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SUMMARY

Because of the evolutionary variants of SARS-CoV-2, development of broad-spectrum neutralizing anti-
bodies resilient to virus escape is urgently needed. We identified a group of high-affinity nanobodies from
camels immunized with receptor-binding domain (RBD) of SARS-CoV-2 spike protein and resolved the struc-
tures of two non-competing nanobodies (NB1A7 and NB1B11) in complex with RBD using X-ray crystallog-
raphy. The structures show that NB1A7 targets the highly conserved cryptic epitope shared by SARS-CoV-2
variants and some other coronaviruses and blocks ACE2 receptor attachment of the spike protein, and
NB1B11 epitope overlaps with the contacting surface of ACE2 and is different from the binding site of
NB1A7. These two nanobodies were covalently linked into multivalent and bi-paratopic formats, which signif-
icantly improved the avidity and neutralization potency and may further inhibit viral escape. The results
contribute to the structure-guided design of antibodies against future variants of SARS-CoV-2 virus to com-

bat coronavirus epidemics and pandemics.

INTRODUCTION

The COVID-19 pandemic was caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). Currently, many
COVID-19 vaccines have been proved to be effective, which
brings hope for the gradual alleviation and containment of the
pandemic (Brouwer et al., 2020; Cao et al., 2020; Hansen
et al., 2020; Liu et al., 2020; Robbiani et al., 2020; Wec et al.,
2020; Wrapp et al., 2020). However, the scale of the pandemic
and fast evolving antigenic variants leads to vaccine-escape mu-
tants (Wang et al., 2021b, 2021d; Wu et al., 2021). Therefore,
there is an urgent need to develop broad-spectrum neutralizing
antibodies against emerging variants.

Camelid VHH single-domain antibody, also known as a nano-
body, consists of the variable domain of heavy chain-only anti-
body without its light-chain counterpart, which is still able to
selectively bind to a specific antigen (Muyldermans, 2013). As
single chains, these nanobodies are easily bioengineered into
bi-paratopic and multivalent molecules to enhance binding affin-
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ity and neutralization potency against the virus and suppress
viral mutational escape (Bracken et al., 2021; Koenig et al.,
2021; Schoof et al., 2020; Xiang et al., 2020b).

The spike (S) protein of SARS-CoV-2 guides the entry of the
virion into the host cell (Ke et al., 2020; Turonova et al., 2020).
It is a homotrimeric glycoprotein that consists of S1 and S2 sub-
units. The receptor-binding domain (RBD) of S1 located at the
top of S protein binds angiotensin-converting enzyme 2 (ACE2)
as a canonical receptor on the host cell surface, whereas S2 sub-
unit is responsible for the fusion of the viral and host cell mem-
branes. The RBD in the metastable prefusion state undergoes
hinge-like conformational movements between the inaccessible
down conformation and the accessible up conformation. In the
up position, ACE2 binding rearranges the conformation of the
prefusion state of S protein, exposing the proteolytic site to
the host proteases, shedding of the S1 subunit, and changing
the S2 conformation to fuse with the host cell membrane (Cai
et al., 2020; Wang et al., 2020; Yan et al., 2020). Thus, antibody
interference with SARS-CoV-2 S protein function is an attractive
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mailto:jfxu@shou.edu.cn
mailto:gongr@wh.iov.cn
mailto:chengpeng.fan@whu.edu.cn
mailto:gengyong@simm.ac.cn
https://doi.org/10.1016/j.str.2022.02.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.str.2022.02.011&domain=pdf

¢ CellPress

target for the prevention and treatment of SARS-CoV-2 infection.
In the past year, many neutralizing monoclonal antibodies from
convalescent plasma have been developed for therapy (Chen
et al., 2021; Cohen, 2021; Weinreich et al., 2021), but emerging
escape mutants have eluded these neutralizing antibodies.

Since the start of the COVID-19 pandemic, the structural
biology community has tried to understand the mechanism of
SARS-CoV-2 host cell entry and antibody neutralization. A large
number of structures of spike protein in complex with antibodies
have been resolved, showing the diversity of neutralizing epi-
topes and mechanisms. Most antibodies or nanobodies bind
close to the ACE2-interacting surface on the RBD to prevent
ACE2 engagement, but some antibodies neutralize SARS-
CoV-2 by destroying the spike protein function, by stabilizing
the inactive spike form or premature induction of the post-fusion
conformation (Chiet al., 2020; Du et al., 2020; Lv et al., 2020; Sun
et al., 2020, 2021; Wang et al., 2021a; Yao et al., 2021; Koenig
et al., 2021).

Here, we identified dozens of RBD-specific nanobodies from a
phage display library generated from a camel immunized with re-
combinant RBD. Two non-competing nanobodies (NB1B11 and
NB1A7) with high affinity were selected, and the crystal structure
in complex with the RBD was resolved. The results revealed two
distinct neutralizing epitopes and provided insights into their
antiviral mechanisms. Interestingly, NB1A7 binds to a highly
conserved cryptic epitope of RBD that could block ACE2 inter-
action with most RBD mutants of the emerging viral lineages.
Moreover, NB1A7 binding epitope is shared with SARS-CoV-2
and SARS-CoV-1. Guided by the structure of nanobody and
RBD complex, we designed different multivalent nanobodies to
significantly increase the binding affinity and greatly improve
the neutralization potency to SARS-CoV-2 virus. Furthermore,
targeting different epitopes could suppress the emergence of
escape mutants.

RESULTS

Identification of camelid nanobodies blocking RBD
interaction with ACE2

We immunized a camel with the recombinant RBD and gener-
ated nanobody phage display library. Subsequently, we per-
formed two rounds of bio-panning on RBD and used ELISA to
verify specific binding to RBD and identified 29 high-affinity
nanobodies (Figure S1A). The panel of nanobodies was stratified
into three groups on the basis of noncompetitive binding epi-
topes using size exclusion chromatography (SEC). According
to SEC profile, NB1B11 and NB1A7, NB1B11 and NB1C6, and
NB1A7 and NB1C6 can simultaneously bind to RBD, indicative
of three non-overlapping epitopes (Figures 1A; Table 1).
NB1B11 and its competing nanobodies were termed group |
and NB1A7 and its overlapping nanobodies group Il, while the
binding epitope of NB1C6 was not shared with any other identi-
fied nanobodies but was termed group lll. The binding kinetics of
these nanobodies were measured using biolayer interferometry
(BLI) on a ForteBio Octet Red96e system, all of them showing
high affinities to RBD with Kp values of 0.74 + 0.003 nM, 6.76
+ 0.027 nM, and 5.07 = 0.05 nM for NB1A7, NB1B11, and
NB1C6 (Figures 1B, 1C, and S1B). Furthermore, epitope binding
with BLI confirmed that NB1B11, NB1A7, and NB1C6 had non-
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competing epitopes on the RBD (Figures 1D and S1C). We
then assessed whether these three nanobodies could block
RBD interaction with ACE2 using competitive ELISA. NB1A7
and NB1B11 significantly inhibited ACE2 attachment to RBD
with half-maximal inhibitory concentration (ICso) values of
808.1 + 1.02 nM and 709.4 + 1.03 nM, respectively (Figures 1E
and 1F), while NB1C6 did not. Subsequently, we used a SARS-
CoV-2-luciferase pseudovirus neutralization assay to test and
characterize the antiviral activities of NB1B11 and NB1A7.
NB1A7 and NB1B11 had inhibitory activity, with ICsq values of
131.3 £ 1.39 nM and 303.9 + 1.46 nM, respectively (Figures 1G
and 1H). Finally, we evaluated the neutralizing activity of these
two nanobodies using a plaque reduction neutralization test
(PRNT) using live SARS-CoV-2 virus infection of Vero E6 cells.
NB1A7 and NB1B11 neutralized SARS-CoV-2 virus with 50%
neutralizing doses (NDsg) of 59.3 + 1.40 nM and 36.5 = 1.52
nM (Figures 1lI, 1J, and S2). Taken together, NB1A7 and
NB1B11 bound different antigenic sites, significantly inhibited
the binding of ACE2 to RBD, and potently neutralized SARS-
CoV-2 virus.

