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Background: The emergence of the coronavirus disease 2019 (COVID-19) pandemic and the new severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) variants of concern (VOCs) requires the continuous development of safe, effective, and affordable
prevention and therapeutics. Nanobodies have demonstrated antiviral activity against a variety of viruses, providing a new candidate
for the prevention and treatment of SARS-CoV-2 and its variants.

Methods: SARS-CoV-2 glycoprotein spike 1 subunit (S1) was selected as the target antigen for nanobody screening of a naive phage
display library. We obtained a nanobody, named Nb-H6, and then determined its affinity, inhibition, and stability by ELISA,
Competitive ELISA, and Biolayer Interferometry (BLI). Infection assays of authentic and pseudotyped SARS-CoV-2 were performed
to evaluate the neutralization of Nb-H6. The structure and mechanism of action were investigated by AlphaFold, docking, and residue
mutation assays.

Results: We isolated and characterized a nanobody, Nb-H6, which exhibits a broad affinity for S1 and the receptor binding domain
(RBD) of SARS-CoV-2, or Alpha (B.1.1.7), Delta (B.1.617.2), Lambda (C.37), and Omicron (BA.2 and BA.5), and blocks receptor
angiotensin-converting enzyme 2 (ACE2) binding. Moreover, Nb-H6 can retain its binding capability after pH or thermal treatment
and effectively neutralize both pseudotyped and authentic SARS-CoV-2, as well as VOC Alpha (B.1.1.7), Delta (B.1.617.2), and
Omicron (BA.2 and BA.5) pseudoviruses. We also confirmed that Nb-H6 binds two distinct amino acid residues of the RBD,
preventing SARS-CoV-2 from interacting with the host receptor.

Conclusion: Our study highlights a novel nanobody, Nb-H6, that may be useful therapeutically in SARS-CoV-2 and VOC outbreaks
and pandemics. These findings also provide a molecular foundation for further studies into how nanobodies neutralize SARS-CoV-2
and variants and imply potential therapeutic targets for the treatment of COVID-19.
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Introduction

The coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV
-2) resulted in a global human health and economic crisis, having exceeded 763 million cases and 6.9 million deaths
worldwide as of April 2023 (https://www.who.int/, accessed April 16, 2023). Despite the development of effective

vaccines, eradicating SARS-CoV-2 remains extremely difficult due to waning immune responses from vaccination and
the spread of new variants of concern (VOCs) such as Alpha, Beta, Gamma, and Delta, as well as the recently identified
Omicron.'* Given the ongoing SARS-CoV-2 pandemic and the possibility of new variants continuing to emerge, efforts
to develop effective prophylactic and therapeutic strategies against emerging VOCs are urgently required.
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The SARS-CoV-2 glycoprotein spike (S) is a homotrimeric transmembrane protein that is responsible for viral entry
into the host cell.””” The S protein is composed of two functional subunits, S1 and S2, which are required for binding
host cell angiotensin-converting enzyme 2 (ACE2) and catalyzing virus-cell membrane fusion.”’ ° The S1 subunit is
further divided into a C-terminal receptor-binding domain (RBD) and an N-terminal domain (NTD), while the RBD
directly binds to ACE2 to initiate cell recognition.>® To date, RBD and NTD have been identified as targets of numerous

neutralizing antibodies and inhibitors,'® "3

underlining that blocking S1 is crucial for the development of protective
immunity against SARS-CoV-2 infection.

The single-domain antibody (also known as nanobody, VHH, or Nb) derived from the heavy chain antibody of
camelids has shown many advantages over conventional antibodies.'* As one-tenth of the size of conventional
antibodies, nanobodies have unique properties such as high binding activity and specificity for a target antigen, strong
tissue penetration, intrinsic stability, ease of production at a low cost, and ease of genetic engineering.'*'> Tt is widely
applied as a promising diagnostic and therapeutic tool for human diseases, including respiratory virus infections.'>"!7
Patients with COVID-19 are at a high risk of developing severe disease, but it has been demonstrated that neutralizing
nanobodies can effectively reduce mortality.'®'® To identify novel nanobodies that might lead to advancements in
diagnostics and provide new treatment options, screening of nanobodies in the naive phage library is the preferred
approach.'® Selection from a naive phage library allows faster production of affinity antibodies compared to immuniza-
tion, which is especially appealing when developing antibodies against newly emerged and rapidly spreading diseases
like COVID-19.""*° Moreover, the naive phage library enabled the isolation of nanobodies against a wide range of
antigens, including autoantigens, non-immunogenic, or toxic antigens, while avoiding the time-consuming and costly
procedure of immunization. Although previous studies have shown that monomer nanobodies derived from naive phage
libraries usually lack the high binding affinity required for therapeutic applications, this can be improved by fusing the Fc
domain of antibodies or linking monomer nanobodies to produce dimerization or multimerization.'****> When the
capacity of the naive phage library is sufficient, high-affinity antibodies can be obtained in a short period of time.
Therefore, screening nanobodies from a naive phage library for S1 specifically might be a viable and efficient strategy for
combating SARS-CoV-2 and variant infection and transmission.

