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Nanobodies 2 and their functions, the S protein-mediated viral entry and fusion processes, and the main SARS-CoV-2
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1. Introduction

Coronaviruses belong to the Coronaviridae family. Three highly
emerging pathogenic coronaviruses have become critical public
health problems. Severe acute respiratory syndrome coronavirus
(SARS-CoV), which emerged in November 2002 and caused
SARS outbreaks in 2003, spread worldwide with a mortality rate
of 10%"2. Tn June 2012, MERS-CoV, which caused Middle East
respiratory syndrome coronavirus (MERS) outbreaks, emerged
with a fatality rate of over 35%"*. More recently, SARS-CoV-2
emerged in December 2019 and caused Coronavirus Disease
2019 (COVID-19), leading to a global pandemic that lasted for
more than 4 years”®. The number of infected individuals and the
geographic spread of the COVID-19 epidemic have greatly out-
paced those of SARS and MERS. According to the World Health
Organization, at least 7.1 million deaths from COVID-19 among
more than 779.2 million human cases worldwide have been re-
ported as of May 31, 2026,

The COVID-19 pandemic has had an unprecedented effect on
the global economy and public health. This is largely due to the
high rate of virus transmission, mutation, asymptomatic infection,
and in some cases, inappropriate management strategies® 'C.
Virus transmission occurs through direct contact with an infected
person or exposure to infected liquid droplets, surfaces, or items
contaminated with SARS-CoV-2"'. The most common symptoms,
particularly during the early stage of virus infection, include fa-
tigue and shortness of breath (38%), fever (87%), cough (67%),
and loss of taste'>. COVID-19 patients who have recovered are
also continuing to be affected. Approximately one in eight patients
who recover experience long-term COVID-19 symptoms'.
COVID-19 can also deteriorate into pneumonia, multiple organ
failure, and death'*'>. Additionally, the virus may spread from
humans to other animals, including ferrets, dogs, cats, mice,
hamsters, and minks'®.

During the evolution of SARS-CoV-2, clinical symptoms have
shifted alongside the emergence of new variants, reflecting
changes in viral transmissibility, tissue tropism, and immune
evasion. As mentioned above, early in the COVID-19 pandemic
(original strain and Alpha variant), virus infection often caused
fever, cough, loss of taste or smell, and pneumonia, with a higher
incidence of severe respiratory disease'’. The Delta variant was
associated with more severe illness, higher viral loads, and
symptoms, such as fever, sore throat, cough, and shortness of
breath, leading to increased hospitalizations's. With the emer-
gence of Omicron and its subvariants, disease presentation became
milder and more upper-respiratory—focused, commonly causing
sore throat, nasal congestion, fatigue, headache, and cough, while
loss of taste or smell became less frequent. Despite reduced
severity, the high transmissibility of Omicron led to widespread
infection, even among vaccinated individuals'®. Overall, SARS-
CoV-2 has evolved significantly from the original strain or early
variants, with Omicron variants causing milder but more conta-
gious infections, influenced by both viral mutations and increasing
population immunity from vaccination and prior exposure.

2.  SARS-CoV-2 major structural proteins and their
functions

The degree of genomic similarity among human coronaviruses
varies widely across species and genomic regions. SARS-CoV-2
shares the greatest sequence identity (about 79%—82%) with

SARS-CoV, reflecting their close evolutionary relationship within
the Beta-coronavirus genus®. In contrast, it shares much lower
similarity with MERS-CoV (approximately 50%)>", and even less
with seasonal human coronaviruses such as HKU1, NL63, OC43,
and 229E, which belong to more divergent coronavirus lineages>2.
Conserved regions, particularly within the replicase (open reading
frame (ORFlab)) and structural protein genes, such as nucleo-
capsid (N) and envelope (E), show higher homology across
coronaviruses. Conversely, the spike (S) protein, especially the
receptor-binding domain (RBD), is more variable, accounting
for differences in host range, receptor usage, and immune
recognition®.

SARS-CoV-2 is a single-stranded, positive-sense RNA virus
with roughly 30 kilobases (kb) of nucleotides that encodes a large
polyprotein of 9860 amino acids®*. The genome of SARS-CoV-2
encodes 4 structural proteins, including S protein, membrane
(M) protein, E protein, and N protein, 16 non-structural proteins
(NSPs), and 9 small accessory proteins (Fig. 1A)*>?°. Two large
overlapping ORFs at the 5’ end, ORFla and ORFIb, are tran-
scribed by cellular ribosomes into polyproteins ppla and pplab®S.
The polyproteins are subsequently processed by two viral pro-
teases, papain-like protease (PLP™) and main protease (MP™ or
3CLP™), to generate the 16 NSPs, known as NSP1—NSP16°%%7.

The S glycoprotein is critical for the life cycle of SARS-CoV-
2. It boosts virulence and facilitates entry into host cells*®. The S
protein is a homotrimer, and each monomer consists of two
functional subunits, S1 and S2, which mediate host receptor
binding and membrane fusion, respectively®”. The S1 subunit
contains an N-terminal domain (NTD) and an RBD that attaches
directly to the cellular receptor, angiotensin-converting enzyme
2 (ACE2), on host cells’®. The highly variable RBD domain
comprises a core region and an external subdomain called the
receptor-binding motif (RBM), and the majority of binding sites
between ACE2 and SARS-CoV-2 are located in the RBM region
of the RBD (437—508)**3!. The S2 subunit is made up of a fusion
peptide, two heptad repeats (HR1 and HR2) divided by a central
helix, a transmembrane domain, and a cytoplasmic tail*?. The S2
subunit controls membrane fusion between the virus and the host
cell. The cleavage that occurs at the interface between the S1 and S2
subunits is known as the S$1/S2 protease cleavage site®>>> To acti-
vate the proteins needed for virus fusion to the host cell membrane
through irreversible conformational changes, host proteases cleave
the S glycoprotein at the S1/S2 cleavage site. The S protein can exist
in three different conformational states during the membrane fusion
process: the native state (prefusion), the intermediate state (pre-
hairpin), and the post-fusion hairpin state (stable)**3*. In addition, a
significant amount of the S protein surface is N-glycosylated, which
affects its conformation and dynamics***. The schematic structures
of SARS-CoV-2 S protein, and its functional domains and related
cleavage sites are shown in Fig. 1B.

The M protein is the primary component of the viral envelope. It
is an O-linked glycoprotein with a molecular weight of
~25-30 kDa. It promotes viral morphogenesis, virus assembly,
and the recruitment of the S protein to the virus assembly and the
prospective body*®*’. The M protein is required for both genome
packaging and nucleocapsid insertion into the virion. It has three
main domains: an ectodomain at the N-terminus, three trans-
membrane helices, and an endodomain at the C-terminus. The M
protein interacts with itself and other structural proteins, which is
essential for membrane budding during the release of new virions™®.
Several antigenic epitopes have been identified in transmembrane
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Genome organization of SARS-CoV-2 and domain structure of the viral spike (S) protein. (A) Schematics of SARS-CoV-2 genome

organization. nt, nucleotide (i.e., bases). ORF, open reading frame; E, envelope; M, membrane; N, nucleocapsid. (B) Domain structure of SARS-
CoV-2 S protein. NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion peptide; HR1 and HR2, heptad region 1 and 2; TM,
transmembrane domain; IC, intracellular tail. The two protease cleavage sites on S protein are indicated by a green and cyan vertical line,
respectively. The amino acid numbers and sequences of the two protease cleavage sites are shown. TMPRSS2/CTSL, transmembrane serine

protease 2/cathepsin L.

regions of the M protein, and these have been targeted for the
design of inhibitors and vaccines against SARS-CoV-2%.

