarly to the AZD1222. The full-length S gene along with the plas-
minogen activator signal peptide gene is cloned into the Ad5 vector missing the E1
and E3 genes. Deletion of E1 inactivates the replication potential of the vaccine, and
deletion of E3 allows for the addition of large genes (up to 8 kb) [90]. Phase-III safety
studies of this vaccine have shown success with both groups of vaccinated partici-
pants developing NAb responses in 47–59% of the volunteers and seroconversion of
binding antibodies in 96–97% of them [93].

5.4.4 MRNA Vaccines

Over the past decade, there has been a lot of effort and investment in enabling
mRNA to become a promising therapeutic tool for vaccine development and for
cancer prophylaxis and therapy [94]. In this approach, the antigen-encoding mRNA
is complexed with a carrier that can efficiently deliver it to the cytoplasm of host cells
for protein translation and post-translation modification [95]. RNA vaccines utilize
lipid- and polymer-based nanoparticles or protamine, for increased efficacy [96].
These vaccines are synthesized in vitro transcription and are non-infectious, making
them ideal for rapid and inexpensive production. In addition, unlike DNA vaccines,
RNA vaccines are able to synthesize viral proteins without the risk of integration
with the host cell genome. Also, DNA vaccines require special devices for adminis-
tration, whereas RNA vaccines can be administered through various ways including
intravenous injection. Nonetheless, RNA vaccines do have their own demerits such
as having low immunogenicity and instability concerns.

No RNA vaccine studies for SARS-CoV or MERS-CoV have been previously
reported. Nonetheless, eight RNA vaccines for SARS-CoV-2 are currently in the
clinical stage with two of them receiving emergency authorization in the US. The
first mRNA-based vaccine for COVID-19 to get approved is the BNT162b1 vaccine
developed by BioNTech company in collaboration with the Pfizer company. This
vaccine exploits a lipid nanoparticle (LNP)-formulated nucleoside-modified mRNA
that encodes the RBD of SARS-CoV-2 S protein [97]. The mRNA in this vaccine
is modified with single nucleoside incorporations of 1-methylpseudouridine, which
reduces the immunogenicity of the mRNA in vivo and enhances its translation [98].
The results from phase I/II showed that the BNT162b1 elicited RBD-binding and
NAbs. This vaccine has been reported to trigger the production of T helper type 1
(1H1)-skewed T cell immune responses with RBD-specific CD8+ and CD4+ T cells
and robust release of immune-modulatory cytokines such as IFNy, [97, 99] which
is essential for several antiviral responses and inhibits replication of SARS-CoV-2
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[99]. On 18, November 2020, it was announced that the BNT162b2 vaccine exhibits
more than 95% effectiveness in preventing the disease in participants of 16 years or
older [100]. This result was based on examining a total of 178 confirmed COVID-19
cases, out of which 162 cases were in the placebo group and the remaining were in
the BNT162b2 group [100]. Also, nine severe COVID-19 cases were in the placebo
group with one of them being in the BNT162b2 group. No severe adverse effects
were detected among the 43,000 enrolled participants [100].

Another leading mRNA vaccine is the mRNA-1273, co-developed by researchers
at the National Institute of Allergy and Infectious Diseases (NIAID) and Moderna
(Cambridge, MA). The mRNA-1273 vaccine recently received FDA approval for
emergency use. Moderna started its clinical testing just two months after sequence
identification of SARS-CoV-2. This vaccine is made out of synthetic mRNA encap-
sulated in LNPs that encodes for the full-length, pre-fusion stabilized S protein of
SARS-CoV-2. Two proline substitutions in the vaccine mRNA at amino acids 986
and 987, located in the central helix of the S2 subunit, keep the protein in its prefu-
sion conformation [101]. The mRNA is also modified to increase the half-life and its
translation, as well as to prevent the activation of interferon-associated genes upon
cell entry [102].

Their phase I clinical trial report showed thatNAbsweredetected in45participants
after two doses of immunization. In addition, antibody titers were higher than conva-
lescent serum after two doses of vaccination in immunized individuals. There were
some systemic adverse effects such as headache, fatigue, myalgia, chills, and pain
after the second dose of vaccination, particularly with the highest dose. However,
no grade 4 adverse effects were reported [102, 103]. Based on these results, they
concluded that 100 μg dosage can lead to acceptable immune response. In addition,
the vaccine was tested in elderly participants (55 or older) and their results showed
that 100 μg doses can lead to higher binding and NAb titers as compared to 25
μg dose, and the adverse effects were moderate in these elderly participants. On
16 November 2020, the results from their phase III trial were reported. Out of 95
participants who had symptomatic COVID-19, five were from the vaccinated group
and the remaining participants were from the placebo group. The vaccine efficacy
was estimated to be 94.5% without any significant safety concerns [104].

Both Moderna’s and Pfizer-BioNTech vaccines have shown efficacy levels near
95%. Unlike the Pfizer vaccine which needs to be kept at−75 °C,Moderna’s vaccine
does require really cold temperatures. Moderna’s vaccine can be kept at about −20
°C and can be kept in a refrigerator for 30 days before it expires. Therefore, Pfizer’s
vaccine can be more suitable for places with established infrastructure like hospitals.

5.4.5 DNA-Based Vaccine

DNA-based vaccines have a lot of potential due to their ability to induce humoral and
cell-mediated immune responses, low-cost manufacturing, and their long shelf life,
whichmakes them suitable for use in endemic areas [105, 106].DNAvaccines consist
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of genes or fragments of viral antigens that are transferred to the host cells via DNA
plasmid vectors. Once the genetic material is translocated to the host cell’s nucleus,
the transcription of the gene is triggered. The antigen-presenting cells (APCs) are
the main target cells to acquire the genetic material [107]. One advantage of DNA-
based vaccines is that the native conformation and post-translational modification
will be recapitulated since the antigens are produced in the target cells. One of the
disadvantages associated with this type of vaccine is its low immunogenicity and
that the DNA molecule must be able to first cross the nuclear membrane barrier and
then get transcribed. Therefore, enhancing the efficacy of these vaccines by using an
adjuvant or a multiple shot might be required. In addition, a major safety concern is
the integration of DNA vaccines with the host DNA, which may cause mutagenesis
and oncogenesis [81].

5.4.5.1 SARS-CoV and MERS-CoV DNA Vaccines

A number of DNA-based vaccines for SARS-CoV have been developed [108–111].
All of these vaccines have shown to produce antibody and cell-immune responses.
Among the S, E, and N antigens, the S protein-based SARS-CoV DNA vaccine has
shown to induce a protective immune response. Yang and colleagues have reported
that a DNA vaccine encoding full-length S protein can induce T cell and NAb
responses in the mouse model. In addition, alternative forms of the S protein were
analyzed by DNA immunization. All of these vaccines were able to elicit strong
immune responses mediated by the CD4+ and CD8+ cells. [108]. Furthermore, the
expression vector encoding a form of S that includes its transmembrane domain
induced NAb production [108]. Prime-boost strategies can be employed to augment
the strength of the S protein-based SARS-CoV DNA vaccine. For instance, DNA
vaccine augmented with recombinant S protein booster has shown to induce higher
NAbs titers than DNA or protein subunit vaccine alone [112]. In addition, combining
DNA andwhole-inactivated SARS-CoV vaccines can increase the antibody response
and induce a better Th1-skewed immune response [113].

A few MERS-CoV DNA vaccines have been developed. Muthmani and co-
workers have devised a full-length S protein-basedMERS-CoVDNA vaccine, GLS-
5300 or INO-4700 that can induce strong cellular immunity and NAbs in mice,
macaques, and camels. Vaccinated macaques were immune against MERS-CoV
challenge without exhibiting histopathological or radiological evidence of pneu-
monia [114]. Therefore, a phase I study based on the GLS-5300 vaccine was done to
assess its safety and immunogenicity in humans. The vaccine showed robust immuno-
genicity in 85% of participants after two vaccinations. In addition, the vaccine was
well tolerated with no serious adverse events were reported [115].

In addition to full-length S protein DNA vaccines, the S1 subunit can also serve
as a suitable target for DNA vaccine development against MERS-CoV. In a study
done by Al-Amri and co-workers, the immunogenicity of full-length S-based and
S1-basedMERS-CoVvaccineswas compared by using the same expression vector. It
was found that plasmids expressing full-length pS1 immunization elicited a balanced
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Th1/Th2 response and higher levels of all IgG isotypes compared to pS vaccination.
Based on these results, it can be concluded that vaccines expressing S1-subunit of
the MERS-CoV could be a more suitable target than full-length S protein [116].