Structure determination of the RBD-NB1A7

We solved the crystal structure of NB1A7 with the RBD complex
at 2.00 A resolution with Ruwork Of 18.1% and Ryee 0f 22.3% (Fig-
ure 2A; Table 2). NB1A7 binds to one side of RBD core, which
consists of a twisted five-stranded antiparallel 8 sheet. The bind-
ing epitope is almost perpendicular to the receptor-binding motif
(RBM) and does not overlap with receptor-binding region (Fig-
ure 2A). NB1A7 buries 1,665 A? solvent-accessible surface
area on RBD (Figure 2B) and uses the CDR3 loop to interact
with the B2 strand of RBD core, resulting in the residues S104-
G109 from CDR3 of NB1A7, which form one B strand adhering
to the antiparallel B sheet of RBD core. Such engagement inter-
feres with the local conformation of RBD (Figures 2A and 2C),
which extend the length of B2 strand of RBD from the segment
T376-Y380 to the residues S375-G381 and make a minor confor-
mational change of a2 helix and &3 helix of RBD. The main chain
of residues S104-G109 from CDR3 of NB1A7 and main chain of
the residues S375-G381 interact through the opposite amino-to-
carboxyl hydrogen bonding patterns, which is the characteristic
bond of the adjacent B strands in antiparallel f sheet structure
(Figures 2C and 2D). Additionally, the electrostatic interaction
from the main chain of Y119 of NB1A7 to the side chain of
R408 from RBD is observed (Figure 2D).

Double mechanism of NB1A7 neutralizing SARS-CoV-2
Superposition of the RBD-NB1A7 complex with the RBD-ACE2
demonstrate that the NB1A7 binding epitope is distant from
RBM, and it attaches to RBD without disturbing the conforma-
tion of the region recognized by the ACE2, while the CDR oppo-
site apex of NB1A7 sterically clashes with zinc-containing sub-
domain and C terminus-containing subdomain of ACE2
(Figure 2E). Thus, the interaction between ACE2 and RBD can
be effectively blocked.

We also analyzed the binding epitope within the S protein. The
recently reported cryoelectron microscopy structures of the S
protein demonstrated that the RBDs nested at the top of S pro-
tein underwent a hinge like movement, switching between “up”
and “down” conformations (Koenig et al., 2021). The down
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Figure 1. Camelid nanobodies against two different epitopes on SARS-CoV-2 spike RBD neutralize virus infection
(A) Analysis of nanobody binding epitopes was performed using size exclusion chromatography (SEC).
(B and C) The binding affinity of NB1A7 or NB1B11 and RBD was measured using BLI. The process of association and dissociation was fitted by a 1:1 binding data

fit model.

(D) The non-competing epitopes of NB1B11 and NB1A7 were confirmed using BLI.

(E and F) Competitive ELISA was used to assess whether NB1A7 or NB1B11 block RBD interaction with ACE2 in vitro. NB1A7 and NB1B11 showed ICsg values of
808.1 + 1.02 nM and 709.4 + 1.03 nM, respectively. The results are shown as mean + SEM (n = 3).

(G and H) SARS-CoV-2-luciferase pseudovirus neutralization assay to test antiviral activities of NB1A7 (ICso = 131.3 = 1.39 nM) and NB1B11 (ICso = 303.9 =

1.46 nM). The results are shown as mean + SEM (n = 2).

(land J) SARS-CoV-2 plague reduction neutralization test (PRNT) was performed to detect neutralizing activity of NB1A7 (NDsg = 59.3 + 1.40 nM) and NB1B11

(NDsp = 36.5 + 1.52 nM). The results are shown as mean + SEM (n = 2).
See also Figures S1 and S2 and Table 1.

conformation is an inactive state inaccessible to ACE2, while the
up conformation is an active state that can be recognized by
ACE2. We aligned the RBD-NB1A7 complex structure to the
different conformations of the S protein. We found that part of
the binding epitope was buried when RBD was in a “down”
conformation (Figure 2F), which indicated that NB1A7 could
not access to the close state of RBD within S protein. We super-
posed RBD-NB1A7 complex with the only up RBD state in
context of S protein and found that NB1A7 still had steric hin-
drance with the adjacent clockwise RBD in down conformation
(Figure 2G). However, the clash can be relieved when the tar-
geted RBD and the clockwise adjacent RBD are both in the
“up” conformation, suggesting that NB1A7 can bind to the
“double-up” conformational RBDs in trimeric spike protein and
sandwich between them (Figure 2H).

It was reported that ACE2 could only bind to the RBD in the
open state, and its binding induced the conformational change,
which leads to S protein proteolysis, and S2 fuse with host cell
membrane (Koenig et al., 2021). NB1A7 binding could facilitate

the RBD in up conformation to expose the proteolysis site and
promote the shedding of S1, leading to premature activation
from prefusion to post-fusion state to inactivate the fusion ma-
chinery. It is possible, as reported, that the neutralizing nanobod-
ies stabilizing the RBD up conformation induced the fusion activ-
ity of spike (Koenig et al., 2021). As the above analysis indicates,
dual neutralization mechanisms of NB1A7 against S protein can
prevent the virus from entering the host cell.