The E protein is the smallest structural protein, with a mo-
lecular mass of 8—12 kDa. It is mostly located in the Golgi
complex and endoplasmic reticulum of the host cell, where it is
crucial for pathogenesis, virus assembly, and virus release®. It
has three domains, including an N-terminal hydrophilic ectodo-
main, a hydrophobic transmembrane domain, and a hydrophilic
C-terminal endodomain®’. The E protein generates ion channels
on the virus surface, which trigger the host inflammasome and loss
of membrane potential. SARS-CoV-2 and SARS-CoV E proteins
share about 95% sequence homology, with the M and E proteins
being conserved in all §-coronaviruses*'.

The N protein packages the viral RNA into a helical ribonu-
cleoprotein and interacts with other structural proteins during
virion assembly, resulting in genome encapsidation*”. It consists
of two highly conserved domains, the N-terminal RNA
binding domain (N-NTD) and the C-terminal dimerization
domain (N-CTD), which are characterized by three intrinsically
disordered regions and a phosphorylated linker domain between
the N-NTD and the N-CTD*. It is produced in large quantities
during viral infection, and is highly immunogenic, making it an
effective target for vaccine development. The N protein is also
used for the diagnosis of SARS-CoV-2 infection because of its
high sequence conservation, relatively low susceptibility to
mutation, and strong protective immune response it induces in the
host*2.

3. SARS-CoV-2 life cycle and S protein-mediated viral entry
and fusion

The life cycle of SARS-CoV-2 begins with host cell entry (Fig. 2).
The S1 subunit, particularly its RBD, and the S2 subunit are

responsible for S-mediated viral entry and fusion processes,
making the S protein a primary target for the development of
vaccines and therapeutic antibodies. Upon reaching the host cell
surface, the RBD in the S1 subunit binds to the peptidase domain
of the ACE2 receptor, resulting in a conformational change in the
S1 subunit and the successive exposure of the S2' proteolytic site
in the S2 subunit**. The host transmembrane serine protease 2
(TMPRSS2) is highly expressed in lung epithelial cells and
cleaves the S2 proteolytic site, which allows rapid cell entry of
most SARS-CoV-2 variants*’. However, the situation is different
for Omicron variants of SARS-CoV-2, which primarily infect
upper respiratory epithelial cells where TMPRSS?2 expression is
low. After attaching to cells, Omicron variants are slowly endo-
cytosed into endo-lysosomes, where the S2' proteolytic site is
cleaved by cathepsin L*¢. Cleavage at the S2’ site further exposes
the fusion peptide involved in fusion between the viral and host
cellular membranes. Viral genomic RNA is released through the
fusion pore into the host cell cytoplasm, where it hijacks the host
protein synthesis machinery for the synthesis of viral polypeptides
(ppla and pplab), which are then cleaved by MP™ and PLP™
proteases™’.

Viral RNA replication occurs in a replication-transcription
complex containing RNA-dependent RNA polymerase. The N
protein is translated into the cytoplasm, while other structural
proteins, including S, M, and E proteins, are translated on the
rough endoplasmic reticulum and undergo posttranslational
modifications. The S protein is cleaved by furin or furin-like
proprotein convertase at the S1—S2 junction in the Golgi appa-
ratus, resulting in the non-covalent association of S1 and S2
subunits. Viral genomic RNA and structural proteins are trans-
ported to the endoplasmic reticulum—Golgi intermediate
compartment for virion assembly. The single-stranded RNA is
packaged internally with the N protein, while the S, E, and M
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Life cycle of SARS-CoV-2. SARS-CoV-2 spike (S) protein interacts with angiotensin-converting enzyme 2 (ACE2) receptor and

initiates the virus infection. Following receptor binding, the virus enters the target cell through proteolytic cleavage of the S protein by trans-
membrane serine protease 2 (TMPRSS2). Upon fusion of the viral and host cell membranes, the viral positive-sense, single-stranded RNA
(+ssRNA) is released in the cytoplasm. The viral RNA initiates translation of polyproteins (ppla/ab) by frameshifting mechanism. These pol-
yproteins are subsequently cleaved into nonstructural proteins (NSPs) by the main protease (MP°) and papain-like protease (PLP™). Several NSPs
interact with the RNA-dependent RNA polymerase to form the replicase—transcriptase complex responsible for the synthesis of full-length viral
genome (replication) and sub-genomic RNAs (transcription). The viral structural proteins are expressed and translocated into the endoplasmic
reticulum (ER). The nucleocapsid protein encapsidated genomic RNA and translocated with the structural proteins into the ER—Golgi inter-

mediate compartment for virion assembly. The newly synthesized virions exit the cell membrane by exocytosis.

proteins form the viral membrane. The newly formed virions are
then released through exocytosis*®.

4. SARS-CoV-2 variants

As SARS-CoV-2 continued to evolve, new variants exhibiting
increased transmissibility and immune evasion emerged, which
sparked a string of epidemiological waves of COVID-19 globally.
Throughout the pandemic, the predominant variants of concern
(VOCs) changed, with each new VOC exhibiting distinct char-
acteristics and mutations, posing new public health challenges,
because higher mutation loads increase the risk of vaccine escape
or the blunting of efficacy of therapeutic agents and enhance
infectivity, transmissibility, and/or severity to some degree (for the

early VOCs, including Alpha, Beta, Gamma, and Delta, as well as
for Omicron VOC).

The first VOC, the Alpha variant or lineage B.1.1.7, contains
a remarkably high number of mutations within a single cluster,
including four deletions, six synonymous mutations, and four-
teen nonsynonymous mutations. Three different mutations in the
S protein profoundly affect its properties. The first is in the RBM
at position 501, where tyrosine replaces asparagine (N501Y), a
residue involved in the RBD interaction with host ACE2. This
increases the affinity of the virus for ACE2, making it easier for
the virus to invade and cause infection®’. The second is the
P681H mutation, which is located near the furin cleavage site
and the insertion sites of the four amino acids that connect the
S1 and S2 subunits of the S protein®*>'. This may increase S
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protein affinity for the ACE2 receptor and make it more sus-
ceptible to protease cleavage, thereby strengthening the virus’s
invasion of respiratory epithelial cells. The third is the deletion
of amino acids 69 and 70, which may change the structure of the
S protein, thus helping the virus overcome the host defenses’.

The Beta variant or lineage B.1.351 was originally identified in
South Africa in December 2020 and thereafter expanded to other
countries™. The severity of the disease was higher than that of
other previous variants in South Africa because it was 50% more
transmissible®*>>, The risk of reinfection with this VOC was
comparatively high because it was refractory to neutralizing an-
tibodies in COVID-19 convalescent plasma®®. Several S mutations
are present in the Beta variant, including L18F, DSOA, 242-
244del, and R2461 in the NTD, K417N, E484K, and N501Y in the
RBD, D614G in S1, and A701V near the furin cleavage site of the
S2 subunit®>?"%,

The Gamma variant, or lineage P.1, was discovered in Brazil in
2021. The transmissibility and viral load of the Gamma variant
were up to 2-fold higher than those of previous variants, especially
in younger patients®. This VOC was mutated at 10 sites in the S
protein (L18F, T20N, P26S, D138Y, R190S, K417T, E484K,
N501Y, H655Y, and T1027I), among which four sites are in the
RBD (D614G, K417T, E484K, and N501Y), five sites in the NTD
(L18F, T20N, P26S, D138Y, and R190S), and one site (H655Y)
near the furin cleavage site in S2°*°'. The N501Y, K417T, and/or
E484K mutations, which are also found in Alpha and/or Beta
VOCs, enable strong binding to human cells. The E484K mutation
has been reported to aid antibody evasion®*.

