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COVID-19 has caused a global pandemic and millions of deaths. It is imperative to develop effective
countermeasures against the causative viral agent, SARS-CoV-2 and its many variants. Vaccines and
therapeutic antibodies are the most effective approaches for preventing and treating COVID-19, respect-
ively. SARS-CoV-2 enters host cells through the activities of the virus-surface spike (S) protein.
Accordingly, the S protein is a prime target for vaccines and therapeutic antibodies. Dealing with
particles with dimensions on the scale of nanometers, nanotechnology has emerged as a critical tool for
rapidly designing and developing safe, effective, and urgently needed vaccines and therapeutics to
control the COVID-19 pandemic. For example, nanotechnology was key to the fast-track approval of two
mRNA vaccines for their wide use in human populations. In this review article, we first explore the roles of
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nanotechnology in battling COVID-19, including protein nanoparticles (for presentation of protein vac-
cines), lipid nanoparticles (for formulation with mRNAs), and nanobodies (as unique therapeutic anti-
bodies). We then summarize the currently available COVID-19 vaccines and therapeutics based on
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Introduction

Nanotechnology is defined as the design, characterization,
development, and employment of particles with dimensions
on the scale of nanometers (1-100 nm)." This technology has
yielded nano-structures with unique properties, such as
improved bioavailability, targeted drug delivery, and enhanced
target-binding affinity.”> The development of nanotechnology
has provided a cutting-edge platform for treating and prevent-
ing infectious diseases, including COVID-19 (caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2)), Zika,
dengue, influenza, Ebola, AIDS (caused by HIV-1), cancer
caused by human papillomavirus, diseases associated with res-
piratory syncytial virus, and herpes simplex viral infections.*
One of the most notable and important applications of nano-
technology is to the design and development of effective vac-
cines and therapeutics to control viral diseases.
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COVID-19, a recently emerged respiratory infectious
disease, was first reported in 2019 and has caused devastating
damages to global health and economy.’ The causative agent
SARS-CoV-2 is a novel beta-coronavirus.” Two other beta-coro-
naviruses, SARS-CoV-1 and Middle East respiratory syndrome
coronavirus (MERS-CoV), caused outbreaks in 2002-2003 and
have been infecting humans since 2012, respectively.'®"®
SARS-CoV-2 spreads in human populations much more widely
than both SARS-CoV-1 and MERS-CoV. Currently, the numbers
of COVID-19 cases and fatalities continues to grow. Rapid
development of a variety of effective and safe vaccines and
therapeutic agents is a key strategy for stopping this global
pandemic.

SARS-CoV-2 is a single-stranded and positive-sense RNA
virus. The viral genome encodes four major structural pro-
teins, including spike (S), envelope (E), nucleocapsid (N), and
membrane (M), in addition to sixteen non-structural proteins
(nsp1-16) and several accessory proteins (3a, 6, 7a, 7b, 8, and
10)."*2° The S protein plays an essential role in viral entry
and is a critical determinant of viral infection and pathogen-
esis. Accordingly, it is an important target for vaccines and
therapeutics.> > The S protein contains a receptor-binding
S1 subunit and a membrane-fusion S2 subunit. The S1
subunit contains a N-terminal domain (NTD) and a
C-terminal domain (CTD), also known as the receptor-
binding domain (RBD) (Fig. 1a and b).>"**?*” The RBDs of
both SARS-CoV-2 and SARS-CoV-1 recognize angiotensin-con-
verting enzyme 2 (ACE2) as their cellular receptor for viral
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Fig. 1 Structure of SARS-CoV-2 S protein. (a) Schematics of
SARS-CoV-2 spike (S) protein domain organization. NTD, N-terminal
domain; RBD, receptor-binding domain; FP, fusion peptide; HR1 and
HR2, heptad region 1 and 2; TM: transmembrane domain; IC: intracellu-
lar tail. (b) Cryo-EM structure of SARS-CoV-2 S protein trimer (PDB
6VYB) with closed up views of the S1-NTD and RBD. Three copies of the
S protein in the trimer are colored in green, orange and purple, respect-
ively. (c) Crystal structure of SARS-CoV-2 RBD in complex with the host
cell receptor angiotensin-converting enzyme 2 (ACE2) (PDB 6 MO0J).
SARS-CoV-2 RBD is colored in green and ACE2 is in orchid.

attachment to host cells.>****3° SARS-CoV-2 RBD binds to
human ACE2 more tightly than SARS-CoV-1 RBD does
(Fig. 1¢).*®*” ACE2 binding by the RBD may trigger a confor-
mational change in the S protein (i.e., transition of the S
protein from its pre-fusion conformation to post-fusion con-
formation). The conformational change of the S protein leads
to fusion of viral and cell membranes and SARS-CoV-2 entry
into host cells.>®?'? The RBD in the trimeric S protein of
SARS-CoV-2 can exist in two states, “up” and “down”, but the
binding of ACE2 to the RBD only occurs when the RBD in the
“up” position (Fig. 1b and c).**”* The strong ACE2 binding
and potential hidden state of the RBD present challenges to
the development of potent vaccines and therapeutics target-
ing SARS-CoV-2.

In response to the rapid human-to-human spread of
SARS-CoV-2 and the devastating pandemic, several nano-
technology-based tools, including protein nanoparticles
(PNPs), lipid nanoparticles (LNPs), and nanobodies (Nbs),
have been used to combat COVID-19 at a speed never before
seen for other infectious diseases. In the remainder of this
review, we will describe the roles of these nanotechnology-
based tools in combating COVID-19, and will also summarize
the currently available PNPs, NLPs, and Nbs targeting
COVID-19.

This journal is © The Royal Society of Chemistry 2022
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Role of nanotechnology in the
development of COVID-19 vaccines
and therapeutic antibodies

Protein nanoparticles as a tool for delivery of SARS-CoV-2
vaccines

Protein nanoparticles are effective and safe delivery vehicles
for protein-based vaccines. Nanoparticle-forming proteins are
unusual in that they can spontaneously assemble into large
multimers at nanometer sizes (such as 24-meric ferritin and
60-meric lumazine synthase). These virus particle-like multi-
mers can then display many copies of target antigens (i.e.,
SARS-CoV-2 RBD or S protein) on their surface (Fig. 2).**"’
These viral antigens may be attached to nanoparticles via
covalent or noncovalent interactions. Alternatively, nano-
particle proteins and viral antigens can be encoded in a single
peptide chain that self assembles into antigen-presenting
nanoparticles.*® In general, nanoparticles mimic the structures
of virus particles and present antigens with high densities and
in repetitive patterns; these features are what the mammalian
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Fig. 2 Models of protein nanoparticle-based SARS-CoV-2 vaccines. (a)
2D diagram of a receptor-binding domain (RBD)-coated protein nano-
particle vaccine. The RBD (green) is captured by the nanoparticle (gray)
through the interactions between the SpyTag (orange) on the RBD and
SpyCatcher (blue) on the nanoparticle. (b) 3D models of the nano-
particle coated by 60 copies of SARS-CoV-2 RBD or 20 copies of
SARS-CoV-2 spike (S) trimer.
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immune systems have evolved to recognize.”> Hence, nano-
particle-based vaccines enhance antigen uptake by antigen-
presenting cells (APCs) and stimulate the immune system to
produce strong humoral (antibody) and cellular immune
responses specific to the target antigens, conferring protection
against SARS-CoV-2 infection.*>**”%°

