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Correspondence decades. Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) was one of the
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pandemic, drugs with broad-spectrum activity against these coronaviruses are urgently
needed. In this study, two monoclonal antibodies targeting SARS-CoV-2 spike protein
receptor-binding domain (RBD) with good neutralizing activity were used to construct a
novel immunoglobulin-like bispecific antibody BI31. The neutralizing effect of BI31
against the pseudovirus and the authentic virus is better than that of its parent antibodies
alone and in combination. What surprised us most was that the newly constructed
bispecific antibody also had the neutralizing activity against SARS-CoV and Middle East
respiratory syndrome coronavirus (MERS-CoV) that the parent antibodies did not have.
These suggested that the BI31 can not only be developed as a therapeutic drug against
COVID-19 but it could also become a broad-spectrum therapeutic antibody against
Betacoronavirus.
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1 | INTRODUCTION human-susceptible coronaviruses have been found, two species of

the Alphacoronavirus genus (HCoV-229E, HCoV-NL63), and five

Coronaviruses are zoonotic pathogens and infect a wild variety of species of the Betacoronavirus genus (SARS-CoV, MERS-CoV,

host organisms. Coronaviruses can be divided into Alphacorona- SARS-CoV-2, HCoV-0C43, and HCoV-HKU1). Among them, all

virus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus three highly pathogenic coronaviruses belong to Betacoronavirus

genera based on their genomic structures. At present, seven genus, which were severe acute respiratory syndrome coronavirus
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(SARS-CoV) in 2002, Middle East respiratory syndrome corona-
virus (MERS-CoV) in 2014, and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in 2019, and SARS-CoV-2 has caused
a global pandemic.?

Coronaviruses are single-stranded, positive-sense RNA virus with a
genome of approximately 30 kb. Coronaviruses consist of internal genetic
material RNA and spike protein S, envelope membrane protein E,
membrane protein M, and nucleocapsid protein N.2> Among them, spike
(S) glycoprotein promotes viral entry into host cells through an S1 subunit
whose receptor-binding domain (RBD) bind to receptor (ACE2 or DPP4)
and an S2 subunit mediating membrane fusion.®” The main manifesta-
tions after virus infection are fever or mild cough; patients with severe
illness can develop pneumonia, which is often accompanied by organ
failure and even death.81°

Effective means of prevention and treatment are urgently
needed to control COVID-19. Currently, Different kinds of
vaccines—including inactivated vaccine, mRNA vaccine, and recom-
binant vaccine, have been successfully developed for the prevention
of COVID-19 infection, and several small molecule drugs, such as
Paxlovid, have been approved for emergency use.!'"*® However,
existing studies have shown that the vaccine can only prevent severe
cases, but not avoid infection, and the ultimate effect of chemical
drugs needs further clinical verification.!* Therefore, specific
treatments are still urgently needed. Neutralizing antibody plays an
important role in the prevention and treatment of viral infection.
Studies have shown that some anti-COVID-19 antibodies compete
with ACE2 to bind to RBD and prevent the virus from infecting host
cells.*>"18 Earlier, several antibody drugs were being developed as
COVID-19 treatments, such as Lilly's LY-CoV555 and Kingstone's
JS016, both of which received emergency use authorizations from
the US Food and Drug Administration.'?2° However, RBD mutation
caused that the antibody reduced or even lost the neutralizing
activity of the antibodies mentioned above against COVID-19. The
combination of multiple antibodies is an effective means to
effectively deal with the mutation of the target pathogen.??

Bispecific antibody (BsAb) is an emerging antibody drug. Unlike
mAbs, BsAbs can bind two different antigenic molecules or two epitopes
of one antigen. Their unique specificity and bifunctionality will make them
a hot spot in antibody drug research and development once they have
been launched. BsAbs have a wide range of applications in treating
tumors and autoimmune diseases.?>?® Daniel Ruzek's group constructed
a BsAb against SARS-CoV-2 in the CrossMAb format and detected a
good neutralizing effect?* The anti-SARS-CoV-2 BsAb of VHH-Fc
constructed by Professor Jianbo Dong's team has also achieved
impressive research results.> This indicates that BsAbs are an effective
treatment method in response to COVID-19.

Through preliminary work of using antibody display technology, a
panel of chimeric human-mouse neutralizing antibodies was generated
and characterized in our lab; some mAbs exhibited favorable biological
activity in vitro for the inhibition of viral entry into host cells and
neutralizing SARS-CoV-2.26 Two humanized mAbs (SFC3 and HSA-1F)
with good neutralizing activity and a certain synergistic effect were

chosen to construct the BsAb BI31. In the in vitro neutralization
experiment, BI31 showed better neutralizing activity than the parental
antibody and parental antibody cocktail. Furthermore, it also showed
neutralizing activity against SARS-CoV-2-homologous SARS-CoV and
MERS-CoV, which means that it may become a universal treatment that
can be used for preventing and treating infection by other coronaviruses.