The Delta variant, or lineage B.1.617.2, was the fourth VOC to
be identified®®. Tt comprises about 23 mutations, which make it
more transmissible and contagious®®. There are two signature
mutations in the S protein of the Delta variant, one at position 452
in the RBD region (L452R) and one at position 681 (P681R) in the
furin cleavage site between S1 and S2, in addition to the primary
D614G mutation, which was also shown in the other VOC strains.
Similar to the other VOCs, the Delta variant has the T478K mu-
tation, but it does not contain a substitution at residue 484% The
most prominent mutations observed in the S protein include T19R,
L452R, T478K, D614G, and D950N, as well as two deletions at
positions 157 and 158, which help this variant evade the immune
system®. The L452R mutation increases the binding affinity of
this VOC for the ACE2 receptor®%°.

A highly transmissible VOC, Omicron or lineage B.1.1.529,
was discovered in South Africa in November 2021%. More than
60 mutations have been identified in this variant, including de-
letions, insertions, and substitutions, and almost half of them
occur in the S protein®. Several mutations, including a D69—70
deletion, T95I, G142D/D143—145 deletion, K417N, T478K,
N501Y, N655Y, N679K, and P681H, are common to other
VOCs®. Tn contrast to the RBD of the Delta variant, which has
two mutations (L452R and T478K), the RBD of the Omicron
variant has about 15 mutations that impact virus transmissibility,
infectivity rate, viral entry, and host immunity, making them the
most concerning mutations®.

A number of Omicron subvariants that emerged over a
relatively short period of time have been identified, which include
BA.1, BA.l.1, BA2, BA4, BAS5, BQ.l, BQ.l.1, LB.1,
and XBB.1.5, as well as IN.1, KP.2, KP.3, XEC, NB.1.8.1, LP.8.1,
and XFG'*7!. These subvariants have genetic similarities to the
Omicron variant and are associated with increased trans-
missibility. Each subvariant has distinct traits and mutations’®.
The original Omicron variant, known as BA.1 (B.1.1.529.1),

carries 30 substitutions, six deletions, and three insertions in the S
protein, including 13 unique mutations’?, such as S371L, G446S,
and G496S in the RBD, that are not found in other variants’>.
BA.1.1 has a unique mutation (R346K) that enhances its binding
to ACE2. Both BA.1 and BA.I.1 result in less severe symptoms,
but are more contagious than previous variants, and show signif-
icant immune evasion’®. BA.2 shares 32 mutations with BA.I,
including 19 unique mutations mostly located in the S protein, and
is about 1.4-fold more contagious than BA.17°7°. BA.4 and BA.5,
which have specific mutations (L452R and F486V) in the S pro-
tein’’, contribute to the faster spread relative to previous variants
and effective evasion of host immune defenses. XBB.1.5 has a
unique mutation (F486P) in the S protein, which increases its
effective binding to ACE2"®. JN.1 has been classified as a variant
of interest because of its potential to evade immunity. While the
transmissibility of JN.1 appears to be higher than that of previous
variants, it is not yet clear if this Omicron subvariant causes more
severe disease’”. The KP.3 subvariant is a descendant of Omicron
BA.5 and XBB.1.5 sub-lineages®™ . XEC is a recombinant strain of
KP.3.3 and KS.1.11, but there is no evidence that its symptoms
differ or are more severe than those of other recent subvariants®’.

The cryo-EM structures of the S proteins of the above five
SARS-CoV-2 VOCs and relevant critical mutations are illustrated
in Fig. 3A—E. All the S proteins of these VOCs have a trimeric
structure. As described earlier and shown in these figures, several
key mutations in the S protein, such as L18F, T478K, E484K,
N501Y, D614G, H655Y, and P681H, are common to two or more
VOCs, whereas other S-protein mutations, including R346K,
S371L, K417N/T, G446S, L452R, F486P, F486V, G496S, P681R,
and D950N, are unique to particular VOCs or Omicron subvariants.
Overall, a series of these mutations, such as R346K, K417T,
G446S, L452R, T478K, EA484K, F486P/F486V, G496S, and
N501Y, play important roles in enhancing viral binding affinity to
the ACE2 receptor or destabilizing ACE2, affecting antibody
binding or the conformation of the RBD, or increasing immune
evasion and/or antibody escape®>®?7®. Other mutations, such as
L452R, D614G, P681H, P681R, and D95ON, may increase virus
infectivity, enhance virus fitness, or improve S protein cleavage and
membrane fusion with increased transmissibility, thereby escalating
viral pathogenesis in a variety of reports®>87 2!,

5. Nanobodies and related functions

Nanobodies are derived from heavy-chain-only antibodies
(HCADbs). In contrast to conventional (traditional) antibodies,
which have a molecular mass of ~ 150 kDa with two heavy chains
and two light chains, camelid HCAbs consist of an antigen-
binding region (i.e., a single variable heavy chain domain (VHH
or nanobody: 15 kDa)) that is directly connected to an Fc region
consisting of CH2 and CH3 constant domains (Fig. 4A)°%
Nanobodies, or VHHs, are composed of three complementarity-
determining regions (i.e., CDR1, CDR2, and CDR3) and four
framework regions (FR1, FR2, FR3, and FR4)93. Nanobodies are
functionally comparable to the fragment antigen-binding region
(Fab region) of an IgG antibody, but they exhibit improved solu-
bility, stability, and other characteristics described below. Alto-
gether, nanobodies offer a wider range of advantages relative to
conventional antibodies, particularly in their biophysical proper-
ties, productivity, and therapeutic potential, as illustrated below.
First, because of their elongated antigen-binding component
(i.e., CDR3 domain), nanobodies can access regions that are
normally inaccessible to conventional antibodies’. Likewise, the
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Cryo-EM structures of the spike (S) proteins from different SARS-CoV-2 variants of concern (VOCs). (A) Structure of SARS-CoV-2

Alpha variant S protein in the closed state (PDB 9CRE). The overall structure of the S trimer is shown in the upper panel, and a zoomed-in view of
the RBD from one S subunit is shown in the lower panel. Mutations compared with the wild-type S are indicated. (B) Structure of SARS-CoV-2
Beta variant S protein in the transition state (PDB 7WEV). (C) Structure of SARS-CoV-2 Gamma variant S protein trimer in the closed state (PDB
9CRG). K484 of RBD, which is located in a loop not modeled in the structure, is indicated by a gray-dashed circle. (D) Structure of SARS-CoV-2
Delta variant S protein trimer in the closed state (PDB 9CRh). K478 of RBD, which is located in a loop not modeled in the structure, is indicated
by a gray-dashed circle. (E) Structure of SARS-CoV-2 Omicron variant S protein trimer in the closed state (PDB 7WK2). D614G mutation, which

is shared by all variants shown here, is highlighted in magenta.