Despite having the size and structure similar to virus par-
ticles, nanoparticles lack viral genetic material that could drive
infection or replication. Hence in contrast to live attenuated
virus vaccines, which may recover virulence, nanoparticle-
based vaccines are relatively safe.?® Also, in contrast to inacti-
vated virus vaccines whose antigens may have been destructed
due to the inactivation procedures, nanoparticle-based vac-
cines present antigens in their original forms.*' Moreover,
unlike recombinant protein subunit vaccines, which generally
have low immunogenicity, nanoparticles have immunostimula-
tory functions that induce antigen-specific immune responses
even in the absence of an adjuvant.*>** The above being said,
the inclusion of adjuvants in the vaccine components can
further improve the immunogenicity and efficacy of nano-
particle-based vaccines. Indeed, antibodies induced by nano-
particle-based COVID-19 vaccines demonstrate significantly
higher neutralization titers than those induced by recombi-
nant proteins.’” Accordingly, nanoparticle-based COVID-19
vaccines are able to potently neutralize SARS-CoV-2 infection
and protect immunized animals against SARS-CoV-2
challenge.?”"*>

Lipid nanoparticles as a tool for delivery of SARS-CoV-2 mRNA
vaccines

mRNA vaccines represent a new approach to protecting
humans against viral infections. mRNAs can be rapidly syn-
thesized at large scales. However, naked mRNAs are unstable
and can be easily degraded under various physical, chemical,
and enzymatic conditions. To improve mRNA vaccines’ stabi-
lity, several strategies have been developed, including chemical
modification of mRNAs, conjugation of mRNAs to other mole-
cules, and encapsulation of mRNAs in lipid nanoparticles
(LNPs).***® Among these approaches, LNPs demonstrate
strong potentials in stabilizing mRNA vaccines and protecting
them from degradation, ensuring effective and targeted deliv-
ery of mRNA vaccines.*’

To date, two types of mRNA vaccines have been reported
against infectious diseases: non-replicating mRNAs and self-
amplifying mRNAs. Non-replicating mRNAs contain the
coding antigen sequence, 5- and 3’-untranslated regions
(UTRs), 5'-cap structure, and 3-poly(A) tail for
amplification.*®® Self-amplifying mRNAs, also called repli-
cons, are generated by replacing the structural proteins of an
RNA virus (often an alphavirus or a flavivirus) with viral RNA-
dependent RNA  polymerases and antigen-encoding
mRNAs.”** Both types of mRNAs can be delivered through
LNPs. Like protein-based vaccines, non-replicating mRNA vac-
cines are safer because they do not contain any infectious viral
components. If self-amplifying mRNAs are used, it is necessary
to detect immune responses specific to both target proteins
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and RNA polymerases since the latter may induce an indepen-
dent immune response. Both types of mRNA vaccines have
been developed against SARS-CoV-2 infection (Fig. 3).*7°373°

Unlike DNA vaccines, mRNA vaccines do not need to cross
nuclear membranes or integrate into cellular genomes,
making them easier to be delivered.’® After LNP-mediated
mRNAs are delivered into cells, they are internalized via endo-
cytosis, released into the cytoplasm, and then translated to
target proteins. Different from non-replicating mRNAs, the
self-amplifying mRNAs can produce multiple copies of subge-
nomic mRNAs that express a higher level of target
proteins.>>®” In either case, the target proteins are sub-
sequently recognized by APCs (e.g., dendritic cells and macro-
phages), which subsequently activate T cells and B cells.
Activated T cells will generate CD8" and CD4" T-cell responses
to kill virus-infected cells and also help trigger B-cell
responses. Some activated B cells differentiate into plasma
cells to produce virus-neutralizing antibodies, whereas other
activated B cells differentiate into germinal center B (GC B)
cells, which may interact with T follicular helper cells (Tth)
cells or become memory B cells (Fig. 3).

A potential side effect of mRNA vaccines is that mRNAs can
be recognized by pattern-recognition receptors (e.g., toll-like
receptors: TLR3, TLR7, or TLRS8) in endosomes. These recep-
tors activate innate immune receptors, such as retinoic acid-
inducible gene I (RIG-1), protein kinase RNA-activated (PKR),
or melanoma differentiation-associated antigen 5 (MDAS5),
which in turn upregulate the secretion of proinflammatory
cytokines and chemokines.”®*® To overcome this potential
side effect, naturally-occurring modified nucleotides (e.g.,
pseudouridine-5-triphosphate) can be introduced during
mRNA synthesis to inhibit activation of these innate immune
receptors.*®478

Nanobodies as unique SARS-CoV-2 therapeutics

Nanobodies are single-domain antibodies derived from
camelid heavy-chain-only antibodies.>®*® They are connected
to nanotechnology due to their nano-scale size (about 4 nm by
2.5 nm). With a molecular weight of ~12-14 kDa, nanobodies
are among the smallest naturally occurring antibodies.
Because of their small size, they can bind to hidden areas of
antigens that are normally unreachable to conventional
antibodies.’>®® Because of their elongated CDR3 loops, they
are capable of binding to antigens with high affinities.
Nanobodies can be expressed at high yield in a variety of
expression systems (e.g., bacteria, yeasts and mammalian
cells), allowing cheap and large-scale productions of
nanobodies.>*”®® They are stable under extreme conditions
(e.g., extreme temperatures and extreme pH), making them
easy to be stored and transported.®>®® Together, these features
make nanobodies ideal prophylactic and therapeutic agents.
They would be particularly suited to meet the urgent and large
demands for battling the COVID-19 global pandemic.
Monomeric nanobodies do not contain the Fc portion; con-
sequently, they are unable to enter the Fc receptor-dependent
pathway and generally lack cytotoxic activity arising from acti-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Working models of lipid nanoparticle-based SARS-CoV-2 mRNA vaccines. Non-replicating and self-amplifying mRNAs are encapsulated with
lipid nanoparticles (LNPs) and delivered into cells. Non-replicating mRNAs only encode target proteins whereas self-amplifying mRNAs encode both
target proteins and viral non-structural proteins that are required for mRNA amplification. Target proteins translated from these mRNAs are recog-
nized by antigen-presenting cells (APCs), including dendritic cell and macrophage, followed by activation of T (CD4* and CD8*) and B cells that kill
virus-infected cells or generate specific neutralizing antibodies (nAbs) that combat SARS-CoV-2 infection. GC B cell, germinal center B cell. 5'- and
3'-UTR, 5'- and 3'-untranslated regions. MHC | and Il, major histocompatibility complex class | and class Il molecules. nAbs, neutralizing antibodies.

vation of the complement system and immune cells.®*®

Monomeric nanobodies generally have a short half-life
because their size is below the renal filtration capacity, but
this can be overcome by constructing Fe-tagged dimeric nano-
bodies or linking nanobodies to albumin to increase their size
(Fig. 3).°%°"%° It is worth noting that the molecular weights of
Fc-tagged dimeric nanobodies and albumin-linked nanobo-
dies (both ~75-80 kDa) are still much smaller than those of
conventional antibodies (~160 kDa), maintaining their small
size advantage over conventional antibodies.®’®® Moreover,
when Fc is fused with nanobodies, the amino acids of the Fc
portion can be mutated to alleviate potential Fc-associated
side effects.

This journal is © The Royal Society of Chemistry 2022

SARS-CoV-2 nanobodies can be developed by immunizing
camelids (llama or alpaca) with target antigens.®””®®
Subsequently, immunized nanobody libraries can be estab-
lished and screened. Alternatively, naive nanobody libraries
may be directly screened, skipping the immunization
step.®***7° However, for nanobodies screened from naive
nanobody libraries, in vitro affinity maturation is usually
needed to improve the nanobody’s affinity for target antigens.
Theoretically, neutralizing nanobodies function by binding to
their target antigens (such as the RBD, S1, or S2 of SARS-CoV-2
S protein). Binding of nanobodies to the RBD may prevent the
RBD from binding its receptor ACE2, thus blocking viral
attachment and viral entry. Binding of nanobodies to the S1 or
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S2 may prevent the S protein from transitioning to its post-
fusion conformation, thereby blocking membrane fusion and
viral entry. The generation and potential mechanisms of
SARS-CoV-2-targeting nanobodies are described in Fig. 4.