2 | MATERIALS AND METHODS

2.1 | Bispecific antibody construction and
purification

The VH and VL of the mAbs SFC3 and HSA-1F were synthesized using
custom gene synthesis. The HSA-1F VH and VL fragments were cloned
into human heavy chain expression vector (containing CH1, CH2, and
CH3) and human light chain expression vector (containing VL) by PCR and
double enzyme digestion. To create BsAbs in the scFv-IgG format, the
carboxyl terminus of the SFC3 VH and VL was fused with the amino
terminus of the HSA-1F VH and VL by PCR and restriction digestion. For
BsAb expression, two plasmids containing recombinant light and heavy
chains, respectively, were cotransfected into FreeStyle 293-F cells
(Invitrogen) with FectoPRO transfection reagent (116-001, Polyplus-
transfection, FRA). After 72 h, the cell suspension was centrifuged at
8000 rpm for 10 min, the cell pellet was discarded, and the supernatants
were collected. The antibody-containing supernatants were purified using
HiTrap MabSelect SuRe (GE Healthcare) and desalted in pH 7.4 PBS
(phosphate-buffered saline) solution using HiTrap Desalting (GE Health-
care). Finally, the purified antibody was analyzed by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (M00668, Gen-
script, CHN) under reducing and nonreducing conditions, followed by
staining with QuickBlue (BF06152, Biodragon, CHN) and was quantified

by absorbance at 280 nm wavelength (A,go).

2.2 | Cell lines and pseudovirus packing

Huh7 cells and Vero E6 cells (ATCC) were cultured in Dulbecco's
modified Eagle's medium (DMEM, Gibco) with 10% fetal bovine
serum (FBS). FreeStyle™ 293-F cells (Invitrogen) were cultured in
FreeStyle 293 Expression Medium (12338; Gibco). All cells were
cultured at 37°C in 5% CO,; the Huh7 cells were adherent cultures,
and the FreeStyle™ 293-F cells were suspension cultures at 125 rpm.
The gene encoding the SARS-CoV-2 S protein with 19 amino acids
removed (GenBank NC_045512.2) was inserted into pcDNA3.1(+)
(Invitrogen, V79020) yielding the plasmid pcDNA3.1-S-ST19. The
pseudovirus required for the neutralization experiment was coated
with HIV backbone vector pNL4-3.Luc.R-E- and pcDNA3.1-5-ST19.
The eukaryotic expression plasmids of pNL4-3.Luc.R-E- and
pcDNA3.1-S-ST19 were co-transfected into the FreeStyle™ 293-F
cells at a ratio of 3:1 using FectoPRO transfection reagent. After 72 h,
the FreeStyle™ 293-F cell suspension was centrifuged at 3000 rpm at
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4°C for 30min to collect the supernatant containing the virus
particles. The obtained pseudovirus was separated into aliquots and
stored at -80°C. The mutant pseudovirus had the same packaging
work as the original strain, and the sequence mutation was
completed by the Fast Mutagenesis System (FM111, TransGen
Biotech, CHN).

2.3 | Enzyme-linked immunosorbent assay (ELISA)

The RBD protein was coated onto ELISA plates (9018, Costar); the
RBD protein was diluted to 2ng/uL with carbonate buffer. The
coated plates were incubated at 4°C overnight, following which
200 uL 2% skimmed milk in PBS was added to each well and
incubated at 37°C for 2h to block nonspecific binding. From their
initial concentration, the BsAb and parent mAb antibody solutions
were serially diluted in blocking buffer, respectively, and then 100 pL
from each concentration was added to separate wells and incubated
at 37°C for 1.5 h. Subsequently, the ELISA plates were washed six
times with PBS-Tween (0.1% v/v) and incubated at 37°C for 1h in
goat anti-human immunoglobulin G (IgG) horseradish peroxidase-
conjugated antibody (1:4000, v/v). After washing the ELISA plate
with PBS-Tween (0.1% v/v) six times again, the chromogen substrate
o-phenylenediamine (OPD) was used for detection and the results

were obtained at a wavelength of 492 nm.

2.4 | Pseudovirus-based neutralization assay

The antibodies were diluted threefold serially with DMEM for
culturing Huh7 cells in a 96-well plate (40 uL per well). Pseudovirus
was added to each well, and the 96-well plate containing the
pseudovirus-antibody suspension was incubated at 37°C for 1h to
reach equilibrium. Huh7 cells expressing ACE2 (4 x 10° cells/mL,
40 uL per well) were seeded in each pseudovirus-antibody suspen-
sion well. After 40-h incubation at 37°C with 5% CO,, the Huh7 cells
were lysed and the luminescence was measured with a Luciferase
Assay System (E1501, Promega). The median effective concentra-
tions (ECsp) were calculated using nonlinear curve fitting in GraphPad
Prism 8 (GraphPad Inc.).

2.5 | Determination of the binding capacity

The binding capacity of the antibodies (i.e., BsAbs and parent mAbs) and
RBD protein were determined by BLI using ForteBIO® Octet Qk® system
(FB-40317, PALL). I1gGs were captured by anti-human IgG Fc capture
(AHC) sensor exposure to SARS-CoV-2 RBD protein in solution to
perform the dynamic process of association (200S) and dissociation
(220 5). The experimental data were recorded and analyzed by ForteBIO
data analysis software 7.0 (Pall ForteBIO Corporation).
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2.6 | Analysis of the blocking activity of antibodies
against ACE2 binding to RBD

A competitive binding assay was performed using the ForteBIO®
Octet QKe system (FB-40317, PALL) to verify whether the
antibody blocked the binding between RBD and ACE2. Purified
ACE2 (HIS tag) at 400nM from HBS-EP buffer (Cytiva) was
loaded onto a single biosensor (HIS 1KB) and washed in HBS-EP
buffer for 1 min. After that, 200nM RBD-FC or RBD-FC was
combined with Ab in the sample plate for approximately 10 min.
The results were analyzed using Data Analysis Software 7.0 (Pall
ForteBIO Corporation).

