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The novel corona virus termed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread
throughout the globe at a formidable speed, causing tens of millions of cases and more than one million deaths
in less than a year of its report in December 2019. Since then, companies and research institutions have raced
to develop SARS-CoV-2 vaccines, ranging from conventional viral and protein-based vaccines to those that are
more cutting edge, including DNA- andmRNA-based vaccines. Each vaccine exhibits a different potency and du-
ration of efficacy, as determined by the antigen design, adjuvant molecules, vaccine delivery platforms, and im-
munization method. In this review, we will introduce a few of the leading non-viral vaccines that are under
clinical stage development and discuss delivery strategies to improve vaccine efficacy, duration of protection,
safety, and mass vaccination.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

A novel coronavirus, termed severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2), emerged in Wuhan, China as first reported
in December 2019. SARS-CoV-2 resembles SARS-CoV, which was
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responsible for the 2002 epidemic, and MERS-CoV, which attracted
global concern due to its high mortality rate in 2012. Whereas both
SARS-CoV and MERS-CoV were managed to be contained, SARS-CoV-2
has spread globally, leading the World Health Organization to declare
coronavirus disease 2019 (COVID-19) as a pandemic in March 2020
[1]. As of November 2020, SARS-CoV-2 has causedmore than 54million
cases and 1.3 million deaths around the globe. The United States alone
has reported more than 11 million cases and suffered >250,000 lives
lost since the first reported case in March 2020.

There are worldwide efforts to develop therapies and prophylactic
vaccines against SARS-CoV-2. Therapeutics aim to shorten the
hospitalization period and increase survival of infected patients, while
prophylactic vaccines aim to generate protective immunity against
SARS-CoV-2. Given the urgent pandemic settingwith its associated con-
sequences, such as limited ventilators and hospital capacity, it is critical
to develop successful prophylactic vaccines against SARS-CoV-2. SARS-
CoV-2 is a single stranded RNA virus that has a structure of betacorona
viruses composed of spike (S) protein, envelope protein, membrane
protein, nucleocapsid protein, and accessory proteins. SARS-CoV-2
shares high sequence similarity with SARS-CoV and takes a similar
entry route to infect human cells [2]. That is, the receptor binding do-
main (RBD) of S1 subunit of S protein interacts with human
angiotensin-converting enzyme 2 (ACE2), followed by membrane fu-
sion mediated by S2 subunit [3]. Thus, S protein is a critical component
of SARS-CoV-2 for cellular infection. Also, functional neutralizing anti-
bodies (NAbs) generated in COVID-19 patients were found to mostly
target epitopeswithin S protein, suggesting S protein as a promising tar-
get for vaccination against SARS-CoV-2.

The process of developing a vaccine consists of two key steps:
1) identifying an antigen and 2) developing a delivery approach for
said antigen to achieve robust cellular and humoral immunity. In the
case of SARS-CoV-2, previous experiences with SARS-CoV and MERS-
CoV have enabled rapid development of vaccine candidates. As of No-
vember 2020, more than 170 vaccines against SARS-CoV-2 are under
development as tracked by the World Health Organization, and of
those, 13 are undergoing Phase III human clinical trials. These vaccine
candidates can be categorized into four vaccine platforms: viral
vector-, RNA-, DNA-, and protein-based vaccines [4] (Fig. 1). Notably,
as of this writing, BioNTech/Pfizer and Moderna have recently reported
that their mRNA vaccines exhibited > 90% protection efficacy based on
their first interim analyses of the ongoing Phase III trials [5,6]. BioNTech/
Pfizer and Moderna have been granted emergency authorization for
their COVID-19 vaccines by he Food and Drug Administration (FDA).
Fig. 1. Various vaccine platforms for
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Whole virus is a conventional vaccine type historically used for
major diseases such as smallpox, tuberculosis, and yellow fever. This
vaccine type can be split into two major types: live attenuated and
live inactivated whole virus. Inactivated viruses are more commonly
used due to their inability to induce viral reversion. Spearheaded by re-
searchers in China, Wuhan Institute of Biological Products/Sinopharm
and Sinovac Biotech have successfully proceeded to Phase III clinical tri-
als using inactivated whole SARS-CoV-2 [7]. In addition, there is a vac-
cine based on chimpanzee adenovirus called ChAdOx1 developed by
the University of Oxford and AstraZeneca as well as Adenovirus 26
vector-based vaccines of Johnson & Johnson that elicit potent immune
responses [8].

In addition to these viral vector-based vaccines, non-viral vaccine
platforms, enabled by advances in nanomedicine and vaccine delivery
technologies, are in the late stages of clinical trials (Table 1). They in-
clude mRNA and DNA encoding protein antigens of SARS-CoV-2 as
well as protein antigen-based vaccines. The membrane-bound glyco-
proteins on corona viruses, called spike proteins, are responsible for
viral entry into host cells, hence presenting an ideal target for vaccines
against SARS-CoV-2 [9,10]. Vaccines based on mRNA and DNA focus
on the ways to deliver genetic materials encoding antigen candidates
into the host cells, but due to limited cellular uptake and instability of
nakedmRNA and DNA, they require the use of delivery vehicles or elec-
troporation devices. On the other hand, protein-based vaccines require
the synthesis and characterization of protein antigens as the part of vac-
cine production. Since protein antigens are synthesized by cells and se-
creted into culture medium in soluble forms, it is often challenging to
ensure proper protein folding and maintain their antigenicity. There-
fore, recombination techniques are often involved when designing ge-
netic vectors to endow stability to antigen proteins before the vectors
are transfected to the target cells. Compared with whole virus-based
or viral vector-based vaccines, subunit antigens used in mRNA-, DNA-
and protein-based vaccines elicit weaker immune responses, thus re-
quiring co-administration of adjuvants. Adjuvants are
immunostimulatory agents added to vaccines to enhance the immune
response, and they are usually in the forms of ligands that interact
with pattern recognition receptors (PRRs) on antigen-presenting cells
(APCs). Once engaged, downstream signaling within APCs triggers var-
ious immune pathways that lead to stronger immune activation.

In this review, we focus on the leading non-viral vaccine candidates
currently under development against SARS-CoV-2. We discuss the role
of their delivery platforms and present factors crucial for the develop-
ment of successful non-viral vaccines against SARS-CoV-2, including
vaccination against SARS-CoV-2.



Table 1
Non-viral COVID19 vaccines currently under development.