NB1A7 binding epitope is highly conserved

The serologic antibody response against SARS-CoV-2 in an in-
fected individual leads to viral escape mutant. The region of
RBD interacting with ACE2 receptor is a major target for the
neutralizing human antibody, hence the RBM is the primary re-
gion where SARS-CoV-2 variants arise with mutations (Wang
et al., 2021c, 2021d; Zhou et al., 2021; Cele et al., 2021; Davies
et al., 2021; Wibmer et al., 2021; Yadav et al., 2021). Greaney
et al. thoroughly summarized all mutations that escape binding
by three major classes of antibodies against the SARS-CoV-2
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Table 1. The amino acid sequences of NB1A7, NB1B11,
and NB1C6

Nanobody
NB1A7

Sequence
QVQLQESGGGSVQAGGSLRLSCAASGYT
FSSYCLGWFRQAPGKE
REGVAAIDSDGSTSYADSVKGRFTISRDN
AKNTLYLQMNSLKPEDT
AMYYCAAEGGPSLSYCTGGYGFLLSGL
MYNSWGQGTQVTVSS
QVQLQESGGGSVQAGGSLRLSCAASGY
TVSVGCMAWFRQAPGKE
REGVAGIDASGITKYSDSVKGRFTISKDN
AKNALDLQMNGLKPEDT

AMYHCAA
GLVRGSCTDVLDHPSYLGVWGQGTQV
TVSS
QVQLQESGGGSVQAGGRLRLSCAASG
DTYSSYCMGWFRQAPGKE
REGVAAIYIGGDNTYYADSAKGRFTISQD
YDKNTAYLQMNSLKSEDT
AMYYCAAELFCPWPDIGTMSPAEYKY
WGQGTQVTVSS

NB1B11

NB1C6

RBD. They found that the most prominent emerging viral line-
ages include K417T/N, E484K/Q, L452R, N501Y, S477N, and
T478K mutations (Figure 3A) (Greaney et al., 2021). From
sequence alignment and structural information, the neutralizing
epitope of NB1A7 is a highly conserved cryptic region, and
distant from the receptor binding site, so it could resist the
plasma-escaping variants (Figures 3A and S3A). We further
determined the affinities of NB1A7 to the RBD mutants (P.1 strain
[K417T, E484K and N501Y], B.1.526 strain [E484K, S477N],
B.1.617.1 strain [L452R, E484Q], and B.1.617.2 strain [L452R,
T478K]) with Kp values of 5.12 + 0.03 nM, 5.70 + 0.03 nM, 3.09
+ 0.03 nM, and 6.20 + 0.065 nM (Figures 3B-3E and Table S1).
Furthermore, competitive ELISA was performed to measure
the inhibitory activity of NB1A7 to the mutants, with ICsq values
of 1,291.0 = 1.03 nM, 819.9 + 1.03 nM, 664 + 1.02 nM, and
779.5 £ 1.03 nM, respectively (Figures 3F-3l). Our data indicate
that NB1A7 retains high binding affinity to RBD carrying most of
mutations of the emerging viral lineages.

However, the interface interactions between NB1A7 and RBD
primarily include the hydrogen bond networks among the main
chain of the residues of the B2 strand and the main chain of the res-
idues of CDR3 of NB1A7. There is no side-chain interaction except
R408 (Figure 2D). Therefore, the mutant interfering with the forma-
tion of the B2 strand of RBD will be the escape mutant for NB1A7.
During the preparation of our manuscript, emerging viral lineages
(BA.2 and omicron) were reported. We found that the mutation
sites R408S, T376A, and S371F from the BA.2 lineage and the mu-
tation sites S371L, S375F, and S73P from the emerging omicron
variant are located in or related to the epitope of NB1A7. The mu-
tation R408S directly disrupted the electrostatic interaction be-
tween Y119 and R 408, and the S (S371 or S373 or S375) with a
small hydrophilic side chain is replaced by F or P or L with a bulky
hydrophobic side chain, possibly interfering with the formation of
the B2 strand of RBD, reducing the binding affinity of NB1A7 to
RBD and escape neutralization (Figure S3).
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The S protein RBDs of SARS-CoV-2 and SARS-CoV-1 are
closely related in phylogeny and have 73% sequence identity.
It was found that NB1A7 binding epitope of RBD was completely
conserved in SARS-CoV-1 (Figure S4A). We assessed the bind-
ing affinity of NB1A7 against SARS-CoV-1 spike protein RBD,
and the Kp value was 471 nM (Figure S4G). Compared with
SARS-CoV-2, the binding affinity of NB1A7 to SARS-CoV-1
significantly decreased, although the epitope of NB1A7 on the
SARS-CoV-2 is identical to that of the SARS-CoV-2.

Superposition of the SARS-CoV-2 RBD and SARS-CoV-1
RBD showed that the segment from S375 to Y380 formed a f
strand in the SARS-CoV-2 RBD, while the corresponding pep-
tide from S362 to Y367 in the SARS-CoV-2 RBD is loosely orga-
nized, and the f strand of the SARS-CoV-1 become shorter than
that of the SARS-CoV-2 RBD (Figures S4B-S4F). The binding af-
finity of NB1A7 to SARS-CoV-2 RBD is regulated primarily by in-
teractions of B2 strand of RBD and the B strand of CDR3 from
NB1 A7.

The alignment of two RBD sequences shows that the proline
384 of SARS-CoV-2 is replaced with alanine at corresponding
site of SARS-CoV-1, which is close to the interface between
NB1A7 and RBD (Figure S4A). The structure of SARS-CoV-2
RBD showed that the proline 384 residues of SARS-CoV-2
RBD assume the cis configuration, and there is a hydrogen
bond between the main chain carbonyl group of the proline
and the main chain amine group of lysine 386; as a result, the
peptide from S383 to K386 forms a turn structure in SARS-
CoV-2 RBD, and a hydrophobic core is formed by the P384,
Y369 of o helix (Y365-N370), and F377 of the strand (S375-
Y380) (Figures 2C and 2D). It is the hydrophobic interaction
that stabilizes the integrity of the B strand from S375 to Y380 in
the SARS-CoV-2 RBD. The replacement of proline with alanine
results in the corresponding fragment with a wavy loop confor-
mation, in which a hydrogen bond is formed between the
carbonyl group of S370 and the hydroxy of Y356 of the a helix
composed with a segment fromY352 to N357, and the hydrogen
bond pulls down the a helix, which destroys the hydrophobic
interaction between the Y356 of the a helix and the F364 in the
SARS-CoV-1 RBD, so that the segment from S362 to Y367 is
loosely organized and the binding with NB1A7 is not as well as
that with SARS-CoV-2 RBD.

Therefore, the corresponding 2 strand of RBD was disrupted
and shorter in the SARS-CoV-1 RBD, so that the binding affinity
of NB1A7 to SARS-CoV-1 significantly decreased (Figure S4G).

Structure determination of the NB1B11-RBD complex

To understand the neutralizing mechanism of NB1B11 against
SARS-CoV-2, we determined the crystal structure of RBD-
NB1B11 complex at a resolution of 2.08 A with Ruwork of 19.7%
and Rjee Of 22.6% (Figure 4A; Table 2). In the structure,
NB1B11 uses its CDR1 and CDRS3 to bind to the distal end of
the extended external loop of RBM and buries 1,710 A2 sol-
vent-accessible surface area on RBD (Figure 4B), which is the
ACE2-binding site on the RBD. NB1B11 engages with RBD
through shape complementarity, which has no disruption of
the conformation of RBD (Figure 4A). The concave outer surface
of the RBM accommodates the CDR3 of NB1B11, and the side
chain of E484 inserts into the cleft composed of CDR1 and
CDRS3 from NB1B11, and its side chain carbonyl group forms
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Figure 2. Crystal structure analysis of RBD-NB1A7 complex

(A) Cartoon presentation of NB1A7 (in purple) in complex with RBD (in gray).

(B) Surface presentation of NB1A7 (in purple) in complex with RBD (in gray).

(C and D) Detailed interaction between NB1A7 and RBD.

(E) Steric clash of NB1A7 and ACEZ2 (in yellow) on RBD on the basis of PDB: 6M0J.

