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Abstract

There have been recent encouraging reports
about the development of vaccines for COVID-
19. Given the scale and effects of this pandemic
on public health and economies worldwide,
there has been an unprecedented approach
across the globe, leading to the emergence of
vaccine candidates many times faster than the
normal process would allow. This review gives
up-to-date information as of November 28,
2020, on the latest developments in this area
and covers the plans to roll out the most prom-
ising vaccines across the entire world to halt the
spread of this devastating virus.

Keywords

COVID-19 - SARS-CoV-2 - Coronavirus -
Spike protein - Receptor binding domain -
Vaccine

P. C. Guest ()

Laboratory of Neuroproteomics, Department of
Biochemistry and Tissue Biology, Institute of
Biology, University of Campinas (UNICAMP),
Campinas, Brazil

S. E. Ozanne

Addenbrookes Hospital, Institute of Metabolic
Science, University of Cambridge Metabolic
Research Laboratories and MRC Metabolic Diseases
Unit, Cambridge, UK

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021

1 Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the third virus from the beta-
coronavirus genus to cause serious illness and
death in humans, following the appearance of
SARS-CoV in 2002 and the Middle East respira-
tory syndrome coronavirus (MERS-CoV) in
2012 [1]. SARS-CoV-2 shows high similarity to
bat coronaviruses and SARS-CoV [2]. This is
consistent with the idea that these coronaviruses
may have originated from bats [3]. Furthermore,
SARS-CoV-2 was initially described close to
when the same virus occurred in lung samples
from two dead Malayan pangolins, suggesting
that these species may be a natural reservoir of
the virus [4, 5].

SARS-CoV-2 causes coronavirus disease
2019 (COVID-19), which was first reported in
December 2019 in Wuhan, China [6]. It is typi-
cally characterized by high fever, dry cough, dif-
ficulty in breathing, severe atypical pneumonia,
and other symptoms such as gastrointestinal dif-
ficulties, as well as loss of smell and taste [7, 8].
Severe cases are often marked by a cytokine
storm in blood sample analyses and the appear-
ance of ground glass opacities with consolidation
on lung computed tomography (CT) imaging [9].
As of November 28, 2020, there have been
62,618,683 confirmed COVID-19 cases and
1,458,944 deaths reported globally [10]. At the
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Fig. 18.1 World data showing COVID-19 cases (top) and deaths (bottom) as of Nov 28, 2020 [World]

present time, the daily rate of new cases and
deaths is showing no signs of decrease (Fig. 18.1).

Given the scale and effects of this pandemic
on public health and economies worldwide, there
has been an unprecedented approach across the
globe, to develop new treatment and vaccine can-
didates many times faster than the normal pro-
cess allows [11-14].

As the most effective method for controlling
the spread of COVID-19, this brief review
focuses on the latest news in vaccine develop-
ment. It will describe the main strategies involved
in targeting the virus as well as the different

methods involved in vaccine production. Finally,
it will describe the main efforts that have already
gone into fast-tracking dissemination of the top
approved vaccine candidates around the globe.

2 The SARS-CoV-2 Spike
Protein

SARS-CoV-2 is a solitary strand RNA virus of
approximately 30 kb and four main proteins,
termed envelope, nucleocapsid, membrane, and
spike. The virus gains entry into host cells



18 COVID-19 Vaccine Development 217
Fig. 18.2 Mechanism SARS-CoV-2
of SARS-CoV-2 entry
into cells by binding of
the spike protein to the
host ACE2 receptor . . -
Spike protein
ACE2 receptor
000000000000 PP2900000000
©00000000000 00000000006
Host cell
v

through the concerted action of the transmem-
brane protease, serine 2 (TMPRSS2), and bind-
ing of the spike protein via the receptor binding
domain to the angiotensin-converting enzyme 2
(ACE2) receptor (Fig. 18.2). This allows the
virus to enter the cell by endocytosis and dis-
charge the viral RNA into the cell cytosol. After
this, the virus takes over the cellular machinery to
reproduce itself and erupt from the cell via exo-
cytosis, allowing the spread of the virus to other
cells [15]. As the virus uses the spike protein for
entering into host cells expressing ACE2, most
researchers all over the world are targeting this
interaction in different ways in the development
of potential vaccines. A schematic of the viral
genome and the structure of the spike protein are
shown in Fig. 18.3.

