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A B S T R A C T

The weakened protective efficacy of COVID-19 vaccines and antibodies caused by SARS-CoV-2 variants presents a
global health emergency, which underscores the urgent need for universal therapeutic antibody intervention for
clinical patients. Here, we screened three alpacas-derived nanobodies (Nbs) with neutralizing activity from
twenty RBD-specific Nbs. The three Nbs were fused with the Fc domain of human IgG, namely aVHH-11-Fc,
aVHH-13-Fc and aVHH-14-Fc, which could specifically bind RBD protein and competitively inhibit the binding
of ACE2 receptor to RBD. They effectively neutralized SARS-CoV-2 pseudoviruses D614G, Alpha, Beta, Gamma,
Delta, and Omicron sub-lineages BA.1, BA.2, BA.4, and BA.5 and authentic SARS-CoV-2 prototype, Delta, and
Omicron BA.1, BA.2 strains. In mice-adapted COVID-19 severe model, intranasal administration of aVHH-11-Fc,
aVHH-13-Fc and aVHH-14-Fc effectively protected mice from lethal challenges and reduced viral loads in both the
upper and lower respiratory tracts. In the COVID-19 mild model, aVHH-13-Fc, which represents the optimal
neutralizing activity among the above three Nbs, effectively protected hamsters from the challenge of SARS-CoV-2
prototype, Delta, Omicron BA.1 and BA.2 by significantly reducing viral replication and pathological alterations
in the lungs. In structural modeling of aVHH-13 and RBD, aVHH-13 binds to the receptor-binding motif region of
RBD and interacts with some highly conserved epitopes. Taken together, our study illustrated that alpaca-derived
Nbs offered a therapeutic countermeasure against SARS-CoV-2, including those Delta and Omicron variants which
have evolved into global pandemic strains.
1. Introduction

The pandemic of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has resulted in billions of confirmed cases and millions of
deaths worldwide. Simultaneously, mutations have accumulated in
SARS-CoV-2, of which several representative variants of SARS-CoV-2
have been noted as variants of concerns (VOCs) by World Health Orga-
nization (WHO). Since 2020, previously circulating VOCs including
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2)
have been circulated and induced waves of prevalence (Janik et al.,
2021). More recently, Omicron (B.1.1.529) and its sub-lineages have
been actively replacing other VOCs to become the most dominant
variant. Despite the milder symptoms and lower fatality rate reported in
Omicron variants, immune escape caused by accumulated mutations in
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spike (S) protein has seriously hindered the performance of vaccines and
therapeutic countermeasures against SARS-CoV-2 infection (Kustin et al.,
2021; Altarawneh et al., 2022; Kuhlmann et al., 2022; Shuai et al., 2022).

Neutralization antibodies have achieved remarkable progress in both
prophylactic and therapeutic performance against SARS-CoV-2.
Although a variety of therapeutic antibody drugs, such as homologous
or heterologous monoclonal antibodies (Chi et al., 2020; VanBlargan
et al., 2021; Weinreich et al., 2021) or their cocktails (Baum et al., 2020),
nanobodies (Nbs) (Xiang et al., 2020; Huo et al., 2021a; Koenig et al.,
2021; Xu et al., 2021), humanized antibodies (Du et al., 2021) and
chimeric antibodies (Fedry et al., 2021) have been licensed or approved
to enter clinical trials, the current epidemic situation and the emergence
of SARS-CoV-2 variants have prompted the acceleration of the develop-
ment of therapeutic antibody drugs with broad-spectrum neutralizing
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activity (Baig, 2021; Smail et al., 2021). Among the antibodies
mentioned above, particularly, camelid-derived single-domain antibody
fragments, namely VHHs or Nbs, are minimal (< 15 kDa), monomeric,
soluble and stable therapeutics that are able to reach cryptic epitopes
otherwise inaccessible by conventional human antibody domains
(Hamers-Casterman et al., 1993; Muyldermans, 2013; Li et al., 2021).
These versatile properties in specificity, thermotolerance, stability, low
immunogenicity, and ease of manipulation and production in
cost-effective systems have made the Nbs a desirable candidate for
next-generation interventions against SARS-CoV-2 variants infection
(Scully et al., 2019).

Derived from llama immunized with MERS-CoV or SARS-CoV-1 S
antigens, cross-reactivity has been reported between SARS-CoV-1 S-
directed VHH and SARS-CoV-2 S. Crystal structures of these VHHs
bound to their respective viral targets reveal two distinct epitopes, but
both VHHs interfere with receptor binding. These data provided the
molecular basis for the neutralization of pathogenic beta coronaviruses
by VHHs (Hanke et al., 2020; Wrapp et al., 2020a). In further in-
vestigations, more Nbs were developed and proved to work by inter-
fering with ACE2 binding, stabilizing the epitope-inaccessible/inactive
form of S protein, or inhibiting membrane fusion mediated by
SARS-CoV-2 S protein with target cells or premature inducing of the
post-fusion conformation to preclude bona fide fusion events (Custodio
et al., 2020; Haga et al., 2021; Huo et al., 2021b; Koenig et al., 2021;
Yang et al., 2021; Wang et al., 2023). Although these VHHs were well
established and were fully revealed in crystal structures in terms of
neutralization of beta coronaviruses, development of therapeutic anti-
bodies to confer broad and protective activity is still a global priority,
particularly for vulnerable individuals of coronavirus disease 2019
(COVID-19). Of importance, a comprehensive evaluation of these Nbs in
distinctive animal models, both mild and severe COVID-19 infection
models, has not yet been completed, which hampered the fully appli-
cation of Nbs between different groups of COVID-19 individuals in
clinical settings.

In our study, to search for broad neutralization antibodies, we iden-
tified a total of 20 Nbs capable of binding to the receptor binding domain
(RBD) of SARS-CoV-2 and neutralizing pseudovirus from hyper-
immunized alpacas by utilizing a nanobody phage library. Three of
them were characterized as potency against all tested VOCs, including
SARS-CoV-2 D614G, Alpha, Beta, Gama, Delta and Omicron subvariants
BA.2 and BA.4/5. The half maximal inhibitory concentration (IC50)
against a panel of tested coronaviruses reached single digital μg/mL or
less, representing broad and potent Nbs. Passive delivery of three of the
representative Nbs, aVHH-11-Fc, aVHH-13-Fc, aVHH-14-Fc, protected
mice from the lethal challenge of mouse-adapted SARS-CoV-2 strain
BMA8 (Yan et al., 2022). Further evaluation of aVHH-13-Fc in golden
hamsters confirmed the therapeutic efficacy of the nanobody. These re-
sults indicated that we have identified a broad-spectrum and protective
nanobody that may provide potential benefits for COVID-19 patients
with mild to severe symptoms.

