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Abstract: The pandemic caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
has upended healthcare systems and economies around the world. Rapid understanding of the
structural biology and pathogenesis of SARS-CoV-2 has allowed the development of emergency
use or FDA-approved vaccines and various candidate vaccines. Among the recently developed
SARS-CoV-2 candidate vaccines, natural protein-based nanoparticles well suited for multivalent
antigen presentation and enhanced immune stimulation to elicit potent humoral and cellular immune
responses are currently being investigated. This mini-review presents recent innovations in protein-
based nanoparticle vaccines against SARS-CoV-2. The design and strategy of displaying antigenic
domains, including spike protein, receptor-binding domain (RBD), and other domains on the surface
of various protein-based nanoparticles and the performance of the developed nanoparticle-based
vaccines are highlighted. In the final part of this review, we summarize and discuss recent advances
in clinical trials and provide an outlook on protein-based nanoparticle vaccines.

Keywords: SARS-CoV-2; protein nanoparticles; vaccines; nanovaccine; nanomedicine; protein-
based nanotechnology

1. Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), which first appeared in Wuhan, Peo-
ple’s Republic of China, in late 2019 and has since spread around the world, resulting
in a pandemic [1,2]. The SARS-CoV-2 pandemic has disrupted global public health and
economies in 216 countries, with over 49 million deaths since 29 December, 2019 [3].

Among the recently developed vaccine candidates for SARS-CoV-2, natural protein-
based nanoparticles that can confer stronger and broader protective immunity have been
shown to be effective [4-14]. A recent phase 3 clinical trial has demonstrated the Novavax
vaccine, a recombinant nanoparticle vaccine made of a stabilized form of the coronavirus
spike (S) protein, to be safe with an efficacy of 89.7% [15,16]. Additionally, ferritin-based
protein nanoparticles presenting the SARS-CoV-2 S protein are entering phase 1 clinical
trials (NCT04784767). These nanoparticle-based vaccine technologies can enhance the
immunogenicity and stability of soluble antigens by multivalent antigen display on their
surface [17-23]. They can facilitate numerous immunological processes, including the
efficient delivery of antigens to lymph nodes, retention of follicular dendritic and helper
T cells, and generation, activation, and expansion of B cells, including memory B cells
and long-lived plasma cells [18,24-34]. In particular, protein-based nanoparticles have no
special biosafety environmental issues in their manufacturing procedures and potentially
greater accessibility to the public with reduced production costs [12,35-39]. Thus, protein-
based nanoparticles have been widely used as a delivery platform for various vaccines
and drugs. A more detailed description of the biological function, structure, and geometry
of various protein nanoparticles and their application in nanomedicine, including the
development of other vaccines, are described in excellent recent reviews [40-46].
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This review mainly focuses on recent innovations in protein-based nanoparticle vac-
cines for protection against SARS-CoV-2 (Figure 1). First, the design and strategy of
displaying antigenic domains, including S protein, receptor-binding domain (RBD), and
other domains, into various protein nanoparticles are discussed. The performance of
these engineered protein nanoparticle vaccines for protection against SARS-CoV-2 in mice,
human angiotensin-converting enzyme 2 (ACE2) transgenic mice, rabbits, hamsters, ferrets,
and macaques, and their ability to protect against other viruses in the Coronaviridae family
is highlighted. Finally, we present a summary and perspective of recent advances in protein
nanoparticle vaccines involving clinical trials.
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Figure 1. Application of protein nanoparticles (PN) that elicit severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2)- and SARS variant-specific immune response: (A) methods for ligating
PN components, nanoparticles, and immunogens based on covalent (SpyCatcher/SpyTag, recom-
binant DNA, and sortase-mediated bonding) and non-covalent (streptavidin/biotin) interactions;
(B) schematic structure of the SARS-CoV-2 spike (S) protein; (C) type of immunogen applications for
displaying PNs from the partial epitope region of SARS-CoV-2 to other types of receptor-binding
domains (RBDs) and S proteins; SPY C/T, SpyCatcher/SpyTag; HR, heptad repeat.

