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More than 2 years after the explosion of the coronavirus disease 2019 (COVID-19) pandemic, extensive efforts have been made to de-
velop safe and efficacious vaccines against infections with severe acute respiratory syndrome coronavirus 2. The pandemic has opened
a new era of vaccine development based on next-generation platforms, including messenger RNA (mRNA)-based technologies, and
paved the way for the future of mRNA-based therapeutics to provide protection against a wide range of infectious diseases. Multiple
vaccines have been developed at an unprecedented pace to protect against COVID-19 worldwide. However, important knowledge gaps
remain to be addressed, especially in terms of how vaccines induce immunogenicity and efficacy in those who are elderly. Here, we
discuss the various vaccine platforms that have been utilized to combat COVID-19 and emphasize how these platforms can be a pow-

erful tool to react quickly to future pandemics.
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Introduction

According to the World Health Organization (WHO), as of De-
cember 2021, there have been more than 260 million confirmed
coronavirus disease 2019 (COVID-19) cases, of which over 5
million have resulted in death, and over 7.9 billion doses of vac-
cines administered worldwide [ 1]. The Americas remain the re-
gion with the greatest number of confirmed COVID-19 cases, ac-
counting for approximately 40% of all reported cases. In the Re-
public of Korea, over 4,077 of the 496,584 confirmed cases of
COVID-19 have resulted in death, and over 42 million vaccine
doses have been administered. Due to the rapid global spread of

COVID-19, vaccines have been highlighted as the most effective
countermeasure to protect the immunocompromised and induce
herd immunity to maintain the rate of infection below the trans-
mission threshold.

COVID-19 is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), a positive-strand RNA coronavirus
belonging to the Coronaviridae family. Its viral genome encodes
structural and nonstructural proteins, including the following: nu-
cleocapsid (N), spike (S), membrane (M), and envelope (E) pro-
teins [2]. The SARS-CoV-2 S protein binds to angiotensin-con-
verting enzyme 2 (ACE2), a receptor that is expressed in virtually
all organs, including the lungs. Consequently, SARS-CoV-2 can in-
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fect more than the respiratory system to cause adverse effects and
lead to highly variable host immune responses. The broad biodis-
tribution of SARS-CoV-2 suggests that an ideal vaccine will need
to elicit both immunoglobulin (Ig) A and IgG antibodies to pro-
tect the mucosal surface of the lungs and prevent systemic circula-
tion of the virus [3].

Starting in early 2020, variants of SARS-CoV-2 emerged to pose
an increased threat to global public health, further highlighting the
priority of addressing the COVID-19 pandemic with safe and ef-
fective prophylactic and therapeutic strategies. Currently, the fol-
lowing five variants of SARS-CoV-2 have been classified as variants
of concern (VOCs) by the WHO: alpha (B.1.1.7), beta (B.1.351),
gamma (P.1), delta (B.1.617.2), and omicron (B.1.1.529) [4].
VOC:s are assessed according to the degree of significance they
have on global public health in terms of increased transmissibility,
increased virulence, and whether the variants pose a threat to the
currently available diagnostic procedures, vaccines, and therapeu-
tic measures. The omicron (B.1.1.529) variant, which was desig-
nated as a VOC by the WHO in November 2021, possesses multi-
ple mutations, including those in the spike protein, which have
made the variant highly divergent, and COVID-19 vaccines that
are currently available confer reduced protection against infection
and symptomatic disease due to the omicron variant [5]. More im-
portantly, the omicron variant has been declared the predominant

strain among emerging COVID-19 cases in the United States [6].

Several lineages of the omicron variant have currently been identi-
fied and further monitoring is necessary to improve the prepared-
ness and response strategies for addressing current and future vari-
ants of COVID-19.

COVID-19 vaccine development has relied on multiple plat-
forms to combat the pandemic. Here, we discuss different strate-
gies of COVID-19 vaccines, including traditional vaccine develop-
ment strategies based on whole-virus vaccines, live or attenuated,
in addition to technologies based on nucleic acid, viral protein sub-
unit, and nonreplicating viral vectors (Fig. 1).

Multiple vaccine platforms

Virus-based vaccines include live-attenuated and inactivated virus-
es, which lack pathogenic characteristics and cannot mount a com-
plete infection, respectively. Protein-based vaccines consist of puri-
fied proteins from viruses or infected cells, recombinant proteins,
or virus-like particles, the latter of which are composed of structur-
al proteins capable of forming virus particles without the viral ge-
nome.