2. Material and methods

2.1. Animals, viruses and cells

Two 3–4-year-old male Australian alpacas were purchased and fed at
the Qifeng Mountain alpaca breeding plant in Taiyuan, Shanxi Province,
China. 9-month-old female BALB/c mice and 8-week-old female golden
hamsters were purchased from Changchun Yisi Experimental
Animal Technology Center. BALB/c mouse-adapted SARS-CoV-2
(BMA8), SARS-CoV-2 prototype (human/CHN/Beijing-01/2020), Delta
(CSTR.16698.06. NPRC6. CCPM-B-V-049-2105-6), Omicron BA.1
(Omicron CoV/human/CHN_CVRI-01/2022) and BA.2 (Omicron
CoV/human/CHN_CVRI-04/2022) variants were stored in the Biosafety
Level 3 Laboratory (BSL-3) of Changchun Veterinary Research Institute.
BMA8 was obtained by passaging the SARS-CoV-2 prototype in aged
788
BALB/c mice for eight generations, in which a mouse-adapted virus
caused 100% death in aged BALB/c mice (Yan et al., 2022). Vero E6 cells
(ATCC® CRL-1587™) were cultured at 37 �C in Dulbecco's modified
Eagle medium (DMEM) (GIBCO, Grand Island, NY, USA) containing 10%
fetal bovine serum (ThermoFisher, MA, USA) with 5% CO2 for BMA8
propagation and titration.

2.2. Immunization of alpaca, construction of phage display VHH library
and isolation of VHH phage specific for SARS-CoV-2

Alpacas were simultaneously immunized with 150 μg SARS-CoV-2 S-
trimer protein (SinoBiological, Pecking, China) and 1 mg DNA vaccine
for 6 times. The DNA vaccine was constructed based on pcDNA3.1(þ)
backbone expressing the extracellular domain, aa 1–1208 of SARS-CoV-2
S protein. Briefly, 150 μg SARS-CoV-2 S-trimer protein was mixed with
15 μg of ODN and 1.5 mL aluminum adjuvant (Thermo Fisher, MA, USA)
as a subunit vaccine. 1 mg DNA vaccine was mixed with 10 μg of ODN.
Two vaccines were simultaneously immunized at a 3-week interval
(week 0, week 3, week 6, week 9, week 12) via a three-point subcu-
taneous injection on the neck. Alpaca peripheral blood was collected on
7-day after final booster immunization. Peripheral blood mononuclear
cells (PBMCs) from whole blood were isolated using a lymphocyte sep-
aration solution Ficoll (GE Healthcare, Uppsala, Sweden), and total RNA
of PBMCs was extracted with Trizol (Ambion, Texas, USA). Reverse
transcription was performed with SuperScript III reverse transcriptase to
obtain cDNA according to the manufacturer's instruction (Takara, Dalian,
China). The fragments of the VHH gene were amplified by two rounds of
PCR and cloned into the phage plasmid pcomb3XSS vector (Hou et al.,
2022). The upstream primer sequence was 50-CTTGGTGGTCCTGGCTGC.
The downstream primer sequence was GGTACGTGCTGTTGAACTG
TTCC-30. The recombinant plasmids were electrically transferred to E. coli
TG1 competent cells (Agilent, California, USA). Collected
ampicillin-resistant bacterial colonies were defined as bacterial libraries.
Bacterial libraries containing the VHH library were infected with helper
phage VCSM13 to produce phages displaying the encoded VHHs. Phages
were purified and precipitated with PEG/NaCl to obtain a phage library.
After three round panning by RBD protein (GenBank: MN908947)
immobilized on immune tube, monoclonal phages were tested by phage
enzyme-linked immunosorbent assay (Phage-ELISA) (Gauhar et al.,
2021). Positive candidates screened by Phage-ELISA were inoculated
from monoclonal plate to 2 mL 2� YT medium, cultured at 37 �C until
OD600 to 0.8. The positive bacterial colonies were sequenced. The
sequencing primer sequence was 50-TGTGTGGAATTGTGAGCGGA-30.
Sequencing results were analyzed via https://www.imgt.org/IMGT_vqu
est/input.

2.3. Molecular cloning and expression of VHH

Three Nb monomers were selected for expression according to the
results of phage ELISA and pseudovirus neutralization assay. The gene
sequence of the antibodies was cloned to pcDNA3.1(þ) vector, and
pcDNA3.1(þ)-Fc vector with human IgG1 Fc fusion, respectively. The
recombinant plasmids were transfected into 293F cells to express the
Nbs. A volume of 160 μL ExpiFectamine™ 293 Reagent was added into
opti-MEM with a final volume of 3 mL 60 μg recombinant plasmid was
taken and added into opti-MEM with a final volume of 3 mL, and placed
at room temperature for 5 min. Plasmids was added to the transfection
reagents drop by drop, placed at room temperature for 15 min. The
density of 293F cells was adjusted to 3 � 106 cells/mL, and the mixture
was added drop by drop. Enhancer I and enhancer II were added after
cultured for 20 h (37 �C, 8% CO2, 125 rpm). At 4 days after transfection,
the supernatant containing Nbs was purified by Histrap™HP purification
column (Cytiva, Danaher, USA) according to instructions. The superna-
tants containing Nbs fused with human IgG1 Fc were purified according
to instructions by HiTrap™ MabSelect SuRe™ LX purification column
(Cytiva, Danaher, USA).
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2.4. Metabolic half-life of Nb in vivo

To investigate themetabolism of Nb in vivo, 8-week-old female BALB/c
mice were intravenously injected with aVHH-13 or aVHH-13-Fc at a dose
of 3 mg/kg into the tail vein. 50 μL blood samples were collected at pre-set
time point 5 min, 10 min, 15 min, 30 min, 45 min, 1 h, 1.5 h and 2 h post-
injection of aVHH-13 or PBS control. 50 μL blood samples were taken at
30 min, 2 h, 6 h, 1 day, 3 days, 5 days, 7 days, 9 days and 11 days post
administration of aVHH-13-Fc. Metabolism of Nbs was detected by indi-
rect ELISA, and the method in details was provided as below. Tmax was
calculated by DAS (Drug And Statistics) 2.0 (software available at https://
www.drugchina.net/). Through compartmental model, weight analysis
and automatic compartmental judgment, F-test, AIC judgment, the
optimal number of atrioventricular and weight value were determined.

2.5. SARS-CoV-2 pseudovirus-based neutralization assay

Neutralization titer was measured based on lentivirus pseudoviral
packaging system according to the previous protocol (Donofrio et al.,
2021). Briefly, pseudoviruses of SARS-CoV-2 Alpha, Beta, Delta, Gamma,
Omicron sub-lineages BA.1, BA.2, BA.4 and BA.5 variants were prepared
by co-transfection of SARS-CoV-2 S and lentivirus skeleton plasmids into
HEK293 cells. Pseudoviruses were harvested 48 h post transfection. For
pseudovirus-based neutralization assay, pseudoviruses were added in
serial diluted serum samples or antibodies. After incubation for 1 h at 37
�C, HEK 293 cells were added to the mixture. After incubation for 48 h,
luciferase was added and neutralization titers were presented as IC50.