Currently developed COVID-19 vaccines based on protein
nanoparticles

Nanoparticle-based SARS-CoV-2 vaccines in preclinical devel-
opment. A number of nanoparticle-based SARS-CoV-2 vaccines
are in preclinical development (Table 1). Most of these vac-
cines use viral S protein or its RBD fragment as target anti-
gens. They have been shown to elicit neutralizing antibodies
against SARS-CoV-2 infection in vitro and some of them may
protect vaccinated animals against SARS-CoV-2 infection.

Protein nanoparticle vaccines displaying SARS-CoV-2 RBD.
Compared to recombinant SARS-CoV-2 RBD by itself or the
full-length S protein, protein nanoparticle vaccines displaying
SARS-CoV-2 RBD demonstrate good immunogenicity and/or
protective effects in various animal models. First, 24-meric fer-
ritin nanoparticles displaying 24 copies of SARS-CoV-2 RBD
induced antibodies that potently neutralized pseudoviruses;
they also protected non-human primates (NHPs) from
SARS-CoV-2 infection, reducing virus replication and
pathogenesis.*>”! Here, the ferritin and SARS-CoV-2 RBD were
expressed in the same polypeptide chain. Second, a computa-
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Monomeric Dimeric

0y
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tionally designed 120-meric nanoparticle (named 153-50) dis-
playing 60 copies of SARS-CoV-2 RBD (RBD-NP) induced 10
times more neutralizing antibodies in mice than the stabilized
SARS-CoV-2 full-length S protein; it also protected NHPs from
SARS-CoV-2 infection.”>”® Here, the nanoparticle protein and
the RBD were also expressed in the same polypeptide chain.
Third, a 60-meric lumazine synthase nanoparticle displaying
120 copies of SARS-CoV-2 RBD induced >5 times more neutra-
lizing antibodies in mice than RBD by itself; it also conferred
nearly complete protection to mice challenged by SARS-CoV-2
(mouse-adapted strain).?” The induced neutralizing antibodies
lasted long time in mice. Moreover, the lumazine synthase
nanoparticle vaccine was also effective against SARS-CoV-2 var-
iants (B.1.1.7, B.1.351, and P.1), SARS-CoV-1, and SARS-related
bat coronavirus. In this nanoparticle vaccine, Fc-tagged
dimeric RBD is connected to protein A-tagged lumazine
synthase through noncovalent Fc/protein A binding.*” Fourth,
60-meric nanoparticles (SpyCatcher-mi3 or SpyCatcher003-
mi3) displaying SARS-CoV-2 RBD induced neutralizing anti-
bodies in mice and pigs.”*”> These vaccines are temperature-
resistant and maintains immunogenicity after lyophilization.
Here, the RBD is connected to the nanoparticle protein
through covalent SpyTag: SpyCatcher binding. Overall, all of
these nanoparticle-RBD vaccines prove the concept that target
vaccines presented on the surface of nanoparticle scaffolds are
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Fig. 4 Generation and function of SARS-CoV-2-specific nanobodies. Nanobodies (Nbs) are generated by immunization of animals or screened
from synthetic Nb phage display libraries. After a series of processes (incubation, wash, elution, amplification, and analysis), specific monomeric Nbs
are screened; based on the identified monomeric Nbs, multimeric (dimeric, trimeric, Fc or other protein-fused) Nbs can be constructed. Nbs that
target SARS-CoV-2 receptor-binding domain (RBD) in the spike (S) protein S1 subunit prevent the RBD-angiotensin-converting enzyme 2 (ACE2)
receptor binding, whereas Nbs that target N-terminal domain (NTD) in the S1 subunit (S1-NTD) or S2 subunit may inhibit the conformational
changes of the S protein or S2-mediated membrane fusion, thereby preventing subsequent steps in viral infection. HR1 and HR2, heptad repeat 1

and 2; 6-HB, 6-helix bundle.
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Table 1 Representative SARS-CoV-2 vaccines based on protein nanoparticles and lipid nanoparticles
Animals/  Ab responses and neutralizing ~ Cellular and other Protection and/or potential
Vaccine name  Target humans Abs responses side effects Ref.
Nanoparticle-based SARS-CoV-2 vaccines
RBD-NP RBD Mice Induced SARS-CoV-2 S-specific Elicited SARS-CoV-2 Protected NHPs against 72 and 73
NHPs Abs, with neutralizing Ab titers ~ RBD-specific CD4" T SARS-CoV-2 infection
being 10-fold higher than a cell responses
stabilized S protein against
SARS-CoV-2 WT infection;
neutralized SARS-CoV-2 B.1.1.7
variant
VLP-RBD RBD Mice Induced long-term RBD-specific N/A Protected BALB/c mice 37
Abs with neutralizing activity against mouse-adapted
against live SARS-CoV-2 and SARS-CoV-2 challenge, with
pseudotyped SARS-CoV-2 WT reduced clinical signs and
and B.1.1.7, B.1.351, and P.1 pathological changes
variants, SARS-CoV-1, and
SARS-related bat CoVs
RBD-SpyVLP RBD Mice Induced SARS-CoV-2 RBD- Elicited SARS-CoV-2 N/A 74 and 75
RBD-mi3 Pigs specific Abs and neutralizing RBD-specific B-cell
Abs against pseudotyped and/or responses and weak
live SARS-CoV-2 infection T-cell responses
RBD-ferritin RBD Mice Induced SARS-CoV-2 S/RBD- Elicited SARS-CoV-2 Protected NHPs from 35,39 and
S2GAHR2 S NHPs specific Abs and more potent S-specific T-cell SARS-CoV-2 infection, with 71
neutralizing Abs than RBD immunity (S2GAHR2),  reduced virus replication and
alone or S2P protein against and high GC B cell pathological damage
pseudotyped SARS-CoV-2 responses
infection; elicited neutralizing
Abs against pseudotyped
SARS-CoV-2 B.1.1.7, B.1.351,
and B.1.617 variants
S1-VLP S1 Mice Induced SARS-CoV-2 S/RBD- N/A N/A 76
specific Abs and neutralizing
Abs against SARS-CoV-2 WT
and B.1.1.7 variant
SpFN S Hamsters  Induced SARS-CoV-2 S/RBD- N/A Protected hamsters from 45
specific Abs and neutralizing SARS-CoV-2 (B.1.1.7 or
Abs against pseudotyped B.1.351 variant) infection,
SARS-CoV-2 WA1, B.1.1.7, and with reduced virus
B.1.351 variants replication and decreased
weight loss, virus titers, and
lung pathology
S-LuS S Mice Induced higher SARS-CoV-2 N/A N/A 77
S-specific Abs and pseudovirus
neutralizing Abs than those by
S2P protein
S-Fer S Mice Induced higher SARS-CoV-2 S/ N/A N/A 36
SAC-Fer S RBD-specific Abs and
pseudovirus neutralizing Abs
than RBD monomer or S trimer
protein
NVX-CoV2373 S Humans Induced SARS-CoV-2 S-specific  Elicited SARS-CoV-2 Protected vaccinated people 38, 78-80
IgG Abs and neutralizing Abs S-specific CD4" T-cell against SARS-CoV-2 infection,
against infection of live responses showing efficacy against
SARS-CoV-2 B.1.1.7 and B.1.351 variants;
no serious adverse effects
were identified, except for
mild fever
Lipid nanoparticle-based SARS-CoV-2 mRNA vaccines
RBD-hFc RBD Mice Induced SARS-CoV-2 S-specific  Elicited SARS-CoV-2 Protected 70% of vaccinated 85 and 86
IgG Abs and neutralizing Abs S-specific Th1 cell hACE2-Tg mice from
against pseudotyped responses SARS-CoV-2 infection
SARS-CoV-2 infection
mMRNA-RBD RBD Mice Induced SARS-CoV-2 RBD- Elicited SARS-CoV-2 Protected hACE2-Tg mice 83
specific IgG Abs and RBD-specific T-cell from SARS-CoV-2 infection
neutralizing Abs against responses
pseudotyped and live
SARS-CoV-2 infection
RBD-LNP RBD Mice Induced SARS-CoV-2 and Elicited SARS-CoV-2 N/A 47
S1-LNP S1 SARS-CoV-1 RBD-specific IgG RBD-specific T-cell,

Abs and neutralizing Abs
against pseudotyped and live
SARS-CoV-2 infection

This journal is © The Royal Society of Chemistry 2022
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Table 1 (Contd.)

