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Abstract

Coronavirus disease 2019 (COVID-19) is caused
by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). It is currently pandemic, and as of
15th November 2020, there have been 53.7 million
confirmed cases worldwide and around 1.3 million
deaths. The availability of an effective vaccine is the
best long-term answer to the current COVID-19
pandemic. More than 210 candidate vaccines have
come into development since the start of the
pandemic. Eleven vaccines (ten of them specifically
directed against SARS-CoV-2) have entered phase
3 clinical trials. Five of these vaccines have also been
approved for early or limited use. This review outlines
information on the current COVID-19 vaccine
pipeline, discusses the pros and cons of different
vaccine delivery systems and the steps involved in
getting a safe and effective vaccine to the global
population.

Key words: COVID-19, vaccine, SARS-CoV-2,
Coronavirus, Coronavirus disease 2019, Severe acute
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Introduction
Coronavirus disease 2019 (COVID-19) is caused

by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2).1 This virus originated in Wuhan, China
in December 2019.2 It is currently pandemic, and as
of 15th November 2020, there have been more than 53
million cases worldwide and over 1.3 million deaths.3

COVID-19 causes harm in three broad ways: death or
long-term organ damage, constrains on the operation
of effective healthcare systems and adverse effects
on national/regional economies.4-8 The availability of
an effective vaccine is the best long-term answer to
the current COVID-19 pandemic.9,10 There has been
an international response to COVID-19 vaccine
development. More than 210 candidate vaccines have
come into development since the start of the pandemic.
Eleven vaccines (ten of them specifically directed
against SARS-CoV-2) have entered phase 3 clinical
trials (Table 1). Five of these vaccines have also been
approved for early or limited use. In this review, we
have described the different COVID-19 vaccine
candidates, their mechanism of action and the human
clinical trial findings published so far.

Vaccine development cycle

Vaccine development occurs in several stages
known as the vaccine development cycle (Figure 1).
This includes: preclinical, clinical (phase I, II and III)
and the manufacturing (phase IV) stages. In the
preclinical stage, the vaccine target is identified and
assessed for feasibility and safety by means of in vivo
and animal studies. During the clinical stages, safety,
immunogenicity and efficacy are assessed in a step
wise manner using increasing numbers of individuals.
At the end of phase III, the properties of the vaccine
and administration protocols would be defined and it
should be suitable for large scale manufacturing. During
Phase IV, comparative clinical studies and post-
marketing surveillance should take place. In general,
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Table 1. Vaccines that have entered Phase 3 Trials

Genetic vaccines mRNA-1273 Moderna/NIAID LNP-encapsulated mRNA
BNT162 BioNTech/Fosun Three LNP-mRNAs

Pharma/Pfizer

Viral vector vaccines Ad5-nCov CanSino Biological Inc/ Non-replicating viral vector
Beijing Institute of
Biotechnology

AZD1222 (formerly University of Oxford/Astra Zeneca Non-replicating viral vector
ChAdOx1 nCov-19

Adeno-based Gamaleya Research Institute Non-replicating viral vector
(rAd26-S+rAd5-S)

Ad26COVS1 Janssen Pharmaceutical Company Non-replicating viral vector

Protein based vaccines Protein subunit Novavax Full length rSARS-CoV-2
glycoprotein nanoparticle
vaccine adjuvanted with
Matrix M

Inactivated coronavirus Inactivated Beijing institute of Biological Inactivated virus
vaccines Products/SinoPharm

Inactivated Wuhan Institute of Biological Inactivated virus
Products / SinoPharm

Inactivated Sinovac Inactivated virus

Repurposed vaccines Bacillus Calmette- Murdoch children’s Attenuated Mycobacterium
Guerin (BCG) Research Institute bovis

Class of vaccine Vaccine candidate Developer Vaccine platform

Figure 1. Stages of vaccine development cycle.

Stages of vaccine development
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completion of the different stages of vaccine develop-
ment takes over a decade. However, during pandemic
situations such as the COVID-19 pandemic, this
process has been significantly shortened (to around
one year) because several steps are carried out in
parallel rather than sequentially. Prior to this, the
shortest time for vaccine development was four years,
with the mumps vaccine.

