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Abstract 
COVID-19 emerged in late 2019 and has rapidly spread through many 
countries globally. The causative SARS-CoV-2 virus was not known 
until recently, and there is little or no natural immunity in human 
populations. There is an urgent need for vaccines and drugs to 
combat this new pandemic. In just a few months, huge efforts and 
resources by government, academia, and industry have been thrown 
into the race to develop a vaccine. This brief review summarizes and 
discusses the array of technologies being applied to vaccine 
development, highlighting the strengths and weaknesses of the 
various approaches.
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Introduction
The first quarter of 2020 has been plagued by the emergence 
of a novel coronavirus disease, COVID-19 or severe acute  
respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-
CoV-2 was first identified in Wuhan, China, and has since 
spread globally at an alarming rate, with over 200 countries and  
territories being infected1,2. In March 2020, SARS-CoV-2 
was declared a global pandemic by the World Health 
Organization (WHO)3, and as of 18 July 2020, there are 
over 14 million confirmed cases with over 594,000 deaths  
worldwide. These figures are expected to rise (https://www.
who.int/emergencies/diseases/novel-coronavirus-2019/situa-
tion-reports)2. With the emergence of SARS-CoV-2, there are 
currently over 2,400 listed studies on the National Institute of  
Health database (https://clinicaltrials.gov/ct2/results?cond=COVID-
19) aimed at identifying a solution to this pandemic. The  
development of a much-needed vaccine against SARS-CoV-2 is 
of utmost importance. To date, there are more than 100 vaccine 
candidates being developed by industry and academic institu-
tions using a wide range of technologies including live attenuated,  
viral vectored, DNA/RNA-based, protein-based, and inactivated 
vaccines4–6. At the time of writing, 19 vaccines are recorded 
as being in clinical trials (Table 1)4–7. This article highlights 
various technologies employed in vaccine development for  
COVID-19, potential hurdles, and recent advances.

DNA/RNA-based platforms
DNA- and RNA-based platforms present the greatest potential 
for speed of production since culturing and fermentation are 
not required for their synthesis. The potential of this approach 
is showcased by Moderna, whose vaccine candidate advanced 
to clinical testing just 2 months after sequence identification7.  
There are many other advantages associated with DNA-based 
vaccines. Notably, they are renowned for their safety profile 
since the vectors employed are non-replicating and encode 
and express only the target antigen. The vectors therefore are 
unable to revert to a disease-causing form, which is a risk 
with viral vectors. Another key advantage with DNA-based  
vaccination is the absence of vector-specific immunity, which 
allows these products to be utilized in prime and boost regimens 
with multiple products intended for the same patient8. RNA-
based vaccines are also a promising alternative owing to their 
potential for low-cost manufacture and good safety profile in  
animal studies9–11. However, both DNA- and RNA-based vaccines 
have their own set of challenges. Both vaccines could suffer from  
the drawback of having low immunogenicity, as DNA vaccines  
could potentially integrate into the human genome, while there  
are concerns about the stability of RNA vaccines12. As there are  
currently no approved DNA or RNA vaccines for medical use in 
humans12,13, the question about low immunogenicity has not yet 
been resolved (Table 2). The lack of currently approved DNA 
or RNA vaccines provides considerable regulatory uncertainty, 
and their progression through the regulatory process will 
almost certainly take significantly longer than for more  
conventional vaccine technologies. Currently, there is one  
vaccine in phase II clinical trials, three in phase I/II clinical  
trials, and four in phase I clinical trials for SARS-CoV-2  
based on the DNA/RNA platform. Inovio Pharmaceuticals is  

developing a SARS-CoV-2 vaccine, INO-4800, using a DNA-
based platform, with phase I clinical trials being undertaken 
in conjunction with pre-clinical studies in order to hasten 
development14. The International Vaccine Institute (IVI) has  
announced that the Coalition for Epidemic Preparedness 
Innovations (CEPI) has awarded $6.9 million of funding to  
INOVIO to work with IVI and the Korea National Institute of 
Health (KNIH) for a phase I/II clinical trial of INO-4800 in  
South Korea. The trial will be conducted in parallel with 
INOVIO’s phase I study, which is currently ongoing with  
40 healthy adults receiving the vaccine candidate and will  
eventually be expanded to older adults15. An RNA vaccine  
candidate, mRNA-1273, is being developed by Moderna in  
collaboration with NIAID. The Biomedical Advanced Research 
and Development Authority (BARDA), a division of the Office 
of the Assistant Secretary for Preparedness and Response (ASPR) 
within the US Department of Health and Human Services 
(HHS), has agreed to cooperate to hasten the development 
of mRNA-1273 by pledging up to $483 million in funding16.  
Healthy adults aged 18 to 55 were recruited for phase I trials. 
Two injections of mRNA-1273 were given 28 days apart at 
a dose of 25 μg, 100 μg, or 250 μg. Dire adverse events were 
absent, and no trial halting rules were met, although one  
participant in the 25 μg group withdrew because of an unso-
licited adverse event, transient urticaria, which was postulated 
to be linked to the first vaccination. Live virus neutralization 
capable of reducing SARS-CoV-2 infectivity by 80% or more  
was detected at day 43 post-vaccination in all participants. 
Of the three doses evaluated, the 100 μg dose was optimal 
based on its capacity to trigger high neutralization responses 
and Th1-skewed CD4 T cell responses. The reactogenicity  
profile at 100 μg was better than for the other two doses. The 
safety, reactogenicity, and immunogenicity of mRNA-1273 
are currently being evaluated in phase II trials using two  
vaccinations given 28 days apart. A total of 600 participants,  
300 aged 18–54 and 300 aged 55 and above, have been  
assigned to three groups: placebo, 50 μg of vaccine, or  
100 μg of vaccine at both vaccinations17. A phase III trial of  
mRNA-1273 is expected to begin in July with an estimated  
30,000 participants. With the expected final dose of 100 μg,  
Moderna is confident to scale up manufacturing to approximately 
500 million to 1 billion doses per year18.