2. S Protein Domain-Conjugated (Presenting) Protein Nanoparticles

SARS-CoV-2 is a positive-strand genomic RNA virus, and its RNA encodes non-
structural proteins such as proteases and RNA polymerase and major structural proteins,
including nucleocapsid, membrane, envelope, and S protein [47]. SARS-CoV-2 has a similar
cell entry mechanism to other coronaviruses. The S protein protruding from the viral
surface mediates host cell receptor recognition, viral attachment, and entry into the host
cell via the formation of a trimeric hairpin structure [7]. The S protein mainly consists
of S1 and S2 domains. First, the S1 domain binds to the ACE2 receptor on human cell
surfaces through its RBD. Then, the S1 domain is cleaved by the host cellular protease
furin, followed by the mediation of fusion of the viral envelope and host cell membrane
by the S2 domain through its heptad repeat 1 (HR1), heptad repeat 2 (HR2), and fusion
peptide domain. Therefore, the S protein is an ideal target for vaccine development due to
its biological functions, and most of the currently developed vaccines against SARS-CoV-2
mainly target the S protein as an immunogen.

Powell et al. first reported S protein-conjugated protein nanoparticles based on
Helicobacter pylori ferritin (Table 1) [48]. H. pylori ferritin self-assembles into 24 multimeric
spherical nanoparticles approximately 12 nm in size [49]. Primarily, three-fold symmetric
axes of the ferritin N-terminus have been used to display trimeric complexes, including
surface glycoprotein antigens such as human immunodeficiency virus-1 (HIV-1) and the
Epstein—Barr virus [12,36]. Using a similar approach, the full-length S protein or a C-
terminal 70 amino acid-deleted S protein was genetically fused to the N-terminus of H. pylori
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Table 1. Summary of advances in protein nanoparticle vaccines for severe acute respiratory syndrome coronavirus-2

(SARS-CoV-2).

ferritin and successfully produced in human Expi293 cells. Cryogenic electron microscopy
(cryo-EM) images showed S protein-displaying nanoparticles, and two-dimensional class
averages and single-particle analysis confirmed that the octahedral nanoparticles had eight

trimeric S antigens on their surfaces. The S protein-displaying nanoparticles with Quil-

A /monophosphoryl lipid A successfully elicited a more consistent neutralizing antibody
response compared with that with a trimeric form of S protein using the trimeric coiled-coil
protein GCN4 and higher S-pseudotyped viral neutralizing titers than those in convalescent
COVID-19 patient plasma, even in a single dose.

Nanoparticle Immunogen In Vivo Model Adjuvant Route Dose (ug) Infection Ref.
S protein
Ferritin RBD protein BALB/c mouse
(Bullfrog and RBD protein and C57BL/6 mouse AﬁL%?oorel Intramuscular 0.08-10 a Zgn;raﬂ)%s%ll:[j) [13]
Helicobacter pylori) N-terminal K18-hACE2 mouse yaros ’
domain
S protein C57BL/6 mouse Aﬁlgflscl?o%rel Intramuscular 10 N/A [50]
Intranasal and
S protein Rhesus macaque ALFQ Intramuscular 5-50 Intratracheal [51]
(1.00 x 10° TCID50)
. Intramuscular Intranasal
RBD protein Ferret AddaVax Intramuscular 15 (1.00  10°-1.00 x 106 7]
and TCID50)
Intranasal
- Cynomol
Ferritin : 3M-052 and Intranasal and
(Helicobacter pylori) RBD protein Rl?el;i??rfgg;&eue Alhydrogel Intramuscular 100 Intratracheal [52]
(1.00 x 10° PFU)
RBD protein and BA]&%;EEI}%HSG Sigma Adjuvant Subcutaneous 10 Intranasal 135]
HR domain mouse(hACE2 System (4.00 x 10* FFU) N
transgenic)
Rhesus macaque Intramuscular 50
S protein C57BL/6 mouse Sigma Adjuvant Subcutaneous 20 N/A [53]
P Syrian golden System Intram lar 100 Intranasal o
hamster amuscuia (1.99 x 10* TCID50)
S protein BALB/c mouse an%lll\l/}i’? A Subcutaneous 0.1-20 N/A [48]
(Pymcffcrlfs“};‘msus ) RBD protein C57BL/6 mouse CpG 1826 Subcutaneous 12.3-30.7 N/A [54]
BALB/c mouse Poly(I:C) Subcutaneous 13
153-50 . N/A -
(Artificial) § protein New Zealand Squalgne Intramuscular 39 (5]
white rabbit emulsion
Intranasal and
C};Irllggolll%us MPLA liposome Intramuscular 50 Intratracheal
q (1.00 x 10° PFU)
Intranasal
RBD protein BALB{) ¢ mouse AddaVax Intramuscular 0.9-5 (1.00 x 10° PFU) [56]
Kymab Darwin
mouse N/A
( Arlt\i/[fiiiial) ﬁ]z]ilglrztreg; BALB/c mouse AddaVax Intraperitoneal 5 N/A [57]
MS2 . Syrian golden Intranasal o
(Emesvirus zinderi) S protein hamster Alhydrogel Subcutaneous 60 (1.00 x 10° PFU) [58]
. C57BL/6] mouse 25-50 N/A
Dps RBD protein K18 mouse CpG 1668 Subcut o5 Intranasal [59]
(Sulfolobus islandicus) (hACE2 transgenic) p ubcutaneous (1.00 x 10* PFU) .
S protein ) C57BL/6] mouse 25-50 N/A
Nugfo"tce?gﬁd C57BL/6J mouse 25-50 N/A
13-01v9 S protein
(Artificial) AddaVax or )
E2p BALB/c mouse Adiu-Phos Intraperitoneal 50 N/A [60]
(Geobacillus S protein )
sterothermophilus)
Ferritin S protein
(Helicobacter pylori) RBD protein
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Table 1. Cont.