Vaccine type Developer Vaccine Antigen Formulation/Delivery system Delivery
route

adjuvant Status Clinical trial

Virus-like
particles
(VLP)

Medicago CoVLP Self-assembled VLP from S protein Recombinant Coronavirus
Virus-Like Particle (CoVLP)

IM AS03 or CpG
1018

Phase 1 NCT04450004

Recombinant
protein

Novavax NVX-CoV2373 Prefusion state full-length S protein Spontaneous nanoparticle
formation

IM Matrix-M
(saponin-based)

Phase 2b NCT04368988

Clover Biopharmaceuticals SCB-2019 S protein trimer Patented Trimer-Tag
technology used for trimer
formation

IM AS03 or CpG
1018

Phase 1 NCT04405908

University of Queensland UQ-CSL V451 Prefusion state S protein trimer "Molecular clamp" used for
trimer formation

IM MF59
(Squalene-based)

Phase 1 ISRCTN51232965

University of Pittsburgh PittCoVacc S1 subunit protein Microneedle patch cutaneous none Preclinical NA
DNA Inovio Pharmaceuticals/International

Vaccine Institute
INO-4800 S protein Eectroporation ID None Phase 1/2 NCT04336410

AnGes, Inc. AG0301-COVID19 S protein Plasmid IM None Phase 1/2 NCT04447781
Symvivo bacTRL-Spike S protein Bifidobacterium longum Oral None Phase 1 NCT04334980
Genexine Consortium GX-19 S protein Electroporation IM None Phase 1/2 NCT04445389
Osaka University/AnGes/ Takara Bio AG0301-COVID19 S protein Plasmid IM unknown Phase 1/2 NCT04463472

NCT04527081
mRNA Moderna/NIAID mRNA-1273 A full-length, prefusion stabilized spike (S) protein of

COVID-19
Lipid nanoparticle IM None Phase 3 NCT04470427

BioNTech/Fosun Pharma/Pfizer BNT-162b2 Optimized SARS-CoV-2 full-length spike protein or
optimized SARS-CoV-2 receptor-binding domain (RBD)

Lipid nanoparticle IM None Phase 3 NCT04368728
BNT-162a1 Phase 1/2
BNT-162b1
BNT-162c2

Arcturus/Duke-NUS ARCT-021 Self-replicating mRNA encoding the prefusion spike
protein of 2019-nCoV

LUNAR® lipid nanoparticle IM None Phase 1/2 NCT04480957

People's Liberation Army (PLA) Academy
of Military Sciences/Walvax Biotech.

ARCoV SARS-CoV-2 receptor-binding domain (RBD) Lipid nanoparticle IM None Phase 1 ChiCTR2000034112

Imperial College London SARS-CoV-2
saRNA LNP

SARS-CoV-2 spike protein Lipid nanoparticle IM None Phase 1 ISRCTN17072692

Curevac AG CVnCoV full-length spike protein of SARS-CoV-2 Lipid nanoparticle IM None Phase 1 NCT04449276

Source: World Health Organization (WHO)
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immunogenicity, adjuvants, in vivo delivery, safety, as well as hurdles to
overcome for rapid deployment and mass vaccination.

2. mRNA vaccines

2.1. Clinical stage mRNA vaccines

mRNA vaccines are the most advanced COVID-19 vaccines in Phase
III clinical trials [11–15]. AlthoughmRNA vaccines are a newly emerging
technology without an approved product on the market, mRNA vac-
cines has a number of advantages over other platforms [16,17]:
1) mRNA vaccines are safe [17]. Compared with DNA-based vaccines,
mRNA does not integrate into the host’s genome, thus minimizing the
genotoxicity issue. Compared with inactivated virus or live vector-
based vaccines, production of synthetic mRNA vaccine is amenable for
quality control with reduced chance of biological contamination during
production [18].Moreover, mRNA itself aswell as the lipid-basedmRNA
carriers are biodegradable. 2)mRNA vaccines have demonstrated its ef-
ficacy to induce strong humoral and cellular immune response in pre-
clinical [11,19,20] and clinical studies [12,17,21]; 3) mRNA vaccine can
be designed and manufactured within a short time scale to meet the
need of pandemic outbreak. The well-defined chemistry makes mRNA
vaccine suitable for the state of art manufacturing process employed
in the pharmaceutical industry. The ability for rapid scale-up production
up to billion doses make mRNA vaccines the front-runners in the
COVID-19 vaccine development [16,17,22]. However, there are still hur-
dles for mRNA vaccines to overcome. First, mRNA without a proper for-
mulation is unstable and can be quickly degraded by ubiquitous RNases
in vitro and in vivo. Second, mRNA is impermeable to cell membranes
and cannot be efficiently internalized into cytosol for translation.
Third, mRNA could activate the innate immune system and potentially
induce inflammation and toxicity. Fourth, the current mRNA vaccines
require a strict cold-chain condition for storage and distribution, thus
posing a logistics challenge for deployment in developing countries.
To address these problems, it is crucial to design appropriate mRNA de-
livery technologies that can protect mRNA from degradation, shuttle
mRNA to target cell cytosol, and increase mRNA vaccine thermal stabil-
ity, safety profiles, and efficacy.

The speed of vaccine development against SARS-CoV-2 has been un-
precedented [12,13], and this is well reflected in the progress of mRNA
vaccine development against SARS-CoV-2. As early as Jan 13, Moderna
and NIH finalized the mRNA-1273 sequence encoding prefusion-
stabilized spike protein of SARS-CoV-2 and moved toward clinical
manufacturing, only 4 days after WHO announced an unknown pneu-
monia case found in Wuhan and 2 days after a Chinese team reported
the genetic sequence of COVID-19. A short 88 days later, mRNA-1273
doses were administered to the first human clinical trials participants.
This rapid pace is in stark contrast to the normal vaccine development
process that takes years to reach clinical trials. Due to the speed at
which mRNA vaccines progressed, there are now two ongoing Phase
III clinical trials on mRNA vaccines from BioNTech and Moderna, and
they have recently announced in November 2020 that their vaccines
showed > 90% protective efficacy against SARS-CoV-2 infection from
their ongoing Phase III trials. In addition, there are many more mRNA
vaccines currently in phase I/II clinical trials (Table 1). Based on
preclinical and clinical and studies reported so far, mRNA vaccines are
well-tolerated and induce efficient immune responses [12,13]. For
mRNA-1273 [12], the Phase I clinical trial of 47 participants revealed ro-
bust NAb responses after two vaccinations, achieving similar levels of
neutralizing activity as observed in convalescent sera of COVID-19 pa-
tients. Additionally, Th1-skewed CD4 T cell responses and low level
CD8 T cell response to S-2P were observed (Fig. 2a-d). No severe ad-
verse effects were observed, but mild systemic and local adverse effect
were noted. Consistent with the human results, mRNA-1273 vaccina-
tion of non-human primates induced robust NAb and Th1-skewed
CD4 T cell responses, protecting animals from SARS-CoV-2 challenge.
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For BioNTech’s BTN-162b1 [13], prime-boost vaccinations in Phase I/II
clinical trial induced strong NAb responses, which were higher than
the levels observed in COVID-19 convalescent human sera. In particular,
BTN-162b1 vaccination generated strong RBD-specific CD4+ and
CD8+ T cell responses, which may target and lyse infected cells with
long term memory (Fig. 2e-h). Similar to Moderna’s mRNA-1273,
there were no severe adverse effects but mild side effects were noted
for BioNTech’s BTN-162b1. Overall, the early-stage clinical results indi-
cate that mRNA vaccines are well tolerated and induce strong humoral
and cellular immune responses against COVID19.