In this study, we used a naive nanobody phage library to develop an anti-SARS-CoV-2 nanobody (Nb-H6) that shows an
affinity for S1 and RBD of SARS-CoV-2 and three VOCs, has high thermostability and pH stability, and effectively occludes
ACE2 interaction. Moreover, we determined that Nb-H6 can broadly neutralize the authentic SARS-CoV-2 as well as Alpha
(B.1.1.7), Delta (B.1.617.2), and Omicron (BA.2 and BA.5) pseudoviruses in vitro. Finally, we revealed that the mechanism of
Nb-H6 neutralization is interference with RBD regions Tyr449 and Tyr489 bound to ACE2. Collectively, these results suggest that
Nb-H6 may be a potential therapeutic nanobody against COVID-19 caused by SARS-CoV-2 variants.

Materials and Methods

Screening Nanobodies Against SARS-CoV-2 S| Protein

The nanobodies (Nbs) targeting Wuhan wild-type S1 (defined as S1) (Z03485, Genscript) were selected through three consecutive
phage display rounds using a previously constructed naive library.”> The naive library was established based on proximate
1.06x10'"° PBMCs isolated from 103 alpacas and possesses a capacity of 1.36x10'® individual transformants (AlpalifeBio,
China). For screening of Nb candidates, 50 pug of S1 protein (GenScript Biotech Corporation, China) was coated overnight at 4 °C
on Nunc Immunotubes (444202, Thermo Fisher). Following three PBS washes and 2 hours of blocking at RT with 5% BSA
(A1933, Sigma-Aldrich), 100 pL of phages were added into S1-coated tubes and incubated for 1 hour at RT. After washing with
PBS containing 0.05% (v/v) Tween-20 (A100777, Sangon) (PBST) 10 times, bound phages were eluted with 0.25 mg/mL Trypsin
(A003702, Sangon) for 30 min at RT. Subsequent 2-round screenings were performed as described above, with a sublibrary from
each round of panning requiring amplification and titration. Each round of screening used approximately 1.2x10'? phage particles.
From the third-round screening sublibrary, we randomly selected 96 phage colonies for Phage-ELISA, and the top three positive
colonies targeting S1 were sequenced.
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Expression and Purification of SARS-CoV-2 S|-Specific Nanobodies and Related

Mutants

The DNA sequences of selected nanobodies were optimized before being inserted with polyhistidine (His) and
hemagglutinin (HA) tags and cloned into pET-23a (+) plasmids (General Biol, China). The constructed plasmids were
heat-shock transformed into E. coli BL21 (DE3) cells (CD601, TransGen). The cells were cultured in LB medium with
100 pg/mL ampicillin until OD600 = 0.6, then induced for 15 hours at 16 °C with 0.5 mM IPTG. Cells were precipitated
from culture supernatant for isolation and purification, and whole proteins from cells were extracted using ultrasonica-
tion. The S1-specific nanobodies were then purified using the HisTrap FF column (GE17-5255-01, Cytiva). Harvested
target Nbs were determined by SDS-PAGE, and the concentration was measured by the Pierce™ BCA Protein Assay Kit
(23225, Thermo Fisher). The expression plasmids containing mutations in Nb-H6 (named Nb-H6 N72A and Nb-H6
RI7A, respectively) were synthesized by General Biol (Chuzhou, China). The Nb-H6 N72A and Nb-H6 R97A
recombinant proteins were generated using the same expression and purification procedures as described above, and
the binding capability of Nb-H6 N72A and Nb-H6 R97A to S1 or RBD was assessed using an ELISA and a BLI assay.

Enzyme-Linked Immunosorbent Assay (ELISA)

The binding activity of the obtained Nbs to the S1 or RBD was assessed by ELISA. In brief, a Maxisorp 96-well immune
plate (446469, Thermo Fisher) was coated overnight at 4 °C with 0.4 pug of S1 or RBD (Z03479, GenScript) antigen. The
plate was blocked with 5% BSA before being washed five times with PBST. Following that, 100 pL/well of different
dilutions of Nbs were incubated in the plate for 1 hour at RT. Anti-HA-tag mAb-HRP-DirecT (M180-7, MBL) was added
and incubated for 1 hour at RT with slight shaking. Following a PBST wash, a 100 upL/well 3.3°,5,5’-
Tetramethylbenzidine (TMB) substrate (H101-01, TransGen) was added to detect horseradish peroxidase (HRP) activity.
After stopping the enzyme reaction with 50 pL of 2 M H,SO,, the absorbance at 450 nm was measured with
a SpectraMax 340PC Microplate Reader (Perkin-Elmer, USA).