Advances in molecular biology and vaccinology have also creat-
ed novel platform technologies for vaccine development. These
next-generation platforms rely on viral genome sequences that en-
code viral proteins, rather than the virus itself, for vaccine develop-

ment, which is more adaptable for mass production during public
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Fig. 1. Different strategies to develop coronavirus disease 2019 (COVID-19) vaccines. Classical and next-generation platform-based vac-
cines that have been developed as a countermeasure to the COVID-19 pandemic are shown. SARS-CoV-2, severe acute respiratory syn-

drome coronavirus 2; mRNA, messenger RNA.
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health emergencies, such as the COVID-19 pandemic. Table 1
outlines the advantages and disadvantages of various vaccine plat-
forms that have been utilized for the development of COVID-19
vaccines. Reports have indicated that the currently available vac-
cines are associated with minor side effects, including headache,
nausea, and pain/soreness at the injection site, although rare and
unusual adverse events have also been observed for specific types
of COVID-19 vaccines [7].

Inactivated vaccines

Inactivated vaccines employ viruses that can no longer replicate be-
cause of heat or chemical treatment. Currently, inactivated vaccines
against viruses, such as influenza virus, poliovirus, and hepatitis A
virus, are available. VaxigripTetra (Sanofi Pasteur, Lyon, France) is
a quadrivalent inactivated influenza vaccine that has been available
since 2016. The vaccine contains both A strains (HIN1 and
H3N2) and B strains (Victoria and Yamagata) and has been shown
to be efficacious and safe in both children and pregnant women
[8,9]. Multiple inactivated hepatitis A vaccines, such as VAQTA

(Merck, Branchburg, NJ, USA), AVAXIM (Sanofi Pasteur),
HAVRIX (GSK, Brentford, UK), and Epaxal (Janssen Biotech
Inc.,, Horsham, PA, USA), are currently available. While hepatitis A
vaccinations usually consist of a two-dose schedule, Ott and Wiers-
ma [10] have shown that a single dose of inactivated hepatitis A
vaccines can induce anti-hepatitis A virus antibodies that persist
for approximately 11 years. In terms of protection against polio, the
Centers for Disease Control and Prevention recommends four
doses of polio vaccines at specified ages. The inactivated poliovirus
vaccine is currently the only vaccine against polio that is adminis-
tered in the United States, as the oral poliovirus vaccine is associat-
ed with a risk of vaccine-derived poliovirus [11]. IPOL (Sanofi
Pasteur) is an inactivated vaccine manufactured from three types
(1,2,and 3) of poliovirus that have been shown to cause poliomy-
elitis.

CoronaVac (Sinovac Life Sciences Co., Ltd., Beijing, China) is
an inactivated whole-virus vaccine that was initially approved for
emergency use in China, but further studies were deemed neces-
sary to determine the durability of the elicited immune response

[12]. Results from a phase I1I clinical trial in Turkey revealed an

Table 1. Advantages and disadvantages outlined for each vaccine platform

Vaccine platform Advantage

Disadvantage

Inactivated virus
High stability

Live attenuated virus Develops prolonged immunity
High immunogenicity

Viral vector High specificity of antigen delivery to target cells
High antigen expression

Single dose confers long-term protection

DNA Design based on genetic sequencing
Easy manufacturing
Lower cost of production
DNA is temperature stable and cold-chain free

mRNA Relatively low-cost and easy manufacturing

Translation of mRNA occurs in the cytosol of the host cell, thus
reducing the risk of integration into the host genome

Protein subunit High stability

Safe manufacturing procedure

Allows selection of specific antigens to be combined for a

multivalent vaccine
Highly adaptable

High safety profile, even for the immunocompromised

Low immunogenicity requires boosters
High caution for safety testing required for production
Difficult to scale up in short time

Possible side effects involving regression to virulence strain
Not recommended for immunocompromised patients
High caution for safety testing

Virus vector itself may elicit immune response

Potential integration of the viral genome into the host
genome

Potential integration to human genome remains concern

Need efficient delivery tools such as nanoparticles due to
instability

Multiple doses may be necessary for booster effect

Low immunogenicity requires boosters

Adjuvants required for robust immune response
Time consuming to determine appropriate antigen

mRNA, messenger RNA.
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83.5% efficacy 14 days or more after the administration of the sec-
ond dose of CoronaVac [ 13]. BBIBP-CorV (Sinopharm, Beijing,
China) is another inactivated COVID-19 vaccine that is adminis-
tered as a two-dose immunization [ 14]. Phase I/11 trial results have
shown that this inactivated vaccine is safe and well tolerated, in ad-
dition to inducing robust humoral responses [ 15]. High titers of
neutralizing antibodies were reported to be induced in participants
vaccinated with inactivated whole-virus vaccines [ 16]. In terms of
vaccine efficacy against VOCs, a 59% vaccine efficacy against in-
fection with the delta variant was reported following a two-dose
vaccination with CoronaVac [17].