amino acid residues of the CDR3 region are more variable than
those of conventional antibodies, and they can recognize a greater
number of epitopes, some of which are “hidden” or cryptic®.
Additionally, the small size and single-domain structure of
nanobodies allow them to penetrate dense tissues far more
effectively than full-length IgG antibodies or their functional
fragments. Moreover, nanobodies could conjugate with cell-
penetrating peptides for enhanced delivery of therapeutics or
other agents into cells (Fig. 4B)°°. The above properties of
nanobodies would enable the development of nanobody-drug/
tracer conjugates that can diffuse into tissues and tumors or
reach unusual epitopes where traditional antibody-drug conjugates
cannot (Fig. 4C). Furthermore, nanobodies have high antigen-
binding affinity with equilibrium dissociation constants within
the nanomolar to picomolar range, despite having a smaller
antigen-binding region®’. This function makes it possible for
nanobodies to achieve more targeted and effective drug delivery
and better tissue imaging when conjugated to fluorescent proteins
(Fig. 4D)*®%?. Second, nanobodies exhibit exceptional stability,
solubility, and ease of production in microbial systems, making
them cost-effective and less prone to aggregation. Unlike tradi-
tional antibodies, nanobodies retain most of their antigen-binding
activity when exposed to chemical denaturants or proteases, non-
physiological pH levels (pH 3.0—9.0), and high temperatures up to
80 °C'®. Nanobodies can be efficiently selected from diverse li-
braries (immune, naive, and synthetic) using a variety of selection
techniques, such as phage display, ribosome display, and yeast
surface display, and they are easily expressed in various pro-
karyotic, eukaryotic, and plant expression systems, in the presence
or absence of a facilitating tag such as Hisq or FLAG, with a high

yield and maintaining their properties (Fig. 4E)'°'. Overall,

nanobodies offer unique advantages and high engineering flexi-
bility, but require modifications if needed (as described below), to
fully match the pharmacokinetic and immunological strengths of
conventional antibodies.

Third, nanobodies exhibit great preclinical and clinical thera-
peutic potentials by targeting a variety of viral pathogens, cancers,
and other diseases through different mechanisms of action'%>~'%%
For example, neutralizing nanobodies prevent viral infection by
binding to critical viral structures in a way that blocks the virus
from entering or replicating inside host cells'°®. They may func-
tion by attaching to viral surface proteins (e.g., SARS-CoV-2 S or
RBD) and physically preventing the virus from binding to its host
receptor (e.g., ACE2)'%. Nanobodies can also stabilize viral
proteins in a non-functional conformation, stopping membrane
fusion and cell entry'®. Additionally, nanobodies create a phys-
ical block around entry-related surfaces, limiting receptor
engagement and co-receptor interaction'®®. Furthermore, nano-
bodies can modulate immunity by targeting cytokine signaling
molecules and guiding them to specific cells'®”. Indeed, a series of
nanobodies have advanced into clinical trials, or have been
approved for use in humans to treat non-viral diseases, such as
cancers, acquired thrombotic thrombocytopenic purpura, asthma,
inflammation, and rheumatoid arthritis'® ''* The successful
clinical applications and approvals of nanobodies against non-
viral human diseases bring significant hope for using nanobodies
to treat virus-caused human diseases, such as SARS-CoV-2-
caused COVID-19.

Compared to conventional antibodies, the unbound nanobodies
with the low molecular weight could be rapidly eliminated from the
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A Antibody vs Nanobody

B Intracellular targeting/transport

- Nanobody
(~15 kDa)

Conventional antibody
(~150 kDa)

Camelid heavy chain-only
antibody (HCAbs) (~95 kDa)

C Deliver payloads D

Nanobody-drug/toxin
conjugates

F  Increase halfife

N &%

_ Albumin- PEG-
Fe-conjugated conjugated conjugated
nanobody nanobody nanobody

Figure 4

Variable antigen-binding
domain (VHH) of HCAbs

Imaging/Diagnostic Facility

Cell-penetrating peptide-
nanobody

‘ conjugates

E Facilitate production

Nerabody- -

GFP/fluorescent

conjugates Nanobody-
e Nanobody-  F| AG-tag

His-tag

Improve binding potency

and efficacy ! R
Bivalent Bispecific B :

Trimeric Multivalent

nanobody nanobody nanobody nanobody

Schematic overview of nanobody structure and engineering modifications to enhance pharmacokinetics, potency, and other func-

tionalities. (A) Structural comparison of a nanobody and a conventional antibody. Strategies of nanobody engineering to conjugate it with cell-
penetrating peptides (B), drugs or lipid nanoparticle (LNP) (C), green fluorescent protein (GFP) or other fluorescent proteins (D), Hisg or other
production/purification tags (E), as well as Fc and other fusion proteins (F) for promoting nanobody delivery, production, and purification,
increasing nanobody’s half-life, or using nanobody as imaging or diagnostic supplies. (G) Nanobodies can be engineered in different formats
(bivalent, bispecific, trimeric, or multivalent) to improve their binding potency and efficacy.

bloodstream through renal clearance, which has a threshold of
around 60 kDa”?. Therefore, nanobodies generally present a short
in-vivo half-life and lack of Fc-mediated effector functions, which
would limit their natural immune engagement. Nevertheless, these
shortcomings can be adequately addressed by genetically engi-
neering nanobodies with the Fc region of human IgG or IgM, or
other fusion tags, such as an albumin-binding domain or
related nanobodies, as well as conjugating to polyethylene
glycol (PEG), known as PEGylation, which would extensively
extend the half-life of target nanobodies (Fig. 4F)''~'%0,
These fusion-tagged nanobodies have shown improved
potency with effective therapeutic potentials against viral and
non-viral pathogens''>!"&119121 1y addition, the binding
avidity, neutralization efficiency, and/or protective effect of
nanobodies can also be increased when they are fused to two or
more homologous or heterologous molecules to generate dimeric
(bivalent, bispecific, or biparatopic), trimeric, or multimeric forms
(Fig. 4G)*. Notably, these nanobody derivatives have excellent
functionality and can be effectively produced in large quantities in
E. coli or yeast expression systems, after which they remain soluble,
enabling large-scale production®**°.

6. Nanobodies targeting SARS-CoV-2 variants

6.1. Nanobodies targeting the RBD of SARS-CoV-2 early
variants

Nanobodies are promising therapeutic tools for the treatment of
diseases caused by respiratory pathogens, such as coronaviruses,

respiratory syncytial virus, and influenza viruses. Coronavirus
infection is generally limited to the nasopharynx and lungs, where
only 0.2% of traditional antibodies can penetrate after intravenous
injection, so their clinical impact is mild'*>. By contrast, nano-
bodies can be delivered via pulmonary administration due to their
unique biological and biophysical properties. They are also
tolerant of harsh manufacturing conditions. Their small size en-
ables direct delivery of nanobodies into the lungs using a
nebulizer'?.

The RBD of SARS-CoV-2 S protein is considered the most
prominent target for the development of nanobody-based thera-
pies. Most nanobodies that targeted early variants (i.e., Alpha,
Beta, Gamma, and Delta) of SARS-CoV-2 were generated from
immunized animals (alpaca, camels, llama, sharks, or mice) or
synthetic nanobody libraries and showed efficacy by directly or
indirectly engaging epitopes in the RBD. Therefore, these RBD-
targeting nanobodies mainly function by blocking viral entry
into host cells. The RBD-targeting nanobodies and those targeting
other S regions or non-S proteins of SARS-CoV-2 variants are
summarized in Table 1'2*7'*° and described below.

