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Abstract

The COVID-19 pandemic remains a global threat, and host immunity remains the main mechanism of pro-
tection against the disease. The spike protein on the surface of SARS-CoV-2 is a major antigen and its
engagement with human ACE2 receptor plays an essential role in viral entry into host cells. Consequently,
antibodies targeting the ACE2-interacting surface (ACE2IS) located in the receptor-binding domain (RBD)
of the spike protein can neutralize the virus. However, the understanding of immune responses to SARS-
CoV-2 is still limited, and it is unclear how the virus protects this surface from recognition by antibodies.
Here, we designed an RBD mutant that disrupts the ACE2IS and used it to characterize the prevalence of
antibodies directed to the ACE2IS from convalescent sera of 94 COVID-19-positive patients. We found
that only a small fraction of RBD-binding antibodies targeted the ACE2IS. To assess the immunogenicity
of different parts of the spike protein, we performed in vitro antibody selection for the spike and the RBD
proteins using both unbiased and biased selection strategies. Intriguingly, unbiased selection yielded anti-
bodies that predominantly targeted regions outside the ACE2IS, whereas ACE2IS-binding antibodies
were readily identified from biased selection designed to enrich such antibodies. Furthermore, antibodies
from an unbiased selection using the RBD preferentially bound to the surfaces that are inaccessible in the
context of whole spike protein. These results suggest that the ACE2IS has evolved less immunogenic
than the other regions of the spike protein, which has important implications in the development of vacci-
nes against SARS-CoV-2.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has caused a
worldwide outbreak of the coronavirus disease
2019, COVID-19. As of October 25th 2020, over

42 million cases have been confirmed globally,
leading to 1.1 million deaths (https://www.who.
int/emergencies/diseases/novel-coronavirus-2019/
situation-reports/). A number of drugs and vaccines
for COVID-19 are currently in clinical trials, yet no
agents or vaccines have been approved by the
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government agencies. As such, the host immune
responses remain the main source of protection
against the virus. Still many aspects of the
immune responses and the strategies employed
by the virus to evade them are unknown.

The entry of SARS-CoV-2 into host cells is
mediated by a virus-surface spike glycoprotein
that forms a trimer (Figure 1(A))."? The spike pro-
tein is composed of two subunits, S1 and S2. The
S1 subunit interacts with the host cell receptor,
angiotensin-converting enzyme 2 (ACE2), a crucial
step in cell attachment, whereas the S2 subunit
plays a role in the fusion of the V|ral and cellular
membrane, a crucial step in cell entry.”° The recep-
tor binding domain (RBD) in the S1 subunit is the
domain that binds ACE2 with an affinity in the low
nanomolar range,”** and this interaction initiates
the conformational change of the spike protein from
the pre-fusion state to the post-fusion state. Conse-
quently, antibodies targeting the ACE2-interacting
surface (ACE2IS) located in the RBD of the spike
protein can compete with the RBD-ACE2 interac-
tion, serving as neutralizing antibodies. Indeed,
such antibodies isolated from COVID-19 patients
showed potent neutrallzat|on effects and are being
developed as therapeutics.®® Thus, eliciting anti-
bodies targeting the ACE2IS from the immune sys-
tem should be critical for controlling and preventing
COVID-19.

A region of an antigen is considered immunogenic
if it is readily recognized by antibodies, although
many aspects in the immune responses of the
host can influence the overall immunogenicity. It
has been shown that antibodies and antibody-like
binders derived from unbiased selections
disproportionately target functional surfaces of a

