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Coronavirus disease 2019 (COVID-19) is an acute pneumonia
caused by infection with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). According to the latest statistics for
COVID-19 released by Johns Hopkins University on April 6, 2021,
there were 132.45 million confirmed cases and 2.87 million deaths
globally. Because COVID-19 has spread as a global pandemic, the
development of therapeutics for this disease, such as neutralizing
antibodies that can efficiently block SARS-CoV-2 infection, is
urgently needed.
During the infection of host cells by SARS-CoV-2, the spike (S)

glycoprotein of SARS-CoV-2 plays the most crucial roles in viral
entry and cell fusion. The S protein includes two components, the
S1 and S2 subunits. The S1 subunit is vital in determining tissue
tropism and host ranges and consists of the N-terminal domain
and C-terminal receptor-binding domain (RBD).1,2 Of note, the RBD
of the S protein (S-RBD) supports the binding of the S protein to
angiotensin-converting enzyme 2 (ACE2) on host cells, contribut-
ing to cell entry by SARS-CoV-2.3 Therefore, the S-RBD is widely
used for the development of neutralizing antibodies, small-
molecule inhibitors and vaccines.4 Previous studies have reported
several neutralizing antibodies against the S-RBD that were
identified from convalescent COVID-19 patients, transgenic mice
or llamas immunized with the SARS-CoV-2 S protein and found to
inhibit the interaction between the S protein and ACE2.5–7 In
addition to isolating antibodies from patients and immunized
animals, an engineered monoclonal antibody (mAb) library
provides a powerful tool for screening therapeutic mAbs, with
the advantages of safety, ease of performance and high
efficiency.8

To identify specific antibodies against the S-RBD, we performed
human scFv phage library screening using an S-RBD protein as the
target. The Tomlinson I+ J scFv phage libraries from Geneservice
contain 1.47 × 108 and 1.37 × 108 human scFv fragments, respec-
tively. During the screen, binders specific for the S-RBD were
enriched after each round of selection. The enrichment rate was
calculated as the ratio of the number of output phages to that of
input phages (Fig. 1a). After three rounds of selection, 48 phage
clones were selected and validated by monoclonal phage ELISA
using the S-RBD as the target. Among these isolates, seven phage
clones showed relatively high S-RBD binding signals (Fig. 1b). The
seven scFv clones were reformatted to full-length human IgG1 by
cloning the human variable heavy and light chain regions into a
human IgG1 isotype backbone, followed by transient expression in

293T cells and purification. We first examined the capacity of these
mAbs to bind the S-RBD protein. The results showed that six of
them significantly bound to the S-RBD protein (Fig. 1c). Next, we
investigated the inhibitory effects of these mAbs on the binding of
the S-RBD to ACE2. Using an ELISA-based inhibition assay, we
found that C8 IgG showed the strongest inhibition of S-RBD–ACE2
binding among the mAbs against the S-RBD (Fig. 1d). Overall, we
identified the mAb C8 targeting the S-RBD (Fig. S1), which
inhibited the S-RBD–ACE2 interaction.
To further evaluate the binding capacity of C8 IgG toward the

immobilized S-RBD, the half-maximal effective concentration
(EC50) value of C8 IgG was calculated by ELISA and found to be
0.50 μg/ml (Fig. 1e). Next, a biolayer interferometry (BLI) assay was
used to kinetically characterize the binding affinity of C8 IgG for
the S-RBD. The biotinylated S-RBD protein was immobilized on a
streptavidin-conjugated sensor, and the concentration of C8 IgG
was ranged from 140 to 4.375 nM with half-fold serial dilution. The
results showed the binding of C8 IgG to the S-RBD occurred with
fast-on (kon= 8.11 × 104 Ms−1) and slow-off (koff= 1.62 × 10−4 s−1)
rates. The KD value was calculated to be 1.99 nM (Fig. 1f). Next, we
investigated the inhibitory effect of C8 IgG on the interaction
between the S-RBD and ACE2. The results from an ELISA-based
inhibition assay showed that C8 IgG significantly inhibited S-
RBD–ACE2 binding with a half-maximal inhibitory concentration
(IC50) of 0.59 μg/ml (Fig. 1g). Furthermore, flow cytometric analysis
was performed to examine the inhibition of soluble S-RBD binding
to ACE2-expressing 293T cells (293T-ACE2) by C8 IgG. The results
showed that C8 IgG strongly inhibited S-RBD binding to 293T-
ACE2 cells with an IC50 of 1.12 μg/ml (Fig. 1h).
To examine the binding capacity of C8 IgG to the full-length S