A competitive ELISA was conducted to determine the capacity of Nb-H6, Nb-H6 N72A, and Nb-H6 R97A to inhibit
the binding of S1 or RBD to hACE2. A 96-well immuno plate was coated with recombinant hACE2 (T101301, East
Mab) at 400 ng per well. Following washing and blocking, serially diluted Nb-H6, Nb-H6 N72A, or Nb-H6R97 was
mixed with S1 or RBD for 1 hour before being added into the coated wells to co-incubate with hACE2 for 1 hour at RT.
Afterward, anti-S1 antibody (HRP) (ABIN6953153, Antibodies) or anti-RBD antibody (HRP) (10-054, ProSci) was
incubated in the wells for 1 hour at RT with slight shaking. A 100 uL. TMB substrate was added, followed by 50 puL of 2
M H,SO, to terminate the enzyme reaction, and absorbance readings at OD,s, were taken with a microplate reader.
A half-maximal inhibitory concentration (ICso) of Nb-H6 was calculated using four-parameter logistic regression.

Biolayer Interferometry (BLI)

To measure the affinity of Nb-H6 binding to spike proteins of SARS-CoV-2 variants (Alpha B.1.1.7, Delta B.1.617.2, Lambda
C.37 (East Mab, China, 40591-VO8H31 Sino Biological), Omicron BA.2 (40891-V08H43 Sino Biological, EVV00324 Antibody
System), and Omicron BA.5 (40592-VO8H130 Sino Biological), Biolayer Interferometry (BLI) assay was performed using the
BLItz™ Label-free Protein Analysis System (ForteBio, USA) with High Precision Streptavidin (SAX) Biosensors (18-5117,
Sartorius).”* To label the S1 and RBD, proteins were incubated with NHS-Biotin (C100212, Sangon) at a molar ratio of 12:1
NHS-Biotin to protein for 1 hour at 4 °C and excess NHS-Biotin molecules were removed by overnight dialysis. This step allowed
for the attachment of biotin molecules onto these proteins, enabling their immobilization on the SAX biosensors before Nb-H6
detection. The SAX biosensors were balanced in PBS for 10 minutes before detection, and then the biotinylated S1 or RBD
antigens were immobilized on pretreated SAX sensors for 240 seconds. After a baseline stabilization period of 120 seconds in
PBS, several diluted Nbs (0.25-8 uM) in PBS were incubated with coated biosensors for another 240 seconds. The sensors were
then soaked in PBS for 240 seconds to dissociate. Additionally, the binding capability of Nb-H6 mutants to S1 or RBD was
assessed using the same protocol as the BLI assay. According to the raw data, kinetic curves were recorded and fitted using a 1:1
binding model. Finally, the rate constants of association (K,,), rate constants of dissociation (K), and equilibrium dissociation
constants (Kp) were determined by BLItz Pro 1.3.0.2 software.
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Evaluation of Thermal and pH Stability

Nb-H6 was dissolved in PBS with a series of pH values to detect pH stability and incubated for 2 hours at RT. To evaluate thermal
stability, Nb-H6 was incubated at various temperatures for 5 min and at 90 °C for different durations ranging from 5 to 105 min.
The binding capacity of all treated Nb-H6 to S1 was determined by ELISA at RT after pH or thermal treatment.

Authentic SARS-CoV-2 Neutralization Assay

The original SARS-CoV-2 strain was isolated from COVID-19 patients and preserved in the Guangzhou Customs
District Technology Center BSL-3 Laboratory. The live virus neutralization assay was conducted in a BSL-3 facility.
Briefly, 2x10%/well Vero E6 cells (HTX1534, OTWO Biotech) were seeded into a 96-well plate. Subsequently, Nb-H6
was 4-fold serially diluted and mixed with the same volume of SARS-CoV-2 (200 FFU/well) and incubated in wells at 37
°C for 1 hour. The mixture was then removed, and 100 pL of 1.6% sodium carboxymethyl cellulose (CMC) was added to
each well. The plates were incubated in a CO, incubator at 37 °C for 24 hours. Subsequently, plates were fixed with 4%
paraformaldehyde for 30 min and permeabilized with 0.2% Triton X-100. To detect the neutralization titers by focus
formation assay (FFA), cells were then stained with rabbit anti-SARS-CoV-2 N protein polyclonal antibody (40143-T62,
Sino Biological) at 37 °C for 24 hours. Subsequently, plates were washed with PBST three times, and followed by an
HRP-labeled secondary antibody (109-035-088, Jackson ImmunoResearch). The foci were visualized by TrueBlue
Peroxidase Substrate (KPL, USA), and counted with an ELISPOT reader (Cellular Technology, USA).

Pseudovirus Neutralization Assay

For infection with pseudovirus, 2x10* hACE2-expressing HEK293T cells (RM02456, ABclonal) were inoculated in a cell-culture
96-well plate and cultured overnight at 37°C in DMEM (11965092, Thermo Fisher) medium with 10% fetal bovine serum (FBS,
FS301- 02, TransGen) and 1 X Penicillin-Streptomycin (P/S) (FG101-01, TransGen). The SARS-CoV-2 spike pseudotyped
(Wildtype/B.1.1.7/B.1.617.2/BA.2/BA.5) GFP-Luciferase lentivirus (GM-0220PV07/GM-0220PV33/GM-0220PV45/GM-
0220PV86/GM-0220PV90, Genomeditech), whose final concentration was 2.75% 10° TU/mL, was mixed with different dilutions
of Nb-H6 for 1 hour at RT. Afterward, cells were infected with Nb-H6-pretreated SARS-CoV-2 spike pseudoviruses for 6 hours
before being switched to a fresh medium. Green fluorescence images were captured 48 hours after infection using a B8OiF
Inverted Biofluorescence Microscope System (Daoyi, China). For determining the neutralization activity of Nb-H6, luciferase
reactions of infected cells were carried out using a Single Luciferase Report Assay Kit (FR101, TransGen), and relative light units
(RLUs) were detected with a SpectraMax Gemini XPS Microplate Reader (Molecular Devices, USA). Based on the obtained
results, ICsy was further analyzed using four-parameter logistic regression.