2.6. Competitive ELISA

For competitive ELISA, 1 μg/mL recombinant SARS-CoV-2 RBD-his
protein (SinoBiological, Pecking, China) was added in 96-well plates and
incubated at 4 �C overnight. The plates were washed with PBST buffer
and blocked with 3% BSA solution. The plates were washed three times
with PBST buffer and then 40 ng/mL ACE2-Fc was added. 20 μg/mL
purified Nbs were immediately added and incubated at 37 �C for 1 h.
ACE2-Fc control well and blank well were set at the same time. After
three times of washing, mouse monoclonal anti-human IgG Fc (Abcam,
Cambridge, UK) antibody was added at 1:10,000 dilution and incubated
at 37 �C for 1 h, After three times of washing, goat anti-mouse IgG (Hþ L)
HRP (Bioworld, Minnesota, USA) antibody was added at 1:15,000 dilu-
tion and incubated for 1 h. Subsequently, TMB was added for color
rendering. The reaction was stopped with adding 1 nmol/L H2SO4. Re-
sults were read at 450 nm absorbance. Percent activity (%) ¼
[1 � (ODVHH � ODblank)/(ODACE2 � ODblank)] � 100%.

2.7. Indirect ELISA

SARS-CoV-2 RBD-his protein (SinoBiological, Pecking, China) was
used as an antigen with a coating concentration of 1 μg/mL, 50 μL/well
coated in 96-well plates at 4 �C overnight. Then the plates were blocked
with 1% BSA solution and incubated for 2 h at 37 �C. The aVHH-11-Fc,
aVHH-13-Fc and aVHH-14-Fc antibodies with initial concentration of 5
μg/mL were performed with a series of two-fold dilutions and incubated
for 1.5 h at 37 �C. The plates were washed for five times with PBST buffer.
Then 100 μL horseradish peroxidase (HRP) labeled rabbit anti-camelied
VHH monoclonal antibody (GenScript, New Jersey, USA) was added at
1:15,000 dilution and incubated for 1 h at 37 �C. After five times of PBST
buffer washing, 100 μL TMB (3,30,3,50-tetramethyl benzidine) was added
for color rendering, and 100 μL/well H2SO4 solution was added to stop
color rendering. Finally, the absorbance value was measured at 450 nm.

2.8. SARS-CoV-2 authentic virus-based neutralization assay

Neutralization titer was detected using SARS-CoV-2 BMA8, proto-
type, Delta, Omicron BA.1 and Omicron BA.2. The three strains of Nbs
789
were diluted in a 96-well plate with a concentration of 50 μg/mL in the
first well, followed by successive dilution in a two-fold scale. Subse-
quently, 50 μL SARS-CoV-2 were added into 96 well plates, with 100
median tissue culture infective dose (TCID50) per well. The mixture was
incubated at 37 �C and 5% CO2 for 1 h. Subsequently, 100 μL Vero E6
cells were added to each well. Virus control and blank cell control wells
were set. After 72 h, the results were obtained according to the CPE. The
maximum antibody dilution concentrations that neutralize all viral CPE
were defined as the neutralizing titer.

2.9. Mice and golden hamster challenge study

9-month-old female BALB/c mice were randomized into four groups
(n ¼ 20). Animals were infected with 10 median lethal dose (LD50) mice-
adapted SARS-CoV-2 BMA8 through intranasal delivery route. The mice
were given aVHH-11, aVHH-13 and aVHH-14 at a dose of 20 mg/kg at
0.5 h, 1 h and 2 h after infection through intranasal delivery route,
respectively. All mice were monitored for clinical signs of disease, sur-
vival rate, weight change and temperature for 14 days. At 3 days post
infection (dpi), 7 dpi and 14 dpi, three mice in each group were sacri-
ficed, and lungs and nasal turbinates were harvested to test viral RNA
copies, viral titers, histopathology and immunohistochemistry (IHC).
Animals were euthanized if they lost 25% of their initial body weigh
following the Institutional Animal Care and Use Committee (IACUC)
regulation.

8-week-old female golden hamsters were randomized into eight
groups (n¼ 14). The golden hamsters were challenged with 1000 TCID50
SARS-CoV-2 prototype, Delta, Omicron sub-lineages BA.1 and BA.2
through intranasal delivery route. The hamsters were given aVHH-13
three times at a dose of 20 mg/kg at 0.5 h, 1 h and 2 h after infection,
respectively. Clinical signs and weight were monitored for 14 days. At 3
dpi, 7 dpi and 14 dpi, three hamsters in each group were euthanized.
Referred to the mice challenge study, lungs and turbinates were har-
vested to test viral RNA copies, viral titers. Histopathology and IHC were
performed in the lungs.

2.10. Viral load determination by RT-qPCR

Viral load determination was conducted according to the previous
study (Wang et al., 2022; Yan et al., 2022). Briefly, viral RNA from ho-
mogenate samples was extracted with an RNA extraction Mini kit
(TIANGEN, Pecking, CN) according to the manufacturer's protocol.
Quantification of viral RNA was performed by RT-qPCR targeting the N
gene of SARS-CoV-2. RT-qPCR was performed using Premix Ex Taq
(Takara, Dalian, China) with the following primers and probes: NF
(50-GGGGAACTTCTCCTGCTAGAAT-30), NR (50-CAGACATTTTGCTCTC
AAGCTG-30) and NP (50-FAM-TTGCTGCTGCTTGACAGATT-TAMRA-30).

2.11. Viral load determination by TCID50

To determine the TCID50 titer, the tissue homogenate supernatant
was serially diluted at a 10-fold interval. 100 μL of samples were added to
96-well cell culture plates that had been plated with Vero E6 cells. The
plates were incubated at 37 �C for 1 h and then washed three times with
sterile PBS buffer. 100 μL of DMEMmedium (CORNING, New York, USA)
containing 2% FBS and 1% penicillin streptomycin was added into 96-
well plate. The TCID50 was calculated by observing the number of
wells with CPE based on Reed and Muench method after incubation for
72 h.

2.12. Hematological test

To determine complete blood cell counts in mice, blood was collected
through the orbital venous plexus into anticoagulant tubes containing
EDTAK2. The blood cell count was carried out under the automatic blood
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analyzer (BC-5000 vet, Mindray, China), and the operating procedures
were carried out according to the instrument operating instructions.