2.7 | Antibody stability and purity testing

The BsAbs were detected by the Tm (protein melting temperature)
and Tagg (protein aggregation temperature) with optional DLS
program. The protein particle size distribution and thermal stability
were analyzed from multiple angles via the analysis result parameters
Tm and Tagg. To test the functional stability of the BsAbs in PBS at
different pH values, purified BsAb was diluted in PBS at pH 3.0, 4.0,
5.5, 7.7, and 8.0, and incubated at 37°C for 3 or 21 days. ELISA was
used to detect whether the antibody molecules could still efficiently
recognize the RBD antigen. To detect BsAb purity, non-reduced
capillary electrophoresis (CE-SDS) was performed to determine
whether the sample contained foreign bodies, then we performed
multi-angle analysis of protein molecular weight heterogeneity via
the analysis result parameters RMT (relative migration time), height
(peak height), area (peak area), %area (peak area percentage), width
(peak width), S/N (signal-to-noise ratio), and resolution rate

(resolution).

2.8 | Authentic virus neutralization test

Vero E6 cells were seeded on 96-well culture plates (20 000 cells
per well) with DMEM (Gibco) supplemented with 10% FBS, and
cultured overnight at 37°C. The antibodies were serially diluted
and then mixed with 100 TCIDsg (median tissue culture infective
dose) SARS-CoV-2. The antibody-virus mixture was added to the
plates and incubated at 37°C for 1 h. Then, the supernatant was
discarded, DMEM was added to the plate (200 uL per well), and
the plate was incubated at 37°C for 72 h. The cells were stained
with crystal violet and the absorbance at 570 nm/630 nm was
measured. Cells without the antibody-virus mixture were used as
the blank control; cells without antibodies were used as the virus
controls. The inhibition rate was calculated as (sample signals -
virus control signals)/(blank control signals - virus control sig-
nals) x 100%. Data were fitted using a 3-parameter logistic model
in GraphPad Prism 8.
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2.9 | CryoEM grid preparation and data acquisition

A total of 45.55 pL purified wild-type S protein at the concentration
of 1.89 mg/mL was incubated with 54.45 uL BI31 at the concentra-
tion of 2.5 mg/mL at a 1:2 molar ratio on ice for 40 min for the next
step of size exclusion chromatography (SEC). After centrifugation
(16 200g, 4°C for 5min), 100 uL supernatant was injected to GE
micro Akta using Superose 6 column. The peak fraction was applied
for cryo-EM grid preparation.

An aliquot of 4 uL protein sample of wild-type S-BI31 complex
was applied onto a glow-discharged 400 mesh grid (Quantifoil Au
R1.2/1.3) supported with a thin layer of GO (Graphene Oxide) and a
glow-discharged 400 mesh grid (Quantifoil Au R1.2/1.3) supported
with a thin layer of RGO (Reduced Graphene Oxide), blotted with
filter paper for 3.0s and plunge-frozen in liquid ethane using a
Thermo Fisher Vitrobot Mark IV. Cryo-EM micrographs were
collected on a 300 kV Thermo Fisher Krios G4 electron microscope
equipped with a Falcon 4 direct detection camera. The micrographs
were collected at a calibrated magnification of x96 000, yielding a
pixel size of 0.86A at a counting mode. In total, the 3119
micrographs (GO) and 357 micrographs (RGO) were collected at an
accumulated electron dose of 49.23e™ A2s™* on each micrograph
that was fractionated into a stack of 32 frames with a defocus range

of -1.0 to -2.0 um.

2.10 | EM data processing

Beam-induced motion correction was performed on the stack of
frames using MotionCorr2.2” The contrast transfer function (CTF)
parameters were determined by CTFFIND4.28 A total of 3515 good
micrographs were selected for further data processing using
cryoSPARC.?? Particles were auto-picked by the Auto-picking
program in cryoSPARC, followed by three rounds of reference-free
two-dimensional (2D) classifications. Next, 80 143 particles were
selected from good 2D classes and were subjected to two rounds of
three-dimensional (3D) classification using a reconstruction of the
wild-type S-BI31 complex as a starting model. Four converged 3D
classes with a feature containing one wild-type S- BI31 were selected
for a final round of 3D refinement. In the three 3D classes, 42 970
particles from one 3D class showing the highest resolution feature
with an additional density were selected for 3D refinement, yielding a
final reconstruction at a global resolution of 3.50 A based on the
gold-standard Fourier shell correlation criterion at FSC=0.143. The
local resolution was then calculated on the final density map.

The local resolution of the binding region between RBD and BI31
is poor, which is likely due to the flexibility around this region. Local
refinement was performed using a mask that retained the binding
part of RBD and BI31, yielding a final reconstruction at a global
resolution of 3.98A based on the gold-standard Fourier shell

correlation criterion at FSC=0.143.

2.11 | Model building and refinement

The model of wild-type S-BI31 complex was built by fitting the model
of structure of S-BI31 (predicted by AlphaFold2) into the density map
using UCSF Chimera,®® followed by a manual model building in
COOT?! and a real space refinement in PHENIX.®2 The model

statistics are listed in Table S1.

2.12 | Protein-protein docking

The protein structures were prepared using UCSF Chimera®® by
adding hydrogen atoms and adding AMBER14SB charges to standard
residues. H++3%3 tool was used to compute pK values of ionizable
groups in all protein and adds missing hydrogen atoms according to
the specified pH (7.4) of the environment. Then, proteins were
subjected to HDOCK web®* for protein-protein docking. The
docking scores are calculated by knowledge-based iterative scoring
function ITScorePP. A docking score-dependent confidence score
was defined to indicate the binding likeliness of two molecules. A
more negative docking score means a more possible binding model.
The confidence score is above 0.7, the two molecules would be very
likely to bind; when the confidence score is between 0.5 and 0.7, the
two molecules would be possible to bind; when the confidence score
is below 0.5, the two molecules would be unlikely to bind. The open-
source software PyMOL 2.0 was used to generate all 3D plots and
the academic version Maestro was used to statistics the interaction

details.