Unfortunately, technical challenges exist with inactivated
whole-virus vaccines, especially in terms of the risk of disease out-
break and the inactivation process that can potentially damage an-
tigens and result in suboptimal immunogenicity. There is also a
biosafety level 3 requirement to manufacture inactivated whole-vi-
rus vaccines. Furthermore, inactivated vaccines are not known to
activate cellular immune responses, and no T cell responses were
reported following vaccination with CoronaVac [12]. Therefore,
adjuvants and multiple booster doses are crucial to enhance the
immune response elicited by inactivated vaccines, and further
studies are needed to determine the effect of booster doses on in-

activated whole-virus COVID-19 vaccines.

Viral vector vaccines

Advances have allowed the genetic manipulation of viruses into
suitable vectors that can deliver genetic material. The viruses used
as vaccine vectors must be harmless and prompt the target cells to
produce antigens that can activate the immune response without
causing disease. Among the various viruses, adenoviruses have
been the most studied and have shown potential. Adenoviral vec-
tors are built by replacing the viral genes involved in replication
with a gene of choice. Most adenoviral vectors are constructed by
deleting the E1 and E3 genes, which are involved in viral replica-
tion and modulation of the host immune response, respectively
[18]. Furthermore, adenoviral vectors are commonly used plat-
forms in cancer gene therapy, which employs adenoviruses engi-
neered to selectively replicate in and kill tumor cells [ 19]. Antigens
delivered by adenoviral vectors after a single immunization have
been shown to induce both cellular and humoral immunity, with
the second immunization mounting a long-lasting immune re-
sponse [20,21].In designing adenovirus vaccine vectors, it is im-
portant to select adenovirus serotypes that do not elicit an im-
mune response in humans from preexisting immunity.

Adenoviral vector COVID-19 vaccines exploit adenoviruses to
create viral vectors carrying DNA sequences encoding the full-
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length S protein of SARS-CoV-2. Since the S protein binds to
ACE2 for cellular entry, vaccines that produce antibodies able to
bind the S protein are expected to neutralize the viral infection
[22]. ChAdOX1, AstraZeneca’s COVID-19 vaccine (AstraZene-
ca, Cambridge, UK) uses a recombinant adenovirus derived from
chimpanzees to produce adenoviral vectors carrying the full-length
S protein sequence [23]. ChAdOX1 was shown to induce strong
cellular immunity, especially in terms of increased effector T cell
responses specific to the S protein. A second dose was adminis-
tered 8 to 12 weeks after the first dose is the recommended vacci-
nation schedule set by the WHO. A study has shown that increas-
ing the interval between primary and booster doses of ChAdOX1
beyond 12 weeks resulted in antibody titers that were higher than
those mounted by a second dose administered within 6 weeks of
the initial vaccination [24].

Ad26.COV2.S, Janssen Biotech’s COVID-19 vaccine is an S pro-
tein-based adenoviral serotype 26 vector vaccine that elicited
strong Th1-skewed cellular immune responses during clinical tri-
als [25]. The Janssen vaccine expresses the prefusion form of the
S antigen that has undergone stabilizing substitutions [26]. Gam-
COVID-Vac (also known as Sputnik V), an adenovirus vector
vaccine produced by the Russian Gamaleya Research Institute of
Epidemiology and Microbiology, is distinct from the previously
mentioned vaccines in terms of its heterologous prime-boost ap-
proach. Gam-COVID-Vac utilizes two different adenoviral vec-
tors, Ad26 and AdS, which are administered individually 21 days
apart [27]. CELLID (Seoul, Korea) has also developed Ad-
CLD-CoV19, an adenoviral vector vaccine based on the human
Ad type 5/35 vector containing the gene for the S protein of
SARS-CoV2, which has been approved for phase I/1I trials in the
Republic of Korea.

To circumvent the challenges associated with preexisting immu-
nity against certain human adenovirus serotypes, prime-boost regi-
mens, such as those used for Sputnik V, have mainly relied on lon-
ger intervals (> 12 weeks) or utilization of different serotypes.
However, further studies that utilize a combination of different
strategies are needed to improve adenoviral vector vaccines.