(F and G) The alignments of RBD-NB1A7 complex and different conformations of trimeric SARS-CoV-2 spike protein (in gray). NB1A7 (in purple) cannot bind to
the RBD in all down conformations (PDB: 6XLU) and one up conformation (PDB: 6XM4), because of steric hindrance.

(H) NB1A7 binds to spike conformation with 2-up RBDs (PDB:7A93).

See also Table 2.
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Table 2. X-ray data collection and refinement statistics

RBD-NB1B11 RBD-NB1A7
Wavelength 0.9785 0.9791
Resolution range 49.37-2.08 19.72-2.00
(2.13-2.08) (2.07-2.00)
Space group P2,22 C222
Cell parameter
a, b, c (A 62.5, 88.8, 110.6, 183.8, 42.2
190.1
a, B, ¥(°) 90, 90, 90 90, 90, 90
Total reflections 640,941 381,050 (30,986)
(44,904)
Unique reflections 64,558 (4,474) 30,004 (2,951)
Multiplicity 9.9 (10.0) 12.7 (10.5)
Completeness (%) 99.96 (100.00)  100.00 (100.00)
Mean I/sigma (1) 15.0 (1.5) 11.21 (2.14)
Wilson B-factor (Az) 37.17 25.04
e 0.118 (1.763) 0.220 (1.103)
Rmeas 0.125 (1.855) 0.229 (1.158)
it 0.039 (0.571) 0.064 (0.347)
CC1/2 0.999 (0.587) 0.960 (0.838)
Rwork 0.197 0.181
Riree 0.226 0.223
Number of non- 4,996 2,720
hydrogen atoms
Macromolecules 4,661 2,443
Ligands 5 28
Solvent 330 249
Protein residues 614 320
RMS (bonds) (A) 0.002 0.015
RMS (angles) (°) 0.60 1.33
Ramachandran favored (%) 97.01 96.82
Ramachandran allowed (%) 2.66 3.18
Ramachandran outliers (%) 0.33 0.00
Rotamer outliers (%) 0.00 0.00
Average B-factor (A2) 42.49 33.18
Macromolecules 42.24 31.83
Solvent 45.84 39.46

double hydrogen bonds with the side chain of Y27 and the main
chain of L99 from NB1B11, respectively. The main chain amine
group of E484 forms the hydrogen bond with the main chain
carbonyl group of V31 from NB1B11 (Figure 4C). In addition,
the aromatic rings of the two adjacent residues (Y489 and
F490 of RBD) extend in opposite directions, forming hydropho-
bic interaction with L99 and Y27 from NB1B11, respectively (Fig-
ure 4C). Moreover, the hydroxyl of Y489 side chain of RBD forms
a hydrogen bond with G102 from CDR3 of NB1B11, and the
hydrogen bond between F490 of RBD and L99 from NB1B11
stabilizes the two hydrophobic patches. In addition, the amine
chain, and the hydroxyl of side chain of S494 from B5 of RBD
and G115 of NB1B11 form double hydrogen bonds (Figure 4C).

Superposition of the RBD-NB1B11 complex on the RBD-
ACE2 shows that NB1B11 clash with the bottom side of the small
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Structure

lobe of ACE2, and the epitope partially overlaps with the contact-
ing surface of N-terminal helix of the ACE2 (Figure 4D), which
was consistent with the biochemical and neutralization data
that supported blockade of RBD/ACE2 attachment. We also
aligned RBD-NB1B11 complex with the different conformation
of RBD (up and down) in context of the S trimer and found that
NB1B11 can bind to the RBD inits “up” conformation accessible
to ACE2 and also attach to the “down” conformation that is inac-
cessible to ACE2 (Figures 4E and 4F). Thus, it has excellent anti-
viral efficacy.

Structure-based development of bi-paratopic and
multivalent nanobodies

Superposing the structures of RBD-NB1A7 and RBD-NB1B11
complexes on the basis of RBD shows that NB1A7 and
NB1B11 bind non-overlapping epitope of RBD. We designed
two different constructs on the basis of the structural model of
NB1A7 and NB1B11 simultaneously binding to the intra-RBD
or the “double-up” conformational RBDs in trimeric spike pro-
tein of SARS-CoV-2. First, the binding sites of NB1A7 and
NB1B11 onintra-RBD are in close proximity, and their C-terminal
orientations are upward. Therefore, we generated bi-paratopic
heterodimeric nanobodies (format I) through their C-term fused
with Fc domain of IgG2B, respectively (Figure 5A). Second, the
C-term of NB1A7 was linked to the N-term of NB1B11 by a linker
followed by Fc to assemble format Il, which bound to inter-RBDs
(at less double-up conformation) (Figure 5B). Format Il is a bi-
paratopic and multivalent nanobody.

As we expected, the binding experiment of spike protein by
BLI showed that these two kinds of junctions significantly
increased the avidity. Format | bound to the spike protein with
a Kp value of 0.31 + 0.01 nM, while format Il has binding affinity
reaching the femtomole range (beyond the limit of instrument
detection), at least 1,000-fold higher affinity to spike protein
than each nanobody monomer (Figures 5C and 5D). After bind-
ing to the spike protein, no dissociation of format |l was observed
for 20 min, and both formats can block ACE2 attaching to the
spike protein. Competitive ELISA experiments showed that
format Il inhibited ACE2 binding to spike protein with an IC5, of
20.8 = 1.02 nM, while format | blocked the interaction of ACE2
and spike protein with an ICsq of 64.9 + 1.01 nM (Figures 5E
and 5F). We also used a SARS-CoV-2-luciferase pseudovirus
neutralization assay to assess neutralizing potency of format |
and format Il. Both formats showed stronger neutralization activ-
ity than the stand-alone monomer, with 1C5, values 2 orders of
magnitude lower than that of isolated monomeric nanobody
(2.8 + 2.15 nM and 3.1 + 1.50 nM for format | and format I,
respectively) (Figures 5G and 5H). Finally, we used PRNT to
determine the viral neutralization activity of each module refor-
mats. Format | and Il prevented the live SARS-CoV-2 virus infec-
tion of Vero E6 cells with ICsg values of 1.0 + 1.5 nM and 0.6 +
1.19 nM, respectively (Figures 51, 5J, and S5). Collectively, the
assembly of NB1A7 and NB1B11 significantly increased the
binding affinity and substantially improved the neutralization po-
tency to the live SARS-CoV-2 virus.

To assess the breadth of these nanobodies, we next
measured the binding activity of formats | and Il to RBD variants
carrying the mutations of P.1 strain, B.1.526 strain, B.1.617.1
strain, and B.1.617.2 strain. Format | molecule bound to RBD
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A Figure 3. The conservation of NB1A7

(A) Mapping mutations of circulating strains to RBD-NB1A7
complex. Mutations are indicated with ball in blue. The
binding epitope of NB1A7 is distant from these mutations.

(B-E) The binding affinity of NB1A7 and RBD from P.1 strain,
B.1.526 strain, B.1.617.1 strain, or B.1.617.2 strain was
measured using BLI. The Kp values are all at the nanomole
level.