2.12.1 | Statistical analysis

All experiments were repeated for two or three times with three
duplicates, except for the authentic virus neutralization test. Data are
presented as the means + SD. Statistical significance was determined
using GraphPad Prism 8.0 software. The affinity graph was
performed, and the ECso was determined using GraphPad Prism 8.0

software.
3 | RESULTS
3.1 | BsAb construction and purification

BsAb BI31 was composed of SFC3 and HSA-1F, and it was designed
as Figure 1A. The SFC3 scFv (VH-linker-VL) was cloned into the N-
terminus of the HSA-1F antibody VH. The plasmids with light and
heavy chains of the modified antibodies were co-transfected into
FreeStyle™ 293-F cells. After 72 h, the antibody was purified and
analyzed by 10% SDS-PAGE under nonreducing and reducing

conditions. Figure 1B shows the size of the antibody. Compared
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FIGURE 1 Structural characterization and identification of BI31. (A) Schematic of the structure of BI31. (B) The purified antibodies were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis under nonreducing (left) and reducing (right) conditions. The heavy chain
(HC) and light chain (LC) of each antibody were of the expected size. (C) The results of CE-SDS of BI31. The leftmost peak is the marker control,

and the peak on the right (green, Peak 2) is the sample peak.

with the parent antibody, the increased size of the heavy chain was
reflective of the additional scFv on each chain and was consistent
with the molecular weights. CE-SDS showed that the bispecific
antibody BI31 had a small amount of aggregation, with 92% purity
(Figure 1C).

3.2 | Bispecific antibody binding activity

ELISA was performed to test the affinity of the BsAbs and the
parent antibody to the SARS-CoV-2 RBD protein. Both the BsAbs
and parent antibody could bind specifically to the SARS-CoV-2 S
protein RBD (Figure 2A). The BsAbs had a similar affinity to the
parent antibody for the RBD, and the ECso was about 0.01 nM
(Table 1). The affinity test of the antibodies to several SARS-CoV-
2 variants RBD was also performed (Figure 2B-G, the EC5o was
shown in Table 1). As shown in Figure 2B-D, the affinity of the

BsAbs to Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1) was near
the SARS-CoV-2 (Wuhan-Hu-1) RBD, and higher than SFC3. The
affinity of the BsAbs to Delta (B.1.617.2) decreased; the reason
might be the decreased affinity of HAS-1F to Delta (B.1.617.2)
(Figure 2E). To the latest variants Omicron (B.1.1.529) and
Omicron (XBB), the affinity of the BsAbs reached to 0.21 and
0.38 nM, even the parent antibody had weak binding ability to
Omicron (XBB) RBD (Figure 2F,G and Table 1).

Considering that SARS-CoV, MERS-CoV, and SARS-CoV-2 all
belong to coronavirus subgenus 3 and their RBD region has certain
homology, we tested the affinity of the parent antibody and BI31 to
RBD of SARS-CoV and MERS-CoV, respectively. The parent antibody
had weak binding ability to the SARS-CoV and MERS-CoV RBD
proteins, whereas BI31 had significantly improved affinity for them
(Figure 2H,1). We speculate that the unique dual binding site of the
BsAb enables its more effective binding to the SARS-CoV and MERS-
CoV RBDs, achieving the effect of 1+1 > 2.
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FIGURE 2 BI31 shows better binding ability to the SARS-CoV-2, SARS-CoV, and MERS-CoV S RBDs than the parental mAbs. (A-F) ELISA detection
of BsAb, SFC3, and HSA-1F binding to the S RBDs of (A) SARS-CoV-2, (B) mutant strain of SARS-CoV-2 B.1.617.1, (C) mutant strain of SARS-CoV-2 B.1.
617.2, (D) mutant strain of SARS-CoV-2 N501Y.V2, (E) SARS-CoV, and (F) MERS-CoV. The data represent the average and standard deviation of three
independent variables. The ECsg value was obtained via nonlinear regression. (G) The binding kinetics of BI31 to the SARS-CoV-2 S1 RBD. In the legend
box, the samples were separated by slash (/), respectively, to represent “loading

To test their binding activity, we examined the parent mAb and
BsAb binding to the SARS-CoV-2 RBD in an Octet-based binding
assay (Figure 2J). The BsAb had a significantly higher binding curve
than the parent antibodies, which is consistent with the size of each

n o«

, “association”, and dissociation stages of sample molecules.

molecule. BI31 showed strong monovalent binding to RBD. Com-
pared with BI31, SFC3 and HSA-1F had faster disassociation profiles.
THC antigen was used as the negative control to confirm the specific
association between the test antibodies and the RBD. BI31 showed
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TABLE 1 Antibody affinity analysis.