protein.’®'" Thus, protein—protein interaction inter-
faces such as the ACE2IS in the RBD of the spike
protein are expected to be highly immunogenic.
From the viewpoint of viral evolution, there should
be a strong selective pressure favoring the protec-
tion of a region that is crucial for the viral life-cycle
from host immune attacks. For example, the CD4-
binding site of the HIV gp120 envelope glycoprotein
is S|tuated in a deep cleft heavily protected by glyco-
sylation.'? However, studies revealed that the spike
proteins of coronavirus including SARS-CoV-2,
SARS-CoV and MERS-CoV are less densely glyco-
sylated than the other viral spike proteins including,
HIV-1 envelope, Lassa virus glycoprotein complex,
and influenza hemagglutinin envelop.'®'* In partic-
ular, the RBD is less shielded by glycans as com-
pared with the rest of the spike protein of SARS-
CoV-2."*"® The RBD and the ACE2IS are the most
distal parts of the spike protein in the assembled
virus and thus it should be more accessible to anti-
bodies and B-cells. Taken together, the ACE2IS of
the SARS-CoV-2 is expected to be substantially
more immunogenic than anticipated based on its
surface exposure. Intriguingly, a number of studies
of SARS-CoV-2 specific antibody responses in
COVID-19 patients have revealed that, although
most convalescent plasmas from COVID-19
patients contain antibodies targeting the spike pro-
tein and the RBD, they have low neutralization
activity.''® Thus, analysis of the immunogenic
surfaces, or the “immunogenicity landscape”, of
the spike protein and the RBD in terms of eliciting
high-affinity antibodies should provide important
insights into the antibody response to COVID-19
as well as vaccine design, because the spike pro-
tein and the RBD are the antigens in most first-
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Figure 1. Design of an RBD triple mutant that disrupts the ACE2IS. (A) The structure of the spike trimer (PDB
6VSB). The RBD in the up and down conformations are shown in blue and light blue, respectively. (B) The RBD in
complex with ACE2 (PDB 6MO0J). The RBD core is shown in blue and ACE2 is shown in green. The receptor binding
motif in the RBD is shown in yellow, and the residues contacting ACE2 are shown in red. The dotted circles indicate
contact regions (CR1, CR2 and CR3). The amino acid residues (N487, Q493 and N501) in the RBD are shown as
stick model and labeled in red, and their contacting residues in ACE2 are labeled in black. (C) Binding titration of the
RBD and RBD-T to ACE2 expressing A549 cells. Data shown here are from triplicate measurements. The Kp values
are from curve fitting of a 1:1 binding model, and the errors shown are the s.d. from curve fitting. Error bars are within

the size of the symbols.
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generation vaccines for COVID-19 (hitps:/www.
who.int/publications/m/item/draft-landscape-of-
covid-19-candidate-vaccines).

In this study, to define immunogenic properties of
epitopes within the spike protein, we performed
in vitro selection of a synthetic human antibody
library against the spike protein and the RBD. We
designed an RBD mutant that abolished binding of
the RBD to ACE2, and utilized it as a tool for
epitope analysis of convalescent sera and in
antibody discovery. Our results suggest that the
ACE2IS in the RBD is a minimally immunogenic
surface within the spike protein, and we discuss
the molecular underpinning of this finding and its
implications for vaccine design.

Results

Design of an RBD mutant that disrupts the
ACE2IS

To develop a tool for facilitating the analysis of
ACE2IS-binding antibodies, we designed an RBD
mutant that disrupts the ACE2IS. The ACE2IS in
the RBD is mainly composed of three contact
regions, CR1, CR2 and CR3 (Figure 1(B))."® From
each contact region, we chose a key residue
(N487, Q493 and N501) that forms hydrogen bond
(s) with residues in ACE2, and mutated them to
Lys residues to disrupt both electrostatic and van
der Waals interactions (Figure 1(B), Supplementary
Figure 1). We term this mutant as RBD-T hereafter.
Binding analysis using ACE2-expressing cells
showed that the RBD bound to ACE2 with high
affinity (Kp ~ 20 nM), consistent with previous
reports,’ > and that RBD-T nearly completely lost
binding to ACE2 (Figure 1(C)). Likewise, these
mutations should disrupt binding of neutralizing
antibodies targeting the ACE2IS (see below). We
note that not all neutralizing antibodies would fail
to bind to RBD-T, because some neutralizing anti-
bodies do not directly bind to the ACE21S.*° A bind-
ing assay using the RBD and RBD-T is a
straightforward method to determine whether anti-
bodies recognize the ACE2IS or not, and thus we
utilized the RBD-T as an epitope analysis tool for
anti-RBD antibodies.

Analysis of convalescent serum using RBD-T

To characterize the prevalence of antibody
response to the ACE2IS in COVID-19 patients, we
performed binding analysis of 94 convalescent
serum samples'’ from healthcare workers who
showed PCR-positivity for COVID-19. In this exper-
iment, we measured the 1gG binding to the RBD in
the absence and presence of excess soluble
RBD-T competitor. Strikingly, more than 60% of
the signal was lost in the presence of the RBD-T
competitor in 80% of the serum samples, indicating
that the majority of the antibodies that bound to the
RBD in convalescent sera did not target the ACE2IS

(Figure 2(A) and (B)). We found that the neutraliza-
tion titer is correlated with anti-RBD IgG binding but
to a lesser degree with anti-RBD-T IgG binding
(Figure 2(C)), confirming that 1gG antibodies
targeting the ACE2IS contribute to neutralization.
Together, these data suggest that the ACE2IS is
not a highly immunogenic epitope within the RBD.