2.13. Histopathology and IHC

The procedures of the histopathology and IHC assays were conducted
according to the previous study (Wang et al., 2022; Yan et al., 2022). Lung
samples from the mice which were euthanized at 3 dpi were fixed in 10%
buffered formalin and embedded in paraffin wax. Lung tissue was stained
with hematoxylin and eosin (H&E) for histopathological assessment. For
IHC, quenching of paraffin-embedded lung tissue was performed with 3%
hydrogen peroxide in methanol for 10 min. Tissue was added with
500-fold dilution of mouse monoclonal anti-SARS-CoV-2 N antibody
(SinoBiological, Pecking, China) at 4 �C overnight. After incubation with
primary antibody, the sections were washed with PBS buffer for three
times and species-matched secondary antibodies were applied for 2 h at 4
�C. The sections were observed under ZEISS Axio Vert. A1 microscope
(ZEISS Axio Vert. A1, Germany). Positive regions were marked in brown
and percentage of positive area was marked in white font.

2.14. Molecular docking

Crystal structure of the C-terminal domain of SARS-CoV-2 RBD pro-
teins were applied in structural modeling (built at https://swissmodel.ex
pasy.org/). The chemical structures of the aVHH-13 as MOL2 files were
converted into three dimensional PDB files and energy minimization was
conducted using MM2 force field. Energy minimized 3D structures were
then converted into docking input file format (i.e. PDBQT). Autodock
(version 4.2) (available at https://autodock.scripps.edu/download-a
utodock4/) was used for protein-ligand docking. The 3D-grid box was
set to be with dimensions 23.75 � 7.54 � 21.50 Å in XYZ axes, with a
grid point spacing of 0.587 Å. The binding poses were generated by the
Lamarckian Genetic Algorithm. Ten binding poses were generated for
each ligand. After docking, the 2D receptor-ligand complexes were
constructed and visualized using PyMOL (available at https://pym
ol.org/2/).

2.15. Data analysis and processing

GraphPad Prism 8.0. Software (GraphPad Software Inc. San Diego,
CA, USA) was used to analyze the data, which were expressed as mean �
standard error of mean (SEM). Significant differences between groups
were determined using a one-way ANOVA analysis of variance. P < 0.05
was considered statistically significant. Significance levels were defined
as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

3. Results

3.1. Alpaca immunization and neutralizing antibody (nAb) detection

To enhance the immune response and determine the optimum time
point for PBMCs isolation and phage library establishment, alpacas were
immunized with DNA vaccine and S-trimer protein at a three-week in-
terval (Fig. 1A). Correspondingly, nAb titers were measured. The results
showed that nAb titer against SARS-CoV-2 D614G pseudovirus reached
2524 at 6th week post vaccination. Nevertheless, vaccination fromweek 9
to week 12 failed to strengthen nAb titers, which may due to immune
tolerance. At week 20, another boosting dose was given, which aroused an
upmost nAb titer of up to 3412 (Fig. 1B). Consequently, PBMCs were
collected at this time point. Overall, after 6 doses of immunization, PMBCs
were obtained when the nAb titer reached the upmost level at week 21.

3.2. Screening of SARS-CoV-2 Nbs

After RNA extraction and reverse transcription of isolated PBMCs, a
phage library with a capacity of 8 � 1013 PFU/mL was established. The
790
positive rate of phage library was 96%. To identify Nbs that specifically
bind to the SARS-CoV-2 RBD protein, supernatants from 192 randomly
selected monoclonal phages were detected by phage ELISA. Positive
samples were defined by the OD450 ratio of the specific sample to
negative control over 3. The result suggested that the positive rate of
phage supernatants was 86.46% (166/192) (Fig. 1C). Meanwhile, 192
phage supernatants were tested by pseudovirus neutralization detec-
tion assay. Based on nanobody (Nb) screening results, 20 samples with
inhibition rates greater than or equal to 97% were selected, of which
inhibition rates of 7 samples were 100% (Fig. 1D). Sequence compari-
son of the CDR1, CDR2 and CDR3 regions of the Nb sequences showed
that the longest CDR3 region sequence was 22 amino acids. The genetic
Nbs of the same family shared a homologous CDR3 sequence but have a
few different amino acids in their framework or CDR3 sequence
(Fig. 1E).

To evaluate the in vivo half-life of Nbs, we injected the Nbs into mice
through the tail vein, then collected the sera from the mice after different
time intervals, and measured the VHH titer using indirect ELISA. To
extend the half-life of Nbs, they were fused with Fc, termed aVHH-13-Fc.
aVHH-13-Fc exhibited a significantly extended half-life of
71.929–94.215 h, while the half-life of aVHH-13 was 0.206–0.36 h. The
time required to reach the highest concentration (drug peak concentra-
tion) on the concentration curve of antibody aVHH-13 and aVHH-13-Fc
in mouse plasma after administration is 0.083 h and 0.5 h, respec-
tively. The highest value of Nb concentrations in the blood after
administration were 1763.002–2306.998 mg/L in aVHH-13 group and
3814.954–5447.046 mg/L in aVHH-13-Fc group (Fig. 1F). Thus,
compared to monomeric Nb, Fc-fused Nb has a significantly extended in
vivo half-life likely due to its dimeric structure.

3.3. Competition with ACE2 and binding ability with RBD of Nbs

The functional competitive ability of the three Nbs to block RBD-
ACE2 binding was tested by competitive ELISA. The results showed
that aVHH-11-Fc, aVHH-13-Fc and aVHH-14-Fc had the ability to block
ACE2 binding to RBD (Fig. 2A). As for binding capacity with RBD, aVHH-
13-Fc exhibited the best binding activity with SARS-CoV-2 RBD protein,
with an EC50 of 0.005 μg/mL (135.135 pmol/L), followed by aVHH-14-Fc
of 0.008 μg/mL (216.216 pmol/L) and aVHH-11-Fc of 0.018 μg/mL
(486.487 pmol/L) (Fig. 2B). This result showed that these three Nbs can
preferentially combine with RBD and competitively inhibit the way that
RBD combines with ACE2.

3.4. Nbs possess the broad-spectrum neutralizing capability against SARS-
CoV-2 pseudovirus

To verify the cross-neutralizing ability of the three Nbs against
divergent SARS-CoV-2 variants, a lentivirus-based pseudovirus neutral-
izing assay was carried out. The aVHH-11-Fc exhibited the strongest
inhibitory effect on SARS-CoV-2 D614G (IC50 ¼ 0.081 μg/mL, 2.189
nmol/L) and Delta variant (IC50 ¼ 0.119 μg/mL, 3.216 nmol/L) (Fig. 3A
and D); aVHH-13-Fc exhibited the strongest inhibitory effect on Alpha
variant (IC50 ¼ 0.013 μg/mL, 351.351 pmol/L), Beta variant (IC50 ¼
0.014 μg/mL, 378.378 pmol/L), Gamma variant (IC50 ¼ 0.023 μg/mL,
621.622 pmol/L) (Fig. 3B, C, 3E). aVHH-14-Fc could inhibit all variants
despite lower efficacy than aVHH-11-Fc or aVHH-13-Fc (Fig. 3A–E). For
the Omicron sub-lineage BA.1, BA.2, BA.4 and BA.5, aVHH-13-Fc showed
the best neutralization coverage, followed by aVHH-14-Fc (Fig. 3F–I).
These results suggested the three Nbs had cross neutralizing activity
against all the tested major variants, including D614G, Alpha, Beta,
Gamma, Delta and Omicron variants, although their inhibition ability to
Omicron-related mutants had been weakened to some extent. These re-
sults suggest that aVHH-11-Fc, aVHH-13-Fc and aVHH-14-Fc represent
different neutralizing capability on various SARS-CoV-2 variants, of
which aVHH-13-Fc seems to provide a broad-spectrum neutralizing of
SARS-CoV-2 VOCs.