Virus vectors
Virus-based vectors are powerful tools for vaccination. Their 
effectiveness stems from their ability to infect cells, which 
allows them to be highly efficient, specific, and able to trig-
ger robust immune responses. Despite their advantages,  
viral vectors have several disadvantages (Table 2).. For example, 
the use of vaccinia virus and adenovirus may lead to immunity 
against the vector, which will reduce the efficacy of the vaccine. 
The use of retrovirus and lentivirus, on the other hand, may lead 
to the risk of tumorigenesis in patients, which results from the  
integration of viral long terminal repeats into proto-oncogenes19.  
Additionally, certain viral vectors such as adeno-associated virus 
may not be cost effective owing to their low titer production20. 
Ultimately, viral vectors still present themselves as a valid choice 
for vaccine development against SARS-CoV-2, as illustrated 
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by their successful use in the eradication of smallpox20. 
Examples of such vaccines currently under development are  
ChAdOx1-S, Ad5-nCoV, aAPC, and LV-SMENP-DC. The 
latter two vaccines, developed by Shenzhen Geno-Immune  
Medical Institute, are currently in phase I (aAPC) and phase 
II (LV-SMENP-DC) clinical studies. The Ad5-nCoV vaccine  
pioneered by CanSino Biologics is the first SARS-CoV-2  
vaccine to reach phase II clinical trials5. Phase I clinical studies 
for Ad5-nCoV were conducted between March 16 and March 
27. No serious adverse events within 28 days of vaccination 
were reported in vaccine recipients. Specific antibodies,  
including neutralizing antibodies, increased significantly 
at day 14 and peaked 28 days post-vaccination. Specific 
T-cell response peaked at day 14 post-vaccination29. A phase 
II study is currently underway with 500 participants  
registered in three different groups: 250 participants will receive 
the vaccine, 125 participants will receive a lower vaccine 

dose, and 125 participants will receive placebo. The immune 
response will be tested at 0, 14, and 28 days and 6 months after  
vaccination30. ChAdOx1-S, developed by the University of  
Oxford in partnership with AstraZeneca, is the first vaccine  
candidate to reach phase III clinical trials1,5. A study has  
reported that a single dose of the vaccine is able to elicit a  
strong immune response in rhesus macaques31. Additionally,  
a trial study conducted in pigs demonstrated that ChAdOx is  
able to elicit a greater antibody response when given a booster 
shot, suggesting that a two-dose approach may give better  
protection in humans against SARS-CoV-232. However, it  
should be noted that nose swabs and oropharynx and mediasti-
nal lymph node testing revealed viral gRNA in both vaccinated 
and control animal groups at 3 and 5 days post-inoculation.  
Interestingly, viral genome was detected in cervical lymph node 
in the vaccinated group but not in the control group. Detection 
of virus in these tissues indicates the vaccine does not provide  

Table 2. Pros and cons of different vaccine formulations and examples of licensed vaccines.

Vaccine platforms Pros Cons Examples of licensed vaccines 
targeted for humans

RNA •    Potential low-cost 
manufacturing

•   Ease of manufacturing 
•   Good safety profile

•    May have low immunogenicity 
due to instability

•    May require multiple doses

-

DNA •    Potential low-cost 
manufacturing

•   Ease of manufacturing 
•   Good safety profile 
•   Good stability 
•    Does not induce anti-vector 

immunity

•    Potential integration to human 
genome

•   Low immunogenicity

-

Virus vectors 
(replicating/non-
replicating viral vectors 
and virus-like particles)

•    High-efficiency gene 
transduction

•    High specific delivery of genes 
to target cells

•    Induction of robust immune 
responses

•    Increased cellular immunity

•   Low titer production
•    May induce anti-vector 

immunity
•    Generation of replication-

competent virus, which can 
induce tumorigenesis

•    JYNNEOS (Smallpox/
Monkeypox)

•   ACAM2000 (Smallpox) 
•    Adenovirus type 4 and type 7 

vaccine, live, oral (febrile acute 
respiratory)

Inactivated •   Good safety profile
•    Can be used in 

immunocompromised patients

•   Requires booster doses 
•   Low production titer

•   Poliovax (Polio) 
•    Flucelvax Quadrivalent 

(Influenza)
•   Ixiaro ( Japanese Encephalitis) 
•   Imovax (Rabies)

Live attenuated virus •   High potency 
•    Triggers long-lasting immunity
•   Low-cost manufacturing

•    Possible regression to virulence 
strain

•    Limited use in 
immunocompromised patients

•   ERVEBO (Ebola virus) 
•    MMR II (Measles, Mumps, and 

Rubella)
•   BCG vaccine (Tuberculosis)

Protein subunit •    Can be used in 
immunocompromised patients

•   Good safety profile

•   Low immunogenicity 
•    Conjugation could lead to 

batch-wise variation

•    PedvaxHIB 
(Haemophilusinfluenzae type b)

•   Engerix-B (Hepatitis B) 
•   Recombivax HB (Hepatitis B)

This table was adapted from 8–11,20,22–28.
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complete protection against SARS-CoV-2 infection. Viral RNA 
(gRNA and sgRNA) load in lung tissue was also shown to vary 
dramatically between individual animals but was determined 
to be significantly lower in the vaccinated group than in the  
control group. Another troubling result to note from this study 
is that despite observing neutralizing antibodies in vaccinated 
animals, the titers reported were extremely low31. Generally,  
neutralizing antibodies elicited by effective vaccines can be  
diluted more than a thousand-fold and still maintain their  
effectiveness33. However, the results reported by Oxford show 
that the serum could be diluted only 4- to 40-fold before losing  
its neutralizing activity31,33. ChAdOx1-S was well tolerated 
in humans, with a trial of over 320 vaccinated individuals  
showing no strong adverse effects34. The phase III clinical  
trials of this vaccine will involve 8,000 individuals in the  
United Kingdom, 5,000 individuals in Brazil, and 2,000 indi-
viduals in South Africa35. AstraZeneca has reached an agreement 
with Europe’s Inclusive Vaccines Alliance (IVA) to supply up to  
400 million doses of ChAdOx1-S starting by the end of 2020  
at no profit. The total manufacturing capacity of this vaccine  
currently stands at 2 billion doses34.