Animals/  Ab responses and neutralizing ~ Cellular and other Protection and/or potential
Vaccine name  Target humans Abs responses side effects Ref.
RBD RBD Mice Induced SARS-CoV-2 S/RBD- Elicited SARS-CoV-2 N/A 81 and 82
Full-length S specific IgG Abs and RBD-specific Tth, GC
Afurin neutralizing Abs against B, T-cell, B-cell, LLPC
pseudotyped and live and MBC responses
SARS-CoV-2 infection
saRNA S Mice Induced SARS-CoV-2 S-specific ~ Elicited SARS-CoV-2 N/A 89
IgG Abs and neutralizing Abs S-specific T-cell
against pseudotyped and live responses
SARS-CoV-2 infection
LION/ S Mice Induced SARS-CoV-2 S-specific ~ Elicited SARS-CoV-2 N/A 53
repRNA-CoV2S NHPs IgG Abs and neutralizing Abs S1/RBD-specific T-cell
against pseudotyped and/or live responses (in spleen,
SARS-CoV-2 infection lung (for mice) and
PBMCs (for NHPs)
CV07050101 S NHPs Induced SARS-CoV-2 S-specific  Elicited SARS-CoV-2 N/A 87
IgG Abs without neutralizing S-specific T-cell
activity responses
LUNAR-COV19 S Mice Induced SARS-CoV-2 S-specific  Elicited SARS-CoV-2 Protected hACE2-Tg mice 90
IgG and IgM Abs, S1/RBD- S-specific CD8" T and from SARS-CoV-2 infection
specific IgG Abs, and CD4" T/Th1-dominant
neutralizing Abs against live T-cell responses
SARS-CoV-2 infection
mRNA-LNP S NHPs Induced SARS-CoV-2 S1/S2/ Elicited SARS-CoV-2 Protected infant NHPs from 94
RBD-specific Abs and S-specific memory SARS-CoV-2 infection
neutralizing Abs against B-cell, GC B cell, Tfh,
pseudotyped and live and T-cell responses
SARS-CoV-2 infection
MRT5500 S Mice Induced SARS-CoV-2 S-specific  Elicited SARS-CoV-2 Protected hamsters from 92
Hamsters IgG Abs and neutralizing Abs S-specific T-cell SARS-CoV-2 infection without
NHPs against pseudotyped or live responses in mice and  weight loss and lung
SARS-CoV-2 infection NHPs pathology
mMRNA-1273 S Mice Induced SARS-CoV-2 S-specific Elicited SARS-CoV-2 Protected immunized mice 54, 88, 91,
NHPs 1gG Abs and neutralizing Abs S-specific CD4" or and NHPs from SARS-CoV-2 97-100 and
Humans against pseudotyped (wild-type ~ CD8" T-cell responses infection without causing 138
and D614 mutant) and live disease enhancement effect;
SARS-CoV-2 infection had protective efficacy in

preventing COVID-19 disease
in human; elicited local and
systemic adverse effects (e.g.,
fatigue, chills, headache,
myalgia, pain), allergic
reactions, etc.

BNT162b1 RBD Mice Induced dose-dependent, and Elicited SARS-CoV-2 Protected immunized mice 55, 84, 93,
BNT162b2 S NHPs SARS-CoV-2 RBD/S-specific Abs ~ RBD-specific CD4" and and NHPs from SARS-CoV-2 101-103,
Humans and neutralizing Abs against CD8" T-cell responses  infection; had protective 131 and
pseudotyped and live efficacy in preventing 140
SARS-CoV-2 infection COVID-19 disease in

humans, with local and
systemic reactions (fatigue,
headache, myalgia, local
pain, etc.), allergic reactions,
and rare severe adverse
events (for BNT162b2)
Lipid nanoparticles displaying SARS-CoV-2 therapeutic agents
hsACE2 hACE2 Mice Secreted hACE2 in blood N/A N/A 96
circulation and expressed
hACE2 in bronchoalveolar
lavage fluid; hACE2 bound
SARS-CoV-2 RBD and
neutralized pseudotyped
SARS-CoV-2 infection

Abs, antibodies; ACE2, angiotensin-converting enzyme 2; BAL, bronchoalveolar-lavage; COVID-19, Coronavirus disease 2019; GC B, germinal
center B; hACE2-Tg, human ACE2-transgenic; HR2, heptad repeat region 2; LLPCs, long-lived plasma cells; LuS, lumazine synthase; MBCs,
memory B cells; NHPs, non-human primates; RBD, receptor-binding domain; S, spike; SARS-CoV-2, severe acute respiratory syndrome
coronavirus-2; S2P, S protein with two proline mutations in the S2 subunit; Tfh, T follicular helper cells; WT, wild-type.
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significantly better recognized by mammalian immune
systems than vaccines by themselves.

Nanoparticle vaccines displaying SARS-CoV-2 S protein or S1
fragment. Several nanoparticle vaccines presenting SARS-CoV-2
S protein or S1 subunit have been developed and tested in pre-
clinical studies.***>*>7® The 60-mer trimeric lumazine
synthase nanoparticle was used again to present the S protein,
but the connection between lumazine synthase and the S
protein was through the covalent SpyTag:SpyCatcher
binding.”” The 24-meric ferritin nanoparticle was also used to
present several truncated versions of the S protein, and the
connection between ferritin and the S protein was through the
covalent SpyTag:SpyCatcher binding.”” These nanoparticle
vaccines elicited neutralizing antibodies against pseudotyped
SARS-CoV-2 and its variants (B.1.1.7, B.1.351, P.1, and B.1.617);
they also demonstrated longer retention and stronger presen-
tation on follicular dendritic cell dendrites, and induced
higher germinal center B cell responses in immunized
mice.>””” Some of these nanoparticle vaccines protected ham-
sters against SARS-CoV-2 infection, with reduced disease and
virus replication, as well as decreased weight loss, virus titers,
and lung pathology.*® Bacteriophage AP205 nanoparticles pre-
senting SARS-CoV-2 S1 resulted in strong neutralizing anti-
bodies in immunized mice.”®

Nanoparticle-based SARS-CoV-2 vaccines under clinical
trials. The only nanoparticle vaccine currently being tested in
clinical trials is a recombinant SARS-CoV-2 S protein that is
expressed in insect cells and self assembles into nanoparticles
without any scaffold protein (NVX-CoV2373; Novavax).’® A
phase 1/2 trial showed that this vaccine, which is formulated
with Matrix-M1 adjuvant, elicited specific neutralizing anti-
bodies against SARS-CoV-2. No serious adverse events were
reported except for mild fever. A phase 2 trial revealed good
immunogenicity and tolerance of this vaccine in younger and
older adults. Phase 2a-b and Phase 3 trials revealed its efficacy
against SARS-CoV-2 variants (B.1.351 or B.1.1.7).”%7%°

Currently developed SARS-CoV-2 mRNA vaccines based on
lipid nanoparticles

LNP-based SARS-CoV-2 mRNAs are among the most advanced
COVID-19 vaccines under development. Vaccines of this class
have been developed preclinically and clinically. Several of
them have been approved for human use to prevent
SARS-CoV-2 infection (Table 1).