Potential targets for a COVID-19 vaccine

SARS-CoV-2 is an enveloped  coronavirus.11  The
viral envelope consists of the spike (S) glycoprotein

and the envelope (E) and membrane (M) proteins
(Figure 2). The S glycoprotein mediates host cell
attachment and is required for viral entry. It consists of
two subunits; S1 and S2 (Figure 3). The S1 subunit is
responsible for attachment to the ACE receptor
present on host cells and S2 for the subsequent
fusion of the cell membranes of both virus and the
host.12 The S1 subunit has a receptor-binding domain
(RBD). The S protein has been identified as the major
immunogenic target for vaccine development.13 Most
of the COVID-19 vaccines in development are
intended to induce antibody responses that neutralise
SARS-CoV-2. The expectation is that this would

Figure 3. SARS-CoV-2 Spike glycoprotein

Figure 2. Structure of SARS-CoV-2 virus.
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prevent the virus from entering target cells and
infecting the host. In some cases, the vaccines may
also induce antibody and/or cellular immune
responses that can kill and eliminate already infected
cells. A major driving force behind many of the existing
programs appears to be the speed at which a vaccine
product can be manufactured at scale using existing
production facilities.

Categories of COVID-19 vaccines in development

The categories of vaccines for protection against
SARS-Cov-2 infection and/or disease includes the
following: genetic/nucleic acid (mRNA or DNA)
vaccines, viral vector (non-replicating or replicating)
vaccines, recombinant spike or RBD-protein vaccines,
inactivated virus vaccines and live attenuated virus
vaccines (Table 2). Some important features of each
of these categories are outlined below.

RNA vaccines

DNA is the genetic code of living structures and
proteins are the building blocks. mRNA translates DNA
into protein. An mRNA vaccine against COVID-19 would
instruct the body’s cells to produce specific coronavirus
proteins (and not the virus per se). These proteins
would then trigger an antibody and cellular immune
response. mRNA technology is relatively new (only
about 20 years old). Presently, three firms lead the
field (two German firms – BioNTech and Curevac and
the US biotech company Moderna).14-19 BioNTech has
teamed up with Pfizer and Fosun from Japan and
Curevac and is developing its vaccine with the Centre
of Epidemic Preparedness Innovation (CEPI). Two
Belgian firms (eTheRNa and Ziphus therapeutics) and
Sanofi/Triamtobio have also recently entered this
arena.

Normally, it would take around 18 months to
design a vaccine and get it to phase 1 testing. This is
because complex proteins or inactivated viruses need
to be designed, produced and then tested. This time
period is shortened with mRNA vaccines. For instance,
Moderna took around two months to enter phase 1
trials, after the SARS-CoV-2 viral sequence was
released. mRNA vaccines are designed using the
sequence of virus. Thus, the lab does not need to work
with the virus itself. Industrial production of mRNA is
also easier and faster. mRNA consists of simple chains
of nucleosides and no complex proteins need to be
made. The persons own body cells become factories
when mRNA is delivered into cells. mRNA is better
than DNA at activating the immune system and has
better access to cells. It is safer than the delivery of

foreign DNA to an individual and does not carry the
risk of integration into the genetic material of the target
cell. It could also be directly taken up by cells of the
immune system without additional stimulation.
However, one needs to remember that no mRNA vaccine
or therapeutic has still been approved. Furthermore,
the amount of animal data on this aspect is still
comparatively small.

Very recently, BioNTech/Pfizer announced their
mRNA-based-vaccine candidate BNT162b2 was more
than 90% effective in preventing COVID-19 in
participants at seven days after the second dose of
vaccine. The study has enrolled 43,538 participants
and the first interim efficacy analysis evaluated 94
confirmed COVID-19 cases in the trial participants.
No serious safety concerns were announced. Approxi-
mately 42% of the global participants and 30% of the
US participants have racially and ethnically diverse
backgrounds.20 One needs to remember that the
BioNTech/Pfizer vaccine comes with special storage
challenges, as it needs to be stored at -70 degrees
centigrade. An update earlier this week stated the
BNT162b2 vaccine was 94% effective among adults
over the age of 65 years. Moderna also announced
the findings of an interim analysis of their phase 3
trial. They found their vaccine candidate mRNA-1273
to be safe and well tolerated and to have a vaccine
efficacy of 94.5%.21

DNA vaccines

With DNA vaccines, double-strand DNA is injected
into the recipient (intradermal injection using an
electroporation device).22-23 It has a better safety profile
than live attenuated vaccines. Furthermore, the
manufacturing process is well defined and a freeze-
dried formulation is possible. Inovio pharmaceuticals
and Cobra biologics have initiated trials with DNA
vaccines for COVID-19. In April 2020, Inovio announced
the initiation of phase 1 human clinical trials in the US
and in June, the trials were extended to South Korea
and China. In July 2020, the company announced
positive interim data when the vaccine was given to
non-human primates. However, at the end of September
2020, the FDA requested more information about the
vaccine and its delivery device prior to granting approval
for the commencement of the phase 2/3 trial.