SaRBD-1, a nanobody derived from a phage display library
generated from SARS-CoV-2 RBD-immunized alpaca, was
effective in neutralizing Alpha, Beta, Gamma, and Delta VOCs,
with the binding affinity in the nanomolar or picomolar range'*,
It was also effective against the SARS-CoV-2 original strain. It
binds to the RBD of SARS-CoV-2, thus interfering with the
interaction between the RBD and the ACE2 receptor. 7A3 and
8A2 nanobodies with high affinity for the RBD that target non-
overlapping epitopes were identified from a dromedary camel
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VHH phage display library. Cryo-EM structural analysis revealed
that 7A3 targets a buried region extending from the S1 subunit to
the apex of the S2 subunit, while 8A2, which targets the RBD via
a long CDR3 loop, directly blocks RBD binding to ACE2
(Fig. 5A—C)'?*. Combinatorial treatment with 7A3 and 8A2 was
more effective than treatment with either one alone, with half-
maximal inhibitory concentration (ICso) values of 5, 1.5, and
0.13 nmol/L against Alpha, Beta, and Gamma VOCs, respectively.
Of note, K18-hACE2-transgenic mice were developed as an ideal
small animal model to display severe SARS-CoV-2 infection
features, being widely used for the evaluation of the efficacy of
COVID-19 therapies, among other applications'*®~'?°, Indeed, it
is shown that 7A3 protected K18-hACE2 transgenic mice from a
lethal challenge with Beta or Delta VOC'?. Additional nano-
bodies, HS, G7, and 2F4, were identified by immunizing a llama
with the original SARS-CoV-2 RBD protein'*’. H5 neutralized
both the pseudotyped original strain and Delta VOC but was
ineffective against Omicron variants. 2F4 neutralized all pseudo-
typed pre-Omicron variants with similar efficacy but failed to
show neutralizing activity against Omicron lineage variants. G7
was more than 5-fold less effective at neutralizing the pseudo-
typed Delta VOC than the original strain, and did not neutralize
other variants'*°. ShAbO1 and ShAb02 nanobodies were isolated
by panning a phage display library derived from nurse sharks
immunized with the SARS-CoV-2 RBD, RBD-ferritin, or
S-ferritin nanoparticle protein. These nanobodies recognized
distinct antigenic regions of the RBD and bound to the RBDs of
Alpha, Beta, Gamma, and Delta VOCs with affinities in the low
nanomolar range'*'. While ShAbO1 neutralized Alpha, Beta, and
Delta VOCs, as well as the original SARS-CoV-2 strain and
SARS-CoV, with ICsy values of 188—873 ng/mL, ShAb02
neutralized Alpha, Beta, and Delta VOCs, as well as the SARS-
CoV-2 original strain, with ICsy values of 15—52 ng/mL, but
showed reduced neutralizing activity against SARS-CoV'?".
Sb#15 and Sb#68 nanobodies were obtained by screening a
synthetic library for nanobodies that bind to the RBD of the S
protein of SARS-CoV-2 and block its interaction with S-ACE2.
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Figure 5

The nanobodies showed neutralizing activity against pseudotyped
Alpha, Beta, and Delta VOCs with ICs, values of 84—299 nmol/L
(for Sb#68)'32. Cryo-EM structural analysis revealed that Sb#15
and Sb#68 are bound to two discrete epitopes in the RBD
(Fig. 5D). Sb#15 bound to residues 444—448 and 491—507,
whereas Sb#68 bound to residues 369—385 and R408 in the
RBD'*2. RBD-1-2G, identified by screening synthetic humanized
nanobody libraries, targets the RBD of the S protein and neu-
tralizes Alpha VOC and the original strain of SARS-CoV-2, with
ICs values of 746.5 and 511.6 nmol/L, respectively'®. Cryo-EM
analysis indicated that it binds to the ‘up’ RBD position, as well as
to the RBD in its ‘partial down’ conformation'>>,

In addition to nanobodies generated from immunized alpaca,
camel, llama, and sharks, as well as from the synthetic libraries
described above, recent advancements have made it possible to
generate nanobodies from mice genetically engineered to produce
camelid antibodies, termed nanomice'**. Nb12 and Nb30 nano-
bodies, which were generated from immunized nanomice, target
different regions of the RBD of the SARS-CoV-2 S protein. They
show neutralizing activity against the pseudotyped and authentic
SARS-CoV-2 original strain, as well as against Alpha, Beta, and
Gamma VOCs, with bivalent Nb30 showing improved neutral-
izing activity against authentic Alpha and Beta VOCs (ICsy 538

and 2755 pmol/L, respectively)'*.

6.2. Nanobodies targeting the RBD of SARS-CoV-2 Omicron
variant and its subvariants

A number of RBD-targeting nanobodies have been identified with
strong binding affinity and/or broadly neutralizing activity against
multiple SARS-CoV-2 Omicron subvariants (Table 1). Nanosota-
9, which was isolated from an immunized alpaca phage display
library, showed strong binding to Omicron RBDs, with Ky, values
of 0.078, 0.06, and 29.4 nmol/L for the RBDs of Omicron BA.5,
XBB.1.5, and JN.1, respectively, as measured by Surface Plasmon
Resonance (SPR)'*>. It broadly neutralized these Omicron sub-
variants in both their pseudotyped and authentic versions. Cryo-

OSb#15
QOSb#68
ONanosota-9
: © RBD (protomer A) ©
@ RBD (protomer B)
@ RBD (protomer C)
O Spike trimer

Cryo-EM structures of nanobodies targeting SARS-CoV-2 spike (S) or receptor-binding domain (RBD). (A) Cryo-EM structure of

SARS-CoV-2 S in complex with nanobodies 7A3 and 8A2 (PDB 7TPR). (B) Closed-up view of the interactions between nanobody 7A3 and RBD
from protomer A S subunit. Residues in RBD that are commonly mutated in variants are shown as spheres and labeled. (C) Closed-up view of the
interactions among nanobodies 7A3, 8A2, and RBD from protomer B S subunit. Residues in RBD that are commonly mutated in variants are
shown as spheres and labeled. (D) Cryo-EM structure of SARS-CoV-2 S in complex with nanobodies Sb#15 and Sb#68 (PDB 7P78). (E) Cryo-
EM structure of SARS-CoV-2 Omicron variant S in complex with nanobody Nanosota-9 (PDB 9CO6).
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EM structural analysis indicated that Nanosota-9 neutralized the
Omicron variant by crosslinking two RBDs of the S protein,
thereby preventing the RBDs from interacting with the ACE2
receptor (Fig. SE). The binding epitopes of Nanosota-9 on the S
protein are relatively conserved among different Omicron sub-
variants, contributing to the broad-spectrum efficacy of this
nanobody against these variants'*>. Other alpaca-derived nano-
bodies, such as Al4, bind to Omicron BA.1 RBD with a Kp value
of 0.065 nmol/L (estimated by SPR) and broadly neutralize Om-
icron BA.1, BA.4/5, BQ.1.1, and XBB.1, as well as the SARS-
CoV-2 original strain, with ICsq values of 5.49—20.69 nmol/
L'3¢ H6 and B5-5 nanobodies targeting the Omicron RBD were
isolated from immunized llama phage display libraries. They
neutralize Omicron XBB.1.5 and BA.5, with ICs, values of 1.32
and 0.219 nmol/L, respectively, in the H6 trimer version, and ICsq
values of 262 and 352 nmol/L, respectively, in the B5-5 trimer
version'*”. While H6 binds to conserved residues at the ACE2-
RBD interface to block RBD binding to the ACE2, B5-5 binds
to conserved residues in RBD that do not overlap with the ACE2
binding region. Intranasal administration of trimeric versions of
both nanobodies prophylactically and/or therapeutically protected
hamsters from Omicron BA.5 infection'*’. Nbl and Nb2 nano-
bodies showed broad-spectrum anti-Omicron neutralizing activity,
neutralizing 10 Omicron subvariants, including BA.1, BA.2, BA.3,
BA.5, BA.2.75, BE7, BQ.l, EG.5.1, XBB.1.5, and JN.1, in
addition to the SARS-CoV-2 original strain'*®. Molecular dy-
namics simulations showed that Nbl and Nb2 formed stable
structures with the S protein through hydrogen bonds and hy-
drophobic interactions involving the CDR1 and CDR2 regions.
The key RBD residues that are crucial for nanobody binding are
S$375, K378, D405, and G446'.