Structure Modeling with AlphaFold
The structure of Nb-H6 was predicted using the AlphaFold Colab notebook with default parameters.”> (AlphaFoldv2.1.0.
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb). The input amino

acid sequence of Nb-H6 will serve as a template for homology-based sequence searching. AlphaFold’s deep learning
techniques were then employed to generate a 3D structural model. The notebook calculated an IDDT (Internal Distance-
based Threshold Distance) score for the predicted models. The model with the highest IDDT score is typically considered
the best prediction, as it indicates a higher degree of structural accuracy. The predicted model with the highest IDDT
score was downloaded and visualized by PyMOL software (Schrodinger).

Docking of RBD with Nb-H6
The Nb-H6 molecular docking was carried out on the COVID-19 Docking Server (http://ncov.schanglab.org.cn/) by

choosing RBD as the SARS-CoV-2 protein target. The server returned several candidate results based on the structure of
Nb-H6. To choose the best candidate result, we evaluated the prediction quality based on its similarities with the
published nanobody against the SARS-CoV-2 spike structure (PBD code: 7KKL),?' and its ranking in the docking score.
The prediction result that ranked first and had the highest consistency score was chosen for further analysis. The interface
residues at 72 (located in framework region 3 (FR3)) and 97 (located in complementarity-determining region 3 (CDR3))
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of Nb-H6 and residues 449 and 489 of RBD were determined for restraint docking. The 3D structures of Nb-H6 and
RBD were finally visualized by the software PyMol (Schrodinger).

Statistical Analyses

GraphPad Prism software (version 8.0) was used for statistical analysis of data and graph generation. Data are presented
as mean + SD. Statistical significance was evaluated using one-way ANOVA with Dunnett’s multiple comparisons test as
indicated in the relative figure legends.

Results
Screening and ldentification of Nanobodies Against the SARS-CoV-2 S| Protein

High-throughput naive nanobody libraries are more widely available to recognize multiple target antigens quickly to
generate nanobodies while avoiding undesirable biochemical properties including destabilization, multi-reactivity, and
agglomeration during affinity maturation.'**® To obtain potent SARS-CoV-2 neutralizing nanobodies, we used standard
phage display technology and performed three consecutive rounds of phage display, followed by a specific SARS-CoV-2
S1 protein-based binding screen using a phage ELISA (Figure 1a). As shown in Figure 1b, the phage clones specific to
the S1 protein were effectively enriched over 149-fold after three rounds of panning. A total of 96 phage clones were
randomly inoculated and screened for specific binding to the S1 protein by ELISA (Figure 1c). The result demonstrated
that the ODy4s5¢9 nm value of three clones targeting S1 was six times higher than the blank control coating with BSA
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Figure | Panning of specific nanobodies against the SARS-CoV-2 S| protein by naive nanobody library. (a) Schematic diagram of nanobody screening. (b) The anti-SARS-
CoV-2 spike S| nanobodies were enriched 149-fold after three rounds of screening. (c) Phage ELISA was used to identify an anti-SARS-CoV-2 S| individual clone after three
rounds of bio-panning. (d) SARS-CoV-2 S| specific nanobodies were identified from the top 20 clones that were specifically bound to SARS-CoV-2 S|. (e) Alignment of the
amino acid sequence of three screened SARS-CoV-2 S| nanobodies.
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(Figure 1d), which was further identified by the amino acid sequences of their complementary determining regions
(CDRs) (Figure le) and named Nb-H6, Nb-B7, and Nb-G7, respectively.

Production and Identification of Nanobodies Against SARS-CoV-2 S| and RBD

The His and HA tag-labeled nanobodies (Nb-H6, Nb-B7, and Nb-G7) were produced by IPTG-induced E. coli BL21
(DE3) cells and further purified by the HisTrap FF column. The SDS-PAGE analysis revealed that the purified Nb-H6,
Nb-B7, and Nb-G7 proteins had the expected apparent molecular weight (Figure 2a). To further confirm the specificity of
binding of these three nanobodies, SARS-CoV-2 S1 or RBD antigen coated on a plate was employed to capture Nb-H6,
Nb-B7, and Nb-G7. The results indicated that Nb-H6 had the greatest affinity for S1 and RBD of the three nanobodies
(Figure 2b), implying that Nb-H6 could be used as an ideal nanobody for further investigation.