Nanoparticle Immunogen In Vivo Model Adjuvant Route Dose (ug) Infection Ref.
Intramuscular, 20
Bann N/A Intranasal, or (Plasmid)
(Tomato bushystunt Sublingual Intranasal
virus RBD protein BALB/c mouse 100 (70 uL of VSV-S [61]
) AddaVax Intramuscular (protein) pseudovirus)
Foldon
- 20
(T4 b?ict;tzré(r)};hage N/A Intramuscular (Plasmid)
Ferritin 20
(Bullfrog and N/A Intramuscular (Plasmid)
Helicobacter pylori)
AalLS N/A Int 1 20
(Aquifex aeolicus) niramuscuiar (Plasmid)
153-50
(Artificial) . ~AddaVax or 11.91
Mi3 RBD protein BALB/c mouse Sigma Adjuvant Subcutaneous N/A [20]
(Artificial) System 9,51
Ferritin 9.34

(Helicobacter pylori)

Abbreviations: ALFQ, army liposome formulation containing QS-21; COVID-19, coronavirus disease 2019; PFU, plaque-forming units;
RBD, receptor-binding domain; Th1, T helper 1 cells; APC, antigen-presenting cells; TCID50, tissue culture infectious dose 50; HR, heptad
repeat; hACE2, human angiotensin-converting enzyme 2; MPLA, monophosphoryl lipid A; sgRNA, subgenomic RNA; 4a, (SARS-CoV-2,
SHCO014, RaTG13, Rs4081); 4b, (pangl7, RmYNO2, Rf1, WIV1); 8, (4a and 4b).

Icosahedral protein nanoparticles with 120 subunits have been computationally de-
signed and developed as vaccines against HIV-1, the respiratory syncytial virus, and in-
fluenza via two-component self-assembly, such as 153-50 and dn5 [10,62,63]. Brouwer et al.
developed a SARS-CoV-2 vaccine based on 153-50 nanoparticles composed of 20 trimeric
(I53.50A.1NT1) and 12 pentameric (I53.50B.4PT1) subunits [55]. I53.50A.1NT1 was geneti-
cally conjugated with the S protein, and the recombinant fusion protein was purified as
a trimeric complex using size exclusion chromatography. Then, the trimeric SARS-CoV-
2 S-153.50A.1INT1 was incubated with pentameric 153.50B.4PT1, resulting in S protein-
displaying nanoparticles with a diameter of ~30 nm. The multivalent display of the S
protein of 153-50 nanoparticles enhances cognate B cell activation in vitro compared with
a trimeric form of the S protein (SARS-CoV-2 S-153.50A.1NT1). The S protein-displaying
153-50 nanoparticles successfully induced neutralizing antibody responses in mice and
rabbit models and S protein-specific B and T cell responses in cynomolgus macaques.
Furthermore, these nanoparticles showed potent protective efficacy against 10- to 100-fold
higher doses of SARS-CoV-2 challenge compared with other studies with reduced viral
subgenomic RNA replication in tracheal and nasopharyngeal swabs.