SARS-CoV-2 mRNA vaccines or therapeutics under pre-
clinical development. More than 10 LNP-based mRNA vaccines
have been developed preclinically (Table 1). They encode
SARS-CoV-2 S protein or its fragments, such as RBD and S1.
These vaccines demonstrate good immunogenicity in animal
models, including mice, hamsters, and NHPs. In addition,
mRNAs can encode therapeutic agents (e.g., recombinant
ACE2) to directly inhibit SARS-CoV-2.

mRNA vaccines encoding SARS-CoV-2 RBD or S1 fragment. LNP-
encapsulated non-replicating mRNA vaccines encoding
SARS-CoV-2 RBD have been developed and shown protective
efficacy in animal models against SARS-CoV-2 infection.*”%! "84
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An mRNA encoding the human Fe-tagged RBD (RBD-hFc) and
formulated with LNPs elicited robust neutralizing IgG anti-
bodies and Thi-based cellular immune responses in mice, par-
tially protecting hACE2-transgenic (hACE2-Tg) mice from
SARS-CoV-2 infection.®>®® mRNAs encoding the RBD without
Fc (mRNA-RBD) also showed strong immunogenicity and eli-
cited potent immune responses. Notably, a single-dose injec-
tion of an mRNA-RBD vaccine elicited sufficient neutralizing
antibodies to protect hACE2-Tg mice from SARS-CoV-2 infec-
tion; passive transfer of sera of mice immunized with this
mRNA inhibited SARS-CoV-2 infection of the same mouse
model.** An mRNA vaccine (named BNT162b1) encoding a tri-
merized SARS-CoV-2 RBD and formulated with LNPs also
induced T-cell responses and neutralizing antibodies in mice
and NHPs, protecting immunized NHPs from SARS-CoV-2
infection.®® It has been shown that SARS-CoV-2 RBD-specific
Tfh, GC B, and memory B cell (MBC) responses were generated
after mice were immunized with LNP-formulated mRNA-RBD
vaccines.®""®? Compared to LNP-formulated RBD-mRNA vac-
cines, LNP-formulated mRNA-S1 vaccine induced significantly
lower-titer neutralizing antibodies against SARS-CoV-2,"
suggesting that the RBD should play an more important role
than other parts of the S1 fragment in the development of
LNP-based SARS-CoV-2 mRNA vaccines.

MRNA vaccines encoding SARS-CoV-2 S protein. In addition to
SARS-CoV-2 RBD, S protein is also a critical target for the devel-
opment of mMRNA vaccines. mRNA vaccines encoding
SARS-CoV-2 S protein (mRNA-S) have been extensively studied,
and two types of mRNA-S vaccines (self-amplifying and non-
replicating) have been developed and tested for immunogeni-
city and protective efficacy in animal models.>?>*57:88

Several self-amplifying mRNA-S vaccines are being devel-
oped preclinically. These include an LNP-formulated, self-
amplifying mRNA-S vaccine encoding alphavirus replicase
which induced T-cell responses and neutralizing antibodies in
mice.®” In addition, a replicon MRNA-S vaccine (LION/
repRNA-CoV2S), which was derived from alphavirus and for-
mulated with lipid inorganic nanoparticles (LIONs), also eli-
cited specific neutralizing antibody responses in mice and
NHPs.”® Furthermore, a self-replicating  mRNA-S vaccine
encoding alphavirus replicon (LUNAR-COV19) induced T-cell
responses and neutralizing antibodies that protected hACE2-
Tg mice from SARS-CoV-2.%°

Non-replicating mRNAs encoding SARS-CoV-2 S protein
have also been extensively studied. Several of them have
demonstrated protective effective in animal models challenged
by SARS-CoV-2. An LNP-formulated mRNA-S vaccine induced
neutralizing antibody and specific T-cell, long-lived plasma
cell (LLPC), and MBC responses.*"*> mRNA-1273, BNT162b2,
and MRT5500 are three LNP-encapsulated mRNA-S vaccines
encoding a stabilized prefusion SARS-CoV-2 S protein. In
animal models (mice, hamsters, and NHPs), these mRNA-S
vaccines induced neutralizing antibodies and specific T-cell
responses, protecting immunized animal models against
SARS-CoV-2 infection.?"#%°17%3 Importantly, these mRNA-S vac-
cines did not cause vaccine-associated enhancement of
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disease after SARS-CoV-2 challenge.’***°" Other mRNA-S vac-
cines also elicited T-cell responses and neutralizing I1gG anti-
bodies specific to the RBD, S1, and S2 fragments; these
immune responses lasted for 22 weeks and protected infant
NHPs from SARS-CoV-2 infection.®

mMRNA vaccines encoding SARS-CoV-2 therapeutics. In addition
to expressing SARS-CoV-2-specific proteins as vaccine targets,
mRNAs can also express SARS-CoV-2 therapeutics to directly
inhibit SARS-CoV-2 entry. As the cellular receptor for
SARS-CoV-2, ACE2 plays an essential role in SARS-CoV-2
entry.”>” mRNAs encoding ACE2 receptor (mRNA-ACE2)
produce recombinant ACE2 that directly binds to SARS-CoV-2
and blocks the virus from binding to cell-surface ACE2.%°® It
has been shown that after injection of mRNA-ACE2 into mice,
secreted ACE2 reached a peak level in the blood circulation
6 hours and was detectable in bronchoalveolar lavage fluid 24
and 48 hours.”®

SARS-CoV-2 mRNA vaccines under clinical trials. At least
three SARS-CoV-2 mRNA vaccines have shown good efficacy in
human clinical trials (Table 1). mRNA-1273 vaccine is from
Moderna, and encodes a stabilized pre-fusion SARS-CoV-2 S
protein (hence mRNA-S vaccine). BNT162b1 and BNT162b2
vaccines are from Pfizer-BioNTech, and they encode a trimer-
ized SARS-CoV-2 RBD (hence mRNA-RBD vaccine) and a stabil-
ized pre-fusion SARS-CoV-2 S protein (hence mRNA-S vaccine),
respectively. All three vaccines are formulated with LNPs.

In a Phase I clinical trial among people 18-55 years old, the
mRNA-1273 vaccine elicited specific T-cell responses and IgG
antibodies in a dose-dependent manner, neutralizing both
pseudotyped and live SARS-CoV-2 infection.”” In another
Phase I trial among older adults (56-70 or >71 years old), this
vaccine also induced dose-dependent antibody responses with
neutralizing activity, as well as CD4" T-cell responses.”® The
vaccine largely caused mild or moderate local and systemic
adverse effects, including fatigue, chills, headache, myalgia,
and pain at the injection site; only three participants at the
highest injection dosage reported severe adverse effects.””*® In
addition, the vaccine induced durable antibodies that were
maintained for 119 days after the first immunization but
declined over time; these antibodies were able to neutralize
both pseudotyped and authentic SARS-CoV-2 infections.”® In a
Phase III trial, this mRNA vaccine was 94.1% effective in pre-
venting COVID-19 illness in all participants, including those
who were >65 years of age or had a SARS-CoV-2 infection at
the time of vaccination.'®