Inactivated vaccines
Inactivated vaccines have been successfully employed over the 
past 70 years and are widely used today36. Inactivated vaccines 
are produced using bacteria or viruses by deactivating them 
with heat, chemicals, or radiation. These processes terminate the  
pathogen’s ability to replicate, leading to them being more  
stable and having higher safety profiles. These attributes allow 
for their use in immunocompromised individuals37. However, 
the characteristics that contribute to their strengths are also  
weaknesses. As the pathogens are inactivated, these vaccines  
generally stimulate a much weaker immune response than 
live vaccines and require several doses for effective immunity 
to be established. The immune response to an inactivated  
vaccine is also typically humoral. Antibody titers against the  
targeted antigen will diminish with time, leading to the need for 
booster shots22,36 (Table 2). Regardless, inactivated vaccines are  
effective agents that have prevented countless deaths due to 
various infections in humans, notably against wild poliovirus  
2, which has not been detected since 1999 and was declared 
eradicated in September 2015 by WHO38. There are currently 
nine inactivated vaccine candidates for SARS-CoV-2 listed by 
WHO. Of these, one vaccine candidate—PiCoVacc, developed by  
Sinovac—is listed as ready to commence phase III clinical  
trials and is in the midst of preparing to recruit participants. 
It is very promising to note that Sinovac Biotech has  
demonstrated protection by PiCoVacc against SARS-CoV-2 in  
monkeys. Monkeys were immunized three times with two  
different doses (3 or 6 μg per dose) of PiCoVacc at day 0, 7, 
and 14 before virus challenge at week 3. It was demonstrated 
that monkeys vaccinated with PiCoVacc produced anti-SARS-
CoV-2 neutralizing antibody titers similar to those of recovered 
patients. This study also indicated that PiCoVacc is safe, as 
there was no infection enhancement or immunopathological 
exacerbation observed in vaccinated monkeys. PiCoVacc is 
currently in phase I human clinical trials as stated above. The  
company plans to initiate phase II and III clinical trials with  
PiCoVacc by the end of this year39. There are two other  

inactivated vaccine candidates being developed by the Beijing  
Institute of Biological Products and the Wuhan Institute of 
Biological Products, respectively, both of which are currently  
in phase I/II clinical trials. Both institutes are collaborating  
with Sinopharm for the development of these vaccines.

Live attenuated virus
Another promising approach in vaccine design is the use of live 
attenuated virus (LAV), developed by codon deoptimization. This 
technology has proven itself to be cost effective for large-scale 
manufacturing and has a smooth regulatory approval pathway, 
as it has demonstrated high efficacy and potency in both  
in vitro and in vivo experiments against different respiratory 
viruses in mice, human cells, and non-human primates,  
providing lasting immunity with just a single dose23–25. LAV have  
a simple production process using well-established Vero  
cells, which are currently the most widely accepted cell line 
by regulatory authorities for vaccine development, since 
they have been in use for vaccine manufacturing for nearly  
40 years. LAVs are also proven to grow and infect microcarrier 
beads in large-scale fermenters up to 6,000 L and in serum free 
media with zero loss in production output40. Existing manu-
facturing infrastructure can be easily utilized because of its  
cost effectiveness for large-scale manufacturing41. LAV has  
certain drawbacks, notably the existing possibility of rever-
sion to virulence, which has strong safety implications, espe-
cially in immunocompromised patients26 (Table 2). Nonetheless, 
codon deoptimization technology in vaccine design has prom-
ise against SARS-CoV-2. It is a tried and tested new engineer-
ing technology, and designs such as introducing point mutations 
have proved that the drawbacks can be overcome with relative 
ease42. One example of its recent use is in a vaccine against Ebola  
virus, where an estimated efficacy of 97.5% was recorded 
from a preliminary analysis of 90,000 individuals who were  
exposed for 10 days or more to Ebola virus after vaccination43. 
Codon deoptimization vaccine candidates have virtually no 
risk of reversion to virulence because of the large number of 
substitutions that are made in the coding sequence. This is a  
crucial safety feature of vaccines developed using codon  
deoptimization. Vaccines developed against SARS-CoV-2 using 
LAV technology are all currently in pre-clinical development. 
For example, Indian Immunologicals Limited is currently  
working together with Griffith University to develop a vaccine 
using codon deoptimization as a strategy against SARS-CoV-2. 
The vaccine candidate is expected to provide a long-lasting  
immunity against SARS-CoV-2 following a single vaccination 
and is also expected to provide cross-protection against other  
coronaviruses such as MERS and SARS-CoV-144.

Protein subunit
Protein subunit vaccines are a popular choice for the design 
of a SARS-CoV-2 vaccine owing to their strong safety profile, 
which is particularly advantageous for immunocompromised 
patients. They are less likely to cause complications in  
vaccinated individuals, as the antigenic components employed 
in protein subunit vaccines are purified and do not involve the  
use of infectious viruses45. However, as with other vaccine  
platforms, protein subunit vaccines come with their own set of  
challenges, with the most prominent one being their lack of  
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efficacy. A subunit vaccine presents an antigen to the immune 
system without the involvement of viral particles using a  
specific, isolated protein of the pathogen. In the likely scenario 
where the isolated proteins are denatured, they will become asso-
ciated with other antibodies different from what was initially 
targeted, leading to the lack of efficacy46 (Table 2). Nonethe-
less, novel designs and delivery can overcome this limitation and 
demonstrate enhanced efficacy, e.g. against Zika virus in animal 
studies and against malaria in in vivo studies47,48. The success 
of protein subunit vaccines is highlighted by the hepatitis B  
vaccine, and we have now controlled these diseases to the point 
of virtual elimination49,50. Currently, there are many vaccines 
under pre-clinical studies using this platform. For example, 
Danish company Expression Biotechnologies has announced 
that it was awarded an EU horizon 2020 grant amounting to  
€2.7 million for the development of a SARS-CoV-2 vaccine 
candidate. The company aims to conduct phase I/IIa clinical  
trials within 12 months after preliminary studies51. One 
other notable example of a vaccine candidate designed on 
the basis of this platform is developed by Novavax, which is  
currently in phase I/II clinical trials. There are three other  
protein subunit vaccine candidates currently in phase I clinical  
trials5.