5.4.5.2 COVID-19 DNA Vaccines

Thus far, five SARS-CoV-2 DNA vaccines are under clinical trials. The most clini-
cally advancedSARS-CoV-2DNAvaccine is the Invivio’s vaccine, INO-4800,which
has published results onMERS-CoV and SARS-CoV-2 DNA vaccines. This vaccine
employs a plasmid pGX9501 designed to encode the full-length SARS-CoV-2 S
protein and is administered intradermally via electroporation of the skin by a device
called CELLECTRA [117, 118]. Pre-clinical studies of this vaccine have shown that
it can induce NAb that inhibits the binding of SARS-CoV-2 S protein to the ACE2
receptor and elicits Th1-skewed immune responses in animal models [117, 119].

5.4.6 Protein Subunit Vaccine

Protein subunit vaccines are based on recombinant antigenic proteins or synthetic
polysaccharides [120]. These recombinant proteins are synthesized in various expres-
sion systems, including insect cells andmammalian cells (CHOcells), yeast, or plants
[121–123]. They are easy to manufacture and safer compared to some viral vector
vaccines and inactivated or live-attenuated virus vaccines that include infectious
components of the virus. Protein-subunit vaccines provide a strong immune response
targeted towards key parts of the virus without including any virulent components of
the virus [120]. Therefore, eliminating concerns of virulence recovery or pre-existing
immunity [124]. One of the limitations associated with these vaccines is their low
immunogenicity. Thus, an adjuvant or a booster shotmay be required to potentiate the
vaccine-induced immune response and to enhance the immunomodulatory cytokine
response [125].

Among the SARS-CoV-2 structural proteins, the prime target for subunit vaccines
is the S protein especially RBD, S1, and S2 as in the case of MERS and SARS
vaccines. This is because the S protein is regarded as the most suitable antigen to
induce the production of NAbs. The S protein of CoVs, particularly the RBD, is
known to induce NAbs and T cell immune responses [126–128]. Therefore, RBD
is a promising target for COVID-19 vaccine development, and previous investiga-
tions from using RBD-base vaccines for SARS-CoV and MERS-CoV can provide
information based on the design of RBD-based vaccines against SARS-CoV-2. The
S protein is a dynamic protein and has two conformational states: pre-fusion state
and post-fusion state. In order to trigger good quality antibody responses, the antigen
mustmaintain its surface chemistry of the original pre-fusion spike protein [129]. It is
known that recombinant S protein vaccines could have improper epitope confirmation
unless mammalian cells are utilized for their production [130].
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5.4.6.1 SARS-CoV and MERS-CoV Protein Subunit Vaccine

None of the SARS-CoV protein subunit vaccines have proceeded to the clinical
phase despite showing potent antibody responses and protective immunity against
infection in animal models. Previous studies indicate that vaccines based on the full-
length S protein, trimeric S protein, and its antigenic fragments including S1, RBD,
and S2 subunit can all provide protection against SARS-CoV. He et al. showed that
immunized mice with full-length recombinant S protein or its extracellular domain
vaccines develop increased titers of anti-S antibodies with strong NAbs activities
against SARS-CoV [131]. Even though full-length S protein vaccines have the ability
to induce strong immune responses, some in vitro studies have found that immuniza-
tion with SARS-CoV full-length S protein can cause antibody-mediated enhance-
ment viral infection, raising safety concerns for the development of these types of
vaccines against CoVs [132, 133].

The S protein RBD-based vaccines have shown high-titer NAbs with no apparent
adverse effects [134–136]. In addition, RBD-based vaccines can induce S-specific
antibodies that can last for almost a year [134] and can induce the production of RBD-
specific IFN-γ which induce cellular immune responses inmice [135]. Therefore, the
RBD serves as a promising vaccine target for inducing NAbs against viral infection.
Guo et al. investigated the immune responses against the S2 domain of SARS-CoV
in BALB/c mice and noticed that the S2 domain could elicit specific cellular and
humoral responses with little NAb against infection by SARS-CoV [137].

Besides the S protein, the N and M proteins have been also utilized as the target
antigen in developing subunit vaccines against SARS-CoV [123, 138]. Liu et al.
have shown that the N protein of SARS-CoV is immunogenic in the mouse and
macaque models. They devised a recombinant N (rN) protein vaccine formulated
with ISA/CpG adjuvants. This vaccine-elicited potent Th1 immune responses and the
immunodominant B-and T-cell epitopes of the rN protein were present in both mice
and macaques [138]. Zheng and colleagues formulated a plant-expressed SARS-
CoV rNprotein-based vaccine. This vaccine also induced potent humoral and cellular
responses inmice [123]. TheN-based subunit vaccines have also shown their efficacy
in eliciting specific antibody responses. However, the protective efficacy of non-S
protein-based SARS-CoV vaccines is still unclear [139, 140].

Most protein subunit vaccines against MERS-CoV are based on the RBD of
the S protein. The MERS-CoV RBD-based vaccines have shown potent immuno-
genicity and elicited strong neutralizing antibodies, cell-mediated immunity, and
protective effect against MERS-CoV challenge [127, 141, 142]. Lan et al. evaluated
a recombinant RBD protein vaccine in the rhesus macaque model and noticed robust
immunological responses including the production of NAbs after rRBD vaccination.
In addition, the rRBD vaccine reduced tissue impairment and clinical side-effects in
monkeys [127]. Tai and co-workers have reported that the RBD of MERS-CoV in its
native trimeric form can induce strong RBD-specific NAb in mice against challenge
[141]. In addition, the recombinant RBD from various MERS-CoV strains can elicit
NAbs in animals that cross-neutralize with different human and animal MERS-CoV
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strains [142]. Therefore, the RBD domain is a promising target for protein subunit
vaccines against CoVs.

5.4.6.2 COVID-19 Protein Subunit Vaccine

Similar to SARS-CoV andMERS-CoV, COVID-19 protein subunit vaccines account
for most of the vaccines that are currently under development. Most COVID-19
protein subunit vaccines contain full length or portions of the SARS-CoV-2 S
protein. Currently, there are 18 COVID-19 subunit vaccines in clinical trials. An
example is the NVX-CoV2373 vaccine developed by Novavax. NVX-CoV2373 is
a nanoparticle-based immunogenic vaccine based on recombinant expression of the
CoV trimeric full-length S protein stabilized in the prefusion conformation [143].
This recombinant protein is optimized in the baculovirus (Sf9) insect cell-expression
system. During the pre-clinical studies, it was shown that low-dose NVX-CoV2373
supplementedwith theMatrix-M1TM adjuvant inducesNAbs and high levels of anti-S
protein antibodies which block the hACE2 receptor-binding domain inmice and non-
human primate [144]. The vaccine also elicits CD4+ andCD8+ T cells, CD4+ T helper
cells and induced the production of antigen-specific germinal center (GC) B cells in
the spleen [144]. More importantly, vaccinated non-human primates had little to zero
viral shedding in either upper or lower respiratory tracks [145]. In Phase I-II trial, the
vaccine-induced binding and NAbs in all participants. In addition, compared to the
placebo group and the unadjuvanted 25 μg dose group, both adjuvanted regimens
induced higher levels of NAb titers [146]. Currently, the NVX-CoV2373 vaccine is
being evaluated in the Phase III trial.

5.5 Other Vaccine Platforms

5.5.1 Virus-like Particles (VLPs)

Virus-like particles also known as VLPs are composed of some key structural viral
components that are either admixed or co-expressed in a manner that resembles
the conformation of the native virus. VLPs are non-infectious and non-replicating
due to the lack of genetic materials [147]. Compared to protein subunit vaccines,
VLP vaccines have better immunization responses. Also, the manufacturing process
of VLP vaccines is simpler and more convenient than inactivated or attenuated
vaccines since the inactivation step is skipped and there is no need for the live virus.
Currently available VLP-based vaccines marketed for human use are against human
papillomavirus and hepatitis B virus [148].

VLPs for CoVs are formed when the viral protein S, M, and E, with or without N,
are co-expressed in eukaryotic cells [149]. The N protein encapsulates the viral
genome into virions and does not have an essential role in SARS-CoV-2 VLPs
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assembly. The S protein present on the surface of the VLPs allows them to bind
and fuse into ACE2+ cells similar to the native virus and elicits immune response
[150]. Similar to subunit and inactivated viral vaccines,VLPs usually requiremultiple
doses and an adjuvant because of their poor immunogenicity.

5.5.1.1 SARS-CoV and MERS-CoV VLP Vaccines

VLP vaccines have shown satisfactory results in eliciting both humoral and cellular
immunity in SARS-CoV and MERS-CoV preclinical studies. Lokugamage et al.
devised chimeric VLPs composed of the S protein of SARS-CoV and mouse
hepatitis virus E, M and N proteins that elicit the production of NAb responses
and reduce SARS-CoV virus shedding in mice lung [151]. In addition, no apparent
lung pathology in the chimeric-VLP-treated mice was reported when compared to
the negative control mice [151]. Another study done on chimeric Sf9 cell-based
VLPs consisting of SARS-CoV full-length S protein along with M1 protein of
influenza virus expressed in the baculovirus insect cells has shown that chimeric
VLPS can induce NAbs and provide protection against challenge in mice [152].
However, possible adverse effects of CoV VLP vaccines should be examined care-
fully. For instance, Tseng et al. employed the same chimeric VLPs as Lokuga-
mage et al. and observed pulmonary immunopathology post SARS-CoV challenge
[69]. Wang and colleagues have constructed recombinant baculovirus co-expressing
the S, E, and M genes of MERS-CoV. The assembled VLPs were able to elicit
robust antibody response and Th1-mediated immunity in rhesus macaques and can
serve as a promising vaccine candidate [153]. In addition, they devised a chimeric
canine parvovirus (CPV) VLP expressing the RBD of MERS-CoV self-assembled
into chimeric spherical VLP (sVLP). The sVLP vaccine was shown to induces
RBD-specific antibody response and T-cell immunity in mice [154].