Unbiased antibody selection for the spike
protein and the RBD

To investigate the immunogenicity landscape of
the spike protein and the RBD, we performed
in vitro selection of a human antibody phage-
display library against the spike protein and the
RBD. The recovery of antibody clones in the
in vitro selection primarily depends on the strength
of binding to the antigen, and thus analyzing
specificity and epitopes of enriched antibodies
enables us to determine the immunogenicity
landscape of the antigens from the point of the
direct antibody-antigen interaction under well-
define conditions. We used a synthetic antibody
library that is constructed based on both intrinsic
amino acid bias in immune repertoires and
knowledge of structures and functions of naturally
occurring antibodies.?’* This, and closely related
antibody libraries, have generated numerous high-
affinity antibodies to diverse proteins.?® Of impor-
tance for this study, this library uses the IGHV3
framework, which is closely related to the IGHVS-
53 germline that is frequently found in RBD-
binding antibodies (see Discussion).”*

We first performed selection for antibodies
against the spike protein and the RBD in an
unbiased manner, that is, we did not incorporate
steps that might bias the recovery of antibodies
binding to different epitopes (Figure 3(A)). Clones
from the 3rd and 4th rounds of selection were
randomly picked, and their sequences and binding
specificity were characterized in the phage-display
format. We identified 95 unique clones out of 120
randomly picked colonies from the spike selection
campaign (Figure 3(A)). Strikingly, 89% of the
clones bound to the spike protein but not the RBD
or RBD-T (“Spike only” binders), indicating that
these antibodies recognize the surfaces of the
spike protein outside the RBD or the surfaces that
partially consists of the RBD (Figure 3(A) and (B)).
Only 11% of the clones showed ability to bind to
the spike protein as well as the RBD and RBD-T
(“Spike + RBD” binders), and antibodies binding to
the ACE2IS, as judged by the ability to bind to the
RBD but not to RBD-T, were not identified from
this selection. These results suggest that the RBD
is not a highly immunogenic region of the spike
protein.

From the RBD selection campaign, we identified
23 unique clones out of 24 randomly picked
colonies (Figure 3(A)). Although the ACE2IS is
highly exposed on the RBD, antibodies targeting
the ACE2IS were not identified from this selection.
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Figure 2. Majority of convalescent serum samples do not target the ACE2IS (A) Binding analysis of IgGs in
convalescent serum samples. In the top panel, the binding of the antibodies to the RBD in the absence (blue bars) and
presence of soluble RBD-T as a competitor (red bars) are shown. The bottom panel shows a control experiment to
confirm that competition with RBD-T was completely achieved in this assay. (B) The fraction of the antibodies
targeting the ACE2IS among the RBD-binding antibodies in each serum sample is calculated as a competition ratio
(signal in the presence of the RBD-T competitor over signal in its absence) and shown. Samples are sorted from low
to high competition ratio. The red line indicates a competition ratio of 40%, i.e., 60% of binding signal is lost in the
presence of the RBD-T competitor. (C) Correlations for IgG binding with neutralization titers. The left panel shows
binding of anti-RBD IgG with neutralization titers. The right panel shows binding of anti-RBD-T IgG (i.e. anti-RBD IgG
excluding the ACE2IS binders) with neutralization titers. The neutralization data using authentic SARS-CoV-2 are

from Noval et al.'”

Interestingly, 83% of the clones showed binding to
the RBD and RBD-T, but not to the spike protein
(“RBD only” binders) (Figure 3(A) and (B)). These
data indicate that their epitopes are exposed when
the RBD exists in isolation or after dissociation of
the S1 subunit from the spike protein, but are not
exposed when the RBD is a part of the fully
assembled spike trimer. These results suggest
that, if the RBD is used as an antigen for
vaccination, antibodies targeting those epitopes of
the RBD that are not exposed in the native spike
protein can dominate in the initial immune
response. Together, our data suggest that isolated
RBD contains highly immunogenic epitopes that
are inaccessible in the context of the fully
assembled spike protein.