ECso (NM)

RBD BI31 SFC3 HSA-1F
SARS-CoV-2 (Wuhan-Wu-1) 001 002 0.05
SARS-CoV-2 (Alpha B.1.1.7) 002 081 0.01
SARS-CoV-2 (Beta B.1.351) 0.04 0.18 0.04
SARS-CoV-2 (Gamma P.1) 0.03  0.05 0.01
SARS-CoV-2 (Delta B.1.617.2) 593 049 49.48
SARS-CoV-2 (Omicron B.1.1.529) 021 013 0.05
SARS-CoV-2 (Omicron XBB) 0.38 - -
SARS-CoV 244.8 - -
MERS-CoV 206.7 - -

stronger binding affinity in the RBD association and disassociation
experiment, which means that the BsAbs have potential for longer-

lasting protection against SARS-CoV-2.

3.3 | BI31 is a potential broad-spectrum antibody
against Betacoronavirus

The neutralizing ability of BI31 was first tested using the SARS-CoV-
2 S pseudovirus (HIV vector with luciferase reporter gene). The
parent antibodies and their combination were also assessed. BI31 and
the parent antibodies could fully neutralize the S pseudovirus, as they
all blocked the infection of S pseudovirus to Huh7 cells expressing
ACE2 (Figure 3A). When SFC3 and HSA-1F were used alone or
combined, the ECsq of blocking S pseudovirus was 0.70, 5.80, and
4.10 nM, respectively, and the ECso of BI31 was lower to 0.5nM
(Table 2).

Compared with the original strain, several studies have shown
that the SARS-CoV-2 variants were often more infectious.> To
further test the neutralizing activity, we performed neutralization
assays again with the BsAbs and the combination of mAbs using the
common SARS-CoV-2 variant pseudotype, such as Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
(B.1.1.529, BF.7, XBB). As shown in Figure 3B-H and Table 2,
neutralizing activity was exhibited on BI31 and its parental
antibodies. First, the parental mAb and the combination of mAbs
were observed to have good neutralizing effects to Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
(B.1.1.529); however, the neutralizing activity of BI31 was lower on
Alpha (B.1.1.7) and not detected on Delta (B.1.617.2). Fortunately,
BI31 has a strong neutralizing activity against Omicron (B.1.1.529)
with an ECsg of 0.01 nM, which far exceeds the effect of the parental
antibody. Besides, when the parental mAb and the combination of
mAbs had no neutralizing effects to Omicron (BF.7, XBB), the
neutralizing activity of BI31 was detected with EC5o of 16.4 and
15.8 nM. In general, BI31 has neutralizing activity against various
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COVID-19 variants, which is important in response to viral immune
escape.

Then three reported sites (D614G,%> N501Y,%¢ E484K®’) that
can significantly enhance viral infectivity were selected for neutrali-
zation activity experiments. After neutralization experiment, the loss
of neutralizing activity of the tested antibodies was not observed,
which indicated that it may have good neutralizing activity against
D614G and N501Y variants (Figure S1). However, the neutralizing
activity of the BI31 against the E484K variants was significantly
reduced. We speculate that the 484 site is likely to be the key site for
the neutralizing effect of the BI31.

Considering that both mAbs and BI31 could bind to the SARS-
CoV and MERS-CoV RBDs, we tested the neutralizing activity of the
BsAb against SARS-CoV and MERS-CoV S pseudovirus in Huh7 cells
(Figure 3l1,J). We were surprised to find that BI31 had neutralizing
activity against both, while the parental antibody cocktail had no
neutralizing effect. The reciprocal ECso neutralization titers of BI31
against SARS-CoV and MERS-CoV pseudovirus were 7.80 and
5.30 nM, respectively. This means that BI31 is expected to become
a broad-spectrum antibody against coronavirus even if the effective
antibody concentration against the other coronavirus had been
diluted compared with the SARS-CoV-2.

We next performed in vitro neutralization experiments using
authentic SARS-CoV-2. Vero E6 cells containing authentic SARS-
CoV-2 were neutralized by BI31 with an ECso of 3nM (Figure 3K).
The BsAb was superior to its parental antibody SFC3, which had an
ECso of 54nM, and was inferior a little to that of the parental
combination, which had an ECsq of 1.23 nM. HSA-1F could not
completely protect the Vero Eé cells against authentic SARS-CoV-2
infection, so the conditions did not permit the calculation of the ECs.
Unfortunately, we were unable to detect in vitro neutralization
experiments using authentic SARS-CoV and MERS-CoV limited by

the experimental conditions.

3.4 | Antibody blocking activity assay

To further explore the mechanism of antibody neutralization,
competitive binding experiments were performed by ForteBIO. First,
the antibody FC domain is connected to the RBD molecule of the
SARS-CoV-2, which can not only reflect the experimental results
more clearly but also exclude the possible steric hindrance of the
antibody Fc. As shown in Figure 4, the binding values of the mixture
of antibody and RBD-Fc were not observed to increase significantly.
In contrast, the binding values of the single RBD-Fc or the mixture of
Con Ab and RBD-Fc increased significantly. This indicates that the
neutralization against the SARS-CoV-2 from the BsAb and parental
antibody is carried out by blocking the binding of RBD to ACE2.