5.5.1.2 COVID-19 VLP Vaccines

Currently, only two VLP-based COVID-19 vaccines are in the clinical trial. None
of them has publicly reported their vaccine studies until now. One of them is a
plant-derived VLP called CoVLP vaccine developed byMedicago, a Canadian phar-
maceutical company. The CoVLP vaccine is composed of recombinant S protein
expressed as VLPs. Medicago exploits living plants as bioreactors to produce VLPs.
A synthetic gene containing a fragment of SARS-CoV-2 genes is transfected to a
species of tobacco by means of a bacterial vector. The expressed VLPs can then
be purified by various purification techniques. The Phase I results showed that after
receiving two doses of Medicago’s COVID-19 adjuvanted vaccine, all the partic-
ipants developed NAbs antibody responses [155]. This vaccine has been tested
with two separate adjuvants: GSK’s propriety pandemic adjuvant technology and
Dyanavax’s CpG 1018TM. These adjuvants improved humoral and cellular responses
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compared to the non-adjuvanted formulation. Medicago’s COVID-19 vaccine candi-
date is currently in Phase II/III clinical trials and the company has estimated to hold
a production capacity of 10 million doses a month [156]. The second VLP vaccine
is being developed by the Serum Institute of India, which recently entered phase I/II
trial in Australia.

5.5.2 Bacillus Calmette Guerin (BCG) Vaccine

Although several COVID-19 vaccines are under clinical trials with some of them
being in advanced stages, scientists have been also testing existing licensed vaccines
to fight COVID-19. One example is the Bacillus Calmette Guerin (BCG) vaccine,
which contains an attenuated strain of the bovine tubercle bacillus Mycobacterium
bovis, which is an old age vaccine used for the prevention of tuberculosis. Currently,
about 100 million children are vaccinated annually worldwide. However, the vaccine
does not exhibit satisfactory results for the adult pulmonary tuberculosis but provides
a broad protection against other diseases [157]. This BCG vaccine has the ability to
exert a potent nonspecific immunity (off-target protection) against viral and bacterial
infections [158]. The increase in immunogenicity against pathogens induced by this
vaccine is due to heterologous effects on adaptive immunity, such as T cell-mediated
cross-reactivity, as well as trained immunity [159].

To see whether BCG-induced immunity could influence the adaptive immune
response against SARS-CoV-2, Urbán et al. conducted a study in which the T-
cell and B-cell epitopes of the BCG strain Pasteur 1173P2 were compared with
T-cell and B-cell epitopes of SARS-CoV-2 to find similar epitopes that might
induce adaptive cross-immunity and to explain the protective qualities of BCG
vaccination against SARS-CoV-2. They discovered shared MHC-I restricted T-cell
epitopes and B-cell epitopes between SARS-CoV-2 and BCG-Pasteur which might
induce cross-immunity. Their results suggest that BCG can be a potential preventive
immunotherapy against COVID-19 and to enhance innate immunity [160].

BCG vaccine has shown to offer protection against COVID-19 and reduced
mortality in countries with a routine BCG vaccination program, even when the
BCG vaccination was performed during childhood [161]. For instance, in South
Asian regions where the BCG vaccine is administered at birth, delayed or less infec-
tion rate and less deaths due to COVID-19 infections have been reported [162]. A
few other studies have also suggested that there is a correlation between BCG and
the SARS-CoV-2 epidemic [163, 164], while others have disbelieved its relation to
COVID-19 mortality and morbidity [165]. Therefore, whether the BCG vaccine is
effective against COVID-19 is highly debatable and further elucidation on the use
of the BCG vaccine as a preventive therapy against SARS-CoV-2 infection is still
required.
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5.6 Conclusion

Coronaviruses are expected to continue to cross species barriers and cause severe
illness in humans. Undoubtedly COVID-19 will not be the last pandemic of the
century due to changes in climate and the increased interactions of humans with
animals. Therefore, the development of novel and effective technology platforms is
required to expedite vaccine development.With record numbers of human causalities
and confirmed cases being reported daily, an anti-SARS-CoV-2 vaccine is imperative.
While vaccines against SARS-CoV-2 are being developed at a fast pace, the special
nature of this virus and safety concerns make the development of these vaccines
very challenging. Some individuals get infected with SARS-CoV-2 while remaining
asymptomatic,whereas some exhibit severe illness and succumb to the disease.Given
the variability of host immune responses to SARS-CoV-2, there is no guarantee that
vaccination could provide uniform long-lasting immunity in whoever gets vacci-
nated. However, with the increasing accumulation of knowledge about SARS-CoV-
2 and massive efforts from the scientific community to develop anti-SARS-CoV-2
vaccines, the COVID-19 pandemic will come to an end eventually.
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ZH, Homann D, Horowitz A, Kamphorst AO, Curotto de Lafaille MA, Mehandru S, Merad
M, Samstein RM, Project SIR (2020) Immunology of COVID-19: current state of the science.
Immunity 52:910–941. https://doi.org/10.1016/j.immuni.2020.05.002

20. ThompsonMR,Kaminski JJ, Kurt-Jones EA, FitzgeraldKA (2011) Pattern recognition recep-
tors and the innate immune response to viral infection. Viruses 3:920–940. https://doi.org/10.
3390/v3060920

21. Fitzgerald KA, Kagan JC (2020) Toll-like receptors and the control of immunity. Cell
180:1044–1066. https://doi.org/10.1016/j.cell.2020.02.041

22. Lester SN, Li K (2014) Toll-like receptors in antiviral innate immunity. J Mol Biol 426:1246–
1264. https://doi.org/10.1016/j.jmb.2013.11.024

23. Mahallawi WH, Khabour OF, Zhang Q, Makhdoum HM, Suliman BA (2018) MERS-CoV
infection in humans is associated with a pro-inflammatory Th1 and Th17 cytokine profile.
Cytokine 104:8–13. https://doi.org/10.1016/j.cyto.2018.01.025

24. Wong CK, Lam CWK, Wu AKL, Ip WK, Lee NLS, Chan IHS, Lit LCW, Hui DSC, Chan
MHM, Chung SSC, Sung JJY (2004) Plasma inflammatory cytokines and chemokines in
severe acute respiratory syndrome. Clin Exp Immunol 136:95–103. https://doi.org/10.1111/
j.1365-2249.2004.02415.x

25. Blanco-Melo D, Nilsson-Payant BE, Liu W-C, Uhl S, Hoagland D, Møller R, Jordan TX,
Oishi K, Panis M, Sachs D, Wang TT, Schwartz RE, Lim JK, Albrecht RA, tenOever BR
(2020) Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell
181:1036–1045.e9. https://doi.org/10.1016/j.cell.2020.04.026

https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1128/JVI.01953-16
https://doi.org/10.1002/jmv.25681
https://doi.org/10.1128/JVI.78.12.6134-6142.2004
https://doi.org/10.1016/j.biopha.2020.110195
https://doi.org/10.1016/j.coph.2006.03.001
https://doi.org/10.1111/j.1471-4159.2008.05723.x
https://doi.org/10.1101/2020.02.05.20020545
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.immuni.2020.05.002
https://doi.org/10.3390/v3060920
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1016/j.jmb.2013.11.024
https://doi.org/10.1016/j.cyto.2018.01.025
https://doi.org/10.1111/j.1365-2249.2004.02415.x
https://doi.org/10.1016/j.cell.2020.04.026


5 Vaccine Development and Immune Responses in COVID-19 … 173

26. Walls AC, Tortorici MA, Frenz B, Snijder J, Li W, Rey FA, DiMaio F, Bosch B-J, Veesler
D (2016) Glycan shield and epitope masking of a coronavirus spike protein observed by
cryo-electron microscopy. Nat Struct Mol Biol 23:899–905. https://doi.org/10.1038/nsmb.
3293

27. Amor S, Fernández Blanco L, Baker D (2020) Innate immunity during SARS-CoV-2: evasion
strategies and activation trigger hypoxia and vascular damage. Clin Exp Immunol 202:193–
209. https://doi.org/10.1111/cei.13523

28. Békés M, Rut W, Kasperkiewicz P, Mulder MPC, Ovaa H, Drag M, Lima CD, Huang TT
(2015) SARS hCoV papain-like protease is a unique Lys48 linkage-specific di-distributive
deubiquitinating enzyme. Biochem J 468:215–226. https://doi.org/10.1042/BJ20141170