In a phase I clinical trial, BNT162b1 and BNT162b2 mRNA
vaccines elicited similar dose-dependent SARS-CoV-2 neutraliz-
ing antibodies in adults 18-55 or 65-85 years old.'*!
Compared to BNT162b1, BNT162b2 was associated with fewer
and milder systemic reactions. In phase I/II trials, BNT162b1
induced RBD-specific antibody responses, neutralizing anti-
bodies, and T-cell responses in healthy adults aged 18-55
years, with mild to moderate local and systemic
reactions.'®*'% BNT162b2 exhibited 95% efficacy in preven-
tion of COVID-19 in a phase III clinical trial, with mild side
effects including pain at the injection site, fatigue, and head-
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ache.”® In a phase IV clinical trial, most of the participants
developed at least one side effect, such as injection site pain,
fatigue, headache, muscle pain, or chills.***

SARS-CoV-2 mRNA vaccines approved for use in humans. On
December 11, 2019, the U.S. Food and Drug Administration
(FDA) issued an Emergency Use Authorization (EUA) for the
BNT162b2 vaccine to be used to prevent COVID-19 in humans.
The vaccine is injected intramuscularly in two doses (30 pg per
0.3 ml each), with the boost (second) dose delivered 3 weeks
after the first. An interim recommendation was issued the fol-
lowing day for the use of this vaccine in persons at or over 16
years of age.'®®> On August 23, 2021, the FDA issued a full regu-
latory approval for the BNT162b2 vaccine to be used in individ-
uals >16 years of age.'’®'°® Currently, the BNT162b2 vaccine
has been authorized by the FDA for children aged 12-15 years
(at the same dosages as older people) and aged 5-11 years (at a
reduced dosage of 10 pg per 0.2 ml each) using the same injec-
tion route and interval.'°>''® On December 18, 2020, the FDA
issued another EUA for mRNA-1273 to be intramuscularly
used in two doses (100 pg per 0.5 ml each) separated by 4
weeks. Currently, the vaccine is used for adults >18 years of
age and children or adolescents aged 18 years or
younger."'"''? To date, over half of the U.S. populations have
been vaccinated with one of these two mRNA vaccines.

The BNT162b2 and mRNA-1273 vaccines are generally
effective in inducing immune responses in individuals, par-
ticularly healthy people.'**™'* It takes about two weeks after
the second vaccination for immune responses to reach high
levels."*® Vaccine-induced T cells, particularly memory T cells,
were detectable 100 days after the second dose of the
BNT162b2 vaccine.''” Overall, the immune responses can last
up to 6 months.''® Reduced antibody or cellular immune
responses were observed in elderly people, organ transplant
patients, cancer patients, and patients with other immunosup-
pressed conditions.'***9713° Between the two mRNA vaccines,
mRNA-1273 led to better outcomes than BNT162b2 against
COVID-19-related hospitalizations.'®” Compared with an auth-
orized viral vector vaccine (Ad26-COV2 from Johnson &
Johnson), both of the mRNA vaccines induced more potent
immune responses such as higher levels of S and RBD-specific
antibodies.'®”

While overall both mRNA vaccines are safe to use in
humans, some side effects have been identified. After the first
or second dose of either of the two mRNA vaccines, regular
local and systemic side reactions have been reported. These
side effects include injection-site pain, muscle pain, joint
pain, headache, fever, fatigue, malaise, chills, nausea, myalgia,
and swelling.”>"***> The side effects also include cardio-
vascular adverse events, such as tachycardia, flushing, hyper-
tension, hypotension, and peripheral coldness. Allergic reac-
tions were reported after receiving either of the two mRNA
vaccines.’*®*® Moreover, people >75 years old may also
develop acute myocardial infarction, cardiac arrest, and circu-
latory collapse.”*® For the BNT162b2 vaccine, some rare
serious cases were reported in adults or elderly people, includ-
ing Miller Fisher syndrome (a nerve disease related to Guillain-
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Barré syndrome), intracerebral hemorrhage due to vasculitis,
and multisystem inflammation and organ dysfunction.'*°"**>
Also for BNT162b2, myocarditis were reported in children,
particularly in boys, after the second dose of the vaccine.'*® It
is believed that local or systemic adverse reactions are associ-
ated with increased SARS-CoV-2-specific IgG antibody
responses.'*

To further boost protection against COVID-19, the FDA has
authorized a third dose of the two mRNA vaccines for individ-
uals with immunocompromised diseases. The CDC rec-
ommended timing for the third dose for individuals aged 18
years or order is six months after the second dose. The third
dose of BNT162b2 induced a moderate increase of S-specific
antibody and/or cellular immune responses or neutralizing
antibodies in some kidney transplant recipients and leukemia
patients, which improved protection against SARS-CoV-2
infection."*>'*° However, some organ (such as kidney) trans-
plant recipients receiving immunosuppressive drugs did not
develop effective S or RBD-specific antibody responses or neu-
tralizing antibodies.'”*'>! Patients with solid tumors receiving
chemotherapy produced moderately increased neutralizing
antibodies, but not T-cell responses.’®> The aforementioned
side effects after the third dose of BNT162b2 were similar to,
or better than, the second dose in immunocompromised indi-
viduals, the elderly, and other individuals.'>****

Currently developed nanobodies as anti-SARS-CoV-2
therapeutics

SARS-CoV-2 RBD is a key target for the development of potent
nanobodies. Several SARS-CoV-2-specific nanobodies have
been developed preclinically. Almost all of them target the
RBD (Table 2).

A number of nanobodies have been discovered from the
camelid (e.g., llama and alpaca) immune system. In one
approach, camelid animals were immunized with recombinant
SARS-CoV-2 S1 or RBD protein, immunized nanobody libraries
were established from the camelid immune cells, and these
libraries were subsequently screened using proteomic strategy
or phage display methods. Nanobodies that have been discov-
ered using this approach include Nb20, Nb21, Nb89, Nb34,
Nb95, and Ty1.°°® In another approach, naive nanobody
libraries were established from naive camelid immune cells
and subsequently screened. Nanobodies screened from the
naive library generally have low affinity for the target antigen
and need to go through in vitro affinity maturation procedures.
Nanobodies that have been discovered using this approach
include Nb3, Nb6, Nb11, Sb23, 1E2, 4D8, H11-H4, H11-D4,
and Nanosota-1C.%3%97%133136 por example, affinity-matured
Nb6 and Nanosota-1 were both generated by mutating several
amino acids at the antigen-binding sites and demonstrated
much higher RBD-binding affinity and potent SARS-CoV-2 neu-
tralizing potency than the respective nanobodies before the
affinity maturation.®*®® Most nanobodies discovered from
either of the above approach so far target SARS-CoV-2 RBD.
Some of these nanobodies (such as Nb6, Nb11, Nb20, Nb21,
Sb23, and Nanosota-1) recognize the RBD epitopes that

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

overlap with the hACE2 binding site, whereas some other
nanobodies (such as Nb34, Nb95, and K-874A) recognize the
RBD epitopes that do not overlap with the ACE2 binding
site.*>%87%157 The former nanobodies directly block viral
attachment to ACE2, whereas the latter may block the confor-
mational changes of the S protein and hence inhibit the viral
membrane fusion process.®*¢7769156:157