2.2. Design considerations for mRNA vaccines

As shown in Table 1, interestingly, all COVID-19 mRNA vaccines
under clinical development are delivered by lipid nanoparticles (LNP).
LNPs, encapsulating mRNA within a solid lipid structure, are composed
of four components [17,23] (Fig. 3): cationic or ionizable lipids for
mRNA complexation, cholesterol to stabilize the nanoparticle, helper
phospholipids to aid the formation and intracellular release, and
PEGylated lipids to reduce non-specific interactions. LNPs have the fol-
lowing advantages as non-viralmRNAvectors: 1) LNP efficiently encap-
sulates and condenses mRNA; 2) LNP promotes intracellular delivery of
mRNA to cytosol by increasing cellular uptake and triggering endosomal
escape; 3) LNP increasesmRNA stability by protecting them fromdegra-
dation in extracellular spaces; 4) LNP are composed of biocompatible
materials suitable for human use; 5) GMP-grade LNP are synthesized
in a large scale.

To develop an effective LNP vector for delivery of COVID-19mRNA
vaccine, two critical factors should be taken into consideration. The first
factor is choosing an appropriate cationic or ionizable lipid [16]. Even
though both cationic and ionizable lipids could effectively complex
RNA, ionizable lipids may be preferred given their favorable safety pro-
files. Ionizable lipids are a class of lipid bearing neutral or mild positive
charge at physiological pH and expose high cationic groups at acidic
conditions. In this setting, the mRNA encoding SARS-CoV-2 antigens
could be encapsulated into LNPs at low pH, and LNPs could maintain a
neutral surface charge in the extracellular space to reduce non-specific
interactions. Once LNPs are internalized into cells, the acidic environ-
ment within endosomes could turn the surface charge of LNPs to posi-
tive, facilitating endosomal escape and mRNA release in the cytosol. As
the critical component of LNPs, great efforts have been devoted to iden-
tify optimal ionizable lipids [24,25]. Representative ionizable lipids in-
clude: DLin-KC2-DMA [26] and DLin-MC3-DMA [27], which were
based on rational design; C12-200 [28] and cKK-E12 [29], which were
identified by high throughout screenings of large combinatorial librar-
ies; L319 [30], TT3 [31], ssPalmE [32], Acuitas (A9) [33] and Moderna
(L5) [34], which are biodegradable. Given the state of pandemic
emergency, repurposing these high-performer ionizable lipids for a
COVID-19 mRNA vaccine formulation would be a good option. The sec-
ond factor is optimizing cholesterol, helper phospholipids, and the lipid-
PEG composition along with their relative ratio in LNPs. These factors
could greatly affect the efficacy and performance of mRNA vaccines.
However, the optimization process for formulations usually involves
manymore variables and requires extensive resources. Tomake the op-
timization processmore efficient, Design of Experiment (DOE)method-
ologies have been applied, including both Fractional Factorial Designs
and Definitive Screening [25]. Through thesemethods, multiple param-
eters could be tuned simultaneously, such as the lipid ratio and lipid
structure, leading them to find that incorporating DOPE and increasing
ionizable lipid:mRNA ratio could increase the efficacy ofmRNA delivery.
Based on this, C12-200-containing LNP was optimized for erythropoie-
tin mRNA delivery and a 7-fold potency improvement was observed.
Similar approaches could also be applied for optimizing LNP for
COVID-19 vaccine delivery.

Apart from LNPs, cationic liposomes could also be used for
mRNA-based vaccine applications, such as widely employed



Fig. 2.Humoral and cellular immune response ofmRNA-1273 and BTN-162b1. a-d, humoral immune response (a-b) and cellular immune response (c-d) ofmRNA-1273 against SARS-CoV-
2. e-h, humoral immune response (e-f) and cellular immune response (g-h) of mRNA-1273 against SARS-CoV-2. Reproduced with permission from [12] (a-d) and [13] (e-h).
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transfection agent, lipofectamine composed of (N-(1-(2,3-
dioleyloxy)propyl)-N-(2-(sperminecarboxamido)ethyl)-N,N-
dimethylammonium trifluoroacetate (DOSPA) and (DOPE)
141
[35,36] as well as liposomes containing 1,2-di-O-octadecenyl-
3-trimethylammonium-propane (DOTMA) and 1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP) [37,38]. In particular, a



Fig. 3.mRNA vaccine delivery systems applicable for COVID-19 vaccine development.

K.S. Park, X. Sun, M.E. Aikins et al. Advanced Drug Delivery Reviews 169 (2021) 137–151
recent study reported a ready-to-use melanoma mRNA vaccine that re-
quires simple mixing of the RNA component with a cationic liposome
suspension prior to injection [39]. The optimized mRNA delivery sys-
tem activated APCs and encoded various cancer antigens to induce
strong antigen-specific T-cell responses, leading to tumor regression.
These advances would allow for rapid design and development of
ready-to-use mRNA vaccines targeting new emerging pathogens.

Another important category of mRNA delivery system is based on
polymer and polymer/lipid hybrid particles. Even though these delivery
systems are not as clinically advanced as the lipid-based systems, their
functional diversity and flexibility of polymersmake them a very attrac-
tive candidate for mRNA delivery. For example, a PEI-based polyplex
systemhas been used to deliver self-amplifying replicon RNA (RepRNA)
vaccines encoding influenza virus hemagglutinin and nucleocapsid [40].
A dendrimer-mRNA nanoparticle with lipid-PEG coating was used as
single dose vaccine against multiple lethal infections, including Ebola
virus, H1N1 influenza, and Toxoplasma gondii. Poly(lactic-co-glycolic
acid) (PLGA) polymer has also been incorporated into a lipid mRNA de-
livery system, called TT3-LLNs, for mRNA delivery in human cell lines
[41]. In addition to these classic polymers, charge-altering releasable
transporters (CARTs) have been designed for mRNA delivery [42].
CARTs is a class of cationic oligo(carbonate-β-α-amino ester) polymers,
which complex with mRNA and facilitate intracellular delivery. After
mRNA-CARTs complex is internalized, CARTs undergo a self-immolate
degradation to release mRNA for protein translation. This design pro-
moted endosomal escape and protein translation both in vitro and
142
in vivo. Similarly, poly(b-amino esters) (PBAEs) have also been exten-
sively used for mRNA delivery. For example, a polymer brush nanopar-
ticle formed by mixing poly(β-amino esters) (PBAEs) with cholesterol,
DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine), mPEG2000-DMG
(1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000]), and mRNA has been reported for mRNA
delivery applications [43]. Co-formulation of PBAEs and lipid-PEG effec-
tively delivered mRNA to the lungs [44], and a core-shell structure
formed by encapsulation of PBAE/mRNA complex in a double-layered li-
posome has been reported for mRNA-based vaccine applications [45].