29. Mielech AM, Kilianski A, Baez-Santos YM, Mesecar AD, Baker SC (2014) MERS-CoV
papain-like protease has deISGylating and deubiquitinating activities. Virology 450–451:64–
70. https://doi.org/10.1016/j.virol.2013.11.040

30. Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J, Pere H, Charbit B, Bondet V,
Chenevier-Gobeaux C, Breillat P, Carlier N, Gauzit R, Morbieu C, Pene F, Marin N, Roche
N, Szwebel T-A, Smith N, Merkling S, Treluyer J-M, Veyer D, Mouthon L, Blanc C, Tharaux
P-L, Rozenberg F, Fischer A, Duffy D, Rieux-Laucat F, Kerneis S, Terrier B (2020) Impaired
type I interferon activity and exacerbated inflammatory responses in severe Covid-19 patients.
MedRxiv. https://doi.org/10.1101/2020.04.19.20068015

31. Park A, Iwasaki A (2020) Type I and type III interferons—induction, signaling, evasion, and
application to combat COVID-19. Cell Host Microbe 27:870–878. https://doi.org/10.1016/j.
chom.2020.05.008

32. Xia X (2020) Extreme genomic CpG deficiency in SARS-CoV-2 and evasion of host antiviral
defense. Mol Biol Evol 37:2699–2705. https://doi.org/10.1093/molbev/msaa094

33. Decroly E, Debarnot C, Ferron F, Bouvet M, Coutard B, Imbert I, Gluais L, Papageorgiou N,
Sharff A, Bricogne G, Ortiz-Lombardia M, Lescar J, Canard B (2011) Crystal structure and
functional analysis of the SARS-coronavirus RNA cap 2’-O-methyltransferase nsp10/nsp16
complex. PLoS Pathog 7:e1002059–e1002059. https://doi.org/10.1371/journal.ppat.1002059

34. Ganji A, Farahani I, Khansarinejad B, Ghazavi A, Mosayebi G (2020) Increased expression
of CD8 marker on T-cells in COVID-19 patients. Blood Cells Mol Dis 83: https://doi.org/10.
1016/j.bcmd.2020.102437

35. Weisel F, Shlomchik M (2017) Memory B cells of mice and humans. Annu Rev Immunol
35:255–284. https://doi.org/10.1146/annurev-immunol-041015-055531

36. Muñoz-Fontela C, Dowling WE, Funnell SGP, Gsell P-S, Riveros-Balta AX, Albrecht RA,
Andersen H, Baric RS, Carroll MW, Cavaleri M, Qin C, Crozier I, Dallmeier K, de Waal L,
de Wit E, Delang L, Dohm E, Duprex WP, Falzarano D, Finch CL, Frieman MB, Graham
BS, Gralinski LE, Guilfoyle K, Haagmans BL, Hamilton GA, Hartman AL, Herfst S, Kaptein
SJF, Klimstra WB, Knezevic I, Krause PR, Kuhn JH, Le Grand R, Lewis MG, Liu W-C,
Maisonnasse P, McElroy AK, Munster V, Oreshkova N, Rasmussen AL, Rocha-Pereira J,
Rockx B, Rodríguez E, Rogers TF, Salguero FJ, Schotsaert M, Stittelaar KJ, Thibaut HJ,
Tseng C-T, Vergara-Alert J, Beer M, Brasel T, Chan JFW, García-Sastre A, Neyts J, Perlman
S, Reed DS, Richt JA, Roy CJ, Segalés J, Vasan SS, Henao-Restrepo AM, Barouch DH
(2020) Animal models for COVID-19. Nature 586:509–515. https://doi.org/10.1038/s41586-
020-2787-6

37. Wan Y, Shang J, Graham R, Baric RS, Li F (2020) Receptor recognition by the novel coron-
avirus fromWuhan: an analysis based on decade-long structural studies of SARS coronavirus.
J Virol 94:e00127–20. https://doi.org/10.1128/JVI.00127-20

38. Rockx B, Kuiken T, Herfst S, Bestebroer T, Lamers MM, Oude Munnink BB, de Meulder D,
van Amerongen G, van den Brand J, Okba NMA, Schipper D, van Run P, Leijten L, Sikkema
R, Verschoor E, Verstrepen B, Bogers W, Langermans J, Drosten C, Fentener van Vlissingen
M, Fouchier R, de Swart R, Koopmans M, Haagmans BL (2020) Comparative pathogenesis
of COVID-19, MERS, and SARS in a nonhuman primate model. Science 80:368. 1012 LP
– 1015. https://doi.org/10.1126/science.abb7314

https://doi.org/10.1038/nsmb.3293
https://doi.org/10.1111/cei.13523
https://doi.org/10.1042/BJ20141170
https://doi.org/10.1016/j.virol.2013.11.040
https://doi.org/10.1101/2020.04.19.20068015
https://doi.org/10.1016/j.chom.2020.05.008
https://doi.org/10.1093/molbev/msaa094
https://doi.org/10.1371/journal.ppat.1002059
https://doi.org/10.1016/j.bcmd.2020.102437
https://doi.org/10.1146/annurev-immunol-041015-055531
https://doi.org/10.1038/s41586-020-2787-6
https://doi.org/10.1128/JVI.00127-20
https://doi.org/10.1126/science.abb7314


174 F. Fatemi et al.

39. Munster VJ, Feldmann F, Williamson BN, van Doremalen N, Pérez-Pérez L, Schulz J,
Meade-White K, Okumura A, Callison J, Brumbaugh B, Avanzato VA, Rosenke R, Hanley
PW, Saturday G, Scott D, Fischer ER, de Wit E (2020) Respiratory disease in rhesus
macaques inoculated with SARS-CoV-2. Nature 585:268–272. https://doi.org/10.1038/s41
586-020-2324-7

40. Vrancken B, Zhao B, Li X, Han X, Liu H, Zhao J, Zhong P, Lin Y, Zai J, Liu M, Smith DM,
Dellicour S, Chaillon A (2020) Comparative circulation dynamics of the five main HIV types
in China. J Virol 94:e00683–20. https://doi.org/10.1128/JVI.00683-20

41. Bao L, Deng W, Huang B, Gao H, Liu J, Ren L, Wei Q, Yu P, Xu Y, Qi F, Qu Y, Li F, Lv
Q, Wang W, Xue J, Gong S, Liu M, Wang G, Wang S, Song Z, Zhao L, Liu P, Zhao L, Ye F,
Wang H, Zhou W, Zhu N, Zhen W, Yu H, Zhang X, Guo L, Chen L, Wang C, Wang Y, Wang
X, Xiao Y, Sun Q, Liu H, Zhu F, Ma C, Yan L, Yang M, Han J, Xu W, Tan W, Peng X, Jin Q,
Wu G, Qin C (2020) The pathogenicity of SARS-CoV-2 in hACE2 transgenic mice. Nature
583:830–833. https://doi.org/10.1038/s41586-020-2312-y

42. Regla-Nava JA, Nieto-Torres JL, Jimenez-Guardeño JM, Fernandez-Delgado R, Fett C,
Castaño-Rodríguez C, Perlman S, Enjuanes L, DeDiego ML (2015) Severe acute respira-
tory syndrome coronaviruses with mutations in the E protein are attenuated and promising
vaccine candidates. J Virol 89:3870–3887. https://doi.org/10.1128/JVI.03566-14

43. Day CW, Baric R, Cai SX, Frieman M, Kumaki Y, Morrey JD, Smee DF, Barnard DL (2009)
A new mouse-adapted strain of SARS-CoV as a lethal model for evaluating antiviral agents
in vitro and in vivo. Virology 395:210–222

44. Gu H, Chen Q, Yang G, He L, Fan H, Deng Y-Q, Wang Y, Teng Y, Zhao Z, Cui Y, Li Y, Li
X-F, Li J, Zhang N-N, Yang X, Chen S, Guo Y, Zhao G, Wang X, Luo D-Y, Wang H, Yang
X, Li Y, Han G, He Y, Zhou X, Geng S, Sheng X, Jiang S, Sun S, Qin C-F, Zhou Y (2020)
Adaptation of SARS-CoV-2 in BALB/c mice for testing vaccine efficacy. Science 80:369,
1603 LP–1607. https://doi.org/10.1126/science.abc4730

45. Dutta AK (2020) Vaccine against covid-19 disease—present status of development. Indian J
Pediatr 87:810–816. https://doi.org/10.1007/s12098-020-03475-w

46. Han S (2015) Clinical vaccine development. Clin Exp Vaccine Res 4:46–53. https://doi.org/
10.7774/cevr.2015.4.1.46

47. van Riel D, de Wit E (2020) Next-generation vaccine platforms for COVID-19. Nat Mater
19:810–812. https://doi.org/10.1038/s41563-020-0746-0

48. Draft landscape of COVID-19 candidate vaccines (2020)
49. Minor PD (2015) Live attenuated vaccines: historical successes and current challenges.