https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
https://autodock.scripps.edu/download-autodock4/
https://autodock.scripps.edu/download-autodock4/
https://pymol.org/2/
https://pymol.org/2/


Fig. 1. Screening and characterization of SARS-CoV-2 nanobodies (Nbs). A Alpacas were immunized with SARS-CoV-2 S DNA vaccine and S-trimer protein for 6 doses
at week 0, 3, 6, 9, 12, and 20, respectively. B Neutralizing titers of immunized alpaca serum was detected by SARS-CoV-2 D614G pseudovirus based on HIV pseu-
dovirus system following vaccination. PBMCs were isolated from the whole blood of alpacas on week 21 for construction of phage library. C Positive rate of 192
monoclonal phage supernatants by phage-ELISA, the positive sample was defined as the ratio of OD450 value between the experiment group and negative control is
greater than 3. D Percentage of inhibition of 192 monoclonal phage supernatants to SARS-CoV-2 D614G pseudovirus. According to the capture of luciferase report
gene, Nbs with inhibition rates greater than or equal to 97% were extracted for sequencing and alignment. E Sequence alignment of 20 VHH gene sequences. FR1 to
FR4 and CDR1 to CDR3 were marked. F Metabolic dynamics of Nbs. Antibody level of aVHH-13 and aVHH-13-Fc were measured at different time points post tail vein
injection in mice. T1/2: the half-life of terminal elimination, the time required for the terminal phase blood drug concentration to decrease by half. Tmax: peak time,
the time for the drug action to reach the peak. Cmax: peak concentration, the highest value of blood drug concentration after administration. Data were presented as
mean with standard deviation.
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Fig. 2. Competitive inhibition with ACE2 and binding ability with RBD of nanobodies (Nbs). A The competitive inhibition between Nbs and ACE2-Fc in SARS-CoV-2
RBD-binding, determined by competitive ELISA. Briefly, RBD-his protein was coated, following blocking, ACE2-Fc adding and Nbs adding, anti-human IgG Fc antibody
and HRP labeled secondary antibody was added. After color rendering, results were read at 450 nm absorbance. B The binding affinity between Nbs and SARS-CoV-2
RBD determined by indirect ELISA. Binding capacity was expressed in half effect concentration (EC50). Data were presented as mean with standard deviation.

Fig. 3. Nanobodies (Nbs) possess broad-spectrum neutralizing capability against pseudoviral SARS-CoV-2 VOCs. A–I Measurement of the neutralizing potency of
aVHH-11-Fc, aVHH-13-Fc and aVHH-14-Fc against SARS-CoV-2 D614G, Alpha, Beta, Delta, Gamma, Omicron BA.1, Omicron BA.2, Omicron BA.4, Omicron BA.5
pseudoviruses, respectively. Briefly, neutralization titer was measured based on lentivirus pseudoviral system. Pseudoviruses of SARS-CoV-2 strains were prepared by
co-transfection of SARS-CoV-2 S and lentivirus skeleton plasmids, harvested and tittered. Then pseudoviruses were added in serial diluted serum samples or antibodies.
After incubation and cells adding, luciferase was added and neutralization titers were presented as IC50. IC50 was determined by the serum dilution that inhibiting 50%
concentration of luciferase. Data were presented as mean with standard deviation.
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3.5. Nbs exert the broad-spectrum neutralizing capability against authentic
SARS-CoV-2

According to the results of the neutralizing assay against authentic
SARS-CoV-2, for BMA8, the neutralization titer that neutralizes all viral
CPE of aVHH-11-Fc (0.098 μg/mL, 2.649 nmol/L) and aVHH-14-Fc was
the same, higher than that of aVHH-13-Fc (0.195 μg/mL, 5.270 nmol/L).
For prototype, aVHH-14-Fc (0.049 μg/mL, 1.324 nmol/L) was stronger
than aVHH-11-Fc (0.098 μg/mL, 2.649 nmol/L) and aVHH-13-Fc
(0.098 μg/mL, 2.649 nmol/L). For Delta, aVHH-11-Fc (0.049 μg/mL,
1.324 nmol/L) was stronger than aVHH-13-Fc (0.098 μg/mL,
2.649 nmol/L) and aVHH-14-Fc (0.195 μg/mL, 5.270 nmol/L). For
Omicron BA.1, aVHH-13-Fc (0.098 μg/mL, 2.649 nmol/L) was stronger
than aVHH-11-Fc (1.563 μg/mL, 42.243 nmol/L) and aVHH-14-Fc
(0.781 μg/mL, 21.108 nmol/L). For Omicron BA. 2, aVHH-13-Fc
(0.098 μg/mL, 2.649 nmol/L) was stronger than aVHH-11-Fc (0.781
μg/mL, 21.108 nmol/L) and aVHH-14-Fc (0.391 μg/mL, 10.568 nmol/L).
Compared with aVHH-11-Fc and aVHH-11-Fc, aVHH-13-Fc exhibit
significantly higher neutralizating capacity against all the tested SARS-
CoV-2 strains (P < 0.05). Corresponding to the results of pseudovirus-
based neutralization assay, aVHH-13-Fc provided a better coverage of
neutralization against SARS-CoV-2 VOCs (Fig. 4).

3.6. Nbs protect mice against lethal challenge of mouse-adapted SARS-
CoV-2

To investigate the therapeutic efficacy of the three Nbs, the previously
established COVID-19 lethal mouse model was applied (Yan et al., 2022).
Following intranasal challenges with 10LD50 of SARS-CoV-2 BMA8, the
aged BALB/c mice were administrated with three doses of aVHH-11-Fc,
aVHH-13-Fc or aVHH-14-Fc, respectively, at 0.5 h, 1 h and 2 h
post-challenge through intranasal delivery route. PBS was served as a
parallel control (Fig. 5A). During continuous monitoring for 14 days,
100% (20/20) animals in the aVHH-11-Fc and aVHH-13-Fc treatment
group survived, while 60% of animals survived in the aVHH-14-Fc
treatment groups. All animals succumbed to the SARS-CoV-2 BMA8
infection at 3–5 dpi in PBS control groups (Fig. 5B). Accordingly, tem-
perature was well maintained in the Nb treatment groups and the weight
of the survivingmice recovered to their original weight at the endpoint of
the study, while the body temperature of the mice decreased continu-
ously after SARS-CoV-2 infection in the PBS control group and all mice in
the control group had obvious weight loss (Fig. 5C and D).