(F-1) Competitive ELISA was used to determine ICsq values
of NB1A7 blocking ACE2 on RBD variants. The ICsq values
of NB1A7 are 1291.0 + 1.03 nM for P.1, 819.9 + 1.03 nM for
B.1.526, 664.0 + 1.02 nM for B.1.617.1 and 779.5 + 1.03 nM
for B.1.617.2 strain, respectively.

See also Figures S3 and S4 and Tables S1 and S2.
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Figure 4. Crystal structure of RBD in complex with NB1B11

(A) Cartoon presentation of NB1B11 (in cyan) in complex with RBD (in gray).
(B) Surface presentation of NB1B11 (in cyan) in complex with RBD (in gray).
(C) The detailed interaction between NB1B11 and RBD.

Structure

(D) The binding site of NB1B11 on the RBD is overlapping with the contacting surface of ACE2 (in yellow) with RBD on the basis of PDB: 6M0J.
(E and F) The alignments of RBD-NB1B11 complex and different conformations of SARS-CoV-2 spike protein trimer (in gray). (E) NB1B11 not only can attach to all
down conformation (PDB: 6XLU) (F) but can also bind to the RBD in its one-up conformation accessible to ACE2 (PDB: 6XM4).

See also Table 2.

variants with a Kp value of about 1 nM (Figures S6A-S6E), while
format Il bound to RBD variants with Kp values up to the femto-
mole range, which is comparable with that of its binding to wild-
type (WT) RBD (Figures 6A-6E; Table S1). We also measured the
inhibitory activity of multivalent nanobodies on ACE2 engage-
ment to WT and mutants of RBD. Format | showed ICsq values
between 47.5 + 1.05 nM and 142.5 + 1.04 nM for WT and mutate
RBDs (Figures S6F-S6J). Compared with format |, format Il has a
slightly stronger inhibitory efficacy, with ICsq values between
37.5 + 1.04 nM and 60.7 + 1.04 nM, for WT RBD and other
four RBD variants (Figures 6F-6J). Slight differences in the inhib-
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itory efficacy of the multivalent nanobodies against different var-
iants likely reflect the increased affinity of some these variants
to ACE2.

The residue E484 is located at the epitope of NB1B11 on RBD,
and many emerging viral lineages contain mutations at this site.
Thus, NB1A7 and NB1B11 are not the most ideal combination.
Although we did not obtain the crystal structure of NB1C6-
RBD complex, structural modeling of NB1C6 and RBD was con-
ducted with HDOCK. The structural model showed that the
epitope of NB1C6 on RBD is almost perpendicular to the recep-
tor-binding moatif, localized on the opposite side of NB1A7, and
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Figure 5. Structure-based development of multivalent nanobodies against SARS-CoV-2
(A) Schematic of multivalent nanobody format | binding to one RBD. The C-term of NB1A7 and NB1B11 were fused with the Fc domain of mouse IgG2B to

generate bi-paratopic heterodimeric nanobodies.

(B) Schematic of multivalent nanobody format Il binding to inter-RBDs. The C-term of NB1A7 links the N-term of NB1B11 by a 20 amino acid (GGGGS), linker and

then attached with Fc to generate bi-paratopic and multivalent nanobodies.

(C and D) Affinity binding curves of format | (C) and format Il (D) with spike using BLI. The Kp values are 0.31 + 0.01 nM and less than 1 pM for format | and format Il,
respectively. The process of association and dissociation was fitted by a 1:1 binding data fit model.

(E and F) Competitive ELISA was used to assess whether format | or format Il block spike interaction with ACE2 in vitro. Format | and format Il blocked the ACE2
attachment on spike with ICsq values of 64.9 + 1.01 nM and 20.8 + 1.02 nM, respectively. The results are shown as mean + SEM (n = 3).

(G and H) Neutralizing activity of format | or format Il against SARS-CoV-2-luciferase pseudovirus with ICsq values of 2.8 + 2.15nM and 3.1+ 1.50 nM, respectively.

The results are shown as mean + SEM (n = 2).

(I and J) Neutralizing activity of format | (NCsg = 1.0 + 1.50 nM) or format Il (NCso = 0.6 + 1.0 nM) against live SARS-CoV-2 virus. The results are shown as mean +

SEM (n = 2).
See also Figure S5.

does not overlap with receptor-binding region (Figures 7A-7C).
On the basis of the structural model, we constructed bispecific
nanobodies using NB1C6 and NB1A7. The C-term of NB1A7
was linked to the N-term of NB1C6 by a (GGGGS)4 linker fol-
lowed by Fc to assemble a bispecific nanobody (format IlI).
The bispecific nanobody showed significantly higher binding af-
finity to the variants of SARS-CoV-2, with Kp values less than 1
pM (Figures 7D-7H; Tables S1 and S2), and its inhibitory effect
was slightly better than that of the bispecific nanobodies
composed of NB1A7 and NB1B11 (Figures 71-7M).

DISCUSSION

To deal with the crisis brought on by the COVID-19 pandemic,
the scientific community and pharmaceutical industry have
used advanced strategies to develop vaccines and neutralizing

antibodies. But the evolving variants of SARS-CoV-2 elude
neutralizing antibodies generated from initial SARS-CoV-2 virus
infection or substantially reduce the neutralizing potency of
convalescent and vaccine-induced sera (Wang et al., 2021b,
2021d; Wu et al., 2021). Viral adaptation and antigenic drift re-
sulted in emerging variants of SARS-CoV-2 that became the
globally dominant circulating strains. Therefore, the develop-
ment of a universal or broadly reactive effective antiviral thera-
peutic is urgently needed to prevent the emergence of vaccine
resistant viral lineages and future variants.

We identified a panel of nanobodies with high affinity to RBD
from a camel immunized with recombinant RBD, which adds
to the growing reports of neutralizing nanobodies against
SARS-CoV-2 as potential therapeutics for COVID-19 patients
(Bracken et al., 2021; Huo et al., 2020; Koenig et al., 2021; Muyl-
dermans, 2013; Pymm et al.,, 2021; Schoof et al.,, 2020;
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Figure 6. Format Il against SARS-CoV-2 and its mutants
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(A-E) Affinity binding curves of format Il with RBD from WT virus or P.1, B.1.526, B.1.617.1, and B.1.617.2 lineage variants, with Kp, less than 1 pM.
(F-J) Competitive ELISA was used to assess the inhibitory activity of format Il on ACE2 engagement to WT and mutants of RBD, and the ICs values are 37.5 +
1.04,54.2 + 1.03, 60.7 + 1.04, 58.8 + 1.04, and 36.9 + 1.01 nM for RBD WT virus and P.1, B.1.526, B.1.617.1, and B.1.617.2 lineage variants, respectively. The

results are shown as mean + SEM (n = 3).
See also Figure S6 and Tables S1 and S2.