Virology 479–480:379–392. https://doi.org/10.1016/j.virol.2015.03.032
50. Lamirande EW, DeDiego ML, Roberts A, Jackson JP, Alvarez E, Sheahan T, Shieh W-J,

Zaki SR, Baric R, Enjuanes L, Subbarao K (2008) A live attenuated severe acute respiratory
syndrome coronavirus is immunogenic and efficacious in golden Syrian hamsters. J Virol
82:7721–7724. https://doi.org/10.1128/JVI.00304-08

51. Netland J, DeDiego ML, Zhao J, Fett C, Álvarez E, Nieto-Torres JL, Enjuanes L, Perlman
S (2010) Immunization with an attenuated severe acute respiratory syndrome coronavirus
deleted in E protein protects against lethal respiratory disease. Virology 399:120–128. https://
doi.org/10.1016/j.virol.2010.01.004

52. Fett C, DeDiego ML, Regla-Nava JA, Enjuanes L, Perlman S (2013) Complete protection
against severe acute respiratory syndrome coronavirus-mediated lethal respiratory disease in
aged mice by immunization with a mouse-adapted virus lacking E protein. J Virol 87:6551–
6559. https://doi.org/10.1128/JVI.00087-13

53. DeDiego ML, Alvarez E, Almazán F, Rejas MT, Lamirande E, Roberts A, Shieh W-J, Zaki
SR, Subbarao K, Enjuanes L (2007) A severe acute respiratory syndrome coronavirus that
lacks the E gene is attenuated in vitro and in vivo. J Virol 81:1701–1713. https://doi.org/10.
1128/JVI.01467-06

54. Menachery VD, Gralinski LE, Mitchell HD, Dinnon KH 3rd, Leist SR, Yount BL Jr,
McAnarney ET, Graham RL, Waters KM, Baric RS (2018) Combination attenuation offers
strategy for live attenuated coronavirus vaccines. J Virol 92:e00710–18. https://doi.org/10.
1128/JVI.00710-18

https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1128/JVI.00683-20
https://doi.org/10.1038/s41586-020-2312-y
https://doi.org/10.1128/JVI.03566-14
https://doi.org/10.1126/science.abc4730
https://doi.org/10.1007/s12098-020-03475-w
https://doi.org/10.7774/cevr.2015.4.1.46
https://doi.org/10.1038/s41563-020-0746-0
https://doi.org/10.1016/j.virol.2015.03.032
https://doi.org/10.1128/JVI.00304-08
https://doi.org/10.1016/j.virol.2010.01.004
https://doi.org/10.1128/JVI.00087-13
https://doi.org/10.1128/JVI.01467-06
https://doi.org/10.1128/JVI.00710-18


5 Vaccine Development and Immune Responses in COVID-19 … 175

55. Menachery VD, Gralinski LE, Mitchell HD, Dinnon KH 3rd, Leist SR, Yount BL Jr, Graham
RL, McAnarney ET, Stratton KG, Cockrell AS, Debbink K, Sims AC, Waters KM, Baric RS
(2017) Middle East respiratory syndrome coronavirus nonstructural protein 16 Is necessary
for interferon resistance and viral pathogenesis. MSphere 2:e00346–17. https://doi.org/10.
1128/mSphere.00346-17

56. DeDiego ML, Nieto-Torres JL, Jimenez-Guardeño JM, Regla-Nava JA, Castaño-Rodriguez
C, Fernandez-Delgado R, Usera F, Enjuanes L (2014) Coronavirus virulence genes with main
focus on SARS-CoV envelope gene. Virus Res 194:124–137. https://doi.org/10.1016/j.vir
usres.2014.07.024

57. Mueller S, Stauft CB, Kalkeri R, Koidei F, Kushnir A, Tasker S, Coleman JR (2020) A codon-
pair deoptimized live-attenuated vaccine against respiratory syncytial virus is immunogenic
and efficacious in non-human primates. Vaccine 38:2943–2948. https://doi.org/10.1016/j.vac
cine.2020.02.056

58. Vignuzzi M, Wendt E, Andino R (2008) Engineering attenuated virus vaccines by controlling
replication fidelity. Nat Med 14:154–161. https://doi.org/10.1038/nm1726

59. Jimenez-Guardeño JM, Regla-Nava JA, Nieto-Torres JL, DeDiego ML, Castaño-Rodriguez
C, Fernandez-Delgado R, Perlman S, Enjuanes L (2015) Identification of the mechanisms
causing reversion to virulence in an attenuated SARS-CoV for the design of a genetically
stable vaccine. PLoS Pathog 11:e1005215–e1005215. https://doi.org/10.1371/journal.ppat.
1005215

60. Roper RL, Rehm KE (2009) SARS vaccines: where are we? Expert Rev Vaccines 8:887–898.
https://doi.org/10.1586/erv.09.43

61. Cryz SJ, Fürer E, Germanier R (1982) Effect of chemical and heat inactivation on the
antigenicity and immunogenicity of Vibrio cholerae. Infect Immun 38:21 LP–26

62. Tsunetsugu-Yokota Y (2008) Large-scale preparation of UV-inactivated SARS coronavirus
virions for vaccine antigen. Methods Mol Biol 454:119–126. https://doi.org/10.1007/978-1-
59745-181-9_11

63. Wang Q, Zhang L, Kuwahara K, Li L, Liu Z, Li T, Zhu H, Liu J, Xu Y, Xie J, Morioka H,
Sakaguchi N, Qin C, Liu G (2016) Immunodominant SARS coronavirus epitopes in humans
elicited both enhancing and neutralizing effects on infection in non-human primates. ACS
Infect Dis 2:361–376. https://doi.org/10.1021/acsinfecdis.6b00006

64. Yang ZY, Werner HC, Kong WP, Leung K, Traggiai E, Lanzavecchia A, Nabel GJ (2005)
Evasion of antibody neutralization in emerging severe acute respiratory syndrome coro-
naviruses. Proc Natl Acad Sci USA 102:797–801. https://doi.org/10.1073/pnas.040906
5102

65. Xiong S,WangY-F, ZhangM-Y, LiuX-J, ZhangC-H, Liu S-S, QianC-W, Li J-X, Lu J-H,Wan
Z-Y, Zheng H-Y, Yan X-G, Meng M-J, Fan J (2004) Immunogenicity of SARS inactivated
vaccine in BALB/c mice. Immunol Lett 95:139–143. https://doi.org/10.1016/j.imlet.2004.
06.014

66. Luo F, Liao F-L, Wang H, Tang H-B, Yang Z-Q, Hou W (2018) Evaluation of antibody-
dependent enhancement of SARS-CoV infection in rhesus macaques immunized with an
inactivated SARS-CoV vaccine. Virol Sin 33:201–204. https://doi.org/10.1007/s12250-018-
0009-2

67. Takasuka N, Fujii H, Takahashi Y, Kasai M, Morikawa S, Itamura S, Ishii K, Sakaguchi
M, Ohnishi K, Ohshima M, Hashimoto S, Odagiri T, Tashiro M, Yoshikura H, Takemori T,
Tsunetsugu-Yokota Y (2004) A subcutaneously injected UV-inactivated SARS coronavirus
vaccine elicits systemic humoral immunity in mice. Int Immunol 16:1423–1430. https://doi.
org/10.1093/intimm/dxh143

68. Bolles M, Deming D, Long K, Agnihothram S, Whitmore A, Ferris M, Funkhouser W,
Gralinski L, ToturaA,HeiseM,Baric RS (2011)A double-inactivated severe acute respiratory
syndrome coronavirus vaccine provides incomplete protection in mice and induces increased
eosinophilic proinflammatory pulmonary response upon challenge. J Virol 85:12201–12215.
https://doi.org/10.1128/JVI.06048-11

https://doi.org/10.1128/mSphere.00346-17
https://doi.org/10.1016/j.virusres.2014.07.024
https://doi.org/10.1016/j.vaccine.2020.02.056
https://doi.org/10.1038/nm1726
https://doi.org/10.1371/journal.ppat.1005215
https://doi.org/10.1586/erv.09.43
https://doi.org/10.1007/978-1-59745-181-9_11
https://doi.org/10.1021/acsinfecdis.6b00006
https://doi.org/10.1073/pnas.0409065102
https://doi.org/10.1016/j.imlet.2004.06.014
https://doi.org/10.1007/s12250-018-0009-2
https://doi.org/10.1093/intimm/dxh143
https://doi.org/10.1128/JVI.06048-11


176 F. Fatemi et al.

69. Tseng C-T, Sbrana E, Iwata-Yoshikawa N, Newman PC, Garron T, Atmar RL, Peters
CJ, Couch RB (2012) Immunization with SARS coronavirus vaccines leads to pulmonary
immunopathology on challenge with the SARS virus. PLoS ONE 7:e35421–e35421. https://
doi.org/10.1371/journal.pone.0035421