3 SARS-CoV-2 Vaccine
Candidates in Phase 3
Clinical Trials

There are many vaccine candidates worldwide in
the effort to control COVID-19 disease. Many of
these are being rapidly progressed, considering
the global emergency. As of November 28, 2020,
10 of these vaccines are now in phase 3 clinical
trials and several are already showing promise.
These are shown in Table 18.1.

3.1 AZD1222 (Covishield)
AstraZeneca, the University of Oxford and the
Serum Institute of India are in Phase 3 with
AZD1222 (Covishield), a study which is being
carried out internationally, including in India and
the USA [14]. The vaccine uses a weakened ade-
novirus that causes a cold in chimpanzees and
genetically modified to express the genetic code
of the SARS-CoV-2 spike protein. Once inside
the body, the host cells produce the spike protein
that primes an immune response against the virus
(Fig. 18.4). If the vaccinated person encounters
the real virus, their immune system will produce
neutralizing antibodies.

The Covishield preclinical data showed a
humoral and cellular immune response in all par-
ticipants, and the phase 3 trial (NCT04516746) is
underway with more 40,000 participants enrolled.
In addition, an inhaled version is undergoing
testing in 30 people. Interim analysis of the phase
3 results showed an efficacy of 70.4% across two
dosing regimens for 131 of the cases. When a half
dose was used for the initial injection and a full
dose for the second, the effectiveness increased
to 90%. However, further studies will be required,
including the analysis of multiple age groups.
Preliminary results from the phase 1/2 trial
showed that the vaccine had an acceptable safety
profile with most patients producing an antibody
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Fig. 18.3 Schematic of SARS-CoV-2 RNA sequence (top) and spike protein (bottom). The receptor binding domain is
highlighted in the spike protein sequence. This is the region of the spike that targets the ACE2 receptor on host cells

Table 18.1 Vaccine candidates in phase 3 clinical trials

Candidate | Mechanism Sponsor Host institution Results
AZDI1222 | Replication- University of Oxford; University of Oxford, Interim results
deficient viral vector | AstraZeneca; IQVIA; Serum Jenner Institute only
vaccine Institute of India
BNT162 mRNA-based Pfizer, BioNTech Multiple sites in Interim results
vaccine Europe and North only
America
mRNA- mRNA-based Moderna Kaiser Permanente Interim results
1273 vaccine Washington Health only
Research Institute
Sputnik V| Nonreplicating viral | Gamaleya Research Institute, Various Interim results
vector Acellena Contract Drug only — based on
Research and Development 20 patients
Ad5-nCoV | Recombinant CanSino Biologics Tongji Hospital; No phase 3
vaccine ‘Wuhan, China results available
CoronaVac | Inactivated vaccine | Sinovac Sinovac Research and No phase 3
Development Co., Ltd. | results available
Covaxin Inactivated vaccine Bharat Biotech; National No phase 3
Institute of Virology results available
INJ- Nonreplicating viral | Johnson & Johnson Johnson & Johnson No phase 3
78436735 vector results available
No name Inactivated vaccine | Wuhan Institute of Biological Henan Provincial No phase 3
Products; China National Center for Disease results available
Pharmaceutical Group Control and Prevention
(Sinopharm)
NVX- Nanoparticle Novavax Novavax No phase 3
CoV2373 vaccine results available

response after the first dose and all patients show- Good Administration (TGA) has already taken
ing a response after the second [16]. The EMA the first step in the process for approval. In the
Human Medicines Committee (CHMP) and UK, the Medicines and Healthcare products
Health Canada had initiated a rolling review of Regulatory Agency (MHRA) has also begun an
this vaccine candidate to minimize the amount of  accelerated review of Covishield.