Other RBD-targeting nanobodies were reported to bind with
high affinity to and/or to broadly neutralize multiple SARS-CoV-2
Omicron subvariants and early VOCs (Table 1). Several Omicron
BA.1 RBD-targeting nanobodies, which were identified by
screening a naive alpaca VHH library, exhibit high binding affinity
for the RBD of Omicron BA.1 and BA.2, as well as early VOCs
(Alpha, Beta, and Delta) and the original strain'®°. The Re32D03
nanobody, isolated from an immunized alpaca phage display li-
brary, binds to Omicron BA.1, BA.2.75, BA.5, and BQ.1, in
addition to Delta VOC, and neutralizes pseudotyped Alpha, Delta,
and Omicron BA.2.75 VOCs'"*. The crystal structure of the
Re32D03 nanobody in complex with the RBD of SARS-CoV-2
Omicron BA.2.75 variant showed that it clearly binds to resi-
dues within the RBD of this variant'*’. Nanobody Nb4, derived
from a synthetic library, or its trimeric form, neutralizes SARS-
CoV-2 Delta VOC (ICsq 22 pg/mL) and several Omicron sub-
variants, such as BA.1.1 and BA.2.3, with ICsy values ranging
from 0.4 to 2 pg/mL. Crystal structural analysis revealed that Nb4
competitively binds to an epitope on the RBD that partially
overlaps with the ACE2 binding site (Fig. 6A), indicating that this
is probably the mechanism responsible for its neutralizing activ-
ity'*!. The cryo-EM structure of the Nb4 trimer (Nb4-16t) in
complex with Omicron BA.S S protein indicated that Nb4 binds
RBD in both its up and down positions (Fig. 6B)'*!. Intranasal
administration of the Nb4 trimer protects wild-type mice from
Omicron (BA.1.1, BA.2.3, and BA.5) infection prophylactically
and therapeutically, with significantly reduced viral loads in the
lungs'*!.

Some RBD-targeting nanobodies show broad neutralizing ac-
tivity against not only SARS-CoV-2 Omicron variants, but also
early VOCs and/or other CoVs (Table 1). Tnb04-1, isolated from

B
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Figure 6  Recognition of SARS-CoV-2 Omicron spike (S) proteins
by nanobody Nb4. (A) Superimposition of the crystal structures of
SARS-CoV-2 Omicron BA.l subvariant receptor-binding domain
(RBD) in complex with either ACE2 (PDB 7WPB) or nanobody Nb4
(PDB 8K3K). The potential region of steric clashes between ACE2
and nanobody Nb4 is highlighted by a magenta-dashed box. (B) Cryo-
EM structure of SARS-CoV-2 Omicron BA.S5 subvariant S trimer in
complex with nanobody Nb4-16t (PDB 8K47). Only one nanobody
domain of the trivalent Nb4-16t is visible in the cryo-EM structure.
RBDs in the “up” and “down” positions, respectively, are indicated.

an immunized alpaca yeast display library, shows broad neutral-
izing activity against Omicron subvariants, such as EG.5.1, HK.3,
HV.1, JD.1.1, BA.2.86, and JN.1, with an average ICsy of
0.017 pg/mL, in addition to SARS-CoV (ICs 0.005 pg/mL)'*%. It
binds to a conserved hydrophobic pocket in the RBD of the S
protein that lies outside the ACE2-binding site, preventing
infection by interfering with the development of a proteinase
K-resistant core essential for viral-cell fusion. Intranasal admin-
istration of this nanobody effectively protected the respiratory
tract of Syrian hamsters from infection with the Omicron
XBB.1.5 subvariant'*? and prevented them from transmitting this
variant'*%,

The sequential immunization of animals, such as llamas, has
also been used to generate broadly RBD-targeting nanobodies
(Table 1). For example, sequential immunization of a llama with the
RBD of the original strain, followed by immunization in the order
with Beta and Delta RBD variants of SARS-CoV-2, SARS-CoV
RBD, and finally with SARS-CoV-2 Omicron BA.5 RBD, gener-
ated nanobodies with broad neutralizing activity against several
variants, including Omicron subvariants'*°. Using this approach,
9A7, 9A21, 9A57, and 9A58 nanobodies were isolated and shown
to neutralize pseudotyped Omicron subvariants (BA.5S, BQ.I,
XBB.1), in addition to the original strain, with ICsy values of
0.5—29.4 nmol/L. The Fc versions of these nanobodies showed
improved neutralizing activity against other Omicron subvariants,
such as BA.1, BA.2, XBB.1.5, and XBB.1.16'.

6.3.  Nanobodies targeting the non-RBD spike protein of SARS-
CoV-2 variants

A set of nanobodies that bind to non-RBD regions in S protein,
including the NTD and/or S2 subunit, of SARS-CoV-2 S proteins
has been identified, some of which show broad neutralizing ac-
tivity. These nanobodies most likely inhibit S protein function by
obstructing the conformational changes required for the correct
functioning of the S protein or by blocking the S-mediated
membrane fusion process (Table 1).
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Nanobodies targeting the NTD of SARS-CoV-2 variants have
been reported. For example, an alpaca-derived nanobody, N235,
binds to various SARS-CoV-2 variants, including multiple Omi-
cron subvariants (i.e., BA.1, BA.2, BA.2.75, BA.3, BA.5, XBB,
XBB.1.5, XBB.1.16, EG.5.1, and BA.2.86), as well as early VOCs
(i.e., Alpha, Beta, Gamma, and Delta variants), and broadly
neutralizes infection with pseudotyped versions of many of these
variants'*. Cryo-EM structural and mechanistic analyses have
shown that N235 binds to a conserved cryptic epitope in the NTD
that interferes with the functioning of the RBD of the S protein
(Fig. 7A and B), leading to the shedding of the S1 subunit from
the trimeric S complex and disruption of the ability of the virus to
infect cells'*. A llama-derived nanobody SRO1 targets the NTD
and binds to early SARS-CoV-2 variants (Alpha and Beta) and
SARS-CoV, with its Fc version showing neutralization potency
from 3.77 to 70.3 nmol/L against live SARS-CoV-2 VOCs,
including Alpha, Beta, and Omicron'**. The Fc-fused SRO1 also
prophylactically protects hamsters from infection with the SARS-
CoV-2 original authentic strain'**,

Nanobodies targeting the S2 region of SARS-CoV-2 variants
have also been developed, some of which exhibit broad neutral-
izing activity. For example, an alpaca-derived nanobody S102,
which targets the S2 subunit of sarbecoviruses, including SARS-
CoV-2, broadly neutralizes various SARS-CoV-2 variants, such as
the immune-evading Omicron subvariants BQ.1.1 and XBB, as
well as other sarbecoviruses, such as SARS-CoV and RaTG13'¥.
The ICs, value of this nanobody against the pseudotyped SARS-
CoV-2 original strain and various variants ranges from 0.37 to
5.68 pg/mL for the SARS-CoV-2 original strain and previous
VOCs (i.e., Alpha, Beta, Gamma, and Delta), and from 0.52 to
0.95 pg/mL for Omicron subvariants, such as BA.1, BA.2, BA.4/5,
BQ.1, BQ.1.1, BE.7, and XBB. It also neutralizes early and Om-
icron variants of live SARS-CoV-2 with various ICs values. This
nanobody functions by inhibiting the cell membrane fusion pro-
cess through stabilizing the stem helix region near the HR2 region,
preventing the structural changes necessary for the formation of
the six-helix bundle that is crucial for virus entry into host cells'*.
Another alpaca-derived nanobody that targets the S2 subunit,
S2A3, binds to early VOCs of SARS-CoV-2, including Alpha and
Beta, as well as SARS-CoV, and its Fc version neutralizes live
SARS-CoV-2 VOCs, such as Alpha, Beta, and Omicron, with ICsq
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Figure 7 SARS-CoV-2 spike (S) N-terminal domain (NTD)-
recognizing nanobody. (A) Cryo-EM structure of SARS-CoV-2 Om-
icron BA.1 subvariant S-NTD in complex with nanobody N235 (PDB
8JVA). (B) Superimposition of the of SARS-CoV-2 Omicron BA.1
subvariant NTD—N235 complex structure to the structure of SARS-
CoV-2 Omicron variant S trimer (PDB 7WK2). The region of steric
clashes between nanobody N235 and S-receptor-binding domain
(RBD) is highlighted by a magenta-dashed box.

