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RAPID COMMUNICATION
Neutralization of SARS-CoV-2 infection by
antibodies targeting diverse epitopes
The COVID-19 pandemic that started in late 2019 is
sweeping through the world, posing historic challenges to
global health, and disrupting social and economic lives.
Previous and recent studies indicate that monoclonal anti-
bodies can be efficacious in preventing and treating SARS-
CoV-1 and SARS-CoV-2 infections. Using a phage display
platform, we have identified dozens of monoclonal anti-
bodies that bind to diverse epitope groups on the SARS-CoV-
2 spike protein. Many of them bound to the receptor
binding domain (RBD) and inhibited ACE2-RBD interaction.
Several of them were capable of inhibiting SARS-CoV-2
spike protein pseudo-typed virus (pseudovirus) entry. In
addition, we isolated a dozen of S2 binding antibodies that
prevented pseudovirus entry without inhibiting the ACE2-
RBD interaction. A bi-epitopic antibody constructed from
two non-competing, RBD binding, neutralizing antibodies
displayed higher potency than either of them alone. Com-
binations of RBD and S2 binding antibodies displayed addi-
tive inhibitory effects against pseudovirus infection. The
new antibodies and strategies reported here could expand
the arsenal of anti-COVID-19 therapeutics and help under-
stand the viral entry mechanism, the pathogenesis of the
SARS-CoV-2, and anti-SARS-CoV-2 vaccine development.

Panning was performed using three different SARS-CoV-
2 related antigens including RBD, S1, the spike ectodo-
main, and two control antigens (RSV F protein and Siglec-
15), against both IgG and IgM libraries. Among antibodies
against SARS-CoV-2, the Vh3-30, Vh3-23, Vh1-69, and Vh6-1
were frequently used (Fig. S1A, C). Vh1-69 was more
frequently used by a large number of neutralizing anti-
bodies against respiratory tract infections such as influenza
and other viruses.1 It is interesting to note that a good
number of leads were generated from both IgG and IgM
libraries for all three antigens, even though the percentage
of IgG library-derived leads appears to be slightly higher
against RSV than against the other two antigens (Fig. S1B).
There are statistically higher mutational rates associated
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with leads derived from the IgG library than from the IgM
library for each of the panning antigens. Furthermore,
leads derived from the IgG library against RSV and SARS-
CoV-2 had higher mutational rates than those against
Siglec-15 (Fig. S1D).

In an initial single-point competition ELISA screening,
when evaluated in the scFv-Fc format, the majority of the
RBD binders displayed moderate to high inhibitory activities
against RBD-ACE2 interaction with 50% of them inhibiting
more than 60% (Fig. 1A). The inhibitory dose-response
curves exhibited different inhibition patterns (Fig. 1B),
suggesting different affinities or epitope usages. The most
potent antibodies were converted to IgG and their inhibi-
tory activity against RBD-ACE2 interaction was confirmed by
both ELISA- and cell-based competition assays (Fig. 1C, D).
Their KDs are mostly in the range of single digit nM (Fig. 1E).
In an epitope binning experiment, RBD-35 occupied an
epitope that was distinct from those of RBD-32 and 18, even
though they all competed with ACE2 for binding to RBD
(Fig. 1F). In line with the RBD-ACE2 interaction inhibition
assay, RBD-35 was the most potent neutralizing antibody.
Although RBD-32 and RBD-18 showed similar activity in
competing with RBD to bind to ACE2, RBD-32 was much
more potent than RBD-18 in our pseudovirus assay (Fig. 1G).
Besides, RBD-35, RBD-32, and RBD-18 were the 3 out of 32
tested antibodies in scFv-Fc format that showed cross-
reactivity to SARS-CoV-1, but their cross-activities were
generally weaker than to SARS-CoV-2 (Fig. S2A, B). Only
RBD-32 retained cross-activity after being converted to IgG,
both against S1 (Fig. S2C) and RBD (Fig. S2D). RBD-32
showed a potency similar to ACE2-Fc in our SAR-CoV-1
pseudovirus assay (Fig. 1H). Antibody RBD-35 showed good
activity against D614G, Alpha, and Cluster 5, moderate
activity against Beta, Gamma, and Omicron, and lost ac-
tivity against Delta (Fig. 1I).

