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ABSTRACT

Coronavirus disease 2019 (COVID-19) is an evolving global public health crisis in need of therapeutic
options. Passive immunization of monoclonal antibodies (mAbs) represents a promising therapeutic
strategy capable of conferring immediate protection from SARS-CoV-2 infection. Herein, we describe
the discovery and characterization of neutralizing SARS-CoV-2 IgG and VHH antibodies from four large-
scale phage libraries. Each library was constructed synthetically with shuffled complementarity-
determining region loops from natural llama and human antibody repertoires. While most candidates
targeted the receptor-binding domain of the S1 subunit of SARS-CoV-2 spike protein, we also identified a
neutralizing IgG candidate that binds a unique epitope on the N-terminal domain. A select number of
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antibodies retained binding to SARS-CoV-2 variants Alpha, Beta, Gamma, Kappa and Delta. Overall, our
data show that synthetic phage libraries can rapidly yield SARS-CoV-2 S1 antibodies with therapeutically
desirable features, including high affinity, unique binding sites, and potent neutralizing activity in vitro,

and a capacity to limit disease in vivo.

Introduction

Severe acute respiratory syndrome coronavirus two (SARS-CoV
-2) causes COVID-19, a respiratory infection that can ultimately
lead to severe pneumonia, acute respiratory failure, and death.
Following the Wuhan outbreak in December 2019,'> SARS-CoV
-2 quickly achieved global, pandemic spread, culminating in
246,889,661 global cases and 5,003,021 global deaths as of
November 1, 2021.* Safe and effective therapies are therefore
needed to combat the transmissibility, pathogenicity, and disease
severity of SARS-CoV-2 as new variants of concern emerge.
Passive antibody therapy using either convalescent plasma from
recovered COVID-19 survivors or monoclonal antibodies (mAbs)
has proven safe and effective against other betacoronaviruses such
as Middle East respiratory syndrome-related coronavirus (MERS-
CoV) and SARS-CoV.” Although convalescent plasma is readily
available and approved for use in critically ill COVID-19 patients,’®
it must be screened for blood-borne pathogens, requires high titers
for therapeutic efficacy, and can pose rare but nevertheless notable
risks, including transfusion-related acute lung injury, transfusion-
associated dyspnea, circulatory overload, and allergic reactions.”®
These risks can be subjugated through the use of recombinant
neutralizing mAbs, the therapeutic agent of convalescent plasma.

SARS-CoV-2 hijacks the same host cell entry mechanism as
its predecessor SARS-CoV. Similar to SARS-CoV, SARS-CoV
-2 uses the trimeric spike (S) to enable cell entry.Q’10 These
glycoproteins are made up of two subunits (S1 and S2) and
decorate the surface of the virion. surface. The subunits sto-
chastically switch between “up” and “down” states. The former
conformation exposes the receptor-binding domain (RBD) of
the S1 subunit that interacts with human angiotensin-
converting enzyme 2 (ACE2).'" Upon binding ACE2, SI
becomes locked in the less stable “up” conformation, and
a conformational change in the S2 subunit propels the virion
toward the host cell’s membrane. Proteolytic processing of S by
the host cell transmembrane protease TMPRSS2 enables the
subsequent fusion of the virion to the host cell membrane.
Neutralizing mAbs isolated from convalescent patient B cells
primarily target the RBD on SI and either block it from inter-
acting with ACE2'? or trap S in the destabilized “up” position,
causing it to unfold prematurely into a post-fusion configura-
tion in the absence of a cellular target, rendering the virus
fusion-incompetent.'> Roughly, half of neutralizing antibodies
found in the convalescent plasma of COVID-19 survivors bind
S1, and the most potently neutralizing among them target the
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RBD while the remaining antibodies target the NTD.">'*"

Despite the prevalence of RBD-targeting mAbs, neutralizing
mAbs that target S domains outside of RBD continues to be
isolated from convalescent COVID-19 patients.'>'®"”
Although S1 RBD represents a prime target for the develop-
ment of neutralizing mAbs against SARS-CoV-2, identifying
neutralizing mAbs with alternative binding sites to more con-
served regions of the S protein should be pursued to combat
emerging variants of concerns that primarily focus escape
mutations at the RBD.'® Alternate epitope targets to more
conserved regions could work synergistically in “cocktail” ther-
apeutics. Such cocktails may help minimize mutagenic escape
by simultaneously targeting distinct epitopes on SARS-CoV-2
S1 and, perhaps, by engaging multiple neutralization
mechanisms.