time for making conclusions on its safety and Four million doses of the vaccine will be
effectiveness, and the Australian Therapeutic available in the UK by the end of 2020, assuming
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Fig. 18.4 Mechanism of AstraZeneca/University of Oxford viral vector-based vaccine

approval by the MHRA [17]. The UK govern-
ment partially funded the development and, as of
2020, has preordered a total of 100 million doses
to be shared between the four nations.
Approximately 70 million of these will be admin-
istered by the end of March, 2021, which is hoped
to be enough to vaccinate 35 million people. The
remaining 30 million shots will be administered
throughout 2021, which will be enough for
another 15 million people. Furthermore, Astra
Zeneca has estimated that it will produce 300 mil-
lion doses around the world by the end of March,
2021. The Serum Institute of India has already
produced 40 million doses and aims to increase
this to 100 million by the end of December, and
the overall aim is to produce one billion doses.
Overall, the aim of Astra Zeneca and its global
partners is to produce 3 billion doses by the end
of 2021. Considering that this vaccine can be
stored under refrigerated conditions, worldwide

distribution should prove easier than other candi-
dates below, which require more extreme freezer
storage.

3.2 BNT162

Pfizer and BioNtech are currently running a
phase 3 trial for BNT162, an mRNA-based vac-
cine [14]. This type of vaccine works by intro-
duction of mRNA encoding the SARS-CoV-2
spike protein into a person’s body, which allows
the person’s own cells to produce the spike pro-
tein that elicits an immune response (Fig. 18.5).
On November 9th, they released interim results
of 94 participants, which revealed that BNT162
showed greater than 90% efficacy in protecting
volunteers from becoming infected by SARS-
CoV-2 [18]. Their phase 1/2 data also showed
robust immunogenicity of this candidate, [19, 20]
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Fig. 18.5 Mechanism of Pfizer/BioNtech and Moderna mRNA-based vaccines

and a phase 1 trial showed only a few adverse
effects [21]. Pfizer and BioNTech have now
received Food and Drug Administration (FDA)
fast-tracking for two BNTI162 candidates.
BNT162b2 is now in a phase 2/3 safety study due
to the robust immune response and high tolerabil-
ity. The FDA is also considering expanding the
Phase 3 trial to include as many as 44,000 partici-
pants, the European Medicines Agency (EMA)
had already initiated a rolling review of
BNT162b2, to potentially bring approval for-
ward, and such reviews have also been submitted
in Australia, Canada, Europe, Japan, and the UK.
Pfizer and BioNTech plan to file for emergency
use authorization so that the vaccine may begin
rolling out in December. Based on current projec-
tions, Pfizer and BioNtech expect to produce
50 million doses in 2020 and up to 1.3 billion
doses by the end of 2021, globally [22]. In addi-
tion, Australia has received provisional determi-
nation from the Therapeutic Goods Administration
(TGA) and China is seeking approval as well via
the Shanghai Fosun Pharmaceutical Group.
Distribution of this vaccine might prove to be
more difficult than the AstraZeneca/University of

Oxford candidate since it requires freezing stor-
age conditions.

3.3 mRNA-1273

Moderna is conducting a phase 3 study to test
mRNA-1273 as a potential mRNA-based
COVID-19 vaccine in the COVE trial of more
than 30,000 participants at 100 clinical research
sites in the USA [14]. Interim analysis of data
regarding 95 participants who developed symp-
tomatic COVID-19 disease released on November
16th showed an efficacy of 94.5% with no severe
cases in the vaccinated group compared to 11 in
the placebo group [23]. In addition, a phase 1
dose escalation study showed that the mRNA-
1273 vaccine induced immune responses in all
participants with no serious safety concerns [24].
On November 17th, Moderna Announced a sup-
ply agreement with the UK and the EMA began
its rolling review process to facilitate distribution
if mRNA-1273 is approved [25]. On November
25th, they announced an advanced purchase
agreement with the European Commission for an
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initial 80 million doses of the vaccine [26]. In
addition, the Medicines and Healthcare products
Regulatory Agency (MHRA) initiated a rolling
review to facilitate the approval process for the
vaccine [27]. A similar process has begun in
Switzerland via the Swissmedic regulator [28].
As above, this vaccine requires freezer storage
conditions and therefore might prove difficult in
worldwide distribution objectives.