In addition, we performed the same competition experiments for
the RBD of SARS-CoV and MERS-CoV, respectively, by ForteBIO.
However, similar results were not obtained. Antibody (BsAb or mAbs)
could not block the binding of the RBD of SARS-CoV and MERS-CoV
to the corresponding functional receptors (ACE2 or DPP4). We
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FIGURE 3 BI31 is more effective than the parental mAbs in neutralizing SARS-CoV-2 and has a broad anti-coronavirus spectrum. (A-1)
Pseudovirus neutralization curves of BI31 SFC3, HSA-1F, and parental antibody combination(1:1 ratio) for: (A) SARS-CoV-2 S pseudovirus,
(B) SARS-CoV-2 Alpha variant (B.1.1.7) pseudovirus, (C) SARS-CoV-2 Beta variant (501Y.V2) pseudovirus, (D) SARS-CoV-2 Gamma variant (P.1)
pseudovirus, (E) SARS-CoV-2 S Delta variant (B.1.617.2) pseudovirus, (F) SARS-CoV-2 S Omicron variant (B.1.1.529) pseudovirus, (G) SARS-CoV
S pseudovirus, and (H) MERS-CoV S pseudovirus. (I) Authentic SARS-CoV-2 neutralization (1:1 ratio) curves of BI31, SFC3, HSA-1F, and the
SFC3 and HSA-1F combination; HSA-1F did not show neutralizing activity. The data represent the average and SD of two independent variables.
The ECsq value was obtained via nonlinear regression. The value of ECso was the total antibody concentration.

speculated that BI31 had a lower affinity to SARS and MERS RBD

than the receptors.

3.5 | Structural analysis of BI31:Spike complex

To understand the mechanism of the neutralizing activity of BI31
against the SARS-CoV-2, we determined the cryo-EM structure of BI31
bound to the spike protein ectodomain trimer of the Wuhan-hu-1 strain
SARS-CoV-2 (Figure S2 and Table S1). With local refinement, we
obtained the cryo-EM structure at an overall 3.98 A resolution, which
allowed us to reveal the detailed binding interface (Figure S3). There
were two Fabs and one scFv of BI31 involving the complex. Two Fabs
of BI31 bound to the standing-up state RBD of spike trimer in vitro, and
one scFv of BI31 bound to the lying-down state RBD of spike trimer
(Figure 5A,B). The RBD in coronaviruses can be in either a standing-up
state, which enables receptor binding, or a lying-down state, which does

not bind to the host receptors, but contributes to the immune evasion

of SARS-CoV-2 as one of the conformational masking strategies.>® The
RBD constantly switches between the standing-up state and the lying-
down state. For BI31 can bind to both standing-up and lying-down state
RBDs, it might be much easier to capture SARS-CoV-2.

Furthermore, the detailed binding interface was revealed to
show in Figure 5C-I, five chains of BI31 all recognized a region of the
RBD from aa 470 to 500. The heavy and light chain binding to
monomer A of Spike trimer formed a Fab, as the other couple binding
to monomer B. Though the sequences of two Fabs were the same,
the binding format was different. In the Fab binding to monomer A,
the heavy chain had much more binding interfaces; however, in the
Fab binding to monomer B, so did the light chain. The scFv fused to
one heavy chain of the two Fabs, but it failed to resolve the fusion.
According to the structure, we speculated the scFv fused to the
heavy chain binding to monomer A of Spike trimer. With the help of
scFv binding to the lying-down state Spike, it might be the reason
that there were more amino acid residues of the heavy chain

involving the binding interfaces.
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We mapped this region of the RBD, including the original
Wuhan-hu-1 strain, Alpha strain, Beta strain, Omicron strain, and so
on (Figure S4). There were four mutations from aa 470 to 500 of the
RBD, S477N, T478K, E484Q/K/A, and F486V/S. S477, and E484
were both involved in one chain interaction. T478 and F486 were
involved in four and three chains interaction, so these two mutations

would interfere the binding of BI31. However, considering the five

TABLE 2 Antibody neutralization activity analysis.

EC50 (nM)
Pseudovirus BI31 SFC3 HSA-1F Combination
SARS-CoV-2 (Wuhan- 0.50 0.70 5.80 410

Wu-1)
SARS-CoV-2 (Alpha B.1.1.7) 13.16 0.03 0.04 0.04
SARS-CoV-2 (Beta B.1.351) 0.05 0.03 0.04 0.02
SARS-CoV-2 (Gamma P.1) 0.08 0.03 0.01 0.01

SARS-CoV-2 (Delta - 0.06 0.03 0.05
B.1.617.2)
SARS-CoV-2 (Omicron 0.01 050 040 0.10
B.1.1.529)
SARS-CoV-2 164 - - -
(Omicron BF.7)
SARS-CoV-2 158 - - -
(Omicron XBB)
SARS-CoV 780 - - -
MERS-CoV 530 - - -
1.40
130 === BI31/RBD-Fc
www=_ SFC3/RBD-Fc
1.20 Fess=== HSA-1F/RBD-Fc

s RBD-Fc/Buffer
1.10 Con Ab/RBD-Fc
i HBS-EP+Buffer

0.90 ACE2: 400 nM, RBD-Fc: 200 nM, Abs: 200 nM

Binding(nM)
[—J
S
Baseline

Loading

0.10|
0.00

chains of BI31 bind to this region to form over 30 hydrogen bonds,
several mutations would only decrease the interaction a little.

To explore the interaction between BI31 and RBD of SARS-CoV
and MERS-CoV, five kinds of S trimers conformations from the
Protein Data Bank were analyzed for docking with cryo-EM structure
of BI31. The docking structures are shown in Figure S5-S10.
The docking scores are listed in Table S2. Cryo-EM structure of the
BI31:SARS-CoV-2 Spike complex had the highest docking score, and
MERS-CoV S conformation 1 (PDB codes: 5X5C) and SARS-CoV S
conformation 2 (PDB codes: 5X5B) were a little lower. 5X5C and
SARS-CoV-2 had a similar structure with two RBDs in standing-up
state and one RBD in lying-down state, while 5X5B had one RBD in
standing-up state and two RBDs in lying-down state. The other three
conformations had much lower docking scores (5X5F of MERS-CoV
with one RBD in standing-up state, 7V3L of MERS-CoV with three
RBDs in standing-up state, and 5x58 of SARS-CoV with three RBDs
in lying-down state). These indicated BI31 preferred to bind S trimers
conformations with two RBDs in standing-up state and one RBD in

lying-down state.