Other delivery systems, such as micelles and emulsions, have been
used for mRNA delivery applications. For example, a nano micelle
PEG-PAsp(TEP)-Chol has been used for systemic delivery of mRNA vac-
cine as a pancreatic cancer treatment [46], and a micelle system based
on branched PEI-stearic acid conjugates (PSA) [47] has been used for
HIV mRNA vaccine delivery. Emulsions are well-established as potent
vaccine adjuvants. Based on MF59 emulsion adjuvant from Novartis, a
cationic emulsion (CNE) has been designed by adding DOTAP into the
water phase [48]. The positive charge allows electrostatic adsorption
of a 9kb self-amplifyingmRNA encoding protein antigens from respira-
tory syncytial virus (RSV), human cytomegalovirus (hCMV), and human
immunodeficiency virus (HIV). In mice, rats, rabbits, and non-human
primates, CNE formulated with self-amplifying mRNA vaccine induced
effective humoral and T cell responses.

Overall, mRNA vaccine is a powerful technology to fight against a
pandemic outbreak, such as COVID-19. Despite the overall optimism
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on mRNA vaccines against COVID-19, more studies are needed for
effective countermeasures against other emerging pathogens and for
potential cases of mutations or seasonal reoccurrences of SARS-CoV-2.
Ready-to-use standardized mRNA vaccine delivery systems should be
optimized to 1) effectively package and protect antigen-encoding
mRNA; 2) enhance the vaccine thermal stability, enabling room tem-
perature storage and shipping; 3) have appropriate adjuvant properties,
effectively inducing both cellular and humoral immune response
against wide range of pathogens; and 4) be able to achieve quality-
controlled mass production for global needs with affordable cost.

3. DNA vaccines

3.1. Clinical stage DNA vaccines

DNA vaccines are based on bacterial plasmids that encode vaccine
antigens driven by eukaryotic promoters [49]. Unlike protein antigens,
the plasmid (DNA vaccine)must enter the nucleus of locally transfected
cells, including APCs. Once inside the nucleus, expression of
plasmid-encoded genes allows the synthesis of foreign antigens,
which are subject to immune surveillance and subsequently initiate hu-
moral and cellular immune responses [50]. The advantages of DNA vac-
cines are their ease of manufacturing, storage, and safety.
Manufacturing of plasmid DNA is rapid, with one batch completed in
2-4 weeks [51]. In terms of storage, plasmid DNA, unlike chromosomal
DNA, readily and quickly renatures under many conditions with no
loss of biological activity, making it more similar to a small molecule
in terms of storage and analysis than a biologic [52]. DNA vaccines
have shown no significant adverse effects in clinical trials [50]. Each of
these advantages lend to the fact that DNA vaccines can be developed
anddeployed rapidly. However, DNAvaccines also have potential disad-
vantages as well. DNA vaccines could activate oncogenes due to incor-
poration of plasmids into the host genome and also elicit anti-DNA
antibodies, thus potentially causing autoimmune responses. Addition-
ally, chronic inflammation may occur due to the vaccine continuously
stimulating a humoral immune response or induction of immunologic
tolerance to the protein antigen produced. Much research must still be
done to further explore the safety concerns, which leads to the last
issue – DNA vaccines are still new and there are not any FDA-
approved DNA vaccines for human use. Human clinical trials will likely
be the best way to assess and understand DNA vaccine safety, making
the current COVID vaccine trials a major step forward. Moreover, an-
other major challenge for DNA vaccines is that DNA vaccines in general
have induced limited immunogenicity in non-human primates and
humans, comparedwith results observed in mice [50]. An avenue of re-
search focused on solutions to this challenge includes addition of im-
mune modulatory adjuvants and delivery strategies. Co-delivery of
DNA plasmids and plasmids encoding cytokines, chemokines, or co-
stimulatory molecules has had a positive effect on immune response
[53,54]. Nanocarriers are able to efficiently package the DNA plasmids,
shield it from serum protein aggregation, and prevent endo/lysosomal
degradation [55]. Applications of jet injectors and bacterial delivery
are generally safe and easy to administer. Following, we will look at
COVID-19 vaccine candidates that address these concerns.

Some of the earliest examples of DNA vaccines were those against
influenza [56,57], and the first Phase I clinical trial with a DNA vaccine
was for aHIV-1 vaccine [58]. Since then, there have beennumerous clin-
ical trials utilizing DNA vaccines against cancer, cardiovascular, infec-
tious, neurological, and ocular diseases and conditions [50],
highlighting their versatility. In response to the COVID-19 pandemic,
DNA vaccines are explored as one of the primary vaccine technologies.
A series of DNA vaccine candidates expressing six different forms of
the SARS-CoV-2 Spike (S) protein has been evaluated in 35 rhesus ma-
caques [59]. Animals received 5 mg DNA vaccines by intramuscular
route at week 0, 3, and 5. Despite variations among the different candi-
dates, vaccinated macaques induced NAb titers comparable in
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magnitude to cohorts of SARS-CoV-2 convalescent macaques and
humans, and vaccinated animals also exhibited S-specific and RBD-
specific antibodies of diverse subclasses and effector functions and
Th1-biased cellular immune responses [59]. After the macaques were
challenged with SARS-CoV-2 intranasally and intratracheally, viral
load was reduced by>3.1 and >3.7 log10 in the bronchoalveolar lavage
and nasal mucosa, respectively. Not only does this work demonstrate
DNA vaccine protection in non-human primates, but it defines NAb ti-
ters as an immune correlate of protection. Additionally, Phase I clinical
studies were conducted using plasmids encoding the S proteins from
SARS-CoV-1, which were well-tolerated and produced cellular and
NAb responses in healthy adults [60], providing more evidence of po-
tential efficacy in humans.

Multiple companies and research development groups, including
Inovio Pharmaceuticals, Symvivo, AnGes, Genexine, and Zydus Cadila,
have taken this next step by developing and testing DNA-based vaccine
candidates in clinical trials. Inovio Pharmaceuticals developed a vaccine
and delivery device targeting the SARS-CoV-2 S protein (INO-4800)
(Fig. 4) [61]. Inovio leveraged prior experiences in developing a MERS-
CoV vaccine (INO-4700), which shares a global protein fold structure
with SARS-CoV-2 [61]. Subjects treated with INO-4700 in Phase I/IIa
clinical trials exhibited durableNAbs, T cell immune responses, and a se-
roconversion rate of 96% [62]. Both vaccine candidates use the
company’s proprietary CELLECTRA devices for delivery of DNA directly
into the skin. Unlike other DNA and nucleic acid approaches,
CELLECTRA overcomes a key limitation by using a brief electrical pulse
to reversibly open small pores in cells that allow plasmids to enter
and produce the targeted antigen. Additionally, the CELLECTRA 3PSP is
a small, portable, and hand-held device that can manufactured and
stockpiled in large quantitieswithminimalmaintenance, characteristics
that are desirable in a pandemic setting [63]. Pre-clinical studies in INO-
4800-immunized mice and guinea pigs showed that anti-SARS-CoV-2
binding Abs blocked ACE2 binding, the primary receptor for SARS-
CoV-2 cellular entry. Animals elicited Abs in the lungs after a single in-
tradermal immunization, preventing viral replication in the lungs
when challenged with SARS-CoV-2 [64]. In the Phase I clinical trial
with INO-4800, 40 healthy adults aged 18 – 50 received two 1 mg or
2 mg doses four weeks apart. INO-4800 vaccine induced balanced hu-
moral and cellular responses, with 94% of participants exhibiting immu-
nological responses based on humoral (binding and neutralizing) and T
cell immune responses [65]. Based on these positive data and no seri-
ously adverse events, Phase I trials have expanded to include older par-
ticipants, and a Phase II/III efficacy trial is planned to initiate upon FDA
regulatory clearance.