70. Yasui F, Kai C, Kitabatake M, Inoue S, Yoneda M, Yokochi S, Kase R, Sekiguchi S, Morita
K, Hishima T, Suzuki H, Karamatsu K, Yasutomi Y, Shida H, Kidokoro M, Mizuno K,
Matsushima K, Kohara M (2008) Prior immunization with severe acute respiratory syndrome
(SARS)-AssociatedCoronavirus (SARS-CoV)nucleocapsid protein causes severe pneumonia
in mice infected with SARS-CoV. J Immunol 181:6337 LP–6348. https://doi.org/10.4049/jim
munol.181.9.6337

71. Agrawal AS, Tao X, Algaissi A, Garron T, Narayanan K, Peng B-H, Couch RB, Tseng
C-TK (2016) Immunization with inactivated Middle East respiratory syndrome coronavirus
vaccine leads to lung immunopathology on challengewith live virus.HumVaccin Immunother
12:2351–2356. https://doi.org/10.1080/21645515.2016.1177688

72. Iwata-Yoshikawa N, Uda A, Suzuki T, Tsunetsugu-Yokota Y, Sato Y,Morikawa S, TashiroM,
Sata T, HasegawaH, Nagata N (2014) Effects of Toll-like receptor stimulation on eosinophilic
infiltration in lungs of BALB/c mice immunized with UV-inactivated severe acute respiratory
syndrome-related coronavirus vaccine. J Virol 88:8597–8614. https://doi.org/10.1128/JVI.
00983-14

73. DengY, Lan J, Bao L, HuangB,Ye F, ChenY,YaoY,WangW,QinC, TanW (2018) Enhanced
protection in mice induced by immunization with inactivated whole viruses compare to spike
protein ofMiddle East respiratory syndrome coronavirus. EmergMicrobes Infect 7:60. https://
doi.org/10.1038/s41426-018-0056-7

74. Gao Q, Bao L, Mao H, Wang L, Xu K, Yang M, Li Y, Zhu L, Wang N, Lv Z, Gao H, Ge X,
Kan B, Hu Y, Liu J, Cai F, Jiang D, Yin Y, Qin C, Li J, Gong X, Lou X, Shi W, Wu D, Zhang
H, Zhu L, Deng W, Li Y, Lu J, Li C, Wang X, Yin W, Zhang Y, Qin C (2020) Development
of an inactivated vaccine candidate for SARS-CoV-2. Science 369:77–81. https://doi.org/10.
1126/science.abc1932

75. Zhang Y, Zeng G, Pan H, Li C, Hu Y, Chu K, Han W, Chen Z, Tang R, Yin W, Chen X, Hu Y,
Liu X, Jiang C, Li J, Yang M, Song Y, Wang X, Gao Q, Zhu F (2020) Safety, tolerability, and
immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy adults aged 18-59 years:
a randomised, double-blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect Dis.
https://doi.org/10.1016/S1473-3099(20)30843-4

76. Xia S, Duan K, Zhang Y, Zhao D, Zhang H, Xie Z, Li X, Peng C, Zhang Y, ZhangW, Yang Y,
ChenW, Gao X, YouW,Wang X, Wang Z, Shi Z, Wang Y, Yang X, Zhang L, Huang L, Wang
Q, Lu J, YangY, Guo J, ZhouW,WanX,WuC,WangW,Huang S, Du J,Meng Z, PanA, Yuan
Z, Shen S, Guo W, Yang X (2020) Effect of an inactivated vaccine against SARS-CoV-2 on
safety and immunogenicity outcomes: interim analysis of 2 randomized clinical trials. JAMA
324:951–960. https://doi.org/10.1001/jama.2020.15543

77. WangH, ZhangY, Huang B, DengW, QuanY,WangW (2020) Development of an inactivated
vaccine candidate, BBIBP-CorV, with potent protection against SARS- CoV-2. Cell 182:713–
721. https://doi.org/10.1016/j.cell.2020.06.008

78. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, Tan W, Wu G, Xu M, Lou Z, Huang
W, Xu W, Huang B, Wang H, Wang W, Zhang W, Li N, Xie Z, Ding L, You W, Zhao Y,
Yang X, Liu Y, Wang Q, Huang L, Yang Y, Xu G, Luo B, Wang W, Liu P, Guo W, Yang X
(2020) Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBIBP-CorV: a
randomised, double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect Dis 21:39–51.
https://doi.org/10.1016/S1473-3099(20)30831-8

79. A double-blinded, randomized, placebo-controlled Phase I Clinical trial to evaluate the safety
and immunogenicity ofCOVID-19 inactivated vaccine (Shif-Pharmed) in a healthy population
(2020)

80. Bouard D, Alazard-Dany D, Cosset F-L (2009) Viral vectors: from virology to transgene
expression. Br J Pharmacol 157:153–165. https://doi.org/10.1038/bjp.2008.349

https://doi.org/10.1371/journal.pone.0035421
https://doi.org/10.4049/jimmunol.181.9.6337
https://doi.org/10.1080/21645515.2016.1177688
https://doi.org/10.1128/JVI.00983-14
https://doi.org/10.1038/s41426-018-0056-7
https://doi.org/10.1126/science.abc1932
https://doi.org/10.1016/S1473-3099(20)30843-4
https://doi.org/10.1001/jama.2020.15543
https://doi.org/10.1016/j.cell.2020.06.008
https://doi.org/10.1016/S1473-3099(20)30831-8
https://doi.org/10.1038/bjp.2008.349


5 Vaccine Development and Immune Responses in COVID-19 … 177

81. Rauch S, Jasny E, Schmidt KE, Petsch B (2018) New vaccine technologies to combat outbreak
situations. Front Immunol 9:1963. https://doi.org/10.3389/fimmu.2018.01963

82. Afrough B, Dowall S, Hewson R (2019) Emerging viruses and current strategies for vaccine
intervention. Clin Exp Immunol 196:157–166. https://doi.org/10.1111/cei.13295

83. GaoW, Tamin A, Soloff A, D’Aiuto L, Nwanegbo E, Robbins PD, Bellini WJ, Barratt-Boyes
S, Gambotto A (2003) Effects of a SARS-associated coronavirus vaccine in monkeys. Lancet
(London, England) 362:1895–1896. https://doi.org/10.1016/S0140-6736(03)14962-8

84. Liu R-Y, Wu L-Z, Huang B-J, Huang J-L, Zhang Y-L, Ke M-L, Wang J-M, Tan W-P, Zhang
R-H, Chen H-K, Zeng Y-X, HuangW (2005) Adenoviral expression of a truncated S1 subunit
of SARS-CoV spike protein results in specific humoral immune responses against SARS-CoV
in rats. Virus Res 112:24–31. https://doi.org/10.1016/j.virusres.2005.02.009

85. See RH, Petric M, Lawrence DJ, Mok CPY, Rowe T, Zitzow LA, Karunakaran KP, Voss TG,
Brunham RC, Gauldie J, Finlay BB, Roper RL (2008) Severe acute respiratory syndrome
vaccine efficacy in ferrets: whole killed virus and adenovirus-vectored vaccines. J Gen Virol
89:2136–2146. https://doi.org/10.1099/vir.0.2008/001891-0

86. Kim E, Okada K, Kenniston T, Raj VS, AlHajri MM, Farag EABA, AlHajri F, Osterhaus
ADME, Haagmans BL, Gambotto A (2014) Immunogenicity of an adenoviral-based Middle
East Respiratory Syndrome coronavirus vaccine in BALB/c mice. Vaccine 32:5975–5982.
https://doi.org/10.1016/j.vaccine.2014.08.058

87. Guo X, Deng Y, Chen H, Lan J, Wang W, Zou X, Hung T, Lu Z, Tan W (2015) Systemic and
mucosal immunity in mice elicited by a single immunization with human adenovirus type 5
or 41 vector-based vaccines carrying the spike protein of Middle East respiratory syndrome
coronavirus. Immunology 145:476–484. https://doi.org/10.1111/imm.12462

88. Jung S-Y, Kang KW, Lee E-Y, Seo D-W, KimH-L, KimH, Kwon T, Park H-L, KimH, Lee S-
M, Nam J-H (2018) Heterologous prime-boost vaccination with adenoviral vector and protein
nanoparticles induces both Th1 and Th2 responses against Middle East respiratory syndrome
coronavirus. Vaccine 36:3468–3476. https://doi.org/10.1016/j.vaccine.2018.04.082

89. Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-Rammerstorfer S, Bellamy D,
Bibi S, Bittaye M, Clutterbuck EA, Dold C, Faust SN, Finn A, Flaxman AL, Hallis B, Heath
P, Jenkin D, Lazarus R, Makinson R, Minassian AM, Pollock KM, Ramasamy M, Robinson
H, Snape M, Tarrant R, Voysey M, Green C, Douglas AD, Hill AVS, Lambe T, Gilbert SC,
Pollard AJ, Group OCVT (2020) Safety and immunogenicity of the ChAdOx1 nCoV-19
vaccine against SARS-CoV-2: a preliminary report of a phase 1/2, single-blind, randomised
controlled trial. Lancet (London, England) 396:467–478. https://doi.org/10.1016/S0140-673
6(20)31604-4