The combination of two or even more antibodies is a
proven strategy to improve the therapeutic efficacies
against infectious diseases. We constructed a bi-specific
antibody with RBD-35 IgG as the foundation and attached
RBD-32 scFv to the C-termini of the heavy chain (Fig. 1J).
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Figure 1 Identification of RBD binders. (A) Screening of antibodies in scFv-Fc format that inhibit RBD-ACE2 interactions by a
single-point competitive ELISA. The competitive ELISA was performed by preincubating a 1:8 diluted sample with 5 ng/mL bio-
tinylated RBD, followed by adding it to the ACE2-Fc coated plate. The titers of neat samples are shown by a curve with shaded areas.
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This bi-epitopic antibody displayed significantly improved
KD over their parental antibodies (Fig. S3A) and exhibited
similar inhibition against RBD-ACE2 interaction compared
with RBD-35 (Fig. S3B). Importantly, this hybrid antibody
showed at least a three-fold improvement in pseudovirus
neutralization against SARS-CoV-2 over RBD-35 (Fig. 1K).
The RBD-35 and -32 combo, on the other hand, only dis-
played additive effects. The anti-SARS-CoV-1 neutralizing
ability of RBD-32 is only partially endowed to this hybrid
molecule (Fig. S3C) perhaps due to the structural constraint
on RBD-32 in the bi-epitopic configuration. In the aspect of
neutralizing SARS-CoV-2 variants, RBD-35/32 hybrid showed
excellent activity against D614G, Alpha, Beta, Gamma,
Cluster 5 Deltacron, and Omicron but Delta (Fig. 1L). To
further validate the neutralizing capability of the anti-
bodies in neutralizing SARS-CoV-2 Variants, Vero E6 cells
were used in neutralization assays. The neutralizing activity
of R35 and R35-32 antibodies in blocking SARS-CoV-2 vari-
ants infection of Vero E6 cells was consistent with that of
ACE2-HEK293T cells (Fig. S4A, B). Some studies have shown
that neutralizing antibodies may lose their effectiveness
against the Delta variant. This could be due to their high
sensitivity to the L452R mutation, which is commonly found
in the Delta variant. As a result, the presence of the L452R
mutation likely reduces the neutralizing activity of anti-
bodies such as R35 and R35-32.