Viral and bacterial vector-based vaccines

Potentially immunogenic parts of the SARS-CoV-
2 virus may be inserted into a viral or bacterial vector
and this could then be used as a vaccine. The common
vectors in use at present includes: adenovirus, adeno-
associated virus, lentivirus and lactic acid bacteria.
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Oxford University and Astra Zeneca have developed a
chimpanzee adenovirus vectored vaccine, which
encodes the spike protein.24 It was found to be
immunogenic and efficacious in non-human primate
studies. Phase 1/2 human trials found humoral and T
cell responses in most recipients after the first dose
of the vaccine with further boosting of the antibody
responses after the second dose. A large phase 3 trial
is ongoing. The Gamaleya Research Centre have
developed a vaccine consisting of recombinant
adenovirus serotype 26 and 5 vectors.25 A phase 1/2
human trial reported seroconversion in 100% of
recipients and a CD4+ and CD8+ T cell immune
response in all subjects that peaked at 28 days post-
vaccination. Surprisingly, on August 12th 2020, this
vaccine (now named Sputnik V) was granted approval
for limited use in Russia, prior to the completion of the
phase 3 trials. CanSino Biologics and Jonhson and
Johnson have developed recombinant adenovirus 5 and
adenovirus 26 vectored vaccines respectively and have
ongoing phase 3 human trials.26-30 A recent update from
the Oxford vaccine suggests it produces similar
neutralising antibody titres and T cells responses
across all three age groups (18-55, 56-69 and 70+
years).

Recombinant protein-based vaccines

When recombinantly synthesised SARS-CoV-2
viral proteins or protein fragments (such as the RBD)
are injected, they stimulate an immune response. This
technique mainly induces a humoral immune response
and needs appropriate adjuvants to increase immuno-
genicity. The NVX-CoV2373 nanoparticle vaccine
contains recombinant full length wild-type SARS-CoV-
2 (rSARS-CoV-2) and the Matrix M1 adjuvant (a saponin
based adjuvant).31

Inactivated virus vaccines

These vaccines require an adjuvant to boost
immunogenicity. For instance, the vaccine candidate
from SinoVac uses aluminium hydroxide (Alum). This
induces a predominantly humoral based immune
response. Other adjuvants such as monophosphoryl
Lipid A (MPL) may help stimulate a cellular immune
response too. Sinovac Biotech and Sinopharm are at
present conducting phase 3 trials on inactivated
vaccines.32-34

Trained immunity-based vaccines

Trained immunity-based vaccines stimulate the
innate immune system and provides protection to
unrelated pathogens. The BCG vaccine is currently
under evaluation for its ability to induce trained
immunity against SARS-CoV-2.

COVID-19 vaccine clinical trial findings

Several human clinical trials have reported their
phase 1 and 2 findings (a summary of their main
findings are shown in Table 3). The USA, UK, Germany,
Russia and China have been the leading countries
carrying out these studies. The 11 human COVID-19
vaccine trials that have reported their results have
included 3586 participants (range - 40 to 1192), age
range: 18 to 80 years. The SARS-CoV-2 spike protein
has been the vaccine target for most of the trials, whilst
a group from China used whole virion as the target.
Nine of the eleven were randomized trials. Some were
phase 1 trials and others were combined phase 1/2 or
phase 2 trials. Only a few mild to moderate adverse
effects were noted.

A summary of seven reported animal COVID-19
vaccine trials are shown in Table 4. Six were conducted
in USA and the other in China. The US trials targeted
the SARS-CoV-2 spike protein and the study from
China targeted the whole virion. Mice, non-human
primates, guinea pigs and hamsters were used in the
studies. All the animal trials showed promising
protection against COVID-19.