Wrapp et al., 2020; Xiang et al., 2020a; Xu et al., 2021). We also
classified these nanobodies into three groups according to their
antigenic sites and non-competing epitopes. We then selected
one representative nanobody from each of the three clusters
(NB1B11, NB1A7, and NB1CS6) for further study and character-
ization, including binding strength with RBD, inhibition of ACE2
binding, and viral neutralization through the pseudovirus lucif-
erase reporter assay or authentic SARS-CoV-2 virus PRNT
assay. The results demonstrated that NB1B11 and NB1A7
have high neutralizing potency against SARS-CoV-2 virus.
Indeed NB1A7 and NB1B11 have potential, but as shown in
the Supplemental information, NB1C6 may, as part of a bi-
head, become important as well to prevent the generation of
escape mutants of SARS-CoV-2. To understand the potential
neutralization mechanism of these nanobodies to SARS-CoV-2
virus, we determined the structure RBD-NB1A7. The structure
of RBD-NB1A7 in the context of SARS-CoV-2 spike protein
shows that NB1A7 binds at a highly conserved cryptic epitope
in RBD and required the adjacent clockwise RBD in open confor-
mation. Although its epitope does not overlap with the ACE2-
contacting surface on the RBD, it sterically interferes with RBD
attachment to ACE2. In addition, NB1A7 stabilizes the RBD in
the active up conformation accessible to ACE2 receptor. It is
possible that NB1A7 binding induces premature activation of
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the spike protein that without host cell membranes leads to irre-
versible conformational changes to a post-fusion state and
disruption of the spike function. Therefore, NB1A7 has strong
neutralizing effects on the SARS-CoV-2 virus by blocking the
interaction between ACE2 and RBD and destroying its spike
function. It is exciting that the NB1A7 binding epitope is shared
between SARS-CoV-1 and SARS-CoV-2, which indicates
NB1A7 has a potential cross-reactive nanobody that might
work against SARS-CoV-1, SARS-CoV-2, and current or future
variants. However, although the mutations do not directly
interact with the NB1A7, nearby mutations can affect binding
of NB1A7 to the emerging viral lineages (Tables S1 and S2).
The binding affinity of NB1A7 to RBD is regulated through mech-
anisms involving both direct and long-range interactions, and
some mutation sites, despite located outside the contact inter-
face with NB1A7, may maintain the structural integrity of the
epitope. As concluded by Starr et al., viral escape mutations
generally occur in the antibody-RBD interface (Starr et al.,
2021). Our data indicate that NB1A7 retains high binding affinity
to RBD carrying most of the mutations present on emerging viral
lineages (Figures 3B-3E). However, some mutations of the BA.2
lineage and the emerging omicron variant are located in or
related with the epitope of NB1A7, which possibly reduces the
binding affinity of NB1A7 to RBD and escape neutralization.
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Figure 7. Structure model of RBD-NB1C6 complex and the binding affinity and competitive capacity of format Il

A) The structural model of RBD-NB1C6 complex.

B) The binding site of NB1C6 (green) on the RBD (gray) does not overlap with the contacting surface of ACE2 (yellow) with RBD on the basis of PDB: 6M0J.

¢
(
(C) Details of interaction between NB1C6 (green) and RBD (gray).
(D-H) Binding kinetics of format Il to RBD wild-type and mutants.
(

1-M) The competitive capacity of format Il with ACE2 binding RBD wild-type and mutants.

See also Tables S1 and S2.

The structure of RBD-NB1B11 reveals that the NB1B11 bind-
ing epitope partially overlaps with the interface between ACE2
and RBD, which directly blocks ACE2 binding with RBD. Simi-
larly, the epitopes of the neutralizing monoclonal antibodies
currently approved or under clinical development also target
the ACE2 receptor binding site (Wang et al., 2021a, 2021b,
2021c, 2021d). The recently reported neutralizing nanobody
NB20 also binds this region, and it can bind both open and closed
RBD within SARS-CoV-2 spike protein (Xiang et al., 2020a).

Compared with conventional antibodies, nanobodies are easy
to engineer to form multivalent nanobodies for bioactivity
enhancement. On the basis of the structure of both of RBD-
NB1A7 and RBD-NB1B11, NB1A7 and NB1B11 have different

antigenic sites on the RBD of the spike protein, so we designed
two formats of bi-paratopic multivalent molecules composed of
these two nanobodies. Format | is a heterodimer consisting of
NB1A7-Fc-fusion and NB1B11-Fc-fusion that bind intra-RBD,
while format Il is a C terminus-NB1A7 and N terminus NB1B11
linked with a (GGGGS), linker and then fusion with Fc, which
bind inter-RBD within spike protein. As expected, both formats
dramatically increased the binding affinity and enhanced the
neutralization activity against SARS-CoV-2 with synergistic ef-
fect. The binding affinity of formats Il and Ill reached the femto-
mole range. The combined treatments have a very low tolerance
for future variants and can protect against the predominant
SARS-CoV-2 virus variants currently in circulation and future

Structure 30, 707-720, May 5, 2022 717



¢? CellPress

escape mutant virus. To the best of our knowledge, this would
reflect the most potent neutralizing nanobody targeting RBD of
SARS-CoV-2 spike protein reported to date. Furthermore, the
high conserved epitope of NB1A7 combined with a bi—paratopic
strategy should prevent the emergence of viral escape mutants.
In summary, this study provides an excellent proof of concept for
rational development of broadly reactive neutralizing nanobod-
ies, and the candidates described here will be moved into animal
experiments and clinical development.
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
5'-CGGAATTCGATATCG This paper N/A

CAGGTGCAGCTGCAGGAGTC-3’

(NB1A7-NB1C6-Fc-F1)

5’-GACTCCTGCAGCTGCACC This paper N/A
TGGCTCCCTCCGCCACCAGACC-3’

(NB1A7-NB1C6-Fc-R1)

5-GGTCTGGTGGCGGAGG This paper N/A
GAGCCAGGTGCAGCTGCAGG

AGTC-3’ (Linker-NB1C6-F2)

5’-CATGCCATGGCTCCACCGCTG This paper N/A

CCACCTGAGGAGACGGTGACC
TGGG-3' (NB1A7-NB1C6-Fc-R2)

Remaining primers can be found in Table S3 This paper N/A
Recombinant DNA
pMECS nanobody This paper N/A
pCMV-RBD-Flag This paper N/A
Software and algorithms
PHENIX http://www.phenix- Version 1.19.2
online.org/ RRID:SCR_014224 https://phenix-online.
org/download
Coot Coot (cam.ac.uk) Version 0.9.4 RRID:SCR_014222 https://

www?2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/binaries/pre-releases/coot-
0.9.4-pre-revision-10190-binary-Linux-
x86_64-ubuntu-16.04.6-python-gtk2.tar.gz

MolProbity https://doi.org/10.1107/ RRID:SCR_014226 http://molprobity.
S0907444909042073 biochem.duke.edu
PyMol Schrodinger Version 2.5 RRID:SCR_000305 https://

pymol.org/installers/PyMOL-2.5.2-
Windows-x86_64.exe

GraphPad Prism 7 GraphPad RRID:SCR_002798 https://www.
graphpad.com

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Y. Geng
(gengyong@simm.ac.cn).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and code availability
The crystal structures of SARS-CoV-2 RBD in complex with NB1A7 are deposited in the Protein Data Bank (PDB) with accession
codes PDB: 7FAT.

The crystal structures of SARS-CoV-2 RBD in complex with NB1B11 are deposited in the Protein Data Bank (PDB) with accession
codes PDB: 7FAU.