Nb-Hé6 Binds to SARS-CoV-2 S| and RBD and Blocks ACE2 Binding

Since Nb-H6 showed the strongest binding activity, we further assessed the binding kinetics of Nb-H6 with S1 and
RBD by biolayer interferometry (BLI). The results showed that Nb-H6 had an excellent affinity for both S1 (Kp =
0.632 uM) and RBD (Kp = 0.805 uM) (Figures 3a and c). To investigate whether Nb-H6 interferes with the binding
of S1 to ACE2 or RBD to ACE2, we performed competitive binding assays by ELISA. We found that Nb-H6 was
able to compete with recombinant S1 to bind ACE2 with ICs, values of 1.526 uM, and 1.294 uM of Nb-H6 was also
sufficient to block 50% of ACE2 binding to RBD (Figures 3b and c). Furthermore, Nb-H6 could barely interact with
the RBD of MERS-CoV, showing expected specificity on binding to SARS-CoV-2 (Supplementary Figure 1). These
findings demonstrate that Nb-H6 is a tool valuable for capturing SARS-CoV-2 spikes and competitive binding

studies.

Nb-H6 Shows Excellent Thermal and pH Stability

To test the biophysical stability of Nb-H6, we exposed it to a variety of denaturing conditions, including various
pH values and different temperatures. As shown in Figure 4, after 5 minutes of incubation at 4, 30, 60, and 90
°C, Nb-H6 can still retain complete affinity (Figure 4a). Furthermore, the binding activity of Nb-H6 remained at
50% even after 90 minutes of incubation at 90 °C (Figure 4b). Likewise, the binding activity of Nb-H6 was not
affected by low or high pH incubation for 2 hours (Figure 4c¢). The results presented above demonstrate that
highly stable nanobodies can be rapidly and efficiently generated by the naive phage display platform, and Nb-
H6 might be beneficial for viral neutralization.

Nb-Hé Inhibits SARS-CoV-2 Infection

To verify the neutralizing capacity of Nb-H6 against SARS-CoV-2 infection, we performed in vitro neutralization
assays with pseudotyped and authentic SARS-CoV-2, respectively. The pseudovirus infection results suggested

S1 RBD
< Nb-H6
o o ~ Nb-B7
Yol 9}
Qv Dv - Nb-G7
o O
._.//4!/' J
102 100 102 102101100101102103

Concentration (nM)  Concentration (nM)

Figure 2 Purification and identification of the SARS-CoV-2 S|-specific nanobody. The top three nanobodies with the highest affinity for SARS-CoV-2 S| were identified and
named Nb-H6, Nb-G7, and Nb-B7. (a) SDS-PAGE analysis of purified nanobodies Nb-H6, Nb-G7, and Nb-B7. (M) Marker. The molecular weight (kDa) is indicated on the
left-hand side. (b) The affinity of Nb-H6, Nb-G7, and Nb-B7 to SARS-CoV-2 S| (left panel) and SARS-CoV-2 RBD (right panel) at various concentrations (200, 50, 12.5, 3.12,
0.78, 0.19, 0.049, and 0.012 nM). The results are presented as mean absorbance values at OD4so nm * SD (n = 3).
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Figure 3 Characterization of the SARS-CoV-2 nanobody Nb-Hé. (a) The binding kinetics of Nb-H6 with the immobilized SARS-CoV-2 S| and RBD were measured using
biolayer interferometry (BLI). (b) Competitive binding assays by ELISA. SARS-CoV-2 S| (left panel) and RBD (right panel) bind to ACE2 after competitive blocking with
serially diluted Nb-Hé. ICsq values were calculated by nonlinear regression fitting to a variable slope, a four-parameter dose-response model. Data are presented as mean *

SD of three technical replicates. (c) Table summarizing the affinity Kp, association (K,,), and dissociation constants (K.¢) determined by BLI as well as the competition assay
ICs0 values for Nb-H6.
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Figure 4 Evaluation of the thermal and pH stability of Nb-H6. Nb-H6 was incubated at different temperatures or pH levels, and the affinity of Nb-Hé binding to SARS-CoV-2
S| was determined by ELISA. (a) Nb-Hé was incubated at 4, 30, 60, and 90 °C for 5 minutes; (b) Nb-H6 was incubated at 90 °C for 5, 15, 30, 45, 60, 75, 90, and 105 minutes;
and (c) Nb-Hé was incubated at different pHs for 2 hours and the binding capacity was measured using ELISA. Data are shown as mean * SD, n=3.