3.6 | Analysis of BsAb structural and functional
stability in vitro

The physicochemical properties of BsAb were evaluated with
optional Tm and Tagg with optional DLS. The purpose was to
determine whether it is suitable for large-scale production, which is
essential for commercial antibody development. The Tm1 and Tagg of
BI31 were 43.4°C and 44.3°C (Figure 6A and Table S3). In addition, a

Baseline

Association

(]

100 200 300 400 500 600 700 800 900

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Time(S)

FIGURE 4 Antibody blocking activity assay. Both BsAb BI31 and parental antibodies can effectively block the binding of SARS-CoV-2 RBD
to ACE2. In the legend box, the samples separated by slash (/), respectively, represent “loading” and “association” stages of sample molecules.
The experiment was performed in two independent repetitions with consistent results.
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FIGURE 5 Cryo-EM structure and analysis of BI31 and the complex with SARS-CoV-2 S protein. (A, B) The domain-colored cryo-EM map of
SARS-CoV-2 S ectodomain trimer and BI31 fragments complex is shown, viewed along two perpendicular orientations. (C) The epitope surfaces
of S-chain A bind with BI31 (left), S-chain B with BI31(mid), and S-chain C with BI31 (right). Heavy chains (red), light chains (purple), and scFv
(blue). (D) BI31 positioning on SARS-CoV-2. (E-1), The details of S-chain A (orange) bind with BI31 heavy chain (E) and light chain (F), of S-chain B
(yellow) bind with BI31 heavy chain (G) and light chain (H). S-chain C (I) binds with scFv (blue).

slight aggregation was detected in BI31 through further analysis of
mass and light intensity (Figure S11). The Peak1 (target Peak) mass
ratio of the sample obtained by calculation is 94.68% (Table S4),
which indicates that the degree of aggregation is not large and can be
optimized through subsequent optimization. Considering its unique
structural complexity, its thermal stability and degree of polymeriza-
tion performance were in line with expectations, and there was no
obvious abnormality.

To test the functional stability of the antibodies at different pH
values, we incubated them at 37°C at pH 3, 4, 5.5, and 8 in PBS for 3,
7,14, and 21 days, and then used ELISA to detect their ability to bind
to the RBD. The original sample stored at 4°C (pH 7.2) and the
original sample incubated at 37°C (pH 7.2) as controls were also
tested at the same time. Compared with the original sample, BI31
was stable in neutral and acidic environments, and the sample
incubated for 21 days retained the same binding activity as that

before incubation (Figure 6B-E). Alkaline conditions had a greater
impact on the BsAb. On Day 3, the binding activity of BI31 had
decreased significantly. On Day 7, it had completely lost its affinity
for the SARS-CoV-2 S-RBD. These results show that BI31 can fully
adapt to neutral environment and acidic environments and further
demonstrate its reliability at physiological pH.

4 | DISCUSSION

BsAbs are new types of antibody in addition to mAbs and antibody
combination therapy. They can bind to 22 antigen-binding epitopes
simultaneously,® which means that the bivalent antibody retains the
advantages of the antibody cocktail in the form of a single
molecule.?* This can increase therapeutic efficacy and prevent viral

evasion.
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FIGURE 6 Structural stability and functional stability analysis of BI31. (A) Tm and Tagg with optional DLS detection of the development
characteristics of the chemical properties of BI31. The data come from two independent replicate experiments. (B-E) ELISA of BI31 and SARS-
CoV-2 S1 RBD binding in phosphate-buffered saline (PBS). The purified BI31 was diluted with PBS at pH 3, 4, 5.5, and 8 and then incubated at
37°C for 3 days (B), 7 days (C), 14 days (D), and 21 days (E). The control was the 4°C sample without pH adjustment after purification. The ECsq
value was obtained via nonlinear regression. The data represent the average and SD of two independent variables.

Here, based on previous research, we constructed a novel IgG-
like BsAb, BI31, with two synergistic neutralizing mAbs targeting
SARS-CoV-2 S RBD. As purifying and preparing BsAbs is a known
difficulty,*® we chose a symmetrical structure to connect the scFv of
SFC3 to the N-terminus of the heavy chain of HSA-1F, which can
minimize the mismatch of the light and heavy chains and reduces the
difficulty of BsAb preparation and purification.***? Several fusion
formats were chosen to connect the scFv and the heavy chain, the
results showed the rigid connection format without linker (BI31) had
the best neutralization effect. That might because the scFv bound to
the lying-down RBD, the rigid connection format pulled the heavy
chain to further bind with the standing-up state RBD.