As SARS-CoV-2 vaccine candidates, other types of protein nanoparticles such as the
coat protein of the RNA bacteriophage MS2, dihydrolipoyl acetyltransferase (E2p) from
Bacillus stearothermophilus, and computationally designed 13-01v9 have been utilized to
display the S protein [45,47]. MS2 consists of 90 homodimers, resulting in 180-subunit
icosahedral nanoparticles with a diameter of ~30 nm. Biotin-fused S protein was added
to the surface of streptavidin-MS2 nanoparticles using streptavidin and biotin-specific
binding systems [58]. Specifically, in addition to a prefusion-stabilized S protein (S2Pro),
which contains two proline substitutions and is mostly used in other studies, Hexapro
(S6Pro), a variant of S2Pro that contains six proline substitutions and higher stability and
expression yield than that of S2Pro, was used in this study. A single immunization of S2Pro-
or S6Pro-displaying MS2 with Alhydrogel (AH) effectively protected Syrian hamsters from
SARS-CoV-2 infection with rapid elimination of the virus in the nasal turbinates and viral
titers more than 150- (S2Pro-MS2) and 700-fold (S6Pro-MS2) lower than those in controls.

Zhu et al. developed various SARS-CoV-2 nanoparticle vaccines using 24-mer ferritin,
60-mer E2p, and 60-mer 13-01v9 [60]. They designed a stable S protein (S2GAHR2) with
a deleted HR-2 stalk and two substituted glycine residues, and genetically conjugated
S2GAHR?2 with ferritin, E2p, and I3-01v9. Additionally, S2GAHR2-E2p and -I13-01v9
had genetically fused locking domains and PADRE, a 13-amino acid pan-DR epitope
that activated CD4" T cells, in their inner cavity. These nanoparticles produced higher
neutralizing antibody responses in mouse models than did soluble full-length SP2 and



Int. . Mol. Sci. 2021, 22, 13445

50f 10

S2GAHR?2, with their average EC50 titers corresponding to their size (ferritin < E2p < 13-
01v9).

A recently developed nanoparticle vaccine called S protein ferritin nanoparticle (SpFN)
developed by the Walter Reed Army Institute of Research of the US Army Medical Research
and Development Command (USAMRDC) is being actively investigated in phase 1 tri-
als [13,50,51]. SpFN was developed by the genetic fusion of prefusion-stabilized S protein
and H. pylori ferritin. First, the efficacy of SpFN was evaluated in a mouse model with two
different adjuvants, AH and army liposome formulation containing QS-21 (ALFQ) [50].
SpFN with ALFQ showed significantly higher recruitment and activation of classical and
non-classical antigen-presenting cells and a T helper 1 cell (Th1)-based cellular response
than SpFN with AH. Moreover, this combination induced a SARS-CoV2 spike epitope
(VNFNENGL; aa 539-546)-specific polyfunctional CD8+ T cell response and killed the
peptide-pulsed target cells. This epitope is also present in SARS-CoV1, possibly suggesting
the generation of cross-reactive T cells. The vaccination efficacy of SpFN with ALFQ was
further evaluated for potent neutralizing antibody responses and neutralizing activity
against live virus, pseudovirus, and SARS-CoV-2 protection in rhesus macaques [51]. In
this study, SpFN with ALFQ showed a strong cellular immune response, including a
Thl-based S protein-specific CD4" T cell response and reduced viral titer upon high-dose
SARS-CoV-2 infection in the lung parenchyma and the upper and lower airways. Neutral-
izing activity against authentic and pseudo-SARS-CoV-2 variants of concern (VOC) and
SARS-CoV-1 was induced by vaccination with SpFN. Therefore, the generation of cross-
reactive T cells by SpFN with ALFQ may provide protection against other coronavirus
strains and SARS-CoV-2 VOCs.

3. RBD and Other Domain-Conjugated (Presenting) Protein Nanoparticles

A high-resolution cryo-EM study of the SARS-CoV-2 structure and interface mutation
scanning revealed that the RBD in the S protein of SARS-CoV-2, the key binding interface,
recognizes the ACE2 receptor in host cells [64,65]. Therefore, the RBD domain is being
studied as a promising target for designing candidate SARS-CoV-2 vaccines.