that Nb-H6 could effectively block the entry of SARS-CoV-2 pseudovirus to HEK293-hACE2 cells in a dose-
dependent manner (Figure Sa, left panel). By luciferase reaction analysis, the ICsy, of Nb-H6 neutralizing the
SARS-CoV-2 pseudovirus was determined to be 7.16 uM (Figure 5a, right panel). Accordingly, we further
examined the antiviral ability of Nb-H6 against the original SARS-CoV-2 virions. As expected, Nb-H6 potently
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Figure 5 Nb-H6 suppresses SARS-CoV-2 infection in vitro. The SARS-CoV-2 spike pseudotyped GFP-luciferase lentivirus and authentic SARS-CoV-2 were mixed with
serially diluted Nb-H6 and then infected host cells (HEK293-hACE2 and Vero E6, respectively) for infection. (a) Green fluorescence images were captured to visualize Nb-
Hé neutralization against the SARS-CoV-2 pseudovirus (left panel), and the luciferase reaction assay was used to determine the ICsq value (right panel). Data are shown as
mean * SD (n = 3). (b) The authentic virus neutralization assay was performed to verify the anti-authentic SARS-CoV-2 ability of Nb-Hé. Anti-SARS-CoV-2 N protein
antibody and HRP-linked secondary antibody (left panel) were used to label the infected cells (left panel). For the calculation of the ICs, the foci were counted by the focus

formation assay (FFA) (right panel). The scale bar in each image represents 200 um. Data are shown as mean * SD (n = 6). All ICs( values were calculated using a four-
parameter logistic curve.

inhibited authentic SARS-CoV-2 infection in Vero E6 cells with an ICsq value of 1.975 uM (Figure 5b). These
results indicate that Nb-H6 may have potential for the treatment of SARS-CoV-2 infection.

Nb-Hé6 Effectively Binds SARS-CoV-2 S| and RBD Variants

Because SARS-CoV-2 new variants of concern (VOCs) strains can evade current neutralizing antibodies, we sought
to investigate if Nb-H6 has a certain affinity for SARS-CoV-2 VOCs to have broad-spectrum neutralizing effects.
We analyzed binding affinities of Nb-H6 toward S1 of SARS-CoV-2 VOCs (Alpha, Delta, Lambda, and Omicron)
using BLI, and found that Nb-H6 showed similar affinity to S1 from B.1.1.7 (Alpha) (Kp = 1.084 uM), B.1.617.2
(Delta) (Kp = 1.119 uM), and C.37 (Lambda) (Kp = 1.574 uM), with a slight increase in affinity to S1 from BA.2
(Omicron) (Kp = 2.476 uM) (Figures 6a and c). Similarly, Nb-H6 had an affinity for the RBD of SARS-CoV-2
VOCs: Delta B.1.617.2, Lambda C.37, and Omicron BA.2 and BA.5, with KD values of 1.894 uM, 1.523 uM, 2.226
pM, and 1.700 pM, respectively (Figures 6b and c).

Nb-H6 Suppresses SARS-CoV-2 Variant Pseudovirus Infection

Regarding the favorable affinity of Nb-H6 binding to SARS-CoV-2 S1 and RBD variants, we sought to investigate
whether Nb-H6 could also be effective against recently discovered VOCs B.1.1.7 (Alpha), B.1.617.2 (Delta), BA.2
(Omicron), and BA.5 (Omicron) in vitro. As expected, Nb-H6 inhibited the numbers of GFP-positive cells in HEK293-
hACE?2 cells following SARS-CoV-2 pseudovirus variants B.1.1.7 (Alpha) (Figure 7a), B.1.617.2 (Delta) (Figure 7b),
BA.2 (Omicron) (Figure 7c), or BA.5 (Omicron) (Figure 7d) infection. The pseudovirus luciferase assay further
confirmed the neutralization potency of Nb-H6 against all variants with ICs, values of 5.13 puM for B.1.1.7
(Figure 7a), 10.62 pM for B.1.617.2 (Figure 7b), 17.99 uM for BA.2 (Figure 7c), and 12.35 uM for BA.S
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Figure 6 The binding activity of Nb-H6é with SARS-CoV-2 variants S| and RBD. (a) The binding kinetics of Nb-Hé with the immobilized S| of variants Alpha (B.1.1.7), Delta
(B.1.617.2), Lambda (C.37), and Omicron (BA.2) were detected by BLI. (b) The binding capacity of Nb-H6 with RBD of variants Lambda (C.37), Delta (B.1.617.2), and
Omicron (BA.2 and BA.5) was measured by BLI. (c) Table summarizing the affinity Kp, association (K,,), and dissociation constants (K.4) determined by BLI.

(Figure 7d), in line with the measured affinities. These results imply that Nb-H6 could be an effective SARS-CoV-2 and
variant-specific neutralizing nanobody.