Other DNA-based vaccine candidates are being explored, some of
which have interesting delivery strategies. Oral vaccine delivery is at-
tractive because it results in improved safety, patient compliance, and
reduced costs [66,67], and the gastrointestinal tract with over 300 m2

of mucosal surface could serve as an immune inductive organ [66,68].
For example, Symvivo has developed a bacTRL-Spike vaccine candidate,
which is a lyophilized gel capsule of genetically modified probiotic bac-
teria (Bifidobacteria) that can colonize the gut, binddirectly to intestinal
epithelial cells, and constitutively replicate, secrete, and deliver plasmid
DNA molecules encoding the SARS-CoV-2 S protein [69]. Because the
vaccine is a living medicine, the gene delivery rates are sustained
throughout the life of the bacterial colony, resulting in extensive gene
expression throughout the epithelial lining [69,70]. Oral vaccine is
highly advantages for mass vaccination, and this platform is one of
two orally administered COVID-19 vaccine candidates currently in
human clinical trials. Another DNA vaccine candidate with a delivery
strategy without needle is Genexine’s GX-19, expected to start a Phase
IIa clinical trial soon [71]. GX-19 is delivered by a PharmaJet’s jet injec-
tor, which uses a high-pressure, narrow stream of fluid to penetrate the
skin instead of a needle [72]. Pharmjet technology has been shown to be
safe and effective with commercial vaccines, including influenza, MMR,
HPV, and polio vaccines [73]. Furthermore, delivery of DNA-based swine



Fig. 4. Inovio Pharmaceutical’s INO-4800 DNA vaccine elicits immune response in BALB/c mice. (A) Neutralization ID50 in naïve and INO-4800 immunized mice and (B) relative
luminescence units (RLU) for sera from naïve and vaccinated mice. (C) Bronchoalveolar lavage fluid assayed for SARS-CoV-2 Spike protein-specific IgG antibodies by ELISA. (D) BAL
dilution curves with raw OD 450 values. (E) T cell responses measured by IFN-γ ELISpot in splenocytes with overlapping peptide pools spanning the SARS-CoV-2 Spike protein.
Reproduced with permission from [61].
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influenza vaccine using PharmaJet Tropis Needle-free Jet Injector re-
sulted in comparable immune responses as vaccine administered via
needle and syringe, followed by electroporation [74]. More classic ex-
amples of DNA vaccine candidates include those from AnGes and
Zydus that use DNA plasmids encoding the SARS-CoV-2 S and mem-
brane proteins, respectively [75–77]. AnGes vaccine is given intramus-
cularly and currently in Phase I/II clinical trials. Zydus’ vaccine is given
intradermally and currently in a Phase II clinical trial and likely entering
Phase III clinical trials by late 2020 or early 2021.
3.2. Alternative strategies for DNA vaccine delivery

There are additional DNA delivery strategies in pre-clinical stages
that are applicable to COVID-19. One method to enhance efficacy
in vivo is through the addition of adjuvants or adjuvant-encoded plas-
mids. When co-delivered with antigen-encoded plasmids, adjuvants
are secreted into the surrounding region, where they are able to stimu-
late both local APCs and cells in draining lymphnodes (LNs), resulting in
stronger and more durable immune responses [53,78–81]. Another
method is to apply microneedles (MN) transcutaneously, which allows
the DNA vaccine to be deposited at the immune-cell-rich epidermis and
dermis [66,82,83]. Comparedwith the soluble DNA vaccine, MN vaccine
elicited 3-fold greater frequencies of antigen-specific IgG1 serum anti-
bodies, 3-fold excess cytotoxic CD8 T cells, and inhibited melanoma
lung metastasis [83]. Alternatively, oral delivery of DNA vaccine has
been examined in preclinical studies. Unlike Symvivo’s bacTRL-Spike
vaccine, M1 DNA plasmids encoding the matrix protein in H1N1 virus
were encapsulated in cationic liposomes and orally administered, lead-
ing to significantly increased IgG titers, T cell activity, and immunologi-
cal memory [66]. When challenged intranasally with homologous
influenza A virus, viral levels were below the detectable level in the
lungs of mice immunized with the oral M1 pDNA liposomes, indicating
protection against respiratory challenge [66]. Given respiratory SARS-
CoV-2 infection, vaccine candidates that offer enhanced respiratory pro-
tection are of particular interest.

Taken together, DNA vaccines are a promising vaccine strategy
against SARS-CoV-2. They have a simple design, facile and rapid
manufacturing process, and they are cost-efficient and stable with a
long shelf life. The primary disadvantage with DNA vaccines is their rel-
atively weaker immunogenicity, compared with other vaccine
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platforms, but more studies are being conducted to improve this aspect
through various delivery strategies. While there is no approved
DNA-based vaccine on themarket, DNA vaccinesmay prove to be an ef-
fective platform for vaccination against SARS-CoV-2.
4. Other vaccine platforms

4.1. Protein vaccines

Compared with DNA and RNA-based vaccines, which only require
the genetic sequence of the virus, protein-based vaccines require
other technical and purification steps. In addition, protein vaccines re-
quire multiple dosing regimens with adjuvants to achieve strong im-
mune responses. Despite these hurdles, there are many protein-based
vaccines processes before the antigen is prepared, such as in vitro cell-
based protein expression system against SARS-CoV-2 currently under
Phase I, II, and III clinical trials [84,85].