Walls et al. first reported a SARS-CoV-2 nanoparticle vaccine using the RBD do-
main [56]. I53-50, a two-component icosahedral protein nanoparticle, was used to display
the RBD domain. Trimeric I53-50A was genetically fused to the RBD domain with 8, 12,
or 16 glycine and serine flexible linkers to present the native trimeric form of RBD and
mixed with pentameric I53-50B, resulting in a SARS-CoV-2 nanoparticle vaccine displaying
60 copies of RBD on its surface. This nanoparticle vaccine showed an enhanced binding
profile against human ACE2 (hACE2) and physical and antigenic stability compared with
the monomeric form of RBD and the trimeric form of S2Pro. In BALB/c mice and mice with
human immune repertoire (Kymab Darwin mice), strong neutralizing antibody responses
can be induced by 153-50-based nanoparticle vaccines. These nanoparticle vaccines present
potent neutralizing activity against pseudo and live SARS-CoV-2, whereas the monomeric
form of RBD and S2Pro showed little to no neutralizing effect. In particular, although
linker length and antigenic valency do not substantially affect the overall immunogenicity,
RBD I53-50 nanoparticles with 12 and 16 glycine and serine linkers induced 10-fold higher
neutralizing antibody titers and neutralizing activity compared with S2Pro. Furthermore,
RBD-specific germinal center B cells, which are essential for forming a durable B cell mem-
ory, were significantly increased with RBD I53-50 nanoparticle treatment compared with
those with treatment with the monomeric forms of RBD and S2Pro.

Various types of protein nanoparticles of different sizes and antigen valencies are
being compared as potential SARS-CoV-2 vaccine platforms [20,60,61]. Zeng et al. utilized
24-subunit H. pylori ferritin, computationally designed and optimized 60-subunit mi3 and
120-subunit I53-50, and developed three different RBD-displaying nanoparticle vaccines
using a spy catcher (SpyCatcher) and tag (SpyTag) system [20]. The bacteria-derived
SpyCatcher and SpyTag pair efficiently formed covalent bonds by simple mixing. Therefore,
the ligation strategy based on SpyCatcher-SpyTag has been utilized to display HIV, hepatitis
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B virus, and SARS-CoV-2 antigens on the nanoparticle scaffold [30,66]. The produced RBD-
SpyTag in HEK293F cells was incubated with the produced SpyCatcher nanoparticles
in Escherichia coli, resulting in RBD-displaying nanoparticles. The three RBD-displaying
nanoparticles (RBD-ferritin, RBD-mi3, and RBD-153-50) showed high thermal stability;,
which may benefit commercial production and supply. Additionally, they presented
significantly higher binding ability against hACE2 and RBD-specific neutralizing antibody
(CB6) and neutralizing antibody titers in mouse models than monomeric RBD. In particular,
RBD-mi3 and RBD-153-50 elicited a higher neutralization effect than RBD-ferritin, indicating
that nanoparticle vaccines with higher antigen valency could produce more effective
immune responses.

Other nano-scaffolds, including bann (3-annulus-scaffold peptide from the tomato
bushy stunt virus), bullfrog-H. pylori hybrid ferritin, AaLS (lumazine synthase from Aquifex
aeolicus), and foldon from T4 bacteriophage fibiritin have been investigated and compared
as potential RBD-nano-scaffold plasmid DNA vaccines [61]. As a result, these nano-scaffold
vaccines showed potent neutralizing antibody responses compared with RBD alone. How-
ever, in this study, given that foldon with six copies of RBD elicits stronger neutralization
effects than AaLS with 60 copies of RBD, nano-scaffold sizes and antigen valency on the
surface are not the only main factors contributing to vaccine efficacy. Therefore, bann, a
small scaffolding domain with many antigen valencies, might be an ideal vaccine platform
because of its strongly augmented immune response against the antigen and minimal
antibody response against the nano-scaffold itself compared with those with large scaf-
fold domains.

Currently, owing to the risk of emerging variants of SARS-CoV-2 and other zoonotic
viruses, research into vaccine development and cross-reaction efficacy analysis against other
viruses is being expedited [35,52,57,67]. Haynes et al. developed RBD-displaying ferritin
using the sortase A reaction [52]. RBD with a sortase A donor sequence was conjugated
to H. pylori ferritin with a sortase A acceptor sequence, resulting in 24 RBD-displaying
ferritin nanoparticle vaccines. The nanoparticle vaccine successfully induced neutralizing
SARS-CoV-2 RBD-specific antibody responses and protection against SARS-CoV-2 in a
macaque model. In particular, cross-neutralizing antibody responses against SARS-CoV-2
variants B.1.1.7, P.1, and B.1.351., bat CoV, and SARS-CoV-1 were elicited in macaques
with RBD-ferritin immunization. Similarly, Halfmann et al. designed RBD-conjugated mi3
nanoparticles using SpyCatcher-SpyTag systems and tested their efficacy against various
viruses [67]. The nanovaccine induced potent cross-reactive antibodies against SARS-CoV-
2, SARS-CoV-1, and SARS-CoV-2 variants B.1.1.7, P.1, and B.1.351. Moreover, neutralizing
antibody responses against the above five viruses and important VOC Delta variants
(B.1.617.2) were demonstrated.