Raw data from Figures 1, 3, 5, 6, and 7 were deposited on Mendeley at https://data.mendeley.com/datasets/jjpdzrb5ht/draft?
a=a4c83cb6-324c-493c-aba7-24f5e6df40e5.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbe strains

(HEK) 293F cells (human) were purchased from Gibco (Cat# R790-07, RRID: CVCL_6642), which were grown in SMM 293-TIl medium
(Sino Biological Inc.) supplemented with 2% (v/v) FBS (Gibco) and 8% CO, for maintenance. E. coli BL21(DE3) was cultured at 37°C
in LB medium supplemented with 100 mg/mL of ampicillin and induced with isopropy! B-D-1-thiogalactopyranoside (IPTG, final con-
centration 0.1 mM) at 16°C for 10 hours, when an ODggg of 0.6 was reached for recombinant proteins expression. All the cell lines
tested negative for mycoplasma contamination.

METHOD DETAILS

Constructs

The gene encoding amino acids 333-523 of receptor binding domain (RBD) of SARS-CoV-2, its variants P.1 (K417T, E484K, N501Y),
B.1.526 (E484K, S477N), B.1.617.1 (L452R, E484Q) and B.1.617.2 (L452R, T478K), followed by an Avi-tag and a Flag epitope tag at
C-terminus was cloned into a modified pEG BacMam vector, respectively.

For the construct of SARS-CoV-2 Spike protein, the extracellular domain of S protein (residues 1-1211) was cloned into a modified
pEG BacMam vector with proline substitutions at residues 986K and 987V, a “GSAS” substitution at residues 682 to 685(RRAR), a
C-terminal T4 fibritin trimerization motif followed by a Flag epitope tag.

The gene encoding SARS-CoV RBD (306-527) followed by an Avi-tag and a Flag epitope tag at C-terminus was also cloned into a
modified pEG BacMam vector.

Protein expression and purification

The recombinant SARS-CoV-2 RBD, RBD mutants, SARS-CoV RBD or SARS-CoV-2 S protein were overexpressed in the HEK293F
cells (ATCC) at 37°C in a humidified 8% CO. incubator (Eppendorf, Germany). For each protein, the plasmid was transiently transfected
into the cells using polyethylenimines (PEIs) with the cell density at 2x10° cells per ml. 10 mM sodium butyrate was added 12 h post-
transfection. Cells were then incubated at 30°C with gentle rotation and the supernatant was collected after 48 h transfection by centri-
fugation at 5000 x g for 30 min. The protein was purified by anti-FLAG M2 affinity resin. After the protein binding to the M2 beads, the resin
was washed with 20 mM Tris pH 8.0, 150 mM NaCl and subsequently eluted by the buffer containing 20 mM Tris pH 8.0, 150 mM NaCl,
0.2 mg mL-1 flag peptide. The eluted protein was then injected on a High-load Superdex 200 16/600 GL column. The peak fractions of
SARS-CoV-2 RBD were collected in the buffer containing 20 mM Tris pH 8.0, 150 mM NaCl and aliquot for camel immunization.

Nanobody library generation

Camel immunization and nanobody (Nb) library generation were performed as described previously. In brief, the camel was immu-
nized with 1 mg RBD protein combined with Gerbu FAMA adjuvant once a week for 7 weeks. This animal work was approved and
supervised by Shanghai Institute of Materia Medica, Chinese Academy of Sciences (Permit Number: SYXK 2015-0027). The periph-
eral blood lymphocytes (PBLs) were isolated by Ficoll-Paque Plus (GE Healthcare, USA) for naive library construction. Total RNA was
extracted and the cDNA was synthesized by using a Super-ScriptTM Ill FIRST-Strand SUPERMIX Kit (Invitrogen, USA). The VHH
genes were amplified by two-step nest-PCR and cloned into a phagemid pMECS vector as previously described. The primers
(CALL-F and CALL-R) were used in the first PCR to amplify the fragments from the leader signal sequence of all V elements of family
Il to the second constant heavy-chain domain (CH2) that is conserved. The primers (VHH-F and VHH-R) were used to amplify the
nanobody encoding genes via the second nested PCR. The phagemids were then transformed into the electro-competent E. coli
TG1 cells. The size of constructed nanobody library was evaluated by the number of positive colonies. The cells were then scraped
and stored at —80°C.

Screening and identification of Nbs by phage display technology
To screen and identify RBD specific Nbs, phages presenting RBD-VHHs were enriched 2 rounds of bio-panning, which was per-
formed in the 96 wells microtiter plates (Thermo, USA). For each round of bio-panning, phages were dispensed into RBD coated
plates and incubated for 2 h. The wells were then washed with PBST for 10 times and PBS for 5 times. The retained phages were
trypsinized and collected for the next round of bio-panning. The collected phages infected E. coli TG1 cells to obtain the cells ex-
pressing VHH. Overall 950 clones were picked to confirm whether bound to RBD.

These clones were selected by RBD-coated ELISA plates, which were detected by HRP-conjugated anti-HA antibody. All positive
clones were sequenced and grouped based on the homologues of complementary determining regions (CDRs). Finally, a total of 29
nanobodies with different sequence of CDR3 were identified.

Expression and purification of Nbs

The genes encoding RBD-specific Nbs were cloned into pET-28a (+) vector with N terminal 6 xHis tag, followed by SUMO fusion
protein. It was expressed in the periplasm of E. coli BL21(DE3) and grown to ODggonm 0.6 at 37°C in 2xYT medium containing
100 pg mL~" ampicillin, 0.1% (w/v) glucose and 1mM MgCl,. TmM IPTG was added to induce the expression of Nbs at 28°C for
12 h. Cells were harvested by centrifugation at 5000 x g for 30 min and lysed in the buffer (20 mM Tris pH 8.0, 150 mM NacCl,
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1 mM PMSF) by sonication, then centrifuged to remove the cell debris. The supernatant was collected and applied to a nickel affinity
chromatography column and the eluent was further purified by size-exclusion chromatography using a HiLoad 16/600 Superdex 75
column. The purified His tagged-SUMO-Nbs were incubated with ubiquitin-like-specific protease 1 (ULP1) (prepared in-house) to
remove the His tag and SUMO fusion. After loaded onto the nickel affinity chromatography column, the flow through that contained
the Nb was applied to the HiLoad 16/600 Superdex 75 column for further purification. Finally, the Nb was spin concentrated to
1mgmL™".

Determination of different epitopes of RBD protein

To initial screen the binding sites of Nbs to RBD, purified recombinant RBD and Nbs were mixed at a molar ratio of 1:1:1 and incu-
bated for 30 mins before injected on a superdex 200 increase 5/150 GL. Protein signals were detected by UV280 nm. Finally, three
groups were detected to bind at the different epitopes of RBD protein.

The biolayer Interferometry (BLI) was performed to further confirm these three binding epitopes. The biotinylated RBD was immo-
bilized on the Streptavidin Dip and ReadTM Biosensors for 120 s until the instrument response was about 1 nm relative units (RUs).
Baseline was measured in the kinetic buffer (PBS buffer and 0.02% Tween 20) and the sensors were exposed to 500 nM NB1A7 until
the curve reached plateau phase. Thuen the sensors were further exposed to both 500 nM NB1A7 and NB1B11. Finally, the sensors
were exposed to both NB1B11, NB1A7 and NB1C6 until the curve was stable at plateau phase.