Novavax is one of the leading vaccine companies in a race against
SARS-CoV-2. Novavax’s vaccine employs a full-length S protein (NVX-
CoV2373) genetically modified for greater structural stability compared
with the wild-type (WT) S protein. The S protein variant used in the
study had a smaller hydrodynamic size of 27.2 nmaswell as amore uni-
form size, mass, and shape distribution (polydispersity index of 0.25-
0.29) compared to the WT size of 69.53 nm and PDI of 0.46, despite
the two having the same molecular weight [86,87]. Additionally, muta-
tions generated in the genetic sequence are thought to be crucial for re-
liable production of a stable pre-fusion S protein structure and ability to
withstand stress from pH and temperature post in vivo administration,
all contributing to a more effective immune response. NVX- CoV2373
is formulated with Novavax’s proprietary Matrix M, an adjuvant com-
posed of lipidmolecules and saponin [88]. Preclinical studies performed
with NVX- CoV2373 in mice and baboons as well as a Phase I/II human
clinical trial showed elevated anti-S protein IgG (anti-S IgG) titers with
potent neutralizing activity (Fig. 5a) [86,89]. The Phase I/II clinical trial
showed the vaccine was well tolerated in healthy adults between the
ages of 18 and 59 when used in a two-dose regimen of 5 μg and 25 μg
of S protein and the Matrix M adjuvant, respectively. Of note, co-
injection with the adjuvant significantly improved vaccine efficacy,
allowing for potential dose-sparing, which is a crucial advantage for
mass vaccination in the future. Serum antibodies blocked the binding



Fig. 5.Humoral and cellular immune responses observed inmice and baboons after vaccination with NVX-CoV2373 plusMatrix-M. (a) Two-dose regimen of NVX-CoV2373 (left) elicited
stronger serum IgG response in mice, compared with single-dose regimen (right). Addition of Matrix-M further amplified the responses. (b) Vaccination study in baboons indicated
generation of neutralizing serum IgG that blocked interaction between ACE2 and S protein (left) and viral infection to Vero E6 cells in vitro (right). (c) Cellular immune responses
examined by ELISPOT assay (left) and intracellular staining assay (right). Reproduced with permission from [86].
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between hACE2 and S protein and were also able to neutralize the virus
(Fig. 5b). In addition to the humoral response, strong cellular responses
were observed, as shown by ELISPOT and intracellular staining assays
performed in mice (Fig. 5c).

In addition to Novavax, Clover Biopharmaceuticals, based in
China, focuses on the trimeric structure of native S proteins on
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SARS-CoV-2. Clover Biopharmaceuticals is using their proprietary
Trimer-Tag technology to link three S proteins into a conformation
that mimics the native S protein trimer. Using this trimeric S pro-
tein in combination with either AS03 or CpG 1018 plus Alum as ad-
juvants, the company recently started a Phase I clinical trial
(NCT04405908).
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In addition to the aforementioned vaccines in clinical trials, there are
other studies currently in the pre-clinical trial phase. A study that used
microneedle array (MNA) for delivery of MERS-CoV and SARS-CoV-2
subunit proteins is one of them [90]. The MNA was synthesized with
carboxymethyl cellulose (CMC),which is designed to dissolve intracuta-
neously after applying to the skin, thus releasing the protein content.
When tested in mice, both MERS-CoV and SARS-CoV-2 MNA vaccines
were able to induce significant levels of serum IgG. Antibodies induced
by theMERS-CoV vaccinewere able to neutralize the virus in vitro, indi-
cating the effectiveness of theMNA for S protein-based vaccine delivery.
Following these promising preclinical studies, the University of Pitts-
burgh is developing a SARS-CoV-2 vaccine (PittCoVacc) to be tested
for clinical trials.

While administering soluble proteins in combination with adjuvant
(s) has shown efficacy in vivo, further improvements can be made
through the use of nanotechnology. Nanotechnology can increase sta-
bility of soluble proteins, while achieving targeted delivery to LNs for
improved immunogenicity. In a pandemic setting, improving targeted
delivery can translate to reducing the amount of antigen in a dose,
which is advantageous when trying to maximize vaccine distribution.
Similar to soluble proteins, co-delivery with adjuvants further improves
nanoparticle-based vaccine efficacy. For example, a multi-layered lipid-
based nanoparticle system was used to co-deliver protein antigen and
an adjuvant monophosphoryl lipid A (MPLA), a Toll-like receptor-4 ag-
onist used in other FDA-approved vaccines [91]. Comparedwith the sol-
uble formulation, the nanoparticle vaccine elicited significantly more
potent humoral and cellular immune responses upon subcutaneous in-
jection in preclinical studies. Along the same vein, calcium phosphate
(CaP)-based nanoparticles were used to deliver CpG and a viral antigen
derived from the influenza A virus hemagglutinin, which prevented
viral infection in mice [92]. When the vaccine was administered via in-
traperitoneal or intranasal routes, the nanoparticles were efficiently
taken up by DCs, subsequently leading to T cell-mediated immune re-
sponses. Another study used the CaP nanoparticles as a tumor anti-
gen/CpG carrier to treat colorectal cancer in a murine model [93]. The
vaccine induced a type-I interferonmediated immune response that in-
creased the frequency of model tumor antigen-specific CD8+ T cells
and exerted greater tumor control, comparedwith the soluble formula-
tion. These examples indicate the versatility of nanoparticle systems as
vaccine delivery platforms and show their potential for vaccination
against other emerging pathogens.

4.2. Virus-like particle (VLP) vaccines

As discussed, live-attenuated or inactivated viruses elicit effective
immune activation, but due to potential viral reversion and batch-to-
batch variation, an alternative technology is being pursued to mimic
viral structures. Virus-like particles (VLPs) can be designed to express
the surface proteins or nucleic acid sequences of the native virus with-
out the risk of replication or infection. Although VLPs can be categorized
as a recombinant protein vaccine, they generally maintain the native
conformation of viral proteins, which is advantageous over other sub-
unit proteins vaccines in terms of antigenicity and immunogenicity
[94]. Additionally, depending on how the particle is designed, it can po-
tentially carry other types of immunopotentiators to enhance the im-
mune response.

Medicago, a Canadian pharmaceutical company, generated VLP
using a plant-based method where a synthetic gene containing a part
of SARS-CoV-2 geneswas transfected to a species of tobaccousing a bac-
terial vector. These plants then express VLPs that can be purified
through multiple processing steps. The company has started a Phase I
clinical trial (NCT04450004), testing intramuscular injection of Corona
virus-like particles (CoVLP) in combination with either CpG 1018 or
AS03 adjuvants. The company previously used a similar technology to
synthesize VLPs for influenza vaccines. The VLPs had oblate spheroidal
structure with sizes of ~75 nm, which showed strong humoral and
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cellular immune responses in murine models as well as in Phase II and
III clinical trials [95]. One of the Phase III clinical trials tested efficacy
of their influenza vaccine on participants above the age of 65
(NCT03739112) and demonstrated the effectiveness of the VLP-based
vaccine system in an age group that is more vulnerable to COVID-19
[96,97].