Although antiviral mAbs can be isolated directly from
recovered survivors, phage display offers many advantages
for mAb discovery and development, particularly in the
context of the COVID-19 pandemic. During phage display,
antibody genes are inserted into phage coat protein genes
to enable affinity selection of antibody-expressing phage
particles by biopanning. Knowledge of the antibody gene
enables rapid tuning of antibody properties, including affi-
nity and specificity, and facilitates their subsequent huma-
nization and multimerization. Phage display can also be
used to screen single-domain camelid antibodies (also
known as VHH antibodies or nanobodies). The VHH for-
mat may provide higher stability and greater access to viral
and host protein epitopes due to its small size. These
features make nanobodies attractive in the context of the
COVID-19 pandemic for a number of reasons: they can be
manufactured more easily and cheaply than IgGs,"” engi-
neered as multimers'® and nebulized for direct delivery to
the lungs,”**' the primary site of SARS-CoV-2 disease.
However, since the small size of nanobodies leads to their
rapid clearance in the kidney even in multimeric forms,**
fusing an Fc domain is typically necessary to improve half-
life."

Here, we designed, synthesized, and screened four
large-scale phage libraries for neutralizing antibodies that
block SARS-CoV-2 infection (Table 1). In constructing
these libraries, we used a synthetic approach to generate
complementarity-determining region (CDR) diversity in
the hypervariable region, enabling higher precision in
sequence diversification than methods based on degener-
ate oligonucleotides.24,25 For each of the four libraries,
oligo pools encoding each of the CDR loops were synthe-
sized by Twist Bioscience and assembled into single-chain
variable fragment (scFv), antien-binding fragment (Fab),
or single-domain VHH formats in human or humanized
frameworks. Our synthetic approach leverages solid-phase
oligo synthesis using a silicon-based nanowell platform
(WO 2015021080) that can synthesize highly diverse
libraries en masse with very low error rates.25 We report
the discovery and characterization of diverse neutralizing
mAbs against SARS-CoV-2 from four synthetic antibody
libraries. A subset of antibodies, when alone or in combi-
nation, limited disease when administered pre- or post-
exposure to SARS-CoV-2 in an animal model.

Results

Design, construction, and screening of anti-S1 antibody
phage libraries

As part of our antibody discovery pipeline, we generated four
phage antibody libraries for screening against the SARS-CoV-2
S1 (GenBank QHD43416.1, residues 16-685). We maximized
the CDR diversity of our libraries based on the repertoires from
human and/or llama CDR sequences as described below, which
we subsequently synthesized and assembled into antibody
hypervariable regions for phage display (Figure 1(a)). We cre-
ated four such libraries: 1) scFv library constructed using CDRs
identified in the memory B cells of a convalescent COVID-19
donor (TB181 COVID-19 scFv); 2) an antigen-binding frag-
ment (Fab) library constructed using CDRs from human naive
and memory B cells (TB182 Fab); 3) a humanized llama nano-
body library with shuffled, llama-based CDR diversity (TB201
VHH); 4) a humanized llama nanobody library constructed
using natural llama CDRI1/2 sequences and human CDR3s
identified from human naive and memory B cells
(TB202 VHH).

CDR diversity for the TB181 COVID-19 scFv library was
provided by the Crowe laboratory at Vanderbilt University
Medical Center. Each library possessed a diversity of >10"
(see Materials and Methods for additional details). Antibodies
were selected for SARS-CoV-2 S1 binding using a bead-based
biopanning strategy. For each library, phages were selected
over four rounds of panning (Supplemental Table 1) to identify
putative high-affinity S1-binding antibodies. After panning,
enzyme-linked immunosorbent assay (ELISA) was used to
assess the binding of phage-displayed antibodies to S1 protein.
Antibody candidates from each library that elicited a greater
than 3-fold enrichment over a bovine serum albumin (BSA)
control protein were selected as initial leads. From the TB181
COVID-19 scFv, TB182 Fab, TB201 VHH, and TB202 VHH
libraries, we identified 41, 14, 68, or 112 unique clones,
respectively.

Following phage display ELISA screening, S1-binding anti-
body candidates were reformatted to human IgGl (TB181
COVID-19 scFv, TB182 Fab) or a VHH-Fc fusion containing
the Fc region of human IgG1 (TB201 VHH, TB202 VHH) for
further characterization and development.