Outlook
SARS-CoV-2 has given rise to an unprecedented economic, 
health, and societal challenge globally. The key to tackle this 
pandemic is the development of safe and effective vaccines. 
Monumental energy has been poured into vaccine R&D; how-
ever, there are many challenges that need to be overcome before 
a successful marketable vaccine becomes available. Over  
100 vaccine candidates are in pre-clinical trials, with 19 in  
clinical trials and many others in early development5,6. Vaccine 
developers are turning a blind eye to industrial benchmarks 
for traditional vaccine development, as speed is considered 
a major priority in developing a successful vaccine against  
SARS-CoV-2. For example, clinical trials are being conducted 
simultaneously instead of sequentially using adaptive designs 
that are optimized for speed. Researchers, manufacturers, 
funders, and governing parties are targeting vaccines to be  
available by 2021, impelling proposals to move forward with 
reduced numbers of study participants and cut short safety  
follow-up in clinical studies. A successful COVID-19 vaccine  
will be administered on a global scale; thus, its safety profile 
must be solid. Therefore, approaches for generating a COVID-19  
vaccine must not compromise safety aspects and will require 
careful evaluation of effectiveness and safety at each step to 
avoid major setbacks. There are also unresolved obstacles in  
ensuring global access to a developed COVID-19 vaccine. 
For example, during the early days of the HIV and H1N1  
outbreaks, even after the successful development of a vaccine, 
it was difficult to achieve global distribution. Similarly, for  
COVID-19, a vaccine approved for marketing does not  
necessarily lead to easy accessibility. Manufacturing capability 
must be enhanced so that the production of vaccine doses  
can be magnified while ensuring vaccine affordability for 
the global community. Coordinated efforts among vaccine  
developers, funders, and manufacturers are essential to ensure 

that successful vaccine candidates can be manufactured in  
adequate numbers and distributed evenly across the globe.

Another important issue is whether COVID-19 vaccines will  
sensitize humans to a phenomenon known as antibody- 
dependent enhancement (ADE). Although antibodies are  
generally protective, rare cases have been documented in which 
pathogen-specific antibodies enhance disease—a phenomenon 
known as ADE. ADE is most prominently associated with  
dengue virus52. ADE has also been observed for both MERS 
and SARS-CoV-1 despite evidence pointing towards the 
fact that coronavirus diseases in humans lack the clinical,  
epidemiological, biological, or pathological attributes of ADE  
exemplified by the dengue viruses. Therefore, ADE warrants full  
consideration in the safety profiling of potential vaccine  
candidates against SARS-CoV-2 to avoid this phenomenon being 
observed, as SARS-CoV-2 shares a high sequence identity with 
SARS-CoV-153,54.

Safety aspects of the COVID-19 vaccines under development 
are of the utmost importance. Thorough clinical trials need to be  
carried out prior to marketing of the vaccine. Recent reports 
in India on the possibility of launching a vaccine in record 
time without allowing sufficient time for clinical trials are  
disturbing. Although COVID-19 vaccine development is of 
the utmost global importance, it is crucial that we do not cut  
corners and that vaccines are approved only after having  
passed through rigorous clinical trials.

Concluding remarks
There are an extraordinary number of COVID-19 vaccines  
currently under development around the world. Highly opti-
mistic timeframes of 12–18 months to get to the distribution 
of approved vaccines are being touted. Vaccines typically take 
many years or even decades to develop, e.g. the smallpox vaccine  
took 25 years to develop for human use, the HPV vaccine 
15 years, the rotavirus vaccine 15 years, and the influenza  
vaccine 28 years. The COVID-19 vaccine initiatives aspire 
to have vaccines ready for distribution by 2021. This is a 
truly remarkable and unprecedented timeframe for vaccine  
development. The majority of vaccines won’t progress beyond 
pre-clinical or early clinical testing, but, of course, we need only 
one effective COVID-19 vaccine to halt this pandemic. Fewer 
than 10% of drugs or vaccines that enter clinical trials ever 
progress to become available for human use. For example, 30%  
fail at phase I trials. Of those that progress to phase II, 69% 
fail and then a further 42% fail at phase III. Of those products  
that successfully pass through phase III trials, a further 15% 
do not gain regulatory approval. Because of the drastically  
shorter time being allotted for the pre-clinical development 
of COVID-19 vaccine candidates, it is conceivable that a 
higher proportion of these candidates may fail during clinical 
testing. In addition to vaccine development, a number of  
resource-intensive activities will need to be undertaken in  
parallel, particularly the construction of manufacturing facilities 
capable of producing at a global scale. We are hopeful the  
unmatched resources being directed into the international  
vaccine R&D effort will lead to a successful vaccine capable of 
stopping this new pandemic.