Biased antibody selection readily identifies
ACEZ2IS-targeting antibodies

Because the unbiased RBD selection campaign
enriched antibodies that do not bind to the spike
protein, we next performed antibody selection
using both RBD and spike protein as the antigens

(Figure 3(A)) to intentionally enrich for clones that
cross-react with both antigens. We identified 35
unique antibodies among 120 randomly chosen
clones. A majority of clones bound to both RBD
and spike protein (“Spike + RBD” binders),
indicating that RBD contains epitopes that can be
readily recognized in the context of the fully
assembled spike protein (Figure 3(A) and (B)). We
note that antibodies that bound outside the RBD
(“Spike only” binders) and to epitopes on the RBD
that are inaccessible in the spike protein (“RBD
only” binders) were still recovered, despite the use
of a strong selection bias against such clones. We
identified clones that bound to both RBD and
spike protein but not RBD-T, indicating that they
recognize the ACE2IS (“ACE2IS binders”).
Interestingly, among RBD-binding antibodies, only
12% of clones recognize the ACE2IS in the RBD,
whereas 88% of clones recognize epitopes other
than the ACE2IS (Figure 3(A) and (B)). These
data are consistent with what we observed in the
analysis of antibodies in convalescent sera
(Figure 2(A) and (B)) and suggest that the
ACE2IS deflects antibody recognition.
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Figure 3. Antibody selections against the RBD and the spike protein revealed immunogenic properties of epitopes
within the spike protein (A) Summary of antibody selections in the biased and unbased manners. (B) Binding analysis
of phage-displayed antibodies by ELISA. Data for representative clones for each specificity type are shown. See also
Supplementary Figure 2 for the complete dataset. (C) Binding titration of the Fab clones to the spike protein, the RBD
and RBD-T. The Kp values are from curve fitting of a 1:1 binding model, and the errors shown are the s.d. from curve
fitting. Data shown here are from triplicate measurements. (D) The competitive binding assay of the spike protein to
HEK293T-ACE2 cells in the presence of Fab clones. Data shown here are from triplicate measurements. (E) The
neutralization assay of Fab clones using authentic SARS-CoV-2. Data shown here are from duplicate measurements.

We next performed selection of antibodies
binding to the RBD that incorporated a negative
selection step using RBD-T so as to enrich
antibodies binding to the ACE2IS. From this
selection, 39% of clones recognized the ACE2IS
in the RBD, which is a substantially higher
percentage than those recovered in the unbiased
selections (0% for both selections using the spike
protein and the RBD) as well as the RBD-spike
selection (11%) (Figure 3(A)). These data indicate
that our phage-display library contains antibodies
targeting the ACE2IS and such antibodies can be
identified if we intentionally try to enrich such
antibodies. Taken together, our data demonstrate
that the RBD is not a dominant immunogenic
domain in the spike protein and the ACE2IS is a
minimally immunogenic epitope within the RBD.

Screening for a loss of binding to RBD-T
identifies neutralizing antibodies

To determine whether antibodies that do not bind
to RBD-T, i.e. ACE2IS binders, indeed neutralize
SARS-CoV-2, we produced five Fab clones (one
each from “Spike only”, “Spike + RBD” and “RBD
only” binders and two from ACE2IS binders), and
we performed the binding assay, the competitive
binding assay with ACE2 and the neutralizing
assay using authentic SARS-CoV-2. The
antibodies targeting the spike protein outside
the RBD (A4-2) and targeting the RBD outside
the ACE2IS (B3-4 and B3-1) did not interfere
with the ACE2-spike interaction nor did show a
neutralization effect (Figure 3(C)—(E)). In contrast,
ACE2IS binders (C3-3 and C4-3) that bound to
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the RBD but not to RBD-T indeed competed with
ACE2-spike  interaction and showed a
neutralization effect against the SARS-CoV-2 virus
(Figure 3(C)—(E)), as we predicted. Thus, although
we note that some neutralizing antibodies that do
not directly target the ACE2IS have been
reported,®® our binding assay using RBD-T is effec-
tive in quantifying neutralizing antibodies that target
the ACE2IS.