There remains a question as to whether antibodies tar-
geting the S2 region possess neutralizing activities and
therapeutic value.2 The S2 binders account for nearly half
of all ectodomain binders derived from ectodomain panning
(Fig. S5A, B). Contrary to the RBD binders, the majority of
the S2 binders displayed strong cross-reactivity against the
SARS-CoV-1 ectodomain (Fig. S5C). In a single-point pseu-
dovirus neutralization screening against both SARS-CoV-1
and SARS-CoV-2, many of the S2 binders displayed
neutralizing ability against SARS-CoV-2, albeit potencies
were rather moderate compared with some of the RBD
binders (Fig. S5D). Some of the S2 binders also displayed
modest neutralizing ability against the SARS-CoV-1 pseu-
dotyped virus (Fig. S5E). Representative S2 binders from
(B) Dose-response curves of selected samples from the single-point
efficiencies, and dose-response slopes are highlighted in bold lines.
protein, was used as the negative control. (C) Dose-response cur
selected antibodies in the scFv-Fc format as measured by ELISA. S1e
cells were overexpressed with ACE2 on the surface and used for test
used as a control. (E) Biolayer interferometry analysis of lead ant
immobilizing a tested antibody onto anti-Fc capture (AHC) biosenso
series of concentrations of RBD-SD1. The applied antigen concentr
binding affinities and the kinetic parameters were calculated based o
tandem epitope binning of selected leads in IgG format. To perform
biotinylated RBD protein, followed by the binding of the saturated
Dose-response curves of leading RBD antibodies in neutralizing SAR
protein pseudotyped virus (H), and SARS-CoV-2 spike protein pseudo
hybrid antibody in which RBD-32 scFv is attached to the C-terminus o
Neutralizing activities of the RBD-35/32 hybrid antibody in compar
ACE2-Fc in SARS-CoV-2 pseudovirus assays. S1eC6 was used as a neg
triplicates from a single experiment. (L) Neutralizing activities of t
data are displayed as mean � SD from duplicates.
the ectodomain campaign are converted to IgG for further
analysis. After conversion, these S2 binders retained char-
acteristics of their scFv-Fc counterparts in binding to the
ectodomain and S2 domain (Fig. S6A, B). They also retained
the cross-reactivity against SARS-CoV-1 (Fig. S6C) but failed
to interfere with ectodomain-ACE2 interaction as expected
(Fig. S6D). However, unlike the selected RBD binders, the
selected S2 binders only partially inhibited the pseudovirus
entry, even though they reached maximum inhibition at
lower concentrations (Fig. S6E). We tested if S2 binders and
RBD binders could cooperate in their neutralization against
the SAR-CoV-2 pseudovirus. RBD-32 was chosen for this
purpose due to its relatively weak neutralizing activity that
may allow easier observation of any potential additive ef-
fect in the concentration ranges of antibodies used. Secto-
40 and Secto-45 were chosen for their better inhibition
profiles. Both Secto-40 and Secto-45 when combined with
RBD-32 reached higher percentages of inhibition than
either one alone in the pseudovirus neutralization assay
(Fig. S7).

Using the phage display platform as an antibody dis-
covery platform opened a new era in biologics discovery3

and contributed to several FDA-approved antibody thera-
peutics,4 especially the practice to generate naı̈ve libraries
from the IgM repertoire. In this study, we report the isola-
tion of potent neutralizing antibodies targeting the RBD
region. Moreover, we found that bi-epitopic antibodies
constructed from two non-competing antibodies offer bet-
ter protection against pseudovirus infection than either of
the parental antibodies alone, suggesting a new way of
improving anti-viral potency, prevention of viral escape,
and more convenient process development. We also pre-
sent data from a large collection of S2-binding antibodies.
S2 is another functional domain of the SARS-CoV-2 spike
protein and plays an important role in the virus infection
process. Neutralizing peptide targeting S2 heptad repeat
region was reported recently.5 It will be important to
further evaluate the RBD targeting and the S2 targeting
antibodies in preventing and treating SARS-CoV-2 infection
in more clinically relevant settings.
ELISA screening. Leads with promising IC50, maximum inhibition
S1eC6, which binds to the SD1 region of the SARS-CoV-2 spike
ves of RBD binders in IgG format after being converted from
C6 in IgG format was used as the negative control. (D) HEK 293T
ing the antigen competition. Recombinant ACE2-Fc protein was
ibodies in IgG format. The binding profile was determined by
rs from ForteBio, followed by dipping the loaded probes into a
ations were 6.25 nM, 12.5 nM, 25 nM, 50 nM, and 100 nM. The
n the global fitting of the data using a 1:1 binding model. (F) In-
the binning assay, streptavidin probes were first loaded with
testing antibody and competing antibody sequentially. (GeI)

S-CoV-2 spike protein pseudotyped virus (G), SARS-CoV-1 spike
typed variants (I). (J) The schematic diagram of the RBD-35/32
f the RBD-35 heavy chain through a flexible linker (GGGGS)3. (K)
ison with those of the RBD-35/32 combo, RBD-35, RBD-32, and
ative control. Error bars Z STD. The data are average values of
he RBD-35/32 hybrid antibody against SARS-CoV-2 variants. The
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