90. Dicks MDJ, Spencer AJ, Edwards NJ, Wadell G, Bojang K, Gilbert SC, Hill AVS,
Cottingham MG (2012) A novel chimpanzee adenovirus vector with low human seropreva-
lence: improved systems for vector derivation and comparative immunogenicity. PLoS ONE
7:e40385–e40385. https://doi.org/10.1371/journal.pone.0040385

91. Ramasamy MN, Minassian AM, Ewer KJ, Flaxman AL, Folegatti PM, Owens DR, Voysey
M, Aley PK, Angus B, Babbage G, Belij-Rammerstorfer S, Berry L, Bibi S, BittayeM, Cathie
K, Chappell H, Charlton S, Cicconi P, Clutterbuck EA, Colin-Jones R, Dold C, Emary KRW,
FedosyukS, FuskovaM,GbesemeteD,GreenC,HallisB,HouMM, JenkinD, JoeCCD,Kelly
EJ, Kerridge S, Lawrie AM, Lelliott A, LwinMN,Makinson R,Marchevsky NG,Mujadidi Y,
Munro APS, Pacurar APS, Plested E, Rand J, Rawlinson T, Rhead S, Robinson H, Ritchie AJ,
Ross-Russell AL, Saich S, SinghN, Smith CC, SnapeMD, SongR, Tarrant R, Themistocleous
Y, Thomas KM, Villafana TL, Warren SC, Watson MEE, Douglas AD, Hill AVS, Lambe
T, Gilbert SC, Faust SN, Pollard AJ, Group OCVT (2020) Safety and immunogenicity of
ChAdOx1 nCoV-19 vaccine administered in a prime-boost regimen in young and old adults
(COV002): a single-blind, randomised, controlled, phase 2/3 trial. Lancet (London, England)
S0140-6736(20)32466–1. https://doi.org/10.1016/S0140-6736(20)32466-1

92. VoyseyM,Clemens SAC,Madhi SA,WeckxLY, Folegatti PM,Aley PK,AngusB, BaillieVL,
Barnabas SL, Bhorat QE, Bibi S, Briner C, Cicconi P, Collins AM, Colin-Jones R, Cutland
CL, Darton TC, Dheda K, Duncan CJA, Emary KRW, Ewer KJ, Fairlie L, Faust SN, Feng

https://doi.org/10.3389/fimmu.2018.01963
https://doi.org/10.1111/cei.13295
https://doi.org/10.1016/S0140-6736(03)14962-8
https://doi.org/10.1016/j.virusres.2005.02.009
https://doi.org/10.1099/vir.0.2008/001891-0
https://doi.org/10.1016/j.vaccine.2014.08.058
https://doi.org/10.1111/imm.12462
https://doi.org/10.1016/j.vaccine.2018.04.082
https://doi.org/10.1016/S0140-6736(20)31604-4
https://doi.org/10.1371/journal.pone.0040385
https://doi.org/10.1016/S0140-6736(20)32466-1


178 F. Fatemi et al.

S, Ferreira DM, Finn A, Goodman AL, Green CM, Green CA, Heath PT, Hill C, Hill H,
Hirsch I, Hodgson SHC, Izu A, Jackson S, Jenkin D, Joe CCD, Kerridge S, Koen A, Kwatra
G, Lazarus R, Lawrie AM, Lelliott A, Libri V, Lillie PJ, Mallory R, Mendes AVA, Milan EP,
Minassian AM, McGregor A, Morrison H, Mujadidi YF, Nana A, O’Reilly PJ, Padayachee
SD, Pittella A, Plested E, Pollock KM, Ramasamy MN, Rhead S, Schwarzbold AV, Singh N,
Smith A, Song R, Snape MD, Sprinz E, Sutherland RK, Tarrant R, Thomson EC, Török ME,
Toshner M, Turner DPJ, Vekemans J, Villafana TL, Watson MEE, Williams CJ, Douglas AD,
Hill AVS, Lambe T, Gilbert SC, Pollard AJ, Aban M, Abayomi F, Abeyskera K, Aboagye J,
AdamM, Adams K, Adamson J, Adelaja YA, Adlou S, Ahmed K, Akhalwaya Y, Akhalwaya
S, Alcock A, Ali A, Allen ER, Allen L, Almeida TCDSC, Alves MPS, Amorim F, Andritsou
F, Anslow R, Appleby M, Arbe-Barnes EH, Ariaans MP, Arns B, Arruda L, Awedetan G, Azi
P, Azi L, Babbage G, Bailey C, Baker KF, Baker M, Baker N, Baker P, Baldwin L, Baleanu
I, Bandeira D, Bara A, Barbosa MAS, Barker D, Barlow GD, Barnes E, Barr AS, Barrett JR,
Barrett J, Bates L, Batten A, Beadon K, Beales E, Beckley R, Belij-Rammerstorfer S, Bell J,
Bellamy D, Bellei N, Belton S, Berg A, Bermejo L, Berrie E, Berry L, Berzenyi D, Beveridge
A, Bewley KR, Bexhell H, Bhikha S, Bhorat AE, Bhorat ZE, Bijker E, Birch G, Birch S, Bird
A, Bird O, Bisnauthsing K, Bittaye M, Blackstone K, Blackwell L, Bletchly H, Blundell CL,
Blundell SR, Bodalia P, Boettger BC, Bolam E, Boland E, Bormans D, Borthwick N, Bowring
F, Boyd A, Bradley P, Brenner T, Brown P, Brown C, Brown-O’Sullivan C, Bruce S, Brunt
E, Buchan R, Budd W, Bulbulia YA, Bull M, Burbage J, Burhan H, Burn A, Buttigieg KR,
Byard N, Cabera Puig I, Calderon G, Calvert A, Camara S, Cao M, Cappuccini F, Cardoso
JR, Carr M, Carroll MW, Carson-Stevens A, de M Carvalho Y, Carvalho JAM, Casey HR,
Cashen P, Castro T, Castro LC, Cathie K, Cavey A, Cerbino-Neto J, Chadwick J, Chapman D,
Charlton S, Chelysheva I, Chester O, Chita S, Cho J-S, Cifuentes L, Clark E, Clark M, Clarke
A, Clutterbuck EA, Collins SLK, Conlon CP, Connarty S, Coombes N, Cooper C, Cooper R,
Cornelissen L, Corrah T, Cosgrove C, Cox T, Crocker WEM, Crosbie S, Cullen L, Cullen D,
Cunha DRMF, Cunningham C, Cuthbertson FC, Da Guarda SNF, da Silva LP, Damratoski
BE, Danos Z, DantasMTDC, Darroch P, DatooMS, Datta C, DavidsM, Davies SL, Davies H,
Davis E, Davis J, Davis J, De Nobrega MMD, De Oliveira Kalid LM, Dearlove D, Demissie
T, Desai A, Di Marco S, Di Maso C, Dinelli MIS, Dinesh T, Docksey C, Dold C, Dong T,
Donnellan FR, Dos Santos T, dos Santos TG, Dos Santos EP, Douglas N, Downing C, Drake J,
Drake-Brockman R, Driver K, Drury R, Dunachie SJ, Durham BS, Dutra L, Easom NJW, van
Eck S, Edwards M, Edwards NJ, El Muhanna OM, Elias SC, Elmore M, English M, Esmail
A, Essack YM, Farmer E, Farooq M, Farrar M, Farrugia L, Faulkner B, Fedosyuk S, Felle S,
Feng S, Ferreira Da Silva C, Field S, Fisher R, Flaxman A, Fletcher J, Fofie H, Fok H, Ford
KJ, Fowler J, Fraiman PHA, Francis E, Franco MM, Frater J, Freire MSM, Fry SH, Fudge
S, Furze J, Fuskova M, Galian-Rubio P, Galiza E, Garlant H, Gavrila M, Geddes A, Gibbons
KA, Gilbride C, Gill H, Glynn S, Godwin K, Gokani K, Goldoni UC, GoncalvesM, Gonzalez
IGS, Goodwin J, Goondiwala A, Gordon-Quayle K, Gorini G, Grab J, Gracie L, Greenland
M, Greenwood N, Greffrath J, Groenewald MM, Grossi L, Gupta G, Hackett M, Hallis B,
Hamaluba M, Hamilton E, Hammersley D, Hanrath AT, Hanumunthadu B, Harris SA, Harris
C, Harris T, Harrison TD, Harrison D, Hart TC, Hartnell B, Hassan S, Haughney J, Hawkins
S, Hay J, Head I, Henry J, Hermosin Herrera M, Hettle DB, Hill J, Hodges G, Horne E, Hou
MM, Houlihan C, Howe E, Howell N, Humphreys J, Humphries HE, Hurley K, Huson C,
Hyder-Wright A, Hyamns C, Ikram S, Ishwarbhai A, Ivan M, Iveson P, Iyer V, Jackson F, De
Jager J, Jaumdally S, Jeffers H, Jesudason N, Jones B, Jones K, Jones E, Jones C, Jorge MR,
Jose A, Joshi A, Júnior EAMS, Kadziola J, Kailath R, Kana F, Karampatsas K, Kasanyinga
M, Keen J, Kelly EJ, Kelly DM, Kelly D, Kelly S, Kerr D, de Á Kfouri R, Khan L, Khozoee
B, Kidd S, Killen A, Kinch J, Kinch P, King LDW, King TB, Kingham L, Klenerman P, F.
Knapper, Knight JC, Knott D, Koleva S, Lang M, Lang G, Larkworthy CW, Larwood JPJ,
Law R, Lazarus EM, Leach A, Lees EA, Lemm N-M, Lessa A, Leung S, Li Y, Lias AM,
Liatsikos K, Linder A, Lipworth S, Liu S, Liu X, Lloyd A, Lloyd S, Loew L, Lopez Ramon R,
Lora L, Lowthorpe V, Luz K, MacDonald JC, MacGregor G, Madhavan M, Mainwaring DO,