Discussion

We have shown that the ACE2IS is more difficult
to target with our synthetic antibody library than the
rest of the RBD and the spike protein. Because no
synthetic library can completely recapitulate the
human antibody repertoire, one might view that
these results are a reflection of limitations of our
library, rather than the antigenic landscape of the
spike protein. The following considerations
strongly suggest that this is not the case.
Neutralizing anti-RBD antibodies from recovered
patients show clear biases in germline usage. The
IGHV3-53 germline is the most frequently used
IGHV gene for neutralizing anti-RBD antibodies
and the residues in CDRH1 and CDRH2 encoded
by the IGHV3-53 germline are important for RBD
binding.”* Our synthetic antibody library is based
on the human V3 germline sequence, and residues
in CDRH1 and H2 are diversified based on intrinsic
amino acid bias in native immune repertoires.?’ % It
has only minor differences, two substitutions in
CDRH1 and a single residue insertion in CDRH2,
from IGHV3-53 (Supplementary Table 1). Thus,
our library should be more predisposed to generat-
ing anti-RBD neutralizing antibodies than a library
that faithfully recapitulates the human antibody
diversity. More importantly, we have identified sev-
eral antibodies binding to ACE2IS by utilizing
biased selection (Figure 3(A)). If the architecture
of our library were substantially mismatched to the
germline sequences required for RBD binding, our
ACEZ2IS-binding antibodies would be rare clones
containing unusual sequences that are not
expected from our library design. However, the
sequences of the ACE2IS-binding clones maitch
our library design (Supplementary Figure 3 and
Supplementary Table 1), suggesting that we should
find many clones if the ACE2IS were highly
immunogenic. Taken together, although our library
does not fully recapitulate human antibody reperto-
ries, it covers a large fraction of the antibody
sequence space capable of producing anti-RBD
antibodies.

Why is the RBD difficult to target when whole
spike trimer is used as the antigen? Our data
suggest that the spike protein has highly
immunogenic surfaces outside the RBD, which
enrich antibodies that target these epitopes and
deplete antibodies to the RBD. The structure and
conformational dynamics of the spike protein offer

possible mechanistic basis for the Ilow
immunogenicity of the RBD. The RBD in the up
conformation is largely exposed on the spike
surfaces, whereas the RBD in the down
conformation is buried in the spike protein
(Figures 1(A) and 4(A)). Structural studies of the
spike protein revealed that zero, one or two RBDs
but not all three RBDs in the spike trimer form the
up conformation at a given time."#?>?° Conse-
quently, the RBD is largely in the down conforma-
tion and most of the RBD is less exposed than the
rest of the spike surfaces (Figure 4(A)). Further-
more, it has been reported that the RBD in the up
conformation shows higher mobility than that in
the down conformation.®® Thus, both a lack of the
complete exposure of the RBD and conformational
mobility of the RBD probably contribute to the chal-
lenges in recognizing the RBD by antibodies when
the spike protein is used as the antigen.

Our data indicate that the ACE2IS is minimally
immunogenic within the RBD, although the
ACE2IS is expected to be a highly immunogenic
surface as discussed above, and is highly
accessible when the RBD is in the up
conformation. One possible explanation for the
minimal immunogenicity of the ACE2IS is its
conformational flexibility. Although the ACE2IS is
well defined when bound to ACE2 or to an
antibody, it is disordered in the free spike
structures (Figure 4(B)),"**?"° suggesting that
the ACE2IS is inherently flexible. It is difficult to gen-
erate antibodies to a flexible region, due to a large
loss of conformational entropy upon binding that
disfavors binding. Taken together, we propose that
limited surface exposure and flexibility of the
ACE2IS reduces its immunogenicity in the spike
protein.

Our studies have important implications for
vaccine design. Most of vaccine candidates utilize
the spike protein or the RBD as antigens (https:/
www.who.int/publications/m/item/draft-landscape-
of-covid-19-candidate-vaccines). In our studies,
89% of antibodies from the unbiased selection for
the spike protein recognize regions outside the
RBD, and 83% of antibodies from the unbiased
selection for the RBD recognize the surfaces on
the RBD that are inaccessible in the context of the
spike protein. These data imply that potent
neutralizing antibodies targeting the ACE2IS may
not be induced efficiently by only immunizing with
the spike protein or only with the RBD. Consistent
with this view, it has been reported that the
majority of spike-binding antibodies that were
generated in a patient during the first weeks of
COVID-19 infection were not neutralizing and bind
outside the RBD.*" Similarly, Juno et al. observed
a high frequency of B cells that target the spike pro-
tein outside the RBD in recovered patients with
COVID-19."® OQur data demonstrate that the
ACE2IS can be readily targeted by antibodies in
the biased selection. Although such control of the
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Figure 4. Possible mechanistic basis of low immunogenicity of the RBD and the ACE2IS. (A) The RBD in the up
and the down conformations in the spike structure (PDB 6VSB). The RBD core and the receptor binding motif (RBM)
are shown in blue and yellow. The residues within 6 A of other regions in the spike protein are shown in orange. The
other RBDs in the spike trimer are shown in white. The RBD in the up conformation is exposed whereas the RBDs in
the down conformation are buried in the spike protein. (B) Comparison of the RBD structures. The RBD core and the
RBM are shown in blue and yellow. The disordered regions in these structures are shown as the dotted lines, and the
numbers of missing residues are indicated. The RBD structures indicated in a parenthesis have nearly identical
structures, and the representative structures are shown and whose PDB codes are indicated in blue.