4.3. Peptide-based vaccines

Another strategy is to use peptides as the immunogen, which have a
relatively simple and stable structure compared to proteins. However,
peptides often suffer from suboptimal immune activation due to the
short length of amino acid sequences providing epitopes to the immune
cells. This limitation can be improved by identifying the
immunodominant region of an antigen, e.g. the subunit or receptor
binding domain of S protein, followed by generation of peptides from
those regions. Generally, the antigen amino acid sequence is segmented
into multiple short sequences, and each segment is investigated for its
immunogenicity. This technique has been applied to investigate the re-
activity of antibodies generated against segments of SARS-CoV S and
nucleocapsid proteins, providing significant information about the
regional immunodominance of each protein [98]. A similar study was
undergone recently to examine the regional immunogenicity of SARS-
CoV-2 S protein [99]. Also, there have been attempts to design
peptide-basedmulti-epitope vaccines through in silico approaches. Can-
didate epitopes of the SARS-CoV-2 subunit proteins are screened by
computation which allows prediction of their stability, interactions
with major histocompatibility complex (MHC) molecules, and immu-
nogenicity [100–102]. Although these studies require the actual synthe-
sis and testing of the vaccines to validate their efficacies, they suggest a
possible alternative to larger-sized protein vaccines,whichmay provide
better safety and specificity.

5. Future outlook on vaccine delivery systems

5.1. Adjuvant delivery systems

Adjuvants trigger PRRs on adaptive immune cells, and depending on
which type of PRR an adjuvant aims to activate, different routes of im-
mune responses are elicited. Therefore, the use of a potent and well-
matched adjuvant can greatly enhance the vaccine efficacy. Currently,
many COVID-19 vaccine developers employ adjuvants in their vaccines,
including AS03 (GSK’s α-tocopherol and squalene in an oil-in-water
emulsion), CpG 1018 (Dynavax’s DNA-based TLR-9 agonist), and
MF59 (Novartis’s squalene in an oil-in-water emulsion), which have
shown to greatly improve the vaccine efficacy in preclinical and clinical
studies [103–105].

FormRNA vaccines, mRNA itself could bind to some pattern recogni-
tion receptors (PRRs), such as TLR 3, 7, 8, RIG-I, PKR, OAS, and MDA5,
which in turn induce innate immune activation, type-I interferon, and
proinflammatory cytokine production, providing adjuvant effects. How-
ever, activation of these receptors could trigger natural antiviral mech-
anism to inhibit exogenous mRNA translation via phosphorylation of
eiF2α and overexpression of RNase L. Thus, there is a balance between
formRNA-induced innate immune activation andmRNA translation. Al-
ternatively, thedelivery system could be tuned as adjuvant or additional
adjuvant could be co-delivered. For example, a combinatorial library of
lipidoids has been screened for the lipid component of LNP that could
induce both effective antigen expression and appropriate innate stimu-
lation for mRNA vaccine. After screening of over 1000 lipid formula-
tions, the authors identified a class of top-performing lipids with an
unsaturated lipid tail, a dihydroimidazole linker, and cyclic amine
head groups. These lipids induced DC activation via the stimulator of in-
terferon genes (STING) pathway, independent of TLR or RIG pathway,
and elicited robust antigen-specific T cell responses with a therapeutic
effect in murine tumor models.
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DNA vaccines also have a potential to induce innate immune activa-
tion since many DNA plasmids produced in bacteria may contain
unmethylated CpGmotifs [106]. In fact, CpGmotifs had been intention-
ally added to the DNA plasmid backbones as adjuvants to enhance the
vaccine efficacy. It has been shown that inclusion of CpG greatly im-
proves the antigen-specific T cell-mediated immune response, which
protected mice from challenge with mouse melanoma cells [107]. On
the other hand, similar to mRNA, there are DNA vaccine delivery sys-
tems that have immunostimulatory properties. Vaxfectin is one of
these, which is a cationic lipid-based delivery platform. It has been re-
ported that intramuscular delivery of DNA vaccine via Vaxfectin en-
hanced antigen-specific IgG1 and IgG2a responses in mice [108]. A
mechanistic study performed in another study revealed modulation of
genes in mice after intramuscular injection of DNA vaccine with
Vaxfectin, resulting in significant enrichment of transcripts related to
antigen processing, presentation, and the TLR-pathwaywithin themus-
cle cells [109], thus explaining the adjuvanticity of Vaxfectin.

In addition, there are many adjuvants under development with a
great potential to improve protein-based vaccines. A synthetic TLR-7/8
agonist, 3M-052, has been used as an adjuvant together with HIV-1
clade C 1086.C–derived gp140 envelope protein (Env) for vaccination
against HIV-1 [110]. Once vaccinated to rhesus macaques, Env plus
3M-052 induced higher levels of antibody response and long-lived
plasma cells in bone marrow, compared with vaccination with conven-
tional adjuvants, such as alum, R848 (a TLR-7/8 agonist), MPL, and GLA
(a TLR-4 agonists). In fact, many studies are currently examining ways
to deliver TLR7/8 agonists, based on their potential to boost immune re-
sponses from immunologically vulnerable populations, including chil-
dren and elderly [111].

5.2. Routes of vaccination

Although COVID-19 vaccines under development are mainly using
intramuscular (IM) injection (Table 1), other vaccination routes should
be considered, including intradermal (ID), subcutaneous (SC), intrana-
sal (IN), and intravenous (IV) injection.

There are only a few reports that have compared different routes for
mRNA vaccination. In terms of protein expression, LNP-mediated deliv-
ery of firefly luciferasemRNAwas examined inmice after injection via 6
different routes [112]. Interestingly, at a dose of 5 μg mRNA/injection,
whereas IV injection produced highest total amount of protein, ID and
IM injection prolonged the duration of protein expression for up to 10
days, and ID injection worked better at a low dose of mRNA (0.1 μg/
dose). This study also reported that intratracheal (IT) administration in-
duced a high level of protein expression in the lungs, which are the tar-
get organ of SARS CoV-2 infection. An IT vaccine and similarly an
intranasal vaccine would likely provide better immune protection in
the lungs. Recently, Ugar Sahin, et al. reported the first-in-human data
of an intravenously administered liposomal mRNA (RNA-LPX) vaccine
(BNT111) for melanoma treatment [113]. A clinical response with
strong and durable antigen-specific CD8+ T cell and CD4+ T cell re-
sponses were observed. These findings could shed new insights into
mRNA vaccine delivery via various routes.

There have been many studies that investigated the effects of deliv-
ery routes on the efficacy of DNA vaccines. When several invasive or
non-invasive administration routes were tested by delivering a hepati-
tis B surface antigen-encoding DNA plasmid to mice and non-human
primates, it was found that the administration routes had a great influ-
ence on the potency and nature of the immune responses [114]. For
DNA vaccines that are under clinical trials, IM or ID injections, followed
by electroporation are the most commonly used delivery methods
[106]. However, there are reports indicating different magnitude and
duration of immune responses between the two administration routes.
In a murine study, ID injection of EGFP-encoding DNA elicited higher
but only transient antibody and cytotoxic CD8 T cell responses to
EGFP, whereas IM injection induced more weaker yet more durable
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immune responses up to 5 weeks after the last vaccination [115]. Also,
when nanoparticle delivery technologies are applied to DNA vaccine,
various vaccination routes can be employed, including IM, ID, IV, and
SC [116,117].