5 Vaccine Development and Immune Responses in COVID-19 … 179

Makambwa E, Makinson R, Malahleha M, Malamatsho R, Mallett G, Mansatta K, Maoko T,
Mapetla K, Marchevsky NG, Marinou S, Marlow E, Marques GN, Marriott P, Marshall RP,
Marshall JL, Martins FJ, Masenya M, Masilela M, Masters SK, Mathew M, Matlebjane H,
Matshidiso K, Mazur O, Mazzella A, McCaughan H, McEwan J, McGlashan J, McInroy L,
McIntyre Z, McLenaghan D, McRobert N, McSwiggan S, Megson C, Mehdipour S, Meijs W,
Mendonça RNÁ, Mentzer AJ, Mirtorabi N, Mitton C, Mnyakeni S, Moghaddas F, Molapo K,
Moloi M, Moore M, Moraes-Pinto MI, Moran M, Morey E, Morgans R, Morris S, Morris S,
Morris HC, Morselli F, Morshead G, Morter R, Mottal L, Moultrie A, Moya N, Mpelembue
M, Msomi S, Mugodi Y, Mukhopadhyay E, Muller J, Munro A, Munro C, Murphy S, Mweu
P, Myasaki CH, Naik G, Naker K, Nastouli E, Nazir A, Ndlovu B, Neffa F, Njenga C, Noal H,
Noé A, Novaes G, Nugent FL, Nunes G, O’Brien K, O’Connor D, OdamM, Oelofse S, Oguti
B, Olchawski V, Oldfield NJ, Oliveira MG, Oliveira C, Oosthuizen A, O’Reilly P, Osborne P,
Owen DRJ, Owen L, Owens D, Owino N, Pacurar M, Paiva BVB, Palhares EMF, Palmer S,
Parkinson S, Parracho HMRT, Parsons K, Patel D, Patel B, Patel F, Patel K, Patrick-Smith M,
Payne RO, Peng Y, Penn EJ, Pennington A, Peralta Alvarez MP, Perring J, Perry N, Perumal
R, Petkar S, Philip T, Phillips DJ, Phillips J, Phohu MK, Pickup L, Pieterse S, Piper J, Pipini
D, Plank M, Du Plessis J, Pollard S, Pooley J, Pooran A, Poulton I, Powers C, Presa FB, Price
DA, Price V, Primeira M, Proud PC, Provstgaard-Morys S, Pueschel S, Pulido D, Quaid S,
Rabara R, Radford A, Radia K, Rajapaska D, Rajeswaran T, Ramos ASF, Ramos Lopez F,
Rampling T, Rand J, Ratcliffe H, Rawlinson T, Rea D, Rees B, Reiné J, Resuello-Dauti M,
Reyes Pabon E, Ribiero CM, Ricamara M, Richter A, Ritchie N, Ritchie AJ, Robbins AJ,
Roberts H, Robinson RE, Robinson H, Rocchetti TT, Rocha BP, Roche S, Rollier C, Rose L,
Ross Russell AL, Rossouw L, Royal S, Rudiansyah I, Ruiz S, Saich S, Sala C, Sale J, Salman
AM, Salvador N, Salvador S, Sampaio M, Samson AD, Sanchez-Gonzalez A, Sanders H,
Sanders K, Santos E, Santos Guerra MFS, Satti I, Saunders JE, Saunders C, Sayed A, Schim
van der Loeff I, Schmid AB, Schofield E, Screaton G, Seddiqi S, Segireddy RR, Senger R,
Serrano S, Shah R, Shaik I, Sharpe HE, Sharrocks K, Shaw R, Shea A, Shepherd A, Shepherd
JG, ShihamF, SidhomE, Silk SE, da SilvaMoraesAC, Silva-Junior G, Silva-Reyes L, Silveira
AD, Silveira MBV, Sinha J, Skelly DT, Smith DC, Smith N, Smith HE, Smith DJ, Smith CC,
Soares A, Soares T, Solórzano C, Sorio GL, Sorley K, Sosa-Rodriguez T, Souza CMCDL,
Souza BSDF, Souza AR, Spencer AJ, Spina F, Spoors L, Stafford L, Stamford I, Starinskij
I, Stein R, Steven J, Stockdale L, Stockwell LV, Strickland LH, Stuart AC, Sturdy A, Sutton
N, Szigeti A, Tahiri-Alaoui A, Tanner R, Taoushanis C, Tarr AW, Taylor K, Taylor U, Taylor
IJ, Taylor J, te Water Naude R, Themistocleous Y, Themistocleous A, Thomas M, Thomas
K, Thomas TM, Thombrayil A, Thompson F, Thompson A, Thompson K, Thompson A,
Thomson J, Thornton-Jones V, Tighe PJ, Tinoco LA, Tiongson G, Tladinyane B, Tomasicchio
M, Tomic A, Tonks S, Tran N, Tree J, Trillana G, Trinham C, Trivett R, Truby A, Tsheko
BL, Turabi A, Turner R, Turner C, Ulaszewska M, Underwood BR, Varughese R, Verbart
D, Verheul M, Vichos I, Vieira T, Waddington CS, Walker L, Wallis E, Wand M, Warbick
D, Wardell T, Warimwe G, Warren SC, Watkins B, Watson E, Webb S, Webb-Bridges A,
Webster A, Welch J, Wells J, West A, White C, White R, Williams P, Williams RL, Winslow
R, Woodyer M, Worth AT, Wright D, Wroblewska M, Yao A, Zimmer R, Zizi D, Zuidewind
P (2020) Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-
CoV-2: an interim analysis of four randomised controlled trials in Brazil, South Africa, and
the UK. Lancet. https://doi.org/10.1016/s0140-6736(20)32661-1

93. Zhu F-C, Guan X-H, Li Y-H, Huang J-Y, Jiang T, Hou L-H, Li J-X, Yang B-F, Wang L, Wang
W-J, Wu S-P, Wang Z, Wu X-H, Xu J-J, Zhang Z, Jia S-Y, Wang B-S, Hu Y, Liu J-J, Zhang J,
QianX-A,LiQ, PanH-X, JiangH-D,DengP,Gou J-B,WangX-W,WangX-H,ChenW(2020)
Immunogenicity and safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine
in healthy adults aged 18 years or older: a randomised, double-blind, placebo-controlled,
phase 2 trial. Lancet 396:479–488. https://doi.org/10.1016/S0140-6736(20)31605-6

94. Zhang C, Maruggi G, Shan H, Li J (2019) Advances in mRNA Vaccines for Infectious
Diseases. Front Immunol 10:594. https://doi.org/10.3389/fimmu.2019.00594

https://doi.org/10.1016/s0140-6736(20)32661-1
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.3389/fimmu.2019.00594


180 F. Fatemi et al.

95. PardiN,HoganMJ, Porter FW,WeissmanD (2018)mRNAvaccines-a new era in vaccinology.
Nat Rev Drug Discov 17:261–279. https://doi.org/10.1038/nrd.2017.243

96. Kauffman KJ,Webber MJ, Anderson DG (2016) Materials for non-viral intracellular delivery
of messenger RNA therapeutics. J Control Release 240:227–234. https://doi.org/10.1016/j.
jconrel.2015.12.032

97. Mulligan MJ, Lyke KE, Kitchin N, Absalon J, Gurtman A, Lockhart S, Neuzil K, Raabe
V, Bailey R, Swanson KA, Li P, Koury K, Kalina W, Cooper D, Fontes-Garfias C, Shi P-Y,
Türeci Ö, Tompkins KR, Walsh EE, Frenck R, Falsey AR, Dormitzer PR, Gruber WC, Şahin
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