Kinetic measurements by biolayer interferometry (BLI) binding assays

The biolayer Interferometry (BLI) was used to measure the binding affinity (KD) of Nbs. The biotinylated RBD was immobilized on the
Streptavidin Dip and ReadTM Biosensors for 120 s until the instrument response was about 1 nm relative units (RUs). Baseline was
measured in the kinetic buffer (PBS buffer and 0.02% Tween 20) and the sensors were exposed to nanobodies with twofold serial
dilutions from 100 nM to 3.125 nM for 300 s. Then the dissociation was monitored in kinetic buffer for 600 s. All the curves were fitted
by a 1:1 binding data fit model using the ForteBio Data Analysis Software to calculate the Kp, which is the ratio of Ky#/Kon.

Binding inhibition of ACE2

Streptavidin was coated onto the ELISA plates overnight at 4°C. Wells were washed 5 times in PBST and blocked with 2% BSA for 2
h. And then biotinylated RBD protein was added to wells. 0.1 ug mL~' ACE2-Fc (prepared in house) supplement with Nbs in different
concentrations from 900 nM to 0.0047 nM in threefold serial dilution were added to the wells to competitively bind RBD protein. After
wash 5 times in PBST, goat anti-human IgG-Fc secondary antibody (HRP) was added and incubated for 1 h. TMB substrate (Thermo
Fisher Scientific, USA) was added and the reactions were stopped by 2 M H,SO,. Then, the plates were measured at OD450nm.

Pseudotyped virus neutralization

Pseudotyped virus neutralization was performed in order to evaluate the neutralization activity of Nbs. In brief, HEK293T cells that
stably expressed the ACE2 (HEK-ACE2 cells) were cultured in 96-well plates. When the cell density reached 3x10* cells per ml,
NB1A7 or NB1B11 in different concentrations from 100 ug ml~" to 0.0000512 ug mi~" in fivefold serial dilution mixed with SARS-
CoV-2-Luciferase pseudovirus were incubated with cells at 37°C, 5% CQO2 for 72 hours. The luciferase activity was calculated by
using the Luciferase Assay System (Promega, USA). The analysis was performed on Prism (GraphPad) to calculate half-maximal
inhibitory concentration (ICsg) values.

Authentic SARS-CoV-2 plaque reduction neutralization test (PRNT)

PRNT was performed to detect the Nbs neutralizing the SARS-CoV-2 virus. Vero E6 cells were seeded into 24-well culture plates at
the density of 1.5x 10° cells per well the day before infection. Next day, Nbs were prepared in a serial dilution and mixed with SARS-
CoV-2 suspension containing 200 TCID50 in DMEM that supplemented with 2% FBS. After 1 h incubation at 37°C, the mixture was
added into Vero EB6 cells. The mixture was removed after 1 h incubation at 37°C and substituted with the medium containing DMEM,
2%FBS and 0.9% carboxymethyl cellulose (Promega). Plaques were stained by 0.5% crystal violet after 3 days incubation at 37°C,
5% CO,. Plagues were counted and the 50% neutralizing dose (NDsg) were calculated.

Crystallization and data collection

RBD protein, NB1A7 and NB1B11 were prepared as described above. The peak fractions of RBD were incubated with a 1.2 molar
excess of NB1A7 or NB1B11 before injected on the High-load Superdex 200 16/600 GL column. The fractions in buffer containing
20 mM Tris pH 8.0, 100 mM NaCl were collected and concentrated to 10 mg mL~" for further crystallization.

The crystals of NB1A7 bound RBD and NB1B11 bound RBD were obtained using hanging drop vapor diffusion technique. The
crystals of NB1A7 bound RBD were grown at 20°C in a reservoir solution containing 8% PEG6000, 0.1 M citric acid pH 3.5 and
2% ethylene glycol, while the crystals of NB1B11 bound RBD were formed at 20°C in a reservoir solution of 16% PEG3350 and
0.1 M Zinc acetate, dehydrate. All the crystals were flash-cooled with liquid nitrogen in the reservoir buffer supplemented with
20% glycerol.

Diffraction data were collected at 100K on the beamline BL19U1 at Shanghai Synchrotron Radiation Facility, China with a wave
length of 0.979 A. Data were processed using XDS and AIMLESS as a part of the CCP4 programs.
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Structure determination and refinement

The structures of NB1A7 bound RBD and NB1B11 bound RBD were solved by molecular replacement using Phaser. The searching
model include the RBD (PDB:7CH5) was manually fit into the density in COOT (Emsley and Cowtan, 2004). The refinement of the
structures was performed by PHENIX suite (Adams et al., 2002). The final validation of models was done by MolProbity (Chen
et al., 2010).

Expression and purification of multivalent Nbs

For bi-paratopic heterodimeric nanobodies (Format I), the gene encoding NB1A7 or NB1B11 was cloned into a pFUSE-mIgG2B-Fc2
vector, respectively. For bi-paratopic and multivalent nanobodies (Format Il), the gene encoding NB1A7 and NB1B11 that linked by a
20 amino acid (GGGGS)4 linker, followed by a GGGGS linker at the C-terminus was cloned into the pFUSE-mIgG2B-Fc2 vector. For
Format lll, NB1B11 was replaced by NB1C6 compared with Format Il. For the bi-paratopic and multivalent nanobodies (Format lil),
the gene encoding NB1A7 and NB1C6 that linked by a 20 amino acid (GGGGS)4 linker, followed by a GGGGS linker at the C-terminus
was cloned into the pFUSE-mIgG2B-Fc2 vector.

For the expression of Format |, Format Il and Format Ill, co-transient transfection of NB1A7-Fc and NB1B11-Fc or transient trans-
fection of NB1A7-(GGGGS)4-NB1B11-Fc or NB1A7-(GGGGS)4-NB1C6-Fc incubated with PEls was performed in HEK293F at the
density of 2x10° cells per mL. 10 mM sodium butyrate was added 12 h post-transfection. Cells were then incubated at 30°C with
gentle rotation and the supernatant was collected after 48 h transfection by centrifugation at 5000xg for 30 min. The proteins
were purified by rProtein A Beads (SMART LIFESCIENCES, China) for initial purification. Then the proteins were washed by the buffer
containing 20 mM Tris pH 7.0, 150 mM NaCl and eluted by 0.1 M Glycine buffer pH 3.0 and 1M Tris pH 8.5 was add to the eluted
protein to adjust the pH value to the neutrality. The multivalent Nbs were concentrated and applied to the HiLoad 16/600 Superdex
200 column. The peak fractions were collected and stored at —80°C for further experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed on Prism (GraphPad) to calculate halfmaximal inhibitory concentration (IC5c) values and half-
maximal neutralizing Dose (NDs).

Competitive ELISA was used to assess whether nanobodies block RBD interaction with ACE2 in vitro. The results shown are
mean + SEM (n = 3).

SARS-CoV-2-Luciferase pseudovirus neutralization assay to test antiviral activities. The results shown are mean + SEM (n = 2).

SARS-CoV-2 plaque reduction neutralization test (PRNT) was performed to detect neutralizing activity. The results shown are
mean + SEM (n = 2).
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