Although rare and unusual, thrombocytopenia was among the
adverse events reported in persons vaccinated with ChAdOX1 and
Ad26.COV2.S, particularly in young women [28,29].

Messenger RNA vaccines

Prior to the COVID-19 pandemic, nucleic acid-based vaccine can-
didates against diseases were unable to progress beyond clinical tri-
als. Nucleic acid-based vaccines have the advantage of a shorter de-
velopment period following sequence selection when compared to
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virus- or protein-based vaccines. Vaccine technologies utilized by
nucleic acid-based platforms also take advantage of nanoparticles
in terms of their small size and ability to enter cells and deliver nu-
cleic acids via DNA or messenger RNA (mRNA) vaccines. Lipid
nanoparticles can encapsulate genomic materials that carry anti-
gen-encoding sequences.

mRNA-based vaccines that have been approved for use include
the Pfizer-BioNTech COVID-19 vaccine (BNT162b2; Pfizer Inc.,
New York, NY, USA) and Moderna COVID-19 vaccine (mRNA-
1273; Moderna Inc.,, Cambridge, MA, USA). Both rely on the viral
genomic sequence encoding the subunits of the S protein of
SARS-CoV-2.

The Pfizer-BioNTech COVID-19 vaccine, or Comirnaty, con-
sists of a lipid nanoparticle that encapsulates mRNA encoding a
modified, full-length SARS-CoV-2 S protein that has been mutated
to maintain a prefusion conformation [30,31]. The vaccine re-
quires two doses to be administered 21 days apart, and studies
have reported a 95% efficacy, with protection being observed with-
in 12 days after the first dose. A 6-month follow-up study on the
safety profile and need for booster dosing demonstrated a decline
in vaccine-mediated protection, with the vaccine efficacy waning
approximately 6% every 2 months following the second dose in
participants aged 12 years and older [32]. Consequently, a single
booster dose of Comirnaty following the primary series has been
shown to increase neutralizing antibody titers.

In addition, T cell responses have been shown to be important
in controlling SARS-CoV-2 infections, and the prime-boost vacci-
nation regimen with Comirnaty was reported to induce strong
Th1-biased T cell responses consisting of high levels of interferon
gamma and interleukin-2 [33]. With the recent emergence of the
omicron variant, two doses of Comirnaty were reported by Pfizer
to confer protection against any severe disease, although a booster
dose is recommended. Since the majority of the epitopes on the S
protein of the omicron variant are predicted to maintain their abili-
ty for human leukocyte antigen-epitope binding, vaccines such as
Comirnaty that focus on the S protein are expected to elicit a suffi-
ciently robust T cell immunity against VOCs such as omicron [34-
36]. A study on the effectiveness of Pfizer’s Comirnaty and Astra-
Zeneca’s ChAdOX1 against the delta (B.1.617.2) variant demon-
strated that the efficacy of both vaccines was lower for the delta
variant than for the alpha (B.1.1.7) variant [37]. Furthermore, a
heterologous prime-boost vaccination with ChAdOX1 (prime)
and Comirnaty (boost) was reported to induce robust humoral
and cellular immune responses with T cells that were reactive to
variants, including alpha, beta, gamma, and delta [38]. Recent
findings have shown that a booster shot with Comirnaty was asso-
ciated with reduced rates of infection and severe illness across dif-

ferent age groups [39].

The Moderna COVID-19 vaccine (mRNA-1273) contains
mRNA encoding the prefusion form of the S antigen with two mu-
tations at amino acids 986 and 987 to stabilize the S protein in its
prefusion conformation [31]. The Moderna COVID-19 vaccine
schedule consists of a two-dose series separated by 28 days. Both of
the previously mentioned mRNA vaccines do not include the use
of an adjuvant, as the RNA and lipids themselves have been report-
ed to have adjuvant properties [40]. High levels of neutralizing an-
tibodies and a Th1-skewed T cell response were reported follow-
ing vaccination with mRNA-1273, with efficacy of approximately
93% for preventing COVID-19, while a higher vaccine efficacy of
98% was observed for preventing severe COVID-19 starting 14
days after the second dose [41,42].

A comparative study on the vaccine efficacy of Moderna’s
mRNA-1273, Pfizer-BioNTech’s Comirnaty, and Janssen’s Ad26.
COV2.S revealed that the two mRNA vaccines (mRNA-1273 and
Comirnaty) had higher vaccine efficacy and induced higher post-
vaccination anti-SARS-CoV-2 antibody levels than Janssen’s ade-
noviral vector vaccine (Ad26,COV2.S) in healthy adults [43].