Page 12 of 15

F1000Research 2020, 9(Faculty Rev):991 Last updated: 17 AUG 2020



References Faculty Opinions Recommended

1.	 	Hui	DS,	Azhar	EI,	Madani	TA,	et al.:	The continuing 2019-nCoV epidemic 
threat of novel coronaviruses to global health - The latest 2019 novel 
coronavirus outbreak in Wuhan, China.	Int J Infect Dis.	2020;	91:	264–6.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

2.	 Coronavirus disease (COVID-2019) situation reports.	WHO.	2020.		
Reference Source

3.	 WHO Director-General’s opening remarks at the media briefing on  
COVID-19 - 13 March 2020.	WHO.	2020.		
Reference Source

4.	 Cohen	J:	With record-setting speed, vaccinemakers take their first shots at 
the new coronavirus.	Science.	2020.		
Reference Source

5.	 Draft landscape of Covid-19 candidate vaccines.	World	Health	Organization.	
2020;	[cited	2020	6	July].		
Reference Source

6.	 NIH:Clinical Trials.	2020.		
Reference Source

7.	 	Le	TT,	Andreadakis	Z,	Kumar	A,	et al.:	The COVID-19 vaccine development 
landscape.	Nat Rev Drug Discov.	2020;	19(5):	305–6.		
PubMed Abstract |	Publisher Full Text | Faculty Opinions Recommendation 

8.	 Williams	J:	Vector Design for Improved DNA Vaccine Efficacy, Safety and 
Production.	Vaccines (Basel).	2013;	1(3):	225–49.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

9.	 Bahl	K,	Senn	JJ,	Yuzhakov	O,	et al.:	Preclinical and Clinical Demonstration of 
Immunogenicity by mRNA Vaccines against H10N8 and H7N9 Influenza 
Viruses.	Mol Ther.	2017;	25(6):	1316–27.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

10.	 Geall	AJ,	Verma	A,	Otten	GR,	et al.:	Nonviral delivery of self-amplifying RNA 
vaccines.	Proc Natl Acad Sci U S A.	2012;	109(36):	14604–9.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

11.	 	Pardi	N,	Hogan	MJ,	Pelc	RS,	et al.:	Zika virus protection by a single low-dose 
nucleoside-modified mRNA vaccination.	Nature.	2017;	543(7644):	248–51.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

12.	 	Zhang	C,	Maruggi	G,	Shan	H,	et al.:	Advances in mRNA Vaccines for 
Infectious Diseases.	Front Immunol.	2019;	10:	594.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

13.	 	Hobernik	D,	Bros	M:	DNA Vaccines-How Far From Clinical Use?	Int J Mol 
Sci.	2018;	19(11):	3605.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

14.	 Inovio Inovio Initiates Phase 1 Clinical Trial Of Its COVID-19 Vaccine and 
Plans First Dose Today.	2020.		
Reference Source

15.	 Inovio IVI, INOVIO, and KNIH to Partner with CEPI in Phase 1/2 Clinical 
Trial of INOVIO’s COVID-19 DNA Vaccine in South Korea.	2020.		
Reference Source

16.	 Moderna Moderna Announces Award from U.S. Government Agency 
BARDA for up to $483 Million to Accelerate Development of mRNA Vaccine 
(mRNA-1273) Against Novel Coronavirus.	2020.		
Reference Source

17.	 	Jackson	LA,	Anderson	EJ,	Rouphael	NG,	et al.:	An mRNA Vaccine against 
SARS-CoV-2 — Preliminary Report.	N Engl J Med.	2020.		
PubMed Abstract |	Publisher Full Text|	Free Full Text |  
Faculty Opinions Recommendation 

18.	 Moderna Moderna Advances Late-Stage Development of its Vaccine 
(mRNA-1273) Against COVID-19.	2020.		
Reference Source

19.	 Gaspar	HB,	Parsley	KL,	Howe	S,	et al.:	Gene therapy of X-linked severe 
combined immunodeficiency by use of a pseudotyped gammaretroviral 
vector.	Lancet.	2004;	364(9452):	2181–7.		
PubMed Abstract |	Publisher Full Text 

20.	 Ura	T,	Okuda	K,	Shimada	M:	Developments in Viral Vector-Based Vaccines.	
Vaccines (Basel).	2014;	2(3):	624–41.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

21.	 Callaway	E:	The race for coronavirus vaccines: A graphical guide.	Nature.	
2020;	580(7805):	576–577.		
PubMed Abstract |	Publisher Full Text 

22.	 Tlaxca	JL,	Ellis	S,	Remmele	RL:	Live attenuated and inactivated viral vaccine 
formulation and nasal delivery: Potential and challenges.	Adv Drug Deliv Rev.	
2015;	93:	56–78.		
PubMed Abstract |	Publisher Full Text 

23.	 	Le	Nouën	C,	Collins	PL,	Buchholz	UJ:	Attenuation of Human Respiratory 
Viruses by Synonymous Genome Recoding.	Front Immunol.	2019;	10:	1250.	
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

24.	 	Mueller	S,	Stauft	CB,	Kalkeri	R,	et al.:	A codon-pair deoptimized live-
attenuated vaccine against respiratory syncytial virus is immunogenic and 
efficacious in non-human primates.	Vaccine.	2020;	38(14):	2943–8.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

25.	 Nogales	A,	Baker	SF,	Ortiz-Riano	E,	et al.:	Influenza A Virus Attenuation by 
Codon Deoptimization of the NS Gene for Vaccine Development.	J Virol.	
2014;	88(18):	10525–40.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

26.	 Jang	YH,	Seong	B-L:	Principles underlying rational design of live attenuated 
influenza vaccines.	Clin Exp Vaccine Res.	2012;	1(1):	35–49.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

27.	 Vaccines.	WHO,	2020;	22	April	2020.		
Reference Source

28.	 Vaccines and Preventable Diseases.	CDC.	2018;	22	April	2020.		
Reference Source

29.	 	Zhu	FC,	Li	YH,	Guan	XH,	et al.:	Safety, tolerability, and immunogenicity 
of a recombinant adenovirus type-5 vectored COVID-19 vaccine: A dose-
escalation, open-label, non-randomised, first-in-human trial.	Lancet.	2020;	
395(10240):	1845–54.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