Three animals from each group were sacrificed for viral load titration
and pathogenesis analysis at 3 dpi, 7 dpi and 14 dpi, respectively. Among
the three Nb treatment groups, viral loads in the lungs and nasal turbi-
nates were significantly lower than that of the control group at 3 dpi.
Viral RNA levels in the Nb treatment groups were 1.5–4.5 log lower than
Fig. 4. Broad-spectrum neutralization capability against authentic SARS-CoV-2.
Neutralization antibody titers of aVHH-11-Fc, aVHH-13-Fc, and aVHH-14-Fc for
SARS-CoV-2 BMA8, prototype, Delta, Omicron BA.1 and Omicron BA.2. Briefly,
neutralization titer was detected by authentic SARS-CoV-2. Nbs were succes-
sively diluted dilution in a two-fold scale and 100 TCID50 SARS-CoV-2 were
added. Post incubation, cells were added. The maximum antibody dilution
concentrations that neutralize all viral CPE were defined as the neutralizing
titer. Statistical analysis was performed by two-way ANOVA, *P < 0.05. Data
were presented as mean with standard deviation.

793
that in the PBS control group. (Fig. 5E and G). For viral titers, the Nb
treatment groups were 2.4–3.9 log lower than the PBS control group in
lung and nasal turbinates, respectively (Fig. 5F and H). At 7 dpi and 14
dpi, no significant differences were observed in these Nb treatment
groups. The above results suggested that aVHH-11-Fc and aVHH-13-Fc
fully protected BALB/c mice against BMA8 lethal challenge, high-
lighting their therapeutic potential in the severe COVID-19 cases. Be-
sides, aVHH-13-Fc appears to be more effective than aVHH-11-Fc despite
the differences of viral loads in the nasal turbinates and lungs were not
significantly.

The gross pathology and histological assays were performed to check
the pathological changes in the lungs at 3 dpi. In aVHH-13 treatment
group, lung lesions were not observed, and Nb treatment significantly
reduced viral infection in the lungs (Fig. 5I). In the PBS control group,
extensive lung lesions were found, including mucosal epithelial cell
degeneration, necrosis and sloughing, inflammatory necrosis in some
lumens (blue arrows), and inflammatory cell infiltration (yellow arrows).
Further immunostaining results showed that abundant SARS-CoV-2-
positive regions could be detected in the PBS control group (Fig. 5J).
These results proved that Nb prevented lethal challenge, limited viral
replication, and avoided pulmonary lesions in severe COVID-19 model.

Hematological analysis revealed that BMA8-infected BALB/c mice in
the control group showed a moderate increase in white blood cell (WBC)
counts (Fig. 5L), with significant decreases in the percentage of mono-
cytes (Mon%) (Fig. 5N) and lymphocytes (Lym%) (Fig. 5O) and a
decrease in platelet count (PLT) (Fig. 5M). A significant increase in the
percentage of neutrophils (Neu%) (Fig. 5K) was also observed in the
control group rather than the treatment groups injected with Nbs, These
results suggested that after Nb treatment, Neu%, WBC, Mon% were
declined, and PLT and Lym% were elevated compared to PBS control
(Chen et al., 2020).

3.7. aVHH-13-Fc protected hamster against infection of SARS-CoV-2

Based on the in vivo and in vitro study, aVHH-13-Fc was determined as
the optimum Nb candidate. To further evaluate the therapeutic efficacy
of this Nb in mild animal models, hamsters were challenged with 1000
TCID50 of SARS-CoV-2 prototype, Delta, Omicron BA.1 and BA.2,
respectively through intranasal inoculation (n¼ 14). Subsequently, three
doses of aVHH-13-Fc were given at 0.5 h, 1 h and 2 h post-challenge,
respectively through intranasal inoculation. PBS served as a control
(Fig. 6A). Following the successive monitoring for 14 days, animals in all
groups survived from the challenge, as the golden hamsters served as a
moderate COVID-19 animal model (Fig. 6B) (Wang et al., 2021). In all
treatment groups, the weight showed a continuous growth trend. In the
PBS control group, animals experienced temporary weight loss at 2–7 dpi
and then gradually increased at 8–14 dpi (Fig. 6C).

Three hamsters from each group were sacrificed for viral load and
pathogenesis analysis at 3 dpi, 5 dpi and 14 dpi, respectively. Lung sec-
tions of challenged animals were stained with H&E and subjected to IHC.
Compared with each control group, the animals in treatment group after
infection of SARS-CoV-2 prototype, Delta, Omicron BA.1 and Omicron
BA.2 had fewer viral RNAs in lungs by 588.84-, 6309.57-, 660.89-, 93.33-
fold at 3 dpi, 25.70-, 23.44-, 20.42-, 9.33-fold at 5 dpi and 8.51-, 3.98-,
8.51-, 3.02-fold at 14 dpi, respectively (Fig. 6D). For viral titers, signif-
icantly higher virus titers in lung were detected in each control group in
comparison to treatment group at 3 dpi. No infectious virus was present
in all treatment groups at 5 dpi and 14 dpi except for one individual
animal of Omicron BA.1 group (Fig. 6E). For detection of virus RNA
copies in turbinate, in comparison to control group, all Nb-given ham-
sters had lower viral RNAs by 93.33-, 20.89-, 10.72-, 4.27-fold at 3 dpi,
2.34-, 48.98-, 8.91-, 14.45-fold at 5 dpi and 1.38-, 6.92-, 5.13-, 3.24-fold
at 14 dpi, respectively (Fig. 6F). The trend of live virus titer detection in
turbinate bone was consistent with what have been found in lung. Higher
virus titers were observed in control group of Delta, Omicron BA.1 and
BA.2 than that in treatment group at 3 dpi. Also, significant differences
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Fig. 5. Protective efficacy of nanobodies (Nbs) against lethal infection of the mouse-adapted SARS-CoV-2 in mice. A Experimental schedule for nanobody therapeutics
in mice. Groups of BALB/c mice (n ¼ 20) were challenged with 50 LD50 of BMA8 via the intranasal route, followed by three doses successive intranasal administration
with aVHH-11-Fc, aVHH-13-Fc or aVHH-14-Fc at 0.5, 1 and 2 h post infection. Nbs with a dose of 20 mg/kg were given to each mouse. The survival rate, weight
change and body temperature of BALB/c mice were monitored daily after SARS-CoV-2 BMA8 infection. Lung and nasal turbinates were taken (n ¼ 3) on 3 days post
infection (dpi), 7 dpi and 14 dpi, respectively for viral loads determination and virus tittering. B–D Survival rate, weight change and body temperature during the
14 days successive monitoring post challenge. E, G Viral loads quantified by RT-qPCR at 3 dpi, 7 dpi and 14 dpi in lung and nasal turbinates. F, H Virus titer was
conducted by TCID50 using Reed-Muench methods at 3 dpi, 7 dpi and 14 dpi in lung and nasal turbinates. I HE and IHC staining of lung tissue from nanobody
treatment group (aVHH-13-Fc). No obvious pulmonary lesions or SARS-CoV-2 antigens were recorded. Scale bar ¼ 100 μm. J HE and IHC staining of lung tissue from
PBS control group. Pulmonary lesions including mucosal epithelial cell degeneration, necrosis and sloughing, inflammatory necrosis in some lumens (blue arrows), and
inflammatory cell infiltration (yellow arrows) were observed. Abundant SARS-CoV-2 antigens were observed in IHC staining (yellow region). K–O The hematological
values of BALB/c mice were analyzed at 3 days after SARS-CoV-2 BMA8 infection. K neutrophil (Neu) percentage. L White blood cell (WBC) count. M platelet (PLT).
N Monocyte (Mno). O lymphocyte (LYM) percentage. Data are presented as the mean � standard deviation (n ¼ 4). Statistical analysis was performed by two-way
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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were observed in viral titer in nasal turbinate on 5 dpi between treatment
group and control group in terms of prototype, delta omicron BA.1 and
omicron BA.2 (Fig. 6G). The above results indicate that aVHH-13-Fc
provided substantive therapeutic efficacy against parental SARS-CoV-2
prototype and SARS-CoV-2 VOCs including, Delta, Omicron BA.1 and
BA.2.