Evaluation of the safety profiles revealed that adverse events,
while rare, were associated with the mRNA vaccines of both Mod-
erna and Pfizer-BioNTech. Multiple cases of myocarditis were re-
ported following vaccination, with the highest risk observed in
young men between the ages of 20 and 34 years [44,45]. In addi-
tion to myocarditis, Bell’s palsy after vaccination with either
mRNA vaccine has been reported [46-48].

DNA vaccines

DNA vaccines have already been integrated into veterinary prac-
tice to treat diseases, including tuberculosis [49], avian influenza
[50], and rabies [51]. Several vaccine candidates utilizing DNA-
based platforms are currently undergoing clinical trials. Genexine’s
GX-19 (Genexine, Seongnam, Korea), which contains genes en-
coding both the S and N proteins, and GeneOne Life Science’s
GLS-5310 (GeneOne Life Science, Seoul, Korea) are DNA vac-
cines that have been approved for phase I and phase Ila clinical tri-
als in the Republic of Korea. Moreover, the International Vaccine
Institute (Seoul, Korea) has collaborated with INOVIO Pharma-
ceuticals (Plymouth Meeting, PA, USA) to advance clinical trials
of INO-4800, a DNA vaccine that has been shown to induce cellu-
lar and humoral immune responses after the second immunization
[52].

While mRNA can be directly translated once inside the cell,
DNA must undergo nuclear translocation prior to mRNA being
transcribed and exported to the cytoplasm for translation. As a re-
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sult, mRNA has a higher translation efficiency than DNA when
transfected. However, DNA is more stable than mRNA, and ex-
pression of the latter is shorter-lived. These type-specific pros and
cons of nucleic acids highlight the importance of considering both
stability and translation efficiency in terms of developing a vaccine
that can produce effective antigens capable of mounting an im-

mune response.

Protein subunit vaccines

Vaccine technologies based on protein subunits are also viable vac-
cine candidates for protection against SARS-CoV-2 infection.
Novavax’s recombinant SARS-CoV-2 S protein nanoparticle vac-
cine, NVX-CoV2373 (Novavax, Gaithersburg, MD, USA), in-
cludes the prefusion form of the full-length S protein that has been
modified for stabilization and resistance to cleavage. The vaccine is
administered with Matrix-M adjuvant (Novavax), which has previ-
ously been shown to enhance immunogenicity of the influenza
vaccine [53-55]. Two doses of NVX-CoV2373 were reported to
confer approximately 89% protection against SARS-CoV-2 infec-
tion [56]. Subunit vaccines can also include adjuvants to boost im-
mune responses by stimulating the desired receptors responsible
for sensing pathogens or danger signals [57]. SK Bioscience’s re-
combinant protein nanoparticle vaccine candidate GBP510 (SK
Bioscience, Seongnam, Korea), which contains alum as an adju-
vant, and EuCorVac-19, a recombinant protein vaccine manufac-
tured by EuBiologics (Seoul, Korea), are both currently undergo-
ing phase I/II trials in the Republic of Korea.

Despite the long strides that have been made by the fast-paced
development, emergency approval, and administration of the pre-
viously mentioned vaccines, the variability in host immune re-
sponses, which results in patients who range from asymptomatic to
critically ill, remains a difficult obstacle that requires long-term fol-
low-up studies postvaccination.

Conclusion

Although multiple COVID-19 vaccines are now available across
the globe, we still face several challenges concerning long-term vac-
cine efficacy, as well as effectiveness against present and future vari-
ants. It is essential to plan for the development of modified vac-
cines that could protect against vaccine-resistant variants, as we are
now witnessing the emergence of VOCs that have increased the
transmissibility and virulence of COVID-19. Therefore, the com-
bined use of the diverse platforms for COVID-19 vaccines that are
now available will aid in the development of vaccines against cur-
rent and future variants.
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While the global morbidity and mortality caused by
COVID-19 emphasize the need for vaccination, adverse events
remain a risk associated with the currently available vaccines.
While most side effects following vaccination are mild, such as
headache and pain/soreness at the injection site, severe adverse
events such as myocarditis and thrombocytopenia have also
been reported, particularly in young women and men. In the fu-
ture, we need to focus on developing novel vaccine platforms
that are associated with lower risks of adverse events and increas-
ing our efforts toward establishing a universal coronavirus vac-
cine that can confer broad protection against a diverse number of
coronaviruses, including all variants, to increase our prepared-

ness for future pandemics.
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