Nb-Hé6 Neutralization Mechanism Against SARS-CoV-2

To better understand the mechanism of Nb-H6-mediated broad neutralization of SARS-CoV-2 and variants, we
applied the AlphaFold tool to model the structure of Nb-H6 and used a molecular docking assay to characterize
the interactions between RBD and Nb-H6. The Nb-H6 residues N72 and R97, which are found in the FR3 and
CDR3 regions, were shown to be responsible for forming hydrogen bonds with Y449 and Y489 of the RBD,
respectively (Figure 8a). We further found that Y449 and Y489 are located within the receptor binding motif
(RBM) (Figure 8b, blue box) and are highly conserved across the RBD of both SARS-CoV-2 and VOCs via
amino acid sequence alignment (Figure 8b, red box), implying that Nb-H6 may have a broad-spectrum neutraliz-
ing effect against SARS-CoV-2 and VOCs. The binding properties of Nb-H6 are similar to those of class 1
nanoantibodies as previously classified.?”?° To further verify whether N72 and R97 of Nb-H6 are critical for the
binding of RBD, we mutated N72 and R97 to A, thus naming the mutation nanobodies Nb-H6 N72A and Nb-H6
R97A. The enzyme-linked immunosorbent assay (ELISA) results suggested that the absence of N72 and R97 of
Nb-H6 almost completely abolished the binding between Nb-H6 and the S1 and RBD (Figure 8c). In agreement
with this data, Nb-H6 N72A and Nb-H6 R97A greatly decrease their binding to S1 or RBD, as verified by the
BLI assay (Figure 8d). As expected, Nb-H6 N72A and Nb-H6 R97A lost their ability to inhibit S1 and RBD
binding to receptor ACE2 (Figure 8e). To validate the RBD epitopes reported in docking data, Y489 and Y499
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Figure 7 Nb-H6 inhibits SARS-CoV-2 variant pseudovirus infection. The SARS-CoV-2 variant spike pseudotyped GFP-luciferase lentivirus was incubated with different
concentrations of Nb-Hé for | hour and subsequently infected HEK293-hACE2 cells for 6 hours to allow virus entry. Representative fluorescence images and dose-response
curve for Nb-Hé neutralization of SARS-CoV-2 variants Alpha B.1.1.7 (a), Delta B.1.617.2 (b), Omicron BA.2 (c), and Omicron (BA.5) (d) pseudovirus at 48 hours post-
infection. The scale bar in each image represents 200 pum. The ICsy was calculated using a four-parameter logistic curve. Data are shown as mean * SD (n =3).

of RBD were mutated to A, respectively. The affinity of RBD mutants with Nb-H6 was determined by ELISA
and BLI tests, which revealed that mutations on Y489 or Y499 weakened the binding between Nb-H6 and RBD
(Figure 8f). As a result, the capability of Nb-H6 to neutralize SARS-CoV-2 can be attributed to residues Asn72
and Arg97 competitively interacting with the conservation residues Y489 and Y499 of RBD.
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Figure 8 The amino acid residues Asn72 and Arg97 of Nb-Hé are critical for binding to SARS-CoV-2 RBD. (a) Predicted amino acids involved in the binding interactions
between SARS-CoV-2 spike RBD (gray) and Nb-Hé (Orange). The Nb-H6 amino acid residues Asn72 and Arg97 are shown to form hydrogen bonds with the SARS-CoV-2
residues Tyr449 and Tyr489, respectively. (b) Amino acid sequence alignment of RBM (blue box) of wild-type and variant RBD. The conserved sites Y449 and Y489 were
highlighted with a red box. (c) Affinity of Nb-H6 N72A or Nb-H6 R97A binding to SARS-CoV-2 S| and RBD at various concentrations (800, 266.67, 88.89, 29.63, 9.88, 3.29,
1.10, and 0.37 nM), with Nb-Hé as a positive control. The results are presented as mean absorbance values at OD4so nm + SD (n = 3). (d) Biolayer interferometry (BLI) was
used to measure the binding kinetics of Nb-H6, Nb-H6 N72A, and Nb-H6 R97A with the immobilized SARS-CoV-2 spike S| and RBD. (e) Competitive binding assays by
ELISA. SARS-CoV-2 SI (left panel) and RBD (right panel) bind to ACE2 after competitive blocking with serially diluted Nb-H6, Nb-H6 N72A, and Nb-Hé6 R97A. (f) The
affinity of Nb-Hé binding to RBD mutants Y449A and Y489A was assessed by ELISA (left penal) and Biolayer interferometry (right penal). Nb-H6é was used at concentrations
(400, 100, 25, 6.25, 1.56, 0.39, 0.10, and 0.02 nM) in ELISA, and results are presented as mean absorbance values at OD45o nm + SD (n = 3). Data are presented as mean +
SD of three technical replicates.

Discussion

The ongoing SARS-CoV-2 pandemic poses a serious threat to global public health. Additional vaccines, neutralizing
antibodies, or antiviral agents are essential to overcome this challenge. Although the current COVID-19 vaccine has
a certain effect on the SARS-CoV-2 infection, the emergence of VOCs and waning humoral immunity from vaccination
raise the risk of SARS-CoV-2 outbreaks.'** Novel therapeutic strategies will prioritize antiviral drugs with high yield,
convenient storage and transportation, and low-cost and effective defense against the SARS-CoV-2 pandemic and SARS-
CoV-2 VOC transmission.

In this study, we isolated and characterized a reliable neutralizing nanobody, Nb-H6, from an alpaca naive phage
library, which has an affinity for the S1 and RBD derived from SARS-CoV-2 or three VOCs. More importantly, we
demonstrated that Nb-H6 has extremely stable thermal and pH properties and widely competes with the receptor ACE2
to bind S1 and RBD of SARS-CoV-2 and VOCs, significantly restraining pseudotyped and authentic SARS-CoV-2
infection and the entry of three VOC pseudoviruses into host cells. By predicting the structure of NB-H6 and simulating
its molecular interaction with RBD, we further confirmed the mechanism by which Nb-H6 neutralizes SARS-CoV-2 and
VOCs.