In the PBS control group, more extensive lung lesions were confirmed,
with more lung lobes showing activated inflammatory cells (red and
yellow arrow) and alveolar septal thickening (black arrow) (Fig. 6N–Q).
In contrast, moderate inflammatory cells were observed in aVHH-13-Fc
treatment group (Fig. 6J–M). Consistently, immunostaining with the
SARS-CoV-2 antigen showed aVHH-13-Fc treatment significantly
reduced positive region of viral antigen in the lungs, while large amounts
of SARS-CoV-2 antigen could be detected in the control group (red
arrow) (Fig. 6R–U, 6V–6Y). These results demonstrated that aVHH-13-Fc
inhibited SARS-CoV-2 replication in the upper and lower respiratory
tracts and protected hamsters from lung lesions.

3.8. Molecular mechanism underlying the neutralizing activities of Nb

To understand the structural mechanism underlying the broad-
spectrum neutralizing activities of aVHH-13, we examined the in-
teractions between aVHH-13 and SARS-CoV-2 RBD of prototype, Delta,
Omicron BA.1 and BA.2 using molecular docking (Fig. 7). The key
binding sites between RBDs and aVHH-13 are shown in Table 1. Tyr135
(453Y), Gln175 (493Q), Ser176 (494S), and Tyr177 (495Y) in prototype
-RBD play a crucial role in corresponding binding to Gly 119, Gln 118,
Glu 6 and Gly 8 of aVHH-13, respectively (Fig. 7A). Arg86 (402R), Glu89
(405E), Arg91 (407R), and Gln92 (408Q) in Delta RBD play a crucial role
in binding to aVHH-13, corresponding to Trp116, Leu4, Gln3, Gln118
and Asp1, respectively in aVHH-13 (Fig. 7B). Asn99 (414 N), Tyr103
(418Y), Arg139 (454R), Lys140 (455K), and Ser141 (456S) in Omicron
BA.1-RBD play a crucial role in binding to aVHH-13, corresponding to
Ser85, Leu86, Gly15, Gly16, Leu11 and Gln13, respectively in aVHH-13
(Fig. 7C). Arg85 (400R), Gly98 (413G), Asn99 (414Q), and Tyr135
(450Y) in Omicron BA.2-RBD play a crucial role in binding to aVHH-13,
corresponding to Gln3, Gln5, Glu6 and Gln118, respectively in aVHH-13
(Fig. 7D).

4. Discussion

Remarkable advances have been made in SARS-CoV-2 monoclonal
antibodies based on sophisticated screening and structure elucidation
techniques (Baum et al., 2020; Cao et al., 2020; Hansen et al., 2020; Pinto
et al., 2020; Shi et al., 2020; Wu et al., 2020), which have enabled clear
crystal structure, cross-neutralization among beta coronavirus and anti-
body cocktails targeting homologous or heterologous regions of S protein
(Chi et al., 2020; Rogers et al., 2020; Wec et al., 2020). Whereas immune
escape caused by VOCs, potential antibody-dependent enhancement
(ADE) and high costs in antibody production compromised the devel-
opment of nAbs. Due to the minimization in size, camelid-derived Nbs
offer several advantages and may complement other monoclonal
795
antibodies (Custodio et al., 2020; Hanke et al., 2020; Huo et al., 2020;
Schoof et al., 2020; Tortorici et al., 2020; Wrapp et al., 2020a). Charac-
teristics such as tissue penetration, hydrophilicity, stability, low hetero-
geneity in humans, and easy in manipulation and modification rendered
Nbs infinite and broad application prospects. Our study fulfilled the pool
of Nbs and reported isolation and characterization of single domain
neutralizing antibodies from alpacas. These VHHs bound to the
SARS-CoV-2 RBD proteins with high affinity, competitive competed with
ACE2 and were capable of neutralizing SARS-CoV-2 VOCs in vitro.

In clinical, therapeutic countermeasures are particularly needed for
vulnerable COVID-19 patients. In previous studies, mouse-adapted
COVID-19 models were generated, which recapitulated the character-
ization and clinical manifestations of severe COVID-19 patients (Leist
et al., 2020; Wang et al., 2020; Yan et al., 2022). In contrast, golden
hamsters are naturally susceptible models of SARS-CoV-2, which repre-
sented mild to moderate COVID-19 infection (Boudewijns et al., 2020;
Chan et al., 2020; Sia et al., 2020). Thus, the evaluation of Nbs in these
rodent models would provide omni-directional therapeutic efficacy of
nAbs in different groups of COVID-19 patients. In this study, therapeutic
given of Nbs protected mice and golden hamsters in both the upper and
lower respiratory tract against the challenge of SARS-CoV-2, which
supports the reasonable application of Nbs in clinical. Owing to the
promising results of aVHH-13 post intranasal administration in animals
challenging studies, nebulized spray may be also practicable and
particularly attractive in the case of respiratory pathogens because VHHs
could theoretically be inhaled directly to the site of infection in an effort
to maximize bioavailability and function (Wrapp et al., 2020b).