30.	 NIH A Phase II Clinical Trial to Evaluate the Recombinant Vaccine for 
COVID-19 (Adenovirus Vector) (CTII-nCoV).	2020.		
Reference Source

31.	 van	Doremalen	N,	Lambe	T,	Spencer	A,	et al.:	ChAdOx1 nCoV-19 vaccine 
prevents SARS-CoV-2 pneumonia in rhesus macaques.	Nature.	2020.		
PubMed Abstract |	Publisher Full Text  

32.	 McNamara	A:	Oxford vaccine: trial on pigs ‘boosts coronavirus immune 
response’.	2020.		
Reference Source

33.	 Haseltine	W:	Did The Oxford Covid Vaccine Work In Monkeys? Not Really.	
2020.		
Reference Source

34.	 Kemp	A:	AstraZeneca to supply Europe with up to 400 million doses of 
Oxford University’s vaccine at no profit.	2020.		
Reference Source

35.	 Laguipo	A:	Oxford COVID-19 vaccine trials move to stage 3 human trials.	2020.		
Reference Source

36.	 Schmitz	U,	Lou	L,	Roberts	C,	et al.:	7.13 - Ribonucleic Acid Viruses: Antivirals 
for Influenza A and B, Hepatitis C Virus, and Respiratory Syncytial Virus.	In: 
Comprehensive Medicinal Chemistry II. Taylor	JB	and	Triggle	DJ,	Editors.	Elsevier:	
Oxford.	2017;	373–417.		
Publisher Full Text

37.	 Delrue	I,	Verzele	D,	Madder	A,	et al.:	Inactivated virus vaccines from 
chemistry to prophylaxis: Merits, risks and challenges.	Expert Rev Vaccines.	
2012;	11(6):	695–719.		
PubMed Abstract |	Publisher Full Text 

38.	 Hampton	LM,	Farrell	M,	Ramirez-Gonzalez	A,	et al.:	Cessation of Trivalent 
Oral Poliovirus Vaccine and Introduction of Inactivated Poliovirus Vaccine 
- Worldwide, 2016.	MMWR Morb Mortal Wkly Rep.	2016;	65(35):	934–8.		
PubMed Abstract |	Publisher Full Text 

39.	 Gao	Q,	Bao	L,	Mao	H,	et al.:	Rapid development of an inactivated vaccine for 
SARS-CoV-2.	bioRxiv.	2020;	2020.04.17.046375.		
Publisher Full Text 

40.	 Barrett	PN,	Mundt	W,	Kistner	O,	et al.:	Vero cell platform in vaccine 
production: Moving towards cell culture-based viral vaccines.	Expert Rev 
Vaccines.	2009;	8(5):	607–18.		
PubMed Abstract |	Publisher Full Text 

41.	 Josefsberg	JO,	Buckland	B:	Vaccine process technology.	Biotechnol Bioeng.	
2012;	109(6):	1443–60.		
PubMed Abstract |	Publisher Full Text 

42.	 Tulloch	F,	Atkinson	NJ,	Evans	DJ,	et al.:	RNA virus attenuation by codon 
pair deoptimisation is an artefact of increases in CpG/UpA dinucleotide 
frequencies.	Elife.	2014;	3:	e04531.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