Oneof the reasonsmRNAandDNAvaccines are often delivered via IM
route is due to prolonged protein expression by muscle cells, compared
with transient expression in other cell types targeted after injection via
different routes [118,119]. However, proteins bypass the need for such
consideration since they are readily processed by APCs without the
need to be transcribed and translated. Therefore, for protein-based vac-
cines, various administration routes other than the traditional SC and
IM routes could offer additional advantages. For example, when an influ-
enza vaccine was administered via IM or IN route, both achieved in-
creases in antibody secreting cells in secondary lymphoid organs,
whereas IgA production in the mucosal tissues and localization in the
lungs were only prominent for IN vaccination [120]. Also, when non-
ionic surfactant vesicles incorporating bile salts (bilosome) and influenza
A antigen were delivered through oral administration, Th1 or Th2 im-
mune responses were induced depending on the size of the vesicles
[121,122]. Since themucosal tissues arewheremost infections and trans-
missions occur, these studies highlight the advantage of protein-based
vaccines for mucosal route of vaccination and induction of mucosal
immunity.

5.3. Thermal stability

Another active area of mRNA formulation is to increase the thermal
stability ofmRNAvaccines, so as to allow for storage and shipping in less
restricted conditions. For long-term storage and transportation, the cur-
rent mRNA vaccines from BioTech/Pfizer andModerna in Phase III trials
require -80°C and -20°C, respectively, and this cold-chain requirement
greatly limits their distribution and increases the cost. However, prior
research has shown that mRNA vaccines can be stored in an unfrozen
form.After freeze-drying, a nakedmRNAvaccinewas reported to be sta-
ble for as long as 10 months in 4°C storage [123]. Using an appropriate
delivery system, this can be further improved. The lyophilized RNA plat-
form from CureVac can be stored for 3 years at 5-25°C and 6 months at
40°C [124]. Recently, a thermally stable COVID-19 mRNA vaccine,
ARCoV, has been reported to induce promising humoral and cellular im-
mune responses against SARS-CoV-2 in mice and non-human primates
[14]. This LNP mRNA vaccine formulation could be stored for one week
at room temperature. Even though unfrozen mRNA vaccines are not
ready for the clinical use at this time for COVID-19, future studies on
mRNA protection by the use of delivery systems or co-delivery with
RNase inhibitors may make this possible.

DNA vaccines are considered to be relatively more thermally stable
than mRNA. Lyophilized DNA are mostly stable at room temperature,
and as mentioned above, they maintain their original structure after re-
naturation before use [52]. A DNA vaccine encoding Ebola glycoprotein
tested in a clinical trial was shown to be temperature stable, demon-
strating the relative ease of distributing DNA-based vaccines to the
parts of the world that do not have the equipment to maintain the
low temperatures required [125].

In contrast, protein-based vaccines are vulnerable to structural de-
formation or degradation by both temperature fluctuations and storage
in ambient temperatures. Most FDA-approved protein-based vaccines,
in solution or lyophilized form, are recommended for storage at 2-8°C
or at sub-zero temperature [126]. In an attempt to prevent thermal de-
naturation of antigen proteins, a tuberculosis antigen (Ag85b) was en-
capsulated in a silica cage resulting in significant increases in antigen
stability outside the refrigerated or lyophilized conditions [127]. In an-
other study, a thin-film platform was used to preserve live virus, bacte-
ria, and enzymes in room temperature for a long term, ranging from 30
days to 3 years [128].

Since cold-chain shipping of vaccines is going to be a major chal-
lenge for world-wide deployment of COVID-19 vaccines, solving the
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thermal stability issues of vaccines with the goal of room temperature
storage is a crucial factor to consider in COVID-19 vaccine development.

5.4. Lymph node targeted delivery of vaccines

Lymphnodes are critical target tissues for vaccine delivery. For cellu-
lar immune response, T cells are primed by DCs and activated in LNs. For
humoral immune response, germinal centers in the LNs are crucial for
antibody affinitymaturation and isotype switching. Therefore, targeting
LNs may greatly improve immune responses.

To this end, mRNA and DNA vaccines could be directly injected into
LNs or delivered by nanoparticles of an appropriate size, surface proper-
ties, and charge for effective LN draining. Direct intra LN injection re-
quires an ultrasound imaging guide and has shown promising results
in clinical trials [129]. Similarly, when DNA vaccines were directly
injected into peripheral LNs, immune responses were significantly
greater, offering improved protection of mice against tumor challenge,
compared with vaccines delivered via conventional routes such as IM
and ID [130]. For LN draining of nanoparticles, when different sizes of
PLGA-PEGwere examined, 30 nmPLGA-PEGwas found to bemore effi-
cient for LN draining, retention, and APC uptake [131]. Interestingly, for
liposomal vaccines, smaller than 150 nm in diameter could drain to LN
and trigger immune responses [132], suggesting that the ideal size for
LN targeted delivery depends on the vaccine platforms employed.

There are also studies of LN targeted delivery of peptide or protein
vaccines. Use of an amphipathic component to deliver peptides or adju-
vants through interaction with albumin post-injection followed by LN
draining has proven to significantly enhance vaccine efficacies [133].
Elicio Therapeutics has recently tested amphiphile-bound CpG admixed
with SARS-CoV-2 RBD protein to vaccinate mice, which resulted in 25-
fold higher antigen-specific T cell responses and Th1 favored antibody
responses (IgG2bc and IgG3) [134]. In another study, hydroxy-poly(eth-
ylene glycol)-based cylindrical-shaped nanoparticles were used to de-
liver a model antigen, ovalbumin, which facilitated antigen draining to
LN upon SC injection in mice [135]. These studies demonstrate the ben-
efits of usingdelivery platforms to improve both LN targeted vaccinede-
livery and efficacy.

6. Conclusions

Previous experience with similar diseases caused by SARS-CoV and
MERS-CoV have laid the groundwork for expedited SARS-CoV-2 vaccine
development. Our current global situation requires an urgent need for
rapid development of vaccines while adhering to strict guidelines on
the safety of SARS-CoV-2 vaccines. While there is strong optimism for
late stage vaccine candidates and imminent regulatory approval, the
field should be prepared for potential mutation of SARS-CoV-2 as well
as its seasonal recurrences. In addition, we should develop effective
countermeasures against other emerging pathogens. In particular, the
structural fragility and suboptimal immunogenicity of many vaccine
candidates should be addressed. In terms of stability, this is especially
true when considering the worldwide distribution, cold-chain, and
transportation of vaccines, which may increase the cost and limit the
distribution. Finally, part of what has made some of these more
cutting-edge vaccine types possible are the strides made over the last
two decades related to nanoparticle-mediated vaccine delivery. Future
studies should be focused on streamlining nanoparticle vaccine delivery
systems so that the final vaccine products can be readily produced and
formulated. Physicochemical properties of vaccine formulations, espe-
cially during long-term storage and transportation should be optimized
for rapid deployment and mass vaccination across the globe.
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