human immune responses using designed antigens
is impossible in the course of natural infection, we
envision that a two-step vaccination scheme using
the RBD followed by the spike protein could
improve the efficiency of eliciting antibodies target-
ing the ACE2IS that confer strong viral
neutralization.

Materials and Methods

Plasmid construction

The amino acid sequence of the ectodomain of
the spike protein (resides 16—1213) was collected
from GenBank entry MN908947.3. A codon-
optimized gene encoding the spike protein with
modifications reported by Amanat et al.,** including
stabilized mutations (K986P and V987P), the
removal of the furin site (RRAR to A) and the addi-
tion of a T4 foldon trimerization domain, a hexahis-
tidine tag and an Avitag at the C-terminus was
synthesized (Integrated DNA Technologies) and
cloned into the mammalian expression vector
pBCAG. The codon-optimized genes encoding the
receptor binding domain (RBD) of SARS-CoV-2
(residues 328-531; GenBank entry: MN908947.3)
and a triple mutant (N487K/Q493K/N501K) of the
RBD of SARS-CoV-2 with the hexahistidine tag
and the Avitag at the C-terminus were synthesized

(Integrated DNA Technologies) and cloned into
the pBCAG vector.

Mammalian cell culture

The A549 cells stably expressing the angiotensin-
converting enzyme 2 (ACE2) on the cell surface
were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Thermo Fisher) supplemented
with 2 pg/ml puromycin (InvivoGen), 10% fetal
bovine serum (FBS, Gemini Bio) and penicillin/
streptomycin (Thermo Fisher) at 37 °C with 5%
CO,. The HEK293T cells stably expressing ACE2
on the cell surface were generated previously,'”**
and maintained in in DMEM (Thermo Fisher) sup-
plemented with 1 pg/ml puromycin (InvivoGen),
10% FBS (Gemini Bio) and penicillin/streptomycin
(Thermo Fisher) at 37 °C with 5% CO,. The Vero
E6 kidney epithelial cells were maintained in DMEM
(Corning), 10% FBS (Atlanta biologicals) and 1%
Nonessential Amino Acids (NEAA, Corning) at
37 °C with 5% CO,. The Expi293F cells (Thermo
Fisher) were maintained in Expi293 Expression
Medium (Thermo Fisher) at 37 °C with 8% CO,.

Virus preparation

icSARS-CoV-2-mNG (isolate USA/WA/1/2020,
obtained from the UTMB World Reference Center
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for Emerging Viruses and Arboviruses)®** was
amplified once in Vero E6 cells (P1 from the original
stock). Briefly, 90—95% confluent T175 flask (Tho-
mas Scientific) of Vero E6 (1x107 cells) was infected
with 50 pL of icSARS-CoV-2-mNG in 5 mL of infec-
tion media (DMEM, 2% FBS, 1% NEAA, and 10 mM
HEPES) for 1 h. After 1 h, 20 mL of infection media
was added to the inoculum and cells were incu-
bated 72 h at 37 °C and 5% CO,. After 72 h, the
supernatant was collected and the monolayer was
frozen and thawed once. Both supernatant and cel-
lular fractions were combined, centrifuged for 5 min
at 1200 rpm, and filtered using a 0.22 um Steriflip
(Millipore). Viral titers were determined by plaque
assay in Vero E6 cells. In brief, 220,000 Vero E6
cells/well were seeded in a 24 well plate, 24 h before
infection. Ten-fold dilutions of the virus in DMEM
(Corning) were added to the Vero E6 monolayers
for 1 h at 37 °C. Following incubation, cells were
overlaid with 0.8% agarose in DMEM containing
2% FBS (Atlanta biologicals) and incubated at
37 °C for 72 h. The cells were fixed with 10% forma-
lin, the agarose plug removed, and plaques visual-
ized by crystal violet staining. All procedures
including icSARS-CoV-2-mNG virus were per-
formed using biosafety level 3 conditions.