43.	 First Ebola vaccine approved.	Nat Biotechnol.	2020;	38(1):	6.		
PubMed Abstract |	Publisher Full Text 

44.	 Marshall	D:	Griffith University researchers on the road to COVID-19 vaccine.	
2020.		
Reference Source

Page 13 of 15

F1000Research 2020, 9(Faculty Rev):991 Last updated: 17 AUG 2020

https://facultyopinions.com/prime/737216219
http://www.ncbi.nlm.nih.gov/pubmed/31953166
http://dx.doi.org/10.1016/j.ijid.2020.01.009
http://www.ncbi.nlm.nih.gov/pmc/articles/7128332
https://facultyopinions.com/prime/737216219
https://facultyopinions.com/prime/737216219
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-mission-briefing-on-covid-19---13-march-2020
https://www.sciencemag.org/news/2020/03/record-setting-speed-vaccine-makers-take-their-first-shots-new-coronavirus
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.nih.gov/research-training/clinical-trials
https://facultyopinions.com/prime/737705278
http://www.ncbi.nlm.nih.gov/pubmed/32273591
http://dx.doi.org/10.1038/d41573-020-00073-5
https://facultyopinions.com/prime/737705278
http://www.ncbi.nlm.nih.gov/pubmed/26344110
http://dx.doi.org/10.3390/vaccines1030225
http://www.ncbi.nlm.nih.gov/pmc/articles/4494225
http://www.ncbi.nlm.nih.gov/pubmed/28457665
http://dx.doi.org/10.1016/j.ymthe.2017.03.035
http://www.ncbi.nlm.nih.gov/pmc/articles/5475249
http://www.ncbi.nlm.nih.gov/pubmed/22908294
http://dx.doi.org/10.1073/pnas.1209367109
http://www.ncbi.nlm.nih.gov/pmc/articles/3437863
https://facultyopinions.com/prime/727261558
http://www.ncbi.nlm.nih.gov/pubmed/28151488
http://dx.doi.org/10.1038/nature21428
http://www.ncbi.nlm.nih.gov/pmc/articles/5344708
https://facultyopinions.com/prime/727261558
https://facultyopinions.com/prime/727261558
https://facultyopinions.com/prime/735561875
http://www.ncbi.nlm.nih.gov/pubmed/30972078
http://dx.doi.org/10.3389/fimmu.2019.00594
http://www.ncbi.nlm.nih.gov/pmc/articles/6446947
https://facultyopinions.com/prime/735561875
https://facultyopinions.com/prime/735561875
https://facultyopinions.com/prime/734452974
http://www.ncbi.nlm.nih.gov/pubmed/30445702
http://dx.doi.org/10.3390/ijms19113605
http://www.ncbi.nlm.nih.gov/pmc/articles/6274812
https://facultyopinions.com/prime/734452974
https://facultyopinions.com/prime/734452974
https://www.prnewswire.com/news-releases/inovio-initiates-phase-1-clinical-trial-of-its-covid-19-vaccine-and-plans-first-dose-today-301035633.html
https://www.ivi.int/ivi-inovio-and-knih-to-partner-with-cepi-in-a-phase-i-ii-clinical-trial-of-inovios-covid-19-dna-vaccine-in-south-korea/
https://pipelinereview.com/index.php/2020041774358/Vaccines/Moderna-Announces-Award-from-U.S.-Government-Agency-BARDA-for-up-to-$483-Million-to-Accelerate-Development-of-mRNA-Vaccine-mRNA-1273-Against-Novel-Coronavirus.html
https://facultyopinions.com/prime/738321500
http://www.ncbi.nlm.nih.gov/pubmed/32663912
http://dx.doi.org/10.1056/NEJMoa2022483
https://facultyopinions.com/prime/738321500
https://facultyopinions.com/prime/738321500
https://www.businesswire.com/news/home/20200611005456/en/Moderna-Advances-Late-Stage-Development-Vaccine-mRNA-1273-COVID-19
http://www.ncbi.nlm.nih.gov/pubmed/15610804
http://dx.doi.org/10.1016/S0140-6736(04)17590-9
http://www.ncbi.nlm.nih.gov/pubmed/26344749
http://dx.doi.org/ 10.3390/vaccines2030624
http://www.ncbi.nlm.nih.gov/pmc/articles/4494222
http://www.ncbi.nlm.nih.gov/pubmed/32346146
http://dx.doi.org/10.1038/d41586-020-01221-y
http://www.ncbi.nlm.nih.gov/pubmed/25312673
http://dx.doi.org/10.1016/j.addr.2014.10.002
https://facultyopinions.com/prime/736042200
http://www.ncbi.nlm.nih.gov/pubmed/31231383
http://dx.doi.org/10.3389/fimmu.2019.01250
http://www.ncbi.nlm.nih.gov/pmc/articles/6558635
https://facultyopinions.com/prime/736042200
https://facultyopinions.com/prime/736042200
https://facultyopinions.com/prime/737454503
http://www.ncbi.nlm.nih.gov/pubmed/32107060
http://dx.doi.org/10.1016/j.vaccine.2020.02.056
http://www.ncbi.nlm.nih.gov/pmc/articles/7092643
https://facultyopinions.com/prime/737454503
https://facultyopinions.com/prime/737454503
http://www.ncbi.nlm.nih.gov/pubmed/24965472
http://dx.doi.org/10.1128/JVI.01565-14
http://www.ncbi.nlm.nih.gov/pmc/articles/4178899
http://www.ncbi.nlm.nih.gov/pubmed/23596576
http://dx.doi.org/10.7774/cevr.2012.1.1.35
http://www.ncbi.nlm.nih.gov/pmc/articles/3623510
https://www.who.int/ith/vaccines/en/
https://www.cdc.gov/vaccines/vpd/vaccines-list.html
https://facultyopinions.com/prime/737996406
http://www.ncbi.nlm.nih.gov/pubmed/32731258
http://dx.doi.org/10.1016/S0140-6736(20)31208-3
http://www.ncbi.nlm.nih.gov/pmc/articles/7255193
https://facultyopinions.com/prime/737996406
https://facultyopinions.com/prime/737996406
https://www.clinicaltrials.gov/ct2/show/NCT04341389
http://www.ncbi.nlm.nih.gov/pubmed/32731258
http://dx.doi.org/10.1038/s41586-020-2608-y
http://www.ncbi.nlm.nih.gov/pmc/articles/7241103
https://www.sciencefocus.com/news/oxford-vaccine-trial-on-pigs-boosts-coronavirus-immune-response/
https://www.forbes.com/sites/williamhaseltine/2020/05/16/did-the-oxford-covid-vaccine-work-in-monkeys-not-really/#14f137193c71
https://www.astrazeneca.com/media-centre/press-releases/2020/astrazeneca-to-supply-europe-with-up-to-400-million-doses-of-oxford-universitys-vaccine-at-no-profit.html#:~:text=capacity to provide broad and,by the end of 2020
https://www.news-medical.net/news/20200705/Oxford-COVID-19-vaccine-trials-move-to-stage-3-human-trials.aspx
http://dx.doi.org/10.1016/B0-08-045044-X/00214-5
http://www.ncbi.nlm.nih.gov/pubmed/22873127
http://dx.doi.org/10.1586/erv.12.38
http://www.ncbi.nlm.nih.gov/pubmed/27606675
http://dx.doi.org/10.15585/mmwr.mm6535a3
http://dx.doi.org/10.1101/2020.04.17.046375
http://www.ncbi.nlm.nih.gov/pubmed/19397417
http://dx.doi.org/10.1586/erv.09.19
http://www.ncbi.nlm.nih.gov/pubmed/22407777
http://dx.doi.org/10.1002/bit.24493
http://www.ncbi.nlm.nih.gov/pubmed/25490153
http://dx.doi.org/10.7554/eLife.04531
http://www.ncbi.nlm.nih.gov/pmc/articles/4383024
http://www.ncbi.nlm.nih.gov/pubmed/31919440
http://dx.doi.org/10.1038/s41587-019-0385-7
https://news.griffith.edu.au/2020/04/23/griffith-university-researchers-on-the-road-to-covid-19-vaccine/


45.	 Vartak	A,	Sucheck	SJ:	Recent Advances in Subunit Vaccine Carriers.	Vaccines 
(Basel).	2016;	4(2):	12.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