values of 5.36—54 nmol/L'**. S2A3-Fc prophylactically protects
hamsters from SARS-CoV-2 challenge (original authentic strain)
and reduces lung viral titers'**. A shark-derived nanobody, 79C11,
which binds to a conserved region in the HR1 of the S2 subunit of
sarbecovirus S proteins, neutralizes the pseudotyped SARS-CoV-2
original strain, Delta VOC, and multiple Omicron subvariants,
such as BA.2, BA4, BQ.1.1, XBB.1, IN.1, and KP.2, with ICs,
values of 0.549—0.794 ng/mL, as well as SARS-CoV and
pangolin CoV, with ICsy values of 0.57 and 0.649 pg/mL,
respectively'“°. Intranasal administration of this nanobody or its
Fc version prophylactically protected K18-hACE2 transgenic
mice from infection with the Omicron XBB.1 subvariant'*°.
Another shark-derived nanobody, S2A9, targets the S2 subunit of
SARS-CoV-2 or cross-reacts with S2 of other beta-coronaviruses
(i.e., SARS-CoV or MERS-CoV)'"". It neutralizes pseudotyped
SARS-CoV-2 Alpha, Beta, Gamma, Delta, and Omicron VOCs
(BA.1, BA.2, BA.4/5), with ICsq values of 1.71—4.36 umol/L, as
well as live SARS-CoV-2 Alpha, Beta, Gamma, Delta, or Omicron
BA.1 and BA.1.1 variants, with ICsq values of 0.191—2.14 umol/
L' Although an Fc version of this nanobody (S2A9-Fc) in-
creases neutralizing activity against some pseudotyped SARS-
CoV-2 variants or SARS-CoV in vitro, its efficacy in vivo re-
mains unknown'#’. Other S2-targeting nanobodies, such as S2-1,
S2-10, S2-40, and S2-62, do not show potent neutralization
against SARS-CoV-2 infection in vitro"*S.

6.4. Nanobodies targeting non-S proteins of SARS-CoV-2
variants

Only a few nanobodies targeting non-S proteins of SARS-CoV-2
variants have been reported (Table 1). The 2NSP23 nanobody,
which targets the NSP9, blocks SARS-CoV-2 replication
in vitro'*. Tts lipid nanoparticle-encapsulated mRNA (i.e., LNP-
mRNA-2NSP23) suppresses viral replication of several SARS-
CoV-2 variants, including Alpha, Delta, and Omicron'*. Other
nanobodies, such as those targeting the conserved N protein, do
not show neutralizing activity against viral infection, but are

useful for diagnostic purposes'*°.

7. Improving potency and/or half-life of SARS-CoV-2
variant-targeting nanobodies

Mutations in the S protein, particularly the RBD, can lead to
resistance against neutralizing nanobodies/antibodies by altering
key structural and functional features required for binding'>'.
Multivalent nanobody formats introduced below represent a
powerful strategy to overcome RBD mutation-mediated immune
escape. By leveraging avidity through simultaneous engagement
of multiple RBDs or distinct epitopes, these constructs maintain
neutralizing activity against variants harboring key escape sub-
stitutions. Multivalent binding increases the genetic barrier to
resistance and compensates for affinity losses caused by individual
mutations, thereby enabling sustained neutralization of highly
divergent SARS-CoV-2 sublineages.

Multivalent nanobodies, such as bispecific, dimeric, or trimeric
formats, have been developed to improve the efficiency of SARS-
CoV-2 variant-targeting nanobodies, some of which are resistant
to S/RBD mutations. For example, the RBD-targeting biparatopic
Nb1-Nb2 nanobody has high affinity and neutralizing activity
against several live viruses of early SARS-CoV-2 VOCs, including
Alpha, Beta, Gamma, and Delta, with ICs, values ranging from
0.732 to 13.01 nmol/L'>%. This biparatopic nanobody exhibits
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remarkable resistance to RBD mutation-mediated escape, retain-
ing neutralization against major substitutions including K417N/T,
E484A/K, L452R, T478K, N501Y, Q493R, and Q498R'*. The
biparatopic nanobodies NM1267 and NM1268 target different
epitopes inside the RBD—ACE2 interface'>>. Both nanobodies
show strong RBD binding affinity, efficiently binding to Alpha,
Beta, Gamma, and Delta VOCs. NM1267 neutralizes Beta and
Delta VOCs, with ICsy values of 0.78 and 52.55 nmol/L,
respectively, and NM 1268 also neutralizes Beta and Delta VOCs,
with ICsq values of 6.06 and 0.67 nmol/L, respectively. Intranasal
treatment with NM 1267 and NM 1268 prophylactically inhibits the
infection of K18-hACE2 transgenic mice with early Beta and
Delta VOCs, as well as SARS-CoV-2 B.1, and attenuates virus
shedding, disease progression, and mortality'>®>. While the P2C5
monomer neutralizes Alpha, Beta, Gamma, and Omicron VOCs
but not Delta VOC, monomeric forms of P5F8 and P2G1 are
active against all other VOCs tested, except Omicron VOC'*,
Notably, their dimeric versions show a 200-fold increase in
neutralizing activity. A heterodimeric nanobody, P2C5-P5F8,
efficiently neutralizes all SARS-CoV-2 VOCs tested, including
Alpha, Beta, Gamma, Delta, and Omicron variants, with 1Cs
values ranging from 2.85 to 709 nmol/L'>*. Bivalent and trivalent
versions of RBD-1-2G nanobodies exhibit increased viral
neutralization potency, with ICs, values of 88 and 4.1 nmol/L,
respectively'**. While the S2-targeting monomeric nanobodies
S2-7 and S2-10 show low or no neutralizing activity against
pseudotyped SARS-CoV-2, their dimeric and trimeric versions
have improved neutralization potency'*®.

Multivalent nanobodies, including tetravalent and hexavalent,
have also been constructed to overcome escape mutations and
increase neutralization potency against SARS-CoV-2 variants.
While bivalent VHH-72 has modest neutralization activity (ICs
3.3 nmol/L) against SARS-CoV-2, its tetravalent form increases
neutralization potency with an ICsy value of 0.34 nmol/L'>.
Hexavalent VHH-72 exhibits even better neutralization potency
with an ICsq value of 0.035 nmol/L, potently neutralizing both
Alpha (ICsq 0.31 nmol/L) and Beta (ICsq 0.072 nmol/L) VOCs'**.
The multivalent VHH-72 nanobodies retain activity against major
escape substitutions, including K417N/T, E484K, L452R, T478K,
and N501Y. These multivalent nanobodies have favorable drug-
like biophysical properties, such as high solubility, strong stabil-
ity, and low-level non-specific binding'>’.