Biophysical characterization and competition binning of
antibody candidates

In total, we identified 235 S1-binding leads across the four
phage libraries.We first characterized the binding affinity
and specificity of our S1 antibody candidates using surface
plasmon resonance (SPR) and S1 RBD-ACE2 competition
assays, respectively. We identified multiple S1 antibody
candidates with nanomolar affinities against SARS-CoV-2
S1, including TB181-4 (Kp = 83 nM), TB182-4 (Kp
= 21 nM), TB182-7 (Kp = 25 nM), TB201-1 (Kp = 6.6
nM), TB202-3 (Kp = 32 nM), and TB202-63 (Kp = 46 nM)
(Figure 1(b); see Figure 2 for SPR data from all leads).
Additionally, all but one of these candidates are bound to
the prefusion-stabilized SARS-CoV-2 S trimer with pico-
molar affinities (Figure 1(b)). We also assayed the cross-
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Table 1. All phage-displayed antibody libraries were designed by assembling synthesized oligo pools encoding CDRs as human scFv and Fab or humanized single
domain nanobody (VHH) fragments fused to the attachment protein gene 3 protein (G3P). TB181 COVID-19 scFv incorporates germline gene segments encoding heavy
chain VH3-23 and light chain VL2-23. The TB182 Fab library uses VH3-23 and VK1-39. Both VHH libraries use a humanized DP-47 framework.>* The number of phage
binders identified from the Round 4 panning output of each library is listed along with the number of unique antibodies discovered. Following phage panning and

screening, a total of 235 antibody fragments were converted to either human IgG1 or a VHH-Fc fusion containing the Fc region of human IgG1 for further
characterization of the purified antibody.

Purified
Phage-displayed Phage Binders Antibody
Library Antibody Format Framework CDR Diversity Source Identified (Unique) Format
TB181 scFv IGHV3-23IGLV2-23 Memory B cells from convalescent COVID-19 donor 478(41) 19G1
COVID-19
scFv
TB182 Fab Fab IGHV3-23IGKV1-39 Human naive and memory B cells 235(14) lgG1
TB201 VHH VHH Humanized DP-47 Llama immune repertoires 342(68) VHH-Fc
TB202 VHH VHH Humanized DP-47 Llama immune repertoires (CDR1, CDR2) and human 403(112) VHH-Fc

naive and memory B cells (CDR3)

binding of antibody candidates to the S1 domain of SARS-
CoV S protein. All antibody candidates specifically bound
SARS-CoV-2 S1 except for TB182-3 and TB182-4, which

(Supplemental Figure 1). We further investigated the bind-
ing of S1 antibody candidates to ACE2 in an ELISA
(Figure 1(c)) and flow cytometric competition binding

both cross-bound with SARS-CoV spike protein assays (Figure 1(d); see Figure 2 for flow cytometry data
a .
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Figure 1. Identification of high-affinity mAbs against SARS-CoV-2 S1 subunit and pre-fusion stabilized S trimers. (a) Schematic of antibody library designs used in phage
panning. Numbers on white text on green indicate the number of CDRs represented within each oligo pool per library. Purple blocks represent human or humanized
germline framework regions; gray blocks represent llama framework regions. (b) Binding affinity of lead antibodies, as determined by SPR, demonstrating nanomolar
binding to the SARS-CoV-2 spike S1 subunit. Leads from TB181 COVID-19 scFv and TB182 Fab libraries were reformatted and expressed as IgG1, while leads from TB201
VHH and TB202 VHH libraries were converted to VHH-Fc. Apparent binding affinity to spike trimers stabilized in the pre-fusion conformation are in the picomolar
range.?® SPR experiments were performed on a Carterra LSA SPR biosensor, binding affinities were calculated by fitting to 1:1 model in Carterra Kinetics Tool software.
See Materials and Methods for complete assay description. (c) Competition ELISA showing decreasing levels of S1 RBD binding to immobilized ACE2 on Nunc Maxisorp
plates with increasing concentrations of antibody. The experiment was performed in singlicate. (d) inhibition flow cytometry experiment showing lowering levels of S1
RBD binding to Vero E6 cells expressing ACE2 as measured by decreasing mean fluorescence intensity (MFI) as antibody concentrations increase. The experiment was
performed in triplicate with standard deviation shown as error bars.
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Figure 2. Sequence diversity and characterization of 235 SARS-CoV-2 S1-binding antibodies. Phylogenetic tree of SARS-CoV-2 S1-binding IgG (blue lines) and VHH-Fc
(black lines) candidates identified by phage display. Green bars represent the binding affinity of each candidate as measured by SPR. Relative binding affinity is
displayed linearly, a longer bar indicates improved binding affinity. The longest bar represents an observed binding affinity of 2 nM, the shortest visible bar represents
6.6 M. No bar indicates no binding observed. Purple gradient represents the percent inhibition of each antibody in the Vero E6 competition assay at 100 nM mAb, weak
inhibitors are represented in white, strong inhibitors are represented in purple. Phylogenetic tree data generated by aligning variable heavy sequences with MUltiple
Sequence Comparison by Log-Expectation (MUSCLE).? circular dendrogram figure constructed using interactive tree of life (iTOL).?®