46.	 WHO:	MODULE 2: Types of Vaccine and Adverse Reactions.	2020.		
Reference Source

47.	 	Tai	W,	Chen	J,	Zhao	G,	et al.:	Rational Design of Zika Virus Subunit 
Vaccine with Enhanced Efficacy.	J Virol.	2019;	93(17):	e02187-18.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

48.	 	Pandey	RK,	Bhatt	TK,	Prajapati	VK:	Novel Immunoinformatics 
Approaches to Design Multi-epitope Subunit Vaccine for Malaria by 
Investigating Anopheles Salivary Protein.	Sci Rep.	2018;	8(1):	1125.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

49.	 Kelly	DF,	Moxon	ER,	Pollard	AJ:	Haemophilus influenzae type b conjugate 
vaccines.	Immunology.	2004;	113(2):	163–74.		
PubMed Abstract |	Publisher Full Text |	Free Full Text 

50.	 Degos	F:	[Protein subunit vaccines: example of vaccination against 

hepatitis B virus].	Rev Prat.	1995;	45(12):	1488–91.		
PubMed Abstract 

51.	 ExpreS2ion announces EU grant award for the COVID-19 vaccine 
development programme.	2020.		
Reference Source

52.	 	Khandia	R,	Munjal	A,	Dhama	K,	et al.:	Modulation of Dengue/Zika Virus 
Pathogenicity by Antibody-Dependent Enhancement and Strategies to 
Protect Against Enhancement in Zika Virus Infection.	Front Immunol.		
2018;	9:	597.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

53.	 	Wan	Y,	Shang	J,	Sun	S,	et al.:	Molecular Mechanism for Antibody-Dependent 
Enhancement of Coronavirus Entry.	J Virol.	2020;	94(5):	e02015-19.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

54.	 	Iwasaki	A,	Yang	Y:	The potential danger of suboptimal antibody 
responses in COVID-19.	Nat Rev Immunol.	2020;	20(6):	339–41.		
PubMed Abstract |	Publisher Full Text |	Free Full Text |  
Faculty Opinions Recommendation 

Page 14 of 15

F1000Research 2020, 9(Faculty Rev):991 Last updated: 17 AUG 2020

http://www.ncbi.nlm.nih.gov/pubmed/27104575
http://dx.doi.org/10.3390/vaccines4020012
http://www.ncbi.nlm.nih.gov/pmc/articles/4931629
https://vaccine-safety-training.org/types-of-vaccine.html
https://facultyopinions.com/prime/735983543
http://www.ncbi.nlm.nih.gov/pubmed/31189716
http://dx.doi.org/10.1128/JVI.02187-18
http://www.ncbi.nlm.nih.gov/pmc/articles/6694833
https://facultyopinions.com/prime/735983543
https://facultyopinions.com/prime/735983543
https://facultyopinions.com/prime/732528637
http://www.ncbi.nlm.nih.gov/pubmed/29348555
http://dx.doi.org/10.1038/s41598-018-19456-1
http://www.ncbi.nlm.nih.gov/pmc/articles/5773588
https://facultyopinions.com/prime/732528637
https://facultyopinions.com/prime/732528637
http://www.ncbi.nlm.nih.gov/pubmed/15379976
http://dx.doi.org/10.1111/j.1365-2567.2004.01971.x
http://www.ncbi.nlm.nih.gov/pmc/articles/1782565
http://www.ncbi.nlm.nih.gov/pubmed/7660001
https://www.reuters.com/article/brief-expres2ion-announces-eu-grant-awar/brief-expres2ion-announces-eu-grant-award-for-the-covid-19-vaccine-development-programme-idUSFWN2AZ09R
https://facultyopinions.com/prime/733205843
http://www.ncbi.nlm.nih.gov/pubmed/29740424
http://dx.doi.org/10.3389/fimmu.2018.00597
http://www.ncbi.nlm.nih.gov/pmc/articles/5925603
https://facultyopinions.com/prime/733205843
https://facultyopinions.com/prime/733205843
https://facultyopinions.com/prime/737076453
http://www.ncbi.nlm.nih.gov/pubmed/31826992
http://dx.doi.org/10.1128/JVI.02015-19
http://www.ncbi.nlm.nih.gov/pmc/articles/7022351
https://facultyopinions.com/prime/737076453
https://facultyopinions.com/prime/737076453
https://facultyopinions.com/prime/737790348
http://www.ncbi.nlm.nih.gov/pubmed/32317716
http://dx.doi.org/10.1038/s41577-020-0321-6
http://www.ncbi.nlm.nih.gov/pmc/articles/7187142
https://facultyopinions.com/prime/737790348
https://facultyopinions.com/prime/737790348


Open Peer Review
Current Peer Review Status:  

Editorial Note on the Review Process
Faculty Reviews are review articles written by the prestigious Members of Faculty Opinions. The articles 
are commissioned and peer reviewed before publication to ensure that the final, published version is 
comprehensive and accessible. The reviewers who approved the final version are listed with their names 
and affiliations.

The reviewers who approved this article are:
Version 1

Gavin Koh  
Diseases of the Developing World, GlaxoSmithKline, Uxbridge, UB11 1BT, UK 
Competing Interests: No competing interests were disclosed.

1. 

Shinji Makino  
Department of Microbiology and Immunology, Institute for Human Infection and Immunity, University 
of Texas Medical Branch, Galveston, TX, USA 
Competing Interests: No competing interests were disclosed.

2. 

The benefits of publishing with F1000Research:

Your article is published within days, with no editorial bias•

You can publish traditional articles, null/negative results, case reports, data notes and more•

The peer review process is transparent and collaborative•

Your article is indexed in PubMed after passing peer review•

Dedicated customer support at every stage•

For pre-submission enquiries, contact research@f1000.com

 
Page 15 of 15

F1000Research 2020, 9(Faculty Rev):991 Last updated: 17 AUG 2020

https://f1000research.com/browse/faculty-reviews
http://f1000.com/prime/thefaculty
mailto:research@f1000.com