Traditional antibodies necessitate mammalian cell expression systems, which are time-consuming. However, nano-
bodies can be expressed more easily and efficiently through bacteria, yeast, and fungi.'"* Moreover, nanobodies have
thermal and pH stability, which means they will not be limited to antibody transportation and preservation for clinical
application.'® In the current study, we successfully screened nanobodies through a phage library technology. This strategy
can be widely used to isolate functional nanobodies for various antigens. One of the major concerns about COVID-19

vaccines is the antibody-dependent enhancement (ADE) effect induced by the SARS-CoV-2 spike protein antibody.*%>*
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Studies have revealed that SARS-CoV-2 antibody-mediated ADE is frequently mediated by Fc receptors for immuno-
globulin G (IgG) (FcRs), complement receptors (CRs), or both and is most commonly observed in mononuclear
phagocytes and B cells.”**>*® Furthermore, ACE2 and spike-protein conformational changes have been linked to
ADE mechanisms.’’*®* However, neutralizing antibodies appear to induce ADE very little compared to non-
neutralizing antibodies.>*** Since nanobody Nb-H6 lacks the Fc domain and has a short half-life like other neutralizing
antibodies,*® it might be a promising option for neutralizing balance and ADE side effects for COVID-19 therapeutics.

RBD and NTD of S1 protein are both potent parts for SARS-CoV-2 binding host cells, while numerous antibodies
targeting these sites showed a strong neutralization role in SARS-CoV-2 infection.'®'%'®4% These findings suggest that
screening nanobody candidates that bind S1 against SARS-CoV-2 infection may be an ideal strategy. Recent studies have
described the strong neutralizing activities of RBD-directed nanobodies against SARS-CoV-2,'""132141747 whereas few
reports on full length-S1-directed antibodies are capable of neutralizing a broad range of SARS-CoV-2 and VOCs. Here,
we obtained an attractive nanobody, Nb-H6, which has a broad affinity for SARS-CoV-2 S1 and RBD, as well as VOCs
S1 and RBD, by screening for anti-SARS-CoV-2 S1 antigen. Moreover, Nb-H6 can compete with ACE2 for S1 and RBD
of SARS-CoV-2 and also prove to be effective for three variants. These features further supported the potent neutraliza-
tion efficacy of Nb-H6 for SARS-CoV-2 and VOCs ((Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron (BA.2 and BA.5))
pseudoviruses entry, with the exception of Omicron, which was slightly resistant to Nb-H6. To face the growing number
of SARS-CoV-2 variants, AlphaFold provides a quick computational approach for predicting protein structures with high
accuracy.”>* We predicted the complex of Nb-H6 binding to SARS-CoV-2 RBD and found that Asn72 and Arg97 in the
Nb-H6 CDR3 can bind to RBD by forming hydrogen bonds with residues Tyr449 and Tyr489. According to the structure
determination of RBD binding to ACE2, these two critical sites lie within the RBD receptor binding motif and can
strongly interact with the residues of ACE2 by forming hydrogen bonds.’ These characteristics implied that Nb-H6 could
directly compete with ACE2 for RBD binding. Experimental verification of these predicted data demonstrated that
mutations on any of the residues forming hydrogen bonds at the interface between Nb-H6 and RBD could undermine the
binding. Indeed, the RBD residues that interact with Nb-H6 are highly conserved across SARA-CoV-2 variants,*’
indicating Nb-H6 may be capable of preventing SARS-CoV-2 variants from escaping. It is worth noting that Nb-H6
also exhibits excellent in vitro thermostability and pH stability, high production yields, and ideal size, all of which may
help in the fight against emerging SARS-CoV-2 variants.

Although the SARS-CoV-2 and VOCs neutralizing effect of Nb-H6 was identified in vitro, in vivo evaluations are
still pending. Because the nasal mucosa is the site of infection and transmission for SARS-CoV-2, restricting the virus in
the upper respiratory tract is crucial to preventing viral infection and transmission and developing COVID-19.°">* In
animal models, intranasal administration of neutralizing antibodies can prevent the infection of SARS-CoV-2 and variant
strains.'®>*7>° Moreover, inhalable nanobody therapy for the COVID-19 model has shown promising treatment
efficacy.’®>® As a result, the assessment of Nb-H6 delivered via the mucosal route for the prevention and treatment of
COVID-19 and SARS-CoV-2 transmission warrants further investigation.

Conclusions

To summarize, we developed a SARS-CoV-2 S1-specific nanobody, Nb-H6, which reveals a broad affinity with S1 and
RBD of SARS-CoV-2 and of three VOCs in vitro while also disrupting S1-ACE2 and RBD-ACE2 interactions.
Furthermore, in vitro, Nb-H6 can effectively neutralize both pseudotyped and authentic SARS-CoV-2, as well as the
Alpha, Delta, and Omicron VOC pseudoviruses, where the mechanism of action is dependent on the binding of two
amino acid residues of RBD. As a result, Nb-H6 derived from a phage library could be a reliable antiviral agent for
clinical settings in preventing and treating COVID-19.
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