Multivalent (dimeric or trimeric) nanobodies have been
constructed to improve the nanobodies’ target binding affinity,
neutralizing potency, and in vivo half-life. One of the
approaches is to link monomeric nanobodies linearly. These
nanobodies include Nb3-tri, Nb6-tri, Nb11-tri, Nb20;, Nb213,
Nb20-20, Nb21-21, Nb21-Nb34, C1-trimer, H3-trimer, and C5-
trimer. Compared to monomeric nanobodies, the linearly
linked dimeric or trimeric nanobodies all neutralized pseudo-
typed SARS-CoV-2 infection more potently.®*®®%%138 1n particu-
lar, compared to monomeric Nbé6, its linearly linked dimer
and trimer bound to SARS-CoV-2 RBD 750- and >20 000 times
more strongly, respectively, and they neutralized pseudotyped
SARS-CoV-2 infection 10 and 2000 times more potently respect-
ively.®” These multivalent nanobodies maintain the high solu-
bility, yield, and thermostability of monomeric nanobodies.
Another approach to building multivalent nanobodies is to
add a multivalent tag to the nanobodies. Dimeric Fc tags have
been added to nanobodies, including Nanosota-1C-Fc¢ 1E2-Fc,
4D8-Fc, 2F2-Fc, 3F11-Fc, 5F8-Fc, Tyl-Fc, and C5-Fc. Compared
to monomeric nanobodies, the Fc-tagged dimeric nanobodies
demonstrated binding to the RBD more tightly and neutralize
SARS-CoV-2 infection more potently.®>®71°%138 A common
misconception about building multivalent nanobodies is that
multivalency makes nanobodies lose their advantages of being
small. However, compared to conventional antibodies whose
molecular weight is ~160 kDa, Fc-tagged dimeric nanobodies
are still much smaller with a molecular weight of ~75-80 kDa.
These multivalent nanobodies can still access cryptic epitopes
on their targets because their antigen-binding sites are identi-
cal to monomeric nanobodies. Moreover, multivalent nanobo-
dies maintain their good physical and chemical stabilities and
production yields.®® It has been shown that some of the multi-
valent nanobodies even maintain their RBD-binding affinity
and neutralizing activity after aerosolization, lyophilization, or
heat treatment.®® Importantly, multivalent nanobodies have
extended in vivo half-life because their molecular weight
exceeds the molecular weight cutoff for kidney clearance
(which is ~60 kDa).** Overall, multivalent nanobodies possess
many advantages over monomeric nanobodies as antiviral
therapeutics.

Currently, only a few anti-SARS-CoV-2 nanobodies have
been tested and shown to be efficacious in animal models. For
example, single-dose injection of hamsters with Fc-fused
Nanosota-1C, K-874A, C5-trimer, and C5-Fc protected the
animals from SARS-CoV-2 infection both prophylactically and/
or therapeutically.®*'*”'°® Inhalable treatment of hamsters
with PiN-21 nanobody prevented SARS-CoV-2 infection with
reduced weight loss and decreased viral titers and lung pathol-
ogy.">® Fe-fused Nanosota-1C also protected hACE2-Tg mice

Nanoscale, 2022, 14,1054-1074 | 1063


https://doi.org/10.1039/d1nr03831a

Published on 01 gennaio 2022. Downloaded on 03/08/2025 06:44:06.

View Article Online

Review Nanoscale
Table 2 Representative SARS-CoV-2-targeting therapeutic nanobodies
Nanobody Binding affinity and Protection and/or
name Target mechanism Structure Neutralizing activity pharmacokinetics (PK) Ref.
1E2 RBD Bound to RBD (ECs, No Neutralized pseudotyped N/A 156
4D8 0.996-35.52 nM), blocking (IC50 0.9-69 ng ml™") and
2F2 the RBD-ACE2 binding live (ICs0 0.13-0.51 pg
3F11 ml™") SARS-CoV-2
5F8 infection
Tyl RBD Bound to RBD (Kq4 5-10 Yes, cryo-EM Neutralized pseudotyped N/A 67
Ty1-Fc nM), preventing the structure (for (ICs0 0.77 pg ml™" for Ty1;
RBD-ACE2 binding Ty1) ICs, 0.012 pg ml~* for Ty1-
Fc) SARS-CoV-2 infection
Sb23 RBD Bound to RBD, competing  Yes, crystal Neutralized pseudotyped N/A 70
its binding with ACE2 structure (ICs0 0.6 pg m1™")
SARS-CoV-2 infection
H11-D4 RBD Bound to RBD (K4 39 and  Yes, crystal and Neutralized live (ICs, 4-6 N/A 155
H11-H4 12 nM for H11-D4 and cryo-EM nM for H11-H4-Fc; 18 nM
H11-D4-Fc h11-H4), blocking the structures (for for H11-D4-Fc)
H11-H4-Fc RBD-ACE2 interaction H11-D4 and SARS-CoV-2 infection
H11-H4)
Nb20 RBD Nbs 20 and 21 bound to Yes, crystal Neutralized pseudotyped N/A 68
Nb21 RBD (K4 <1 pM), overlap-  structure (for (IC50 0.045-0.133 nM) and
Nb89 ping with the ACE2 Nb20) live (IC50 0.022-0.154 nM)
Nb20; binding site SARS-CoV-2 infection,
Nb21; with multimeric Nbs
improving neutralizing
activity against infection
of pseudotyped (ICs,
1.3-4.1 pM) and live
SARS-CoV-2
Nb3 RBD Bound to RBD by Yes, crystal (for Neutralized pseudotyped Prophylactically and 69
Nbé6 inhibiting the RBD-ACE2 mNb6) and cryo-  (ICso 2.0-3.9 uM) therapeutically prevented and
Nb11 interaction (via blocking EM (for Nbe, SARS-CoV-2 infection, hamsters from SARS-CoV-2 159
mNb6 the binding site or locking Nb11, and with trimeric or matured infection; inhalation treatment
Nb3-tri the RBD into an inactive mNb6) Nbs enhancing neutraliz-  inhibited weight loss, with
Nb6-tri conformation) structures ing activity against infec- decreased lung viral titers and
Nb11-tri tion of pseudotyped (ICs,  lung pathology
mNb6-tri 1.2-400 nM for tri-Nbs;
PiN-21 0.12 nM for mNbé-tri) and
live (IC5, 0.16-140 nM for
tri-Nbs; 0.054 nM for
mNb6-tri) SARS-CoV-2
C1 RBD Bound to WT or variant Yes, crystal (for Neutralized (ICsq C5-trimer or C5-Fc 158
H3 RBD (K4 0.0003-2.523 nM) C1, H3,and C5)  0.025-8.2 nM) infection of  therapeutically prevented
C5 by overlapping with the and cryo-EM (for ~SARS-CoV-2 variants hamsters from SARS-CoV-2
C1-trimer ACE2 epitope (for H3 and  C5) structures (B.1.1.7 or B.1.351) (for infection
H3-trimer C5) or a different epitope C1-trimer, C5-trimer, or
C5-trimer (for C1) H3-trimer)
C5-Fc
Nanosota-I RBD Bound to RBD (Kq4 15.7 pg  Yes, crystal Nanosota-IC-Fc inhibited =~ Nanosota-IC-Fc 63
Nanosota- for Nanosota-1C-Fc), structure (for infection of pseudotyped prophylactically and
IC blocking the RBD-ACE2 Nanosota-1C) and/or live (ND5, 0.16 pg  therapeutically inhibited
Nanosota- binding ml ") SARS-CoV-2 and hamsters and hACE2-Tg mice
IC-Fc variant (D614G) from SARS-CoV-2 infection;
>10-day half-life and high
tissue bioavailability
K-874A S1 Bound to S1 region (K4 1.4 Cryo-EM Blocked viral membrane Therapeutically protected 157
(RBD-NTD) nM) between RBD and structure fusion, neutralizing hamsters from SARS-CoV-2

NTD of S protein

SARS-CoV-2 B.1.1.7 variant

infection

ACE2, angiotensin-converting enzyme 2; Cryo-EM: cryo-electron microscopy; ECsg, half maximal effective concentration; hACE2-Tg, human ACE2-
transgenic; IC5o, half maximal inhibitory concentration; ND5, 50% neutralization dose; Ky, equilibrium dissociation constant; Nbs, nanobodies;
RBD, receptor-binding domain; WT, wild-type.