Serum samples

Serum samples were collected from 94
Healthcare workers from NYU Langone Health
who showed PCR-positive for COVID-19, as
reported previously.'” All patients gave written con-
sent for this study and all samples were de-
identified by following IRB #i20-00595.

Expression and purification of recombinant
proteins

The expi293F cells (Thermo Fisher) were
transiently transfected with the vectors using the
ExpiFectamine 293 Transfection kit (Thermo
Fisher) according to the manufacturer's protocol.
The cells were incubated at 37 °C with 8% CO,
for 7 days. The cell culture supernatants were
collected by centrifuge, and supplemented with a
protease inhibitor cocktail (Roche) and 1 mM
PMSF. The recombinant proteins were purified
from the filtrated supernatants using a HisTrap
excel column (GE Healthcare). The purified
proteins were biotinylated in vitro using the BirA
enzyme in the presence of 0.5 mM Biotin and
10 mM ATP. The biotinylated proteins were further
purified using the HisTrap excel column, and
dialyzed into PBS. Purity of proteins were
confirmed by SDS-PAGE analysis. The size
exclusion chromatography using a Superdex 200
10/300 (GE Healthcare) for the spike protein and
a Superdex 75 10/300 (GE Healthcare) for the
RBD and the RBD triple mutant showed a
monodispersed and single peak with the expected
molecular mass (Supplementary Figure 1).

Synthetic human antibodies in the biotinylated
format were expressed and purified as described
previously.??

Establishment of ACE2-expressing A549 cells

A549 cells were transfected with pLenti. ACE2
lentiviral vector that encodes ACE2 and
puromycin resistance.>® After two days, the cells
were selected in medium containing 2 pg/ml puro-
mycin and cloned at limiting dilution. Individual cell
clones were screened by flow cytometry for high
ACE2 expression and a single cell clone was
expanded.

Cell-based binding assay

The A549-ACE2 cells were detached from the
flask using the citric saline buffer containing
15 mM sodium citrate and 135 mM KCI. The cells
were washed with PBS twice and suspended in
PBS-BSA (PBS containing 1% (w/v) BSA (Gemini
Bio)). The cells were aliquoted into the wells of the
96-well round bottom plate (Greiner). The RBD
and the RBD triple mutant were added to the wells
containing the ACE2-A549 cells and incubated for
30 min at room temperature. The cells were
washed three times with 200 pL of PBS-BSA, and
incubated with Streptavidin-Dylight650 (Thermo
Fisher) for 30 min at 4 °C. The cells were further
washed three times with PBS-BSA and analyzed
on an iQue screener (Satorius).

For the competitive binding assay, the spike
protein at a final concentration of 20 nM was
incubated with 1 uyM Fab clones or buffer for
30 min. The mixtures were added to the detached
HEK293T-ACE2 cells and incubated for 30 min at
room temperature. The cells were washed three
times with 200 pL of PBS-BSA, and incubated
with 6x-His Tag antibody-Dylight650 (Thermo
Fisher) for 30 min at 4 °C. The cells were further
washed three times with PBS-BSA and analyzed
on an iQue screener (Satorius). Signals reported
are the median fluorescence intensities.

Serum characterization

Antibody binding was characterized using a bead-
based binding assay, generally following our
previous publications.®>*° Biotinylated RBD was
conjugated to Dynabeads M-—280 streptavidin
(Thermo Fisher Scientific) as follows. Ten micro-
liters of the stock bead suspension were mixed with
90 puL of PBSB (PBS containing 0.1% (w/v) BSA
(GeminiBio). The supernatant was removed using
a magnetic stand and the beads were resuspended
in 100 pL of PBSB. The beads were mixed with the
equal volume of PBSB containing 15 nM of
biotinylated RBD or biotinylated RBD-T and incu-
bated at room temperature for 30 min. Biotin at a
final concentration of 2.5 pyM was then added to
the solution and incubated for 5 min. The beads
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were washed once using a magnetic stand and
resuspended at 0.5 mg/ml.