Vaccine efficacy

Vaccine efficacy involves the study of outcome
data from randomized controlled trials (RCT) between
participants that are vaccinated or not. Outcomes that
may be assessed include: a reduction in infection,
effect on severity of clinical disease or on duration of
infectivity.35 Large scale prospective studies would help
evaluate the effectiveness and immunogenicity in
different strata of the population. Standardized
approaches for assessing efficacy endpoints are
important for making comparisons between the different
vaccine candidates. Instead of measuring only clinical
outcomes, validated and robust immunological
correlates of protection may be used as surrogate
markers. For this, properly designed in-vitro immune
based assays would be needed. Reinfections have
been reported in a subset of individuals thus raising
the possibility of waning of long-standing immunity.
Furthermore, the efficacy of antibody generating
vaccines in immunocompromised or immunodeficient
patients may be sub-optimal.

Controlled human challenge studies involve the
exposure of human volunteers to infectious pathogens.
Recently, the human challenge consortium was
convened to explore the feasibility and ethics of such
studies. Proponents of such studies argue they would
allow rapid assessment of vaccine efficacy and thus
discontinue any that are found to be ineffective.
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However, such studies could be logistically difficult to
arrange and may involve challenging a group of young
otherwise healthy individuals that really does not
represent the demographic to whom the vaccine would
be first targeted. However, such studies may provide
important immunological insights into the disease
pathogenesis in a controlled manner.

Vaccine safety

Having safe vaccines are critical for any wide-
spread vaccination programmes. The population at
large, needs to be continuously updated on the safety
aspects of all the evaluated COVID-19 vaccines.
Furthermore, complete transparency in the reporting
of findings from the various large-scale clinical trials is
essential. Assessment of vaccine safety needs to be
inbuilt into all stages of clinical development of the
different vaccine candidates. Furthermore, they need
to continue once a vaccine has been approved for use
and then given to large population groups. With COVID-
19 vaccines, this is especially important as some of
the vaccine platforms are novel (mRNA, DNA,
nanoparticle, viral vector) and thus need careful safety
checks. Standardised definitions and lists of adverse
effects of special interest have been discussed and
agreed on. Human COVID-19 vaccine studies that have
reported thus far, have shown acceptable safely profiles
of the different vaccine platforms and constructs.
Overall, the inactivated whole virus vaccine constructs
were found to be the least reactogenic.

Access to COVID-19 vaccines

Equitable and simultaneous access to new
COVID-19 vaccines is the hope for stopping the
progression of the pandemic.36 Once effective COVID-
19 vaccines are developed and approved, questions of
how to distribute them equitably across different
countries would arise. Aspects relating to ‘Vaccine
Nationalism’ should be strongly guarded against at all
cost, by ensuring ethical and effective frameworks are
in place for international COVID-19 vaccine allocation
and distribution. Reducing premature deaths would take
precedence in any COVID-19 vaccine allocation
programme. It is likely that persons at greatest risk of
COVID-19 (healthcare workers, nursing home
residents, persons with underlying health conditions,
the elderly) would be the first to be given access to a
COVID-19 vaccine. COVAX is one of three pillars of
the Access to COVID-19 Tools Accelerator. It is
coordinated by the WHO, Global Alliance for Vaccines
and Immunization (Gavi), and the Coalition for Epidemic
Preparedness and Innovations (CEPI). It was set up
to ensure research, purchase and distribution of any
new vaccines is shared equally between the world’s

rich countries and developing states. Since the first
useful COVID-19 vaccines would be in short supply,
any approved vaccines would be targeted to 3% of the
population of each of the countries in the coalition.
China has recently become a partner of this coalition.

Vaccine hesitancy

COVID-19 vaccine hesitancy is an important
aspect to be discussed and considered.37 Recent
reports suggest between one sixth and one half of the
UK population may refuse to receive a COVID-19
vaccine.38,39 This in turn would pose a serious threat to
achieving widespread SARS-CoV-2 immunity.

Conclusions
The continuing COVID-19 pandemic and its

adverse individual, societal and economic effects
necessitate finding of effective control measures as
an important and urgent global need. Effective and safe
vaccines are known to reduce high disease burdens
in other diseases and to have the greatest beneficial
effects on a wide scale. The hope is that one or more
of the presently evaluated COVID-19 vaccine
candidates would prove to be safe, immunogenic and
efficacious and would play its role in controlling this
devastating pandemic.
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