from SARS-CoV-2 infection with reduced viral titers and/or
absence of lung pathology in the lung.®® To date, however, no
SARS-CoV-2-specific nanobody has been evaluated for efficacy

in humans.
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To identify the neutralizing epitopes of nanobodies, crystal

structures of nanobody/RBD complexes and cryo-EM structures
of nanobody/S complexes have been determined for the follow-
ing nanobodies: Nb11, mNb6, C1, H3, C5, K-874A, Nb20,
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Nanosota-1C, H11-H4, H11-D4, Ty1, Sb23, and Nb6 (Fig. 5a-
).63:67770:155,157,158 ywhereas ACE2 only binds to SARS-CoV-2
RBD in the “up” position of the S protein, nanobodies can
bind to SARS-CoV-2 RBD in the “up” or “down” conformation
of the S protein due to their small size (Fig. 5d-g).%””°
Structural analysis of nanobodies in complex with the RBD or
S protein is important for understanding the neutralizing
mechanisms of the nanobodies and also provides a structural

SARS-CoV-2 SARS-CoV-2
RBD RBD RBD RBD

Sh23 Standing

SARS-CoV-2 S

SARS-CoV-2 S

SARS-CoV-2 S
Standing

H11-D4

SARS-CoV-2 S

SARS-CoV-2 S SARS-CoV-2 S

Fig. 5 Structures of SARS-CoV-2 RBD or S protein trimer in complex
with neutralizing nanobodies. (a—c) Crystal structures of SARS-CoV-2
receptor-binding domain (RBD) in complex with (a) neutralizing nano-
bodies Nb20 (PDB 7JVB), (b) Nanosota-1C (PDB 7KM5), (c) H11-H4 (PDB
6ZBP) or H11-D4 (PDB 6YZ5). SARS-CoV-2 RBD is colored in green and
the four neutralizing nanobodies are colored in blue, magenta, salmon
and tan, respectively. (d—g) Cryo-EM structures of SARS-CoV-2 spike (S)
trimer in complex with neutralizing nanobodies (d) Tyl with one RBD in
the standing position (PDB 6ZXN), (e) Sb23 with one (PDB 7A25) and two
(PDB 7A29) RBDs in the standing position, (f) Nb6 with all RBDs in the
lying-down position (PDB 7KKK), (g) H11-H4 (PDB 6ZHD) and H11-D4
(PDB 6Z43) with one RBD in the standing position, respectively. Three
copies of the S protein in the trimer are colored in green, orange and
purple, respectively. Neutralizing nanobodies are colored in red (Tyl),
olive (Sb23), yellow (Nb6), salmon (H11-H4), and tan (H11-D4),
respectively.
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framework for optimizing the target-binding affinity and thera-
peutic potency of the nanobodies.

Potential challenges nanotechnology-based COVID-19 vaccines
and therapeutics

SARS-CoV-2 mutates at fast paces, particularly in the RBD
region of the S protein. Multiple mutant virus strains, including
Omicron variant, have been identified all over the world, and
they almost all harbor mutations in the RBD.'**"®* Although
the currently available COVID-19 mRNA-S vaccines are effective
against original virus strain and some mutant variants, many
vaccine-induced antibodies are less effective against mutant
strains with the K417N/T, L452R, E484K, N501Y,
K417N-E484K-N501Y, or T478K mutations in the RBD.”>'%57169
Hence there is an urgent need for developing universal vaccines,
particularly those that can induce protective T-cell responses
against newly-emerged and future SARS-CoV-2 variant strains.
In contrast to the fast-mutating RBD, the S2 region is more con-
served among different SARS-CoV-2 strains and among
SARS-CoV-2, SARS-CoV-1, and SARS-related beta-coronaviruses.
Thus, the S2 region may serve as an important target for the
development of pan-beta-coronavirus vaccines. Other conserved
structural proteins such as N or M may also serve as targets for
developing SARS-CoV-2 vaccines with broad efficacy. However, it
remains to be seen whether vaccines targeting the S2 region of
the S protein, N protein, and M protein can induce potent neu-
tralizing or protective immune responses. If the answer is yes,
both protein nanoparticle-based protein vaccines and lipid
nanoparticle-based mRNA vaccines can incorporate these more
conserved antigens as immunogens.

Like vaccines, nanobody therapy also faces a similar chal-
lenge in neutralizing variant SARS-CoV-2 strains. Three poten-
tial strategies can be used. First, nanobodies can target
different epitopes on SARS-CoV-2 S protein because mutations
in multiple epitopes are less likely to occur than single-site
mutations. To this end, multimeric nanobodies can be con-
structed by combining two or more nanobodies recognizing
different epitopes on the same SARS-CoV-2 S protein.
Alternatively, cocktails of nanobodies targeting different epi-
topes on the S protein may be used in therapies. Second, nano-
bodies can be developed to target conserved and essential epi-
topes on the S protein. Because of the high sequence conserva-
tion of the S2 region among SARS-CoV-2, SARS-CoV-1, and
SARS-related coronaviruses, it is possible to develop broadly
neutralizing nanobodies that target the S2 subunit. One advan-
tage of nanobodies over conventional antibodies is that nano-
bodies can access cryptic epitopes that are essential for the
function of the S protein. Third, nanobodies can be quickly
adapted to new virus strains through in vitro affinity matu-
ration using phage display. Overall, new nanobody therapies
have the flexibility to be adapted to new SARS-CoV-2 variants.

While conventional antibodies have been developed for
decades and technologies for developing them are much
mature, the development of nanobodies as human thera-
peutics is still in its infancy. Nanobodies are generally pro-
duced by immunizing large camelid animals such as camels
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and llama, which can be difficult to access and also require
very restricted regulatory procedures. Fortunately, recent devel-
opment of naive nanobody libraries makes it possible to
rapidly screen target nanobodies quickly and conveniently.
Nanobodies are generally safe to use as they have low immuno-
genicity and toxicity in humans."””°”> Nanobodies, such as
Caplacizumab-yhdp (Cablivi), have been approved as thera-
peutic agents to treat human diseases, including thrombotic
thrombocytopenic purpura (aTTP),"”>"”* confirming the safety
of nanobodies.

Conclusion and future perspectives

Since the COVID-19 pandemic began, extensive global efforts
and increased funds have been devoted to the development of
effective vaccines and therapeutics to battle this pandemic.
Using nanotechnology as a tool, protein nanoparticle-based
and lipid nanoparticle-formulated mRNA vaccines have been
developed rapidly and shown to be effective in animals. In par-
ticular, two mRNA vaccines have demonstrated both safety and
high efficacy in preventing SARS-CoV-2 infection in humans.
Future efforts will be needed to expand the spectrum of these
vaccines against divergent virus variants. Notably, lipid nano-
particles have contributed substantially to the battle against
COVID-19 by formulating with mRNA vaccines and delivering
them into immune cells. It is worth noting that lipid nano-
particles can also deliver DNA to immune cells to treat non-
viral diseases.’””"”” Hence lipid nanoparticle-formulated DNA
vaccines may be developed to battle COVID-19, and the result
can be compared with the data from traditional approaches for
DNA delivery.'”®'8! While several SARS-CoV-2-specific conven-
tional antibodies have proceeded into human clinical
trials,>>'#>'%* SARS-CoV-2-specific nanobodies are still being
developed at the preclinical stage, and only a few of them have
been tested for efficacy in animal models. We hope that some
of the potent and cost-effective SARS-CoV-2-neutralizing nano-
bodies will move forward to human clinical trials where their
safety and therapeutic efficacy can be tested in humans.
Overall, nanotechnology has been and will continue to be one
of the major scientific weapons in the global battle against the
COVID-19 pandemic.
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