protein and inhibition of the S protein-ACE2 interaction by C8, the
soluble full-length S protein was expressed and purified as
previously described.1 Compared with an isotype control, C8 IgG
showed strong binding to the immobilized S protein with an EC50
value of 0.87 μg/ml (Fig. 1i). BLI results showed the binding of C8
IgG to the full-length S protein occurred with fast-on (kon= 1.38 ×
105 Ms−1) and slow-off (koff= 2.92 × 10−4 s−1) rates. The KD value
was 2.11 nM (Fig. 1j), which is similar to that determined with the
S-RBD. Next, an ELISA-based inhibition assay showed that C8 IgG
efficiently blocked the interaction between the S protein and
ACE2 with an IC50 of 0.93 μg/ml (Fig. 1k). Moreover, flow
cytometric analysis was performed to examine the inhibitory
effect of C8 IgG on the binding of the soluble full-length S protein
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to 293T-ACE2 cells. Consistent with the results of the ELISA-based
inhibition assay, C8 IgG significantly inhibited S protein binding to
293T-ACE2 cells with an IC50 of 1.85 μg/ml (Fig. 1l).
Pseudoviruses have similar infectivity to authentic viruses and

thus have been widely applied to carry out research on the
intrusion mechanism of viruses with high infectivity and
pathogenicity. To evaluate the inhibitory effect of C8 IgG on the
entry of SARS-CoV-2 pseudoviruses into 293T-ACE2 cells, we
added C8 IgG to a SARS-CoV-2 pseudovirus infection assay system
at a series of concentrations. The results showed that C8 IgG
efficiently inhibited SARS-CoV-2 pseudovirus cell entry in vitro
with an IC50 of 0.91 μg/ml (Fig. 1m). Thus, C8 IgG may serve as a
neutralizing antibody against SARS-CoV-2 by blocking the binding
of the S protein to ACE2.
COVID-19 is a serious threat to the worldwide health system

and is devastating to elderly people and people with comorbid-
ities. Given the continuous spread of COVID-19 around the world,
the development of effective blocking antibodies or inhibitors to
prevent SARS-CoV-2 infection has become a hot spot in current
research. Recently, the Chinese Antibody Society developed the
“COVID-19 Antibody Therapeutics Tracker” to provide free and
open access to a global database for tracking the ongoing clinical

and preclinical development of antibody-based therapeutics for
the prevention and treatment of COVID-19. These antibodies
mainly recognize the SARS-CoV-2 S protein, thus inhibiting viral
cell entry by blocking the S protein–ACE2 interaction.9

Phage display technology has been used for antibody screening
for a long time and plays an important role in the discovery of
therapeutic antibodies against infectious diseases.8 The greatest
advantage of this approach is that it has no safety or ethical
concerns, particularly as it avoids the direct use of patient samples
in a pandemic situation.10 In this study, we used phage display
technology to screen monoclonal antibodies blocking the S-
RBD–ACE2 interaction. Although C8 IgG efficiently inhibited SARS-
CoV-2 pseudovirus infection in ACE2-expressing 293T cells in vitro,
the inhibition of authentic SARS-CoV-2 infection in vitro and
in vivo requires further investigation. C8 IgG has potential in the
prevention and treatment of COVID-19.
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