from all leads). For the flow cytometry assay, we incubated
each mADb candidate with recombinant SARS-CoV-2 S1
RBD and Vero E6 cells, which are susceptible to SARS-
CoV?>’ and SARS-CoV-2'? infection via ACE2. Many high-
affinity anti-S1 mAbs effectively blocked the interaction
between SARS-CoV-2 S1 RBD and ACE2 on Vero E6
cells as measured by flow cytometry, including TB182-3,
TB182-4, TB201-1, and TB202-63, to name a few (Figure 1
(d)). Nonetheless, some high-affinity, S1-binding candidates
such as TB202-42 and TB181-8 failed to block this inter-
action. Notably, TB181-8 did compete with ACE2 in the
less physiologically relevant ELISA assay.

Next, we examined the sequence diversity of each candidate.
Given the diverse sources of CDR repertoires that we used to
design these libraries, we used phylogenetic clustering analysis
to investigate sequence signatures that may be common
between antibodies isolated from different libraries. Indeed,
antibody candidates from libraries containing common CDR

sources clustered into similar clonal families. For example,
many TB201 and TB202 candidates - both of which contained
natural llama CDR 1/2s - were found in closely related
sequence families.

We next investigated the cross-competition of the S1
antibody candidates and existing SARS-CoV-2 antibodies,
including CR3022 and SAD-S35 (Acro Biosystems), with S1
using high-throughput SPR (HT-SPR). This assay revealed
four competition bins: namely, two bins that overlapped
serially, and two additional, independent bins (Figure 3).
The first bin (bin 1) included numerous VHH (TB201)
candidates and SAD-S35. CR3022 competed with a few
TB182 candidates in bin 2. TB182-4 bridged bins 1 and
2, forming a bin with CR3022 and SAD-S35. The remaining
bins, 3 and 4, exhibited no overlap. Bin 3 included TB182-
7, TB181-4, TB181-41, and TB181-18. Bin 4 only con-
tained TB202-24, suggesting that it binds a unique epitope
not targeted by our other candidates. We note that the bins
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Figure 3. Competition binning of SARS-CoV-2 S1-binding antibodies. Cross-competition of antibody candidates with SARS-CoV-2 S1 protein was assayed by high
throughput (HT)-SPR using the carterra LSA. Red, yellow, and green cells in the heat map represent competitive, weakly competitive, and noncompetitive blocked
analyte/ligand pairs, respectively. White cells represent unaddressed pairs in the assay. Numbers in cell indicate the relative binding response to SARS-CoV-2 S1 only.

identified here may not reflect epitope bins per se, as other
factors such as steric hindrance can allow antibodies with
distinct epitopes to compete with one another for S1
binding.

Neutralizing capacity of top antibody candidates

Many of our antibodies inhibited the binding of S1 RBD to
ACE2 on Vero E6 cells and competed with the neutralizing
Acro SAD-S35 mAb in an HT-SPR assay. Based on these
observations, we hypothesized that these candidates could
neutralize SARS-CoV-2. We first tested their ability to neutra-
lize the vesicular stomatitis virus (VSV) pseudotyped with the
SARS-CoV-2 D614G Spike glycoprotein variant (i.e., a VSV
encoding the SARS-CoV-2 D614G Spike variant). D614G
represents a dominant Spike variant associated with enhanced
infectivity.*® For these initial tests, we prioritized candidates in
the TB201 and TB202 series, many of which share the same
competition bin (Bin 1) as the neutralizing SAD-S35 antibody
(Figure 3). Indeed, many Bin 1 candidates, such as TB201-1
and TB202-3, neutralized the pseudovirus (Supplemental
Figure 2). Additionally, TB202-3 and TB202-63 retained
their neutralization activity against pseudovirions encoding
the S protein from the SARS-CoV-2 B.1.351 strain, also
known as the Beta variant (Supplemental Figure 3). These
data suggest that many of our VHH candidates neutralize
SARS-CoV-2 pseudovirions in similar manner to SAD-S35.
We also used the same pseudovirus assay to test whether
combining multiple candidates in a cocktail would show
improved neutralizing activity. To this end, we paired

TB202-3, a potently neutralizing Bin 1 candidate, with
TB182-7 and TB181-8 in separate tests. We selected TB182-
7 and TB181-8 because we observed distinct binding epitopes
based on our competition binning (TB182-7 is in Bin 3) and
Vero E6 flow cytometry data (i.e., TB181-8 does not inhibit the
S1 RBD-ACE2 interaction). Both candidates individually
enhanced the neutralizing activity of TB202-3 (Supplemental
Figure 4). These data highlight the potential for additive neu-
tralization when antibodies with putatively distinct binding
epitopes are combined.