In another report, given that 97.9% of patients who recovered from SARS-CoV-2
showed a high IgG-specific antibody titer against the HR domain, ferritin nanoparticle
vaccines have been developed with additional HR-labeled surfaces along with RBD [35].
Based on sequence homology analyses, HR1 and HR2 are more highly conserved than
RBD against three SARS-CoV-2 strains (Wuhan-HU-1, SYSU-IHV, and USA-IA-6399) and
six human pathogenic coronaviruses (SARS-CoV Tor2, Middle East respiratory syndrome-
related coronavirus [MERS-CoV] EMC, human coronavirus [hCoV]-HKU1, hCoV-OC43,
hCoV-NL63, and hCoV-229E), five bat coronaviruses, and two pangolin coronaviruses.
Both RBD- and HR-displaying nanoparticle vaccines elicited cross-reactive neutralizing
antibody responses against SARS-CoV, MERS-CoV, HCoV-229E, HCoVOC43, and RATG13.

Cohen et al. designed heterotypic mosaic nanoparticle vaccines by co-displaying
SARS-CoV-2 RBD with RBDs from other animal coronaviruses to evaluate whether the
heterotypic nanoparticles can elicit cross-reactive antibody responses. They displayed
four or eight of the 12 RBDs on the surface of mosaic nanoparticles using SpyCatcher-
SpyTag ligation. Heterotypic nanoparticle vaccines successfully induced broader anti-
coronavirus responses than homotypic nanoparticle vaccines displaying SARS-CoV-2 RBD
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alone, suggesting that the co-display strategy is advantageous for inducing cross-immunity
against zoonotic sarbecoviruses.

4. Conclusions and Perspectives

Viral vector vaccines from Astra Zeneca and Johnson & Johnson, mRNA-based vac-
cines from Pfizer and Moderna, and inactivated vaccines from Sinovac Biotech have been
distributed worldwide, and hundreds of SARS-CoV-2 vaccine candidates are currently
being evaluated in clinical trials. Among them, recombinant protein subunit vaccines
using S protein or RBD are an attractive alternative to inactivated, viral vector, and mRNA-
based vaccines owing to their track records of safety. However, despite extensive efforts to
develop and apply the S protein or RBD-based subunit as vaccine candidates, their low
immunogenicity remains a hindrance.

Compared with the monomeric form of recombinant S protein subunit vaccines,
nanoparticle-based vaccines provide multivalent S protein or RBD display. This repet-
itive array promotes various immunological events, including robust B cell activation,
memory B cell expansion, and retention of follicular dendritic cells. Therefore, protein
nanoparticle-based vaccines have proven to have enhanced efficacy, neutralizing anti-
body responses, and specific humoral and cellular immune responses at lower doses
than the S protein subunit vaccine. Additionally, inherent stability, the lack of a strict
cold-chain supply, and no special biosafety environment concern in manufacturing proce-
dures with reduced production costs are major advantages of protein nanoparticle-based
SARS-CoV-2 vaccines [38]. Therefore, nanoparticle vaccines against SARS-CoV-2 (IVX-
411) and other viruses (malaria (NCT04296279), Epstein—Barr virus (NCT04645147), and
influenza (NCT03186781; NCT03814720; NCT04579250)) are currently being investigated
in clinical trials.

On the other hand, the protein nanoparticle-based vaccine platform generates strong
cross-reactive immunity against emerging SARS-CoV-2 VOCs and other zoonotic coron-
aviruses such as SARS-CoV and MERS-CoV. Despite mRNA-based vaccines from Pfizer
and Moderna and viral vector vaccines from Astra Zeneca and Johnson & Johnson showing
strong protective efficacy against the original Wuhan-Hu-1 strain (wild-type) and slowing
the infection rate, the recent emergence of rapidly evolving SARS-CoV-2 VOCs, including
Delta and Mu coronavirus variants, presents new challenges. Additionally, two other
zoonotic betacoronaviruses, SARS-CoV and MERS-CoV, have appeared in human popula-
tions over the past 20 years, and the possibility of future potential zoonotic coronavirus
emergence exists, making the next pandemic imminent. From this point of view, protein
nanoparticle-based vaccines allow the development of a next-generation vaccine platform
for protecting against SARS-CoV-2 VOCs and other zoonotic coronaviruses. They could
provide strong protection against the destructive effects of pandemics on the public health
system and economy.
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