The detailed binding interface showed five chains of BI31, all
recognized a region of the RBD from aa 470 to 500 which was also
the epitope of hACE2. There were eight amino acid residues binding
to hACE2, including A475, F486, N487, Y489, Q493, G496, Q498,
and T500.%° Among them, five amino acid residues bound to BI31
too, A475, F486, N487, Y489, and Q493. Thus, BI31 was able to
block the binding between RBD and hACE2. These were consistent
with experimental results (Figure 4). However, there were also some
inconsistencies which confused us. The pseudovirus neutralization
results of variants (Figure 3) were not totally consistent with the
sequence alignment (Figure S4). Even Alpha variant had no mutation
from aa 470 to 500; the neutralizing activity of BI31 was much lower
on Alpha (B.1.1.7) than on Beta (501Y.V2) and Gamma (P.1) which

had one significant mutation E484K. The Delta variant had one
mutation T478K from aa 470 to 500, and the neutralizing activity of
BI31 was not detected on Delta (B.1.617.2). These all indicated that
in addition to the revealed binding interface, there might be other
regions that affect the neutralization activity of BI31. Second, in the
preliminary work of competitive binding assay, even when the
binding between SFC3 and RBD reached saturation, HSA-1F still
combine with RBD to increase the signal, and vice versa.?® These
results revealed that SFC3 and HSA-1F did not bind to RBD
competitively, we speculated the two mAbs recognize different
RBD epitopes. However, scFv of SFC3 and Fab of HSA-1F
recognized an identical region of the RBD from aa 470 to 500. That
might be due to the fusion expression of scFv and Fab, the rigid
connection format without linker influenced the respective epitopes.
This conflict could only be explained by resolving the respective
structures of mAbs and Spike trimer.

In the past 3 years, many SARS-CoV-2 neutralizing antibodies
(NAbs) were developed with efficient therapeutic potential to deal
with the rapid emergence of COVID-19.%4"*® Huang et al. provided a
systemic overview of categorizing SARS-CoV-2 specific or cross-
reactive Nabs into four types (Type-l to Type-1V) pursuant to the
conformations of bound RBD on S trimer and therefore lead to four
distinct conformations of S trimers (All “down” RBDs; one “up” RBD;
two “up” RBDs and three “up” RBDs).*’ Interestingly, those NAbs that
appear in the same type seem to prevent the viral infection with a

85U017 SUOWILWIOD BAITEID) 8|qed!dde ay) Aq pausencb ae sspie YO ‘88N Jo sejni 1oy AriqiT8UIIUQO AB|IA UO (SUORIPUOD-PUR-SWB} W00 A8 | IMAeIq1 Ul UO//:SANy) SUONIPUOD pue SWis | 8U188S *[£202/2T/Tz] uo Ariqi]auljuo AB|IM ulyDsURIL0D Ag 26262 AW (/Z00T OT/I0p/Wo0" A 1M Aelq1|pul|uoy//Sdny wolj pepeojumod ‘2T ‘€202 ‘T206960T



WANG ET AL.

12 of 13
W1 LE Y— MEDICAL VIROLOGY

similar mechanism. In the preliminary work, we performed competi-
tive binding between CB6, REGN10933, P2B-2F, REGN10987, S2A4,
and MWO5 with SFC3 and HSA-1F.2¢ CB6, REGN10933, P2B-2F,
REGN10987 were mentioned in the review article. SFC3 had
competition with CB6 (Type-1), REGN10933 (Type-l), P2B-2F
(Type-1V), and REGN10987 (Type-1V). HSA-1F had competition with
CB6 (Type-1), REGN10933 (Type-I). The NAbs in Type-I can only bind
to the “up” RBD, besides epitopes of Type-l NAbs are extensively
overlapping with the binding site of hACE2.#° For the overlapping
epitopes, SFC3 and HSA-1F both had competition with CB6 (Type-I),
REGN10933 (Type-l), though SFC3 bound to the “down” RBD. Type-
IV NAbs can recognize the epitopes on both the “up” and “down”
state of RBDs because they target to two different regions, one is
located on the receptor binding motif (RBM) and the other is located
on the side of the RBD with no or little overlap with the RBM.*? SFC3
had competition with Type-IV NAbs P2B-2F and REGN10987, which
suggested that mAb SFC3 might bind to “up” RBD also. Besides,
REGN10933 and REGN10987 have developed as a therapeutic
cocktail. HAS-1F and SFC3 had similar characteristics and synergistic
effects with combo using, so they were valuable to develop.

BsAb BI31 was constructed based on SFC3 and HSA-1F which
had synergistic neutralizing capacity. Except for neutralizing activity
against SARS-CoV-2 and many variants, BI31 had neutralizing activity
against SARS-CoV and MERS-CoV, while the parental antibody
cocktail had no neutralizing effect. The binding sites of BI31 were not
conserved between SARS-CoV, MERS-CoV, and SARS-CoV-2. The
cross-binding of BI31 to SARS-CoV and MERS-CoV might differ with
binding to SARS-CoV-2. Protein-protein docking was used to explore
the interaction between BI31 and S trimers of SARS-CoV and MERS-
CoV. In the five conformations, 5X5C of MERS-CoV had a similar
structure with SARS-CoV-2 which BI31 bound to, and there were
two RBDs in standing-up state and one RBD in lying-down state. The
docking score of BI31:5X5C was near the BI31:SARS-CoV-2 Spike
complex, which indicated the binding of BI31:5X5C was just lower a
little than the BI31:SARS-CoV-2 Spike complex. The second docking
score was 5X5B of SARS-CoV, which had one RBD in a standing-up
state and two RBDs in a lying-down state. These indicated BI31
might bind multiple S trimers conformations and then have cross-
binding activity. Besides, we speculate that the unique spatial
advantage of the BsAb enables its cover of the nonbinding sites on
the antigen when it binds to the target antigen. The covered sites are
likely to play an important role in host cell infection by SARS-CoV and
MERS-CoV. These characteristics confer on BI31 the ability to
neutralize SARS-CoV and MERS-CoV, which also indicates that it has

great potential to be a broad-spectrum antibody against coronavirus.
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