Five microliters of the beads were aliquoted in
each well of a 96-well filter plate (Millipore), the
liquid was removed using a vacuum chamber and
the wells were washed once with 150 pL of PBST
containing 1% (w/v) skim milk. Serum samples
were heat-treated at 56 °C for 1 h and diluted 158-
fold in PBST containing 1% (w/v) skim milk, and
25 uL each was added to the plate. For
competition reactions, biotinylated RBD-T and
streptavidin were mixed in such a way that all the
biotin binding sites of streptavidin (tetramer) were
occupied with RBD-T, and the complex was
added to the serum solutions at a final
concentration of 1 uM (calculated as monomer).
After incubation for 30 min at room temperature
with mixing on a shaker, the wells were washed
twice with 150 puL of PBST-BSA (PBS containing
0.5% (w/v) BSA and 0.05% (v/v) Tween 20). The
staining with a secondary antibody (anti-human
IgG (FC gamma specific)-Alexa488, Jackson
Immunoresearch), diluted 1/800 in PBS containing
1 % BSA, was performed in a total volume of
25 puL for 30 min at room temperature with
shaking. The wells were washed again with
PBST-BSA and the beads resuspended in 90 uL
with PBST-BSA and analyzed on an iQue
screener (Sartorius). Signals reported are the
median fluorescence intensities.

Phage display antibody selection

Sorting of a synthetic antlbodg library was
performed as described previously.”* Briefly, a syn-
thetic human antibody library was sorted against the
antigens listed in the Figure 3(A). at the concentra-
tions of 100 nM (1st round), 100 nM (2nd round),
50 nM (3rd round) and 20 nM (4th round). In the
biased selection using RBD-T as the antigen for
negative selection, biotinylated RBD-T was immobi-
lized on the Streptavidin MagneSphere particles
(Promega) and added to the solution containing
phage. Phage bound to the RBD-T-beads were
removed prior to the selection against the antigens.

Phage ELISA

Phage ELISA was performed as described
previously except that the 384-well plate was used
instead of the 96-well plate.?* Briefly, the wells of
the 384-well ELISA plate (Nunc) were coated with
neutravidin (Thermo Fisher) for 1 h at room temper-
ature. The wells were washed with PBS-T (PBS
containing 0.1% Tween 20) and blocked with PBS
containing 0.5% (w/v) BSA (Gemini Bio) for 1 h.
After removing the blocking buffer, biotinylated anti-
gens were added to each well and washed three
times with PBS-T. The 5-fold dilution of the cell cul-
ture supernatants containing phage were added to
the wells and incubated for 30 min. After washing
the wells with PBS-T three times, anti-M13HRP

(Sino Biolo |cal) was added to the wells.
SIGMAFAST OPD (Sigma) was used as a sub-
strate and 2 M HCI was used as a quenching solu-
tion. The absorbance at 490 nm was measured
using a BioTek Epoch 2 plate reader (BioTek).

Binding assay of Fab clones

Binding titration of the Fab clones were performed
by a bead binding assay, as described
previously.>>*’ Briefly, biotinylated antigens were
immobilized on Dynabeads M—280 streptavidin
(Thermo), and then excess biotin binding sites of
streptavidin were blocked with biotin. The biotiny-
lated Fab clones were titrated into the solution con-
taining the antigen-coated beads in the presence of
5 uM biotin, and incubated for 30 min at room tem-
perature. After washing step, the beads were incu-
bated with anti-human F(ab’)>-Alexa Fluor 488
(Jackson ImmunoResearch). The beads were fur-
ther washed three times and analyzed on an iQue
screener (Satorius). Signals reported are the med-
ian fluorescence intensities.

SARS-CoV-2 neutralization assay with Fab
clones

Vero EB6 cells (30,000 cells/well) were seeded in a
96 well plate 24 h before infection. Biotinylated Fab
clones were mixed with streptavidin produced in
house, and diluted in DMEM (Corning), 2% FBS
(Atlanta biological), 1% NEAA (Corning) and
10 mM HEPES (Gibco). Fifty nanomolar of the
Fab-streptavidin complexes were mixed 1:1 (vol/
vol) with SARS-CoV-2 virus (5.5 x 10° PFU/ml,
MOI 0.5), and incubated for 1 h at 37 °C. During
the incubation period, Vero E6 monolayers were
washed once with DMEM (Corning) to remove any
serum present in the media that could interfere
with the assay. After incubation, 100 pL of the
mixtures of the antibody and SARS-CoV-2 were
added to the Vero E6 monolayers, and cells were
incubated at 37 °C. After 20 h, cells were fixed
with 4 % formaldehyde (Electron Microscopy
Sciences) at room temperature for 1 h. After
fixation cells were washed twice with PBS and
permeabilized with 0.25% triton-100, stained with
DAPI (Thermo), and quantified on a Celllnsight
CX7 High-content microscope (Thermo) using a
cut-off for three standard deviations from negative
to be scored as an infected cell.
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