To further improve the potency and/or half-life of SARS-CoV-
2 variant-targeting nanobodies, nanobodies are often fused to an
Fc tag to constitute a different multivalent format of nanobodies.
Indeed, a variety of Fc-fused, SARS-CoV-2-targeting nanobodies
have been developed that show improved binding affinity, broad
neutralizing activity, and/or increased half-life. For example,
saRBD-1 is engineered to generate an Fc-conjugated nanobody
construct that presents improved binding and neutralization of
early SARS-CoV-2 variants, including Alpha, Beta, Gamma, and
Delta VOCs'?*. An engineered nano-IgM construct, MN235,
generated by fusing the N235 nanobody to the Fc region of human
IgM, exhibits higher neutralizing potency than monomeric N235
alone, effectively preventing infection by pseudotyped and
authentic viruses'*®. Intranasal administration of MN235 pro-
phylactically prevents infection caused by pseudotyped Omicron
subvariants XBB and BA.l in adenovirus 5-expressing
human ACE2 mice'*’. A human IgGl Fc-conjugated construct,
Nb1-Nb2-Fc, exhibits improved neutralization potency against

pseudotyped and/or live Alpha, Beta, Gamma, Delta, and Omicron
VOCs'32. Notably, addition of an Fc tag to Nbl and Nb2 nano-
bodies efficiently increases their broad-spectrum neutralizing ac-
tivity against multiple authentic SARS-CoV-2 variants, in addition
to the original strain, with ICs values of 23.57, 121.1, 179.5, and
169 ng/mL against the original strain and Omicron BA.5, BQ.1,
and EG.5.1 subvariants, respectively, for Nb1-Fc, and ICs, values
of 520.7, 1269, 3332, and 1165 ng/mL against the original strain
and Omicron BA.5, BQ.1, and EG.5.1 subvariants, respectively,
for Nb2-Fc'*®, Nanosota-9-Fc binds strongly to the S ectodomains
of various Omicron subvariants, including BA.5, XBB.1.5, and
JN.1, and neutralizes Omicron BA.5, XBB.1.5, and JN.1 live vi-
ruses with ICsy values of 0.010, 0.098, and 0.044 pg/mL,
respectively'®>. It also effectively protects wild-type mice from
infection with these Omicron variants'*. The Fc-conjugated
nanobodies, aRBD-2-5-Fc and aRBD-2-7-Fc, neutralize all pseu-
dotyped and live SARS-CoV-2 tested, including the original
strain, Alpha, Beta, Gamma, Delta, and Omicron BA.1, BA.1.1
and BA.2, with ICsy values of 0.0830, 0.0438, 0.0271, and
0.0293 nmol/L, respectively, against the original strain, Beta,
Delta, and Omicron BA.1 for aRBD-2-5-Fc, and ICs, values of
0.0389, 0.1031 and 0.0534, and 0.1299 nmol/L, respectively, for
aRBD-2-7-F¢'*®. aRBD-2-5-Fc prophylactically protects against
infection with the original strain and mouse-adapted SARS-CoV-2
in mice, and confers protection against the Omicron BA.1 variant
in hamsters prophylactically and therapeutically'>°. Pharmacoki-
netic studies indicate that aRBD-2-5-Fc has a long half-life of
165 h in mice and 72 h in hamsters'®.

Other multivalent nanobody formats can be constructed by
fusing SARS-CoV-2 variant-targeting nanobodies to human serum
albumin (HSA) protein or HSA-targeting nanobodies, based on
which to improve the binding affinities of nanobodies, resulting in
broader neutralizing activity and/or a longer half-life. For instance,
the trimeric nanobody Nb;s-Nby-Nb; s, consisting of two molecules
of the SARS-CoV-2 RBD-targeting Nb15 nanobody and one HSA-
specific nanobody, has high neutralization potency against the
pseudotyped original strain, Alpha, and Delta VOCs of SARS-CoV-
2, with ICs values ranging from 0.26 to 5.16 ng/mL">’. Intranasal
administration of this nanobody results in the nanobody reaching
the lungs of mice and persisting for 7 days. This trimeric nanobody
protects hACE2 transgenic mice against SARS-CoV-2 infection

prophylactically and therapeutically'’.

8. Conclusions and future perspectives

Nanobody-based therapeutics have emerged as a promising class of
biologics with distinct structural and functional advantages over
conventional antibodies and other therapeutic agents. The small size,
high stability, cryptic-epitope accessibility, and low-cost production
of nanobodies expand their therapeutic landscape for infectious dis-
eases, oncology, inflammation, neurological disorders, and much
more. Although nanobody technology has matured substantially over
the last decade, highlighted by the approval of caplacizumab as the
first nanobody-derived drug to treat acquired thrombotic thrombo-
cytopenic purpura, several considerations remain critical for the broad
clinical implementation of nanobodies'>®'>°. The short systemic half-
life of nanobodies stemming from their small size and fast renal
clearance still complicates dosing regimens, although albumin fusion,
Fc fusion, PEGylation, or multimerization strategies offer significant
solutions'®. In addition, immunogenicity of nanobodies could be a
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potential concern to some extent, particularly for camelid-derived
sequences; thus, extensive humanization and computational rede-
sign of nanobodies are essential to minimize anti-drug antibody re-
sponses'®'. Delivery may also present some obstacles: while
nanobodies are highly stable, achieving efficient tissue penetration in
certain compartments, such as the central nervous system, requires
improved carrier systems'®%. Furthermore, the regulatory issue related
to next-generation constructs through incorporating nanobody
recognition domains, including CAR-T designs and nanobody-drug
conjugates, is still evolving, which may extend the timelines for
approval %,

As described above, nanobodies are promising candidates for
the prevention and treatment of SARS-CoV-2. Several nanobodies
with high neutralization potency and/or broad neutralization
spectrums have been developed against SARS-CoV-2 variants,
including recent Omicron subvariants, and/or other sarbecoviruses
(such as SARS-CoV). This review article brings together infor-
mation on the major proteins of SARS-CoV-2 and their functions,
the viral life cycle, and S protein-mediated viral entry and fusion,
and describes differences among SARS-CoV-2 variants. It
comprehensively summarizes the properties of SARS-CoV-2-
targeting nanobodies, including those that target the RBD of
early variants or the Omicron variant and its subvariants, the non-
RBD S protein of such variants, and the non-S proteins of SARS-
CoV-2 variants. Finally, this review discusses the various ap-
proaches used to increase the potency and/or half-life of SARS-
CoV-2 variant-targeting nanobodies.

Because of the differences in detection assays, calculation
methods, nanobody doses/routes, virus strains/titers, and/or animal
models used to characterize nanobodies, some nanobodies may turn
out to have lower or higher potency than others. Nevertheless, most
reported nanobodies target the S protein of SARS-CoV-2, particu-
larly the RBD. Compared with other regions (i.e., NTD and S2) of
the S protein, the RBD is subject to far more mutations, potentially
leading to additional variants that might escape currently available
nanobodies. Therefore, it is critical to develop nanobodies with high
potency and broad neutralization spectrums that target conserved
residues in the RBD and highly conserved regions in the NTD and
S2 of the SARS-CoV-2 S protein to prevent and treat infections
with current and future SARS-CoV-2 variants, in addition to other
sarbecoviruses with pandemic potential. In this respect, it is
encouraging that dimeric, trimeric, and/or multivalent nanobodies
show improved neutralization potency against SARS-CoV-2 vari-
ants and/or other sarbecoviruses. One approach that could be used
to further improve the neutralization spectrum of these nanobodies
would be to alter them so that they target two or multiple conserved
epitopes in the RBD, NTD, and/S2 of SARS-CoV-2 variants. In the
near future, it is anticipated that more SARS-CoV-2-targeting
nanobodies with higher efficacy and broad neutralizing activity
will enter human clinical trials, hopefully leading to the develop-
ment of novel therapeutics for the management of COVID-19.
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