In the docking models between aVHH-13 and RBDs from different
SARS-CoV-2 strains, the docking site of aVHH-13 was predicted to be
located in the region from R402 to Y495 in corresponding S proteins,
which largely lies in the receptor binding mortify (RBM) of S protein (aa
437–508) (Lan et al., 2020). Representatively, aVHH13 binds to Q493
and S494 of the RBD of SARS-CoV-2 prototype, which are key amino acid
residues corresponding to the RBD-hACE2 interaction (Luan et al., 2020).
Based on the structural comparisons and classification conducted by
Barnes et al. (2020), aVHH13 may be classified as a class 1/2 antibody,
which directly overlap with the binding footprint of ACE2. These may
help explain the potent neutralizing ability of aVHH13 against
SARS-CoV-2. The perennial substitutions accumulated in the RBD of
SARS-CoV-2 S protein, particularly in RBM, compromised the efficacy of
vaccines and therapeutic antibodies (Starr et al., 2021; Bowen et al.,
2022; Liu et al., 2022). Nevertheless, a potent RBM-targeting antibody
with broad neutralizing capacity across sarbecoviruses was also reported,
which highlighted the potential conserved epitopes in RBD (Starr et al.,
2021). In the docking model, aVHH-13 interacts with several highly
conserved epitopes between SARS-CoV-2 strains and even SARS-CoV-1
(Li et al., 2022b), specifically, such as G413, Q414, etc. Further, crystal
structure analysis is required to reveal the mechanism of broad
neutralization.

To our knowledge, Nbs targeting two independent epitopes on RBD
could synergistically prevent viral escape, which is also seen in antibody
cocktail (Sun et al., 2021). These Nbs induce the premature activation of
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Fig. 6. Protective efficacy of nanobodies (Nbs) against SARS-CoV-2 VOCs in golden hamsters. A Experimental schedule for Nbs therapeutics in golden hamsters.
Groups of golden hamsters (n ¼ 14) were challenged with 1000 TCID50 of SARS-CoV-2 prototype, Delta, Omicron BA.1 or BA.2 via the intranasal route, followed by
three doses successive intranasal administration of aVHH-11-Fc, aVHH-13-Fc or aVHH-14-Fc at 0.5, 1 and 2 h post infection. Nbs with a dose of 20 mg/kg were given
to each hamster. The survival rate and weight change were monitored daily after challenge. Lung and nasal turbinates were taken on 3 days post infection (dpi), 7 dpi
and 14 dpi, respectively for viral loads determination and virus tittering. B, C Survival rate and weight change during the 14 days monitoring post challenge. D, F Viral
loads quantified by RT-qPCR at 3 dpi, 7 dpi and 14 dpi in lung and nasal turbinates. E, G Virus titers was conducted by TCID50 using Reed-Muench methods at 3 dpi, 7
dpi and 14 dpi in lung and nasal turbinates. Data are presented as the mean � SD (n ¼ 3). Statistical analysis was performed by two-way ANOVA (*P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001). J–M The basic structure of the lung tissues in treatment groups given purified aVHH-13-Fc post challenge of SARS-CoV-2
prototype, Delta, Omicron BA.1 and Omicron BA.2, respectively; Scale bar ¼ 100 μm N–Q Abnormality of lung tissue structure were marked, represent as alveolar
wall thickening (black arrow), mild bleeding (yellow arrow) and a small amount of lymphocyte and neutrophil infiltration (red arrow). R–U Viral antigens detected in
the lung sections of purified aVHH-13-Fc treatment group post challenge of SARS-CoV-2 prototype, Delta, Omicron BA.1 and Omicron BA.2, respectively.
V–Y Abundant viral antigens (yellow regions) detected in lung sections in control group. The figure showed immunohistochemistry (IHC) labeling against
SARS-CoV-2 N, scale bar ¼ 100 μm.

Fig. 7. Structure docking model of nanobodies bound to RBDs. Crystal structure of SARS-CoV-2 RBD proteins were applied in structural modeling with aVHH-13,
energy minimization and energy minimized were then conducted. A Structural analysis of the combination of aVHH-13 and SASR-CoV-2 prototype-RBD. RBD is
colored in green and aVHH-13 is colored in cyan (same color annotation below). B Structural analysis of the combination of aVHH-13 and SASR-CoV-2 Delta-RBD.
C Structural analysis of the combination of aVHH-13 and SASR-CoV-2 Omicron BA.1-RBD. D Structural analysis of the combination of aVHH-13 and SASR-CoV-2
Omicron BA.2-RBD.

Table 1
The key binding sites between aVHH-13 and RBDs.

SARS-CoV-2 RBDs Prototype-RBD Delta-RBD Omicron BA.1-RBD Omicron BA.2-RBD

Binding sites Tyr135, Gln175, Ser176, Tyr177 Arg86, Glu89, Arg91, Gln92 Asn99, Tyr103, Arg139, Lys140, Ser141 Arg85, Gly98, Asn99, Tyr135
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the viral S by an unusual mode of neutralization and yield insights into
the mechanism of fusion (Koenig et al., 2021; Xu et al., 2021). In this
study, diversity in the CDR3 region, neutralizing coverage of SARS-CoV-2
VOCs, participation in ACE2 competition, and performance in animal
challenge studies may collectively reflect the independent epitopes
involved in aVHH-11-Fc, aVHH-13-Fc, and aVHH-14-Fc. According to the
results of alignment, the CDR1 and CDR2 regions of aVHH-11 and
aVHH-14 are identical, with delicate differences in amino acid lying in
the CDR3 region. In contrast, significant differences exist in CDR regions
of aVHH-13 compared to the counterparts. As has been proved, the long
CDR3 loop can increase the size of the antigen-binding loop and can bind
to concave epitopes unaccessible by traditional antibodies (Muyldermans
et al., 1994; Vu et al., 1997). Thus, bispecific Nbs targeting heterologous
epitopes warrant further investigation.
797
Taken together, our current results illustrate novel Nbs screening
from the phage library, which are functional in receptor binding, ACE2
competition-inhibition, and SARS-CoV-2 neutralization. Therapeutic ef-
ficacy of these broad-spectrum Nbs has been confirmed in both severe
and mild to moderate rodent COVID-19 rodent models. In subsequent
studies, double epitope antibodies and antibody cocktails could be pre-
pared based on this Nb monomer to further optimize the neutralizing
spectrum (Chi et al., 2022; Li et al., 2022a). What's more, intranasal
delivered Nbs could be converted into aerosol-inhaled formulation,
which enabled the in-depth and uniform distribution of Nbs to the unique
circumstance in lungs, the original and extensive site of SARS-CoV-2
infection (Mettelman et al., 2022; Xu et al., 2022). These versatile Nbs
warrant further study for rapid and cost-effective treatment against
COVID-19.
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5. Conclusions

In summary, we screened three alpacas-derived SARS-CoV-2 Nbs
from a phage library, which could effectively neutralize pseudoviruses
and authentic SARS-CoV 2 VOCs. What's more, they could also provide
therapeutic efficacy in both mild and severe COVID-19 animal models.
Among all Nbs, aVHH-13-Fc exhibited the best protective efficacy and
bound to the RBM and conserved epitopes of SARS-CoV-2. Taken
together, our study illustrated that alpaca-derived Nbs offered a thera-
peutic countermeasure against SARS-CoV-2.
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