34 Sputnik V

The Gamaleya Research Institute in Russia and
Health Ministry of the Russian Federation are
carrying out a phase 3 trial of 40,000 participants
to evaluate a heterologous adenoviral vector-
based vaccine against SARS-CoV-2, in Russia,
Belarus, and the United Arab Emirates [14]. The
vaccine was announced as 92% effective in an
interim analysis of data from 20 participants. The
Health Ministry has already approved Sputnik V
although no trial data have been published as of
November 27. This decision has been criticized
as there are no data on safety and efficacy.
However, two small phase 1/2 trials suggest that
the vaccine induced a strong humoral and cellular
immune response with a good safety profile [29,
30]. In light of this, a preliminary presubmission
of the vaccine has been made in Brazil.

3.5 Other Candidates

Several other candidates are also in phase 3 stud-
ies, although none of these have reported efficacy
data as of November 27, 2020 [14]. This includes
the CanSino Biologics (China) vaccine that
incorporates the adenovirus type 5 vector. They
are carrying out a phase 3 study in Russia (500
participants across multiple study centers) as
well as another phase 3 study including up to
40,000 participants internationally. An inacti-
vated SARS-CoV-2 vaccine (CoronaVac) from
the Chinese company Sinovac Life Sciences is
being trialed in phase 3 studies in Brazil. Phase
1/2 trials of 743 volunteers showed that
CoronaVac had a good safety and immunogenic-

ity profile [31]. Sinopharm and the Wuhan
Institute of Virology are carrying out a phase 3
trial in Peru, Morocco, and the United Arab
Emirates using an inactivated COVID-19 vaccine
candidate [14]. The vaccine has shown a good
neutralizing antibody response in Phase 1/2 trials
[32].

Bharat Biotech and the National Institute of
Virology in India are in phase 3 studies with
another inactivated vaccine called Covaxin of
26,000 participants [14]. Phase 1/2 and phase 3
trials are also underway. Johnson & Johnson is
conducting a phase 3 trial with 30,000 volunteers
called ENSEMBLE 2 using their recombinant
spike protein JNJ-78436735 vaccine [14]. The
preclinical data showed good immunogenicity
and suggested protection against severe disease
[33, 34]. Finally, the USA company Novavax will
begin a phase 3 study of a recombinant spike pro-
tein nanoparticle vaccine candidate called NVX-
CoV2373 in the UK, in up to 10,000 participants
[14]. In a phase 1 study, participants who received
the vaccine developed an antibody response at
multiple doses with a favorable safety profile
[35].

4 Conclusions and Future
Perspectives

A number of vaccine candidates for SARS-
CoV-2 have now shown promise in interim analy-
ses of phase 3 clinical trials. These were produced
in record time compared to the normal process of
vaccine production, and procedures have already
been put in place around the world to manufac-
ture and distribute the most efficacious of these in
anticipation rapid approval. This is critical as
every day that passes without a vaccine for this
disease results in substantial costs at both the
public health and economic levels, worldwide.
However, the knowledge that we have gained
over the past several months about COVID-19
and the systems we have put in place to identify,
manufacture, and distribute new treatments and
vaccines will also provide important insights and
strategic measures to successfully control future
epidemics and pandemics.
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Added Note As of March 11, 2021, the integrated effort
to develop vaccines for COVID-19 has progressed rapidly
with the authorization and distribution of more than one
dozen vaccines around the world. In fact, several countries
have now vaccinated more than 25% of their populations,
such as Israel, United Arab Emirates, United Kingdom,
Bahrain, United States of America, Chile and Serbia. To
aid this process, the WHO is leading a global alliance
called COVAX, which aims to accelerate the development
and manufacturing of COVID-19 vaccines. This will
facilitate access to all countries, prioritizing frontline
healthcare workers, older adults, and those with underly-
ing conditions in order to protect those most at risk of seri-
ous disease. The ultimate objective is to help the entire
world in ending this devastating pandemic.
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