Moving to authentic virus neutralization assays, we
expanded our testing to include candidates in the TB181 and
TB182 series in addition to select VHH candidates. Using
Washington isolates of SARS CoV-2, we screened candidates
in two distinct series of plaque reduction neutralization tests
(PRNTSs); one at the United States Army Medical Research
Institute of Infectious Diseases [USAMRIID] and the other
by Integrated Biotherapeutics [IBT]. The results of these dis-
tinct assays were largely concordant: candidates that were
highly neutralizing in the USAMRIID assay displayed similar
activity in the IBT assay (Figure 4). These included TB202-3,
TB202-63, TB202-60, and TB201-20 - all of which neutralized
SARS-CoV-2 at similar concentrations as SAD-S35 (Figure 4
(b)). Interestingly, TB181-8 displayed potent neutralizing
activity (Figure 4(b)) despite its inability to block the ACE2-
S1 RBD interaction in the Vero E6 flow cytometry assay
(Figure 1(d)).

We next tested whether our top candidates could neutralize
authentic SARS-CoV-2 in vivo using Syrian hamster models of
COVID-19. Again, two assays were used: (1) a pre-challenge
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Figure 4. Neutralizing activity of top antibody candidates. (a) 40 blinded samples were tested in a PRNT (at USAMRIID) using the authentic SARS-CoV-2 Washington
isolate. All samples were run in at least two independent assays. Shaded bars indicate only one value used to determine titer, where the first assay used in a dilution
series does not reach an endpoint titer. The NTg, value was calculated by dividing the sample concentration by PRNTg,, titer. NTgo values were sorted lowest to highest,
or most potent to least potent. (b) in a separate experiment conducted by IBT, IgG and VHH antibodies again demonstrated potent neutralization in an authentic SARS-
CoV-2 PRNT. NTso and NTgq represent the antibody concentration required to reduce the number of plaques by 50% or 90%, respectively, compared to free virus.

. . . 1
assay using an immunosuppressed Syrian hamster model’

performed at USAMRIID and (2) a post-challenge hamster
model adapted from Tostanoski et al.32 and performed by
IBT. The most potently neutralizing antibodies from each
authentic virus PRNT were selected for testing in each model.
For the USAMRIID model, TB202-3, TB202-63, and TB181-
36 were tested alongside convalescent plasma; for the IBT
model, TB202-3 alone was tested. In the pre-challenge model
(USAMRIID, Figure 5(a-c), all three candidates were protec-
tive, as indicated by the lack of body weight change compared
to hamsters treated with a negative isotype control mAb
(c7D11%). The VHH antibodies (TB202-3, TB202-63) were
as potent as convalescent plasma at 1 mg/kg. The IgG candi-
date TB181-36 was as effective as convalescent plasma at the
5 mg/kg and 10 mg/kg doses, but not with the 1 mg/kg dose
(Supplemental Figure 5). In the post-challenge hamster model,
treatment with TB202-3 at 6 hours and 48 hours post-exposure
significantly reduced the amount of weight loss at days 5 to 7
post-exposure, which is the time that immediately followed
peak disease in this model (Figure 5(d-e). Early intervention

appeared important to the efficacy of TB202-3 in this post-
challenge model, as later dosing schedules were less effective at
attenuating the disease course. Additionally, viral load as mea-
sured by fifty percent tissue culture infective dose (TCIDsg)
was significantly reduced in the lungs relative to vehicle control
(p < .0001, 2-way ANOVA, Figure 5(g)).

We finally evaluated an antibody cocktail consisting of
a 1:1 ratio of TB181-36 and TB202-63 in the post-
exposure hamster model. To determine whether combin-
ing these candidates could halt the progression of SARS-
CoV-2 infection in already infected hamsters, we adminis-
tered the antibody cocktail 1-6 days post-inoculation.
Male and female cyclophosphamide-suppressed hamsters
treated with a one-time dose of 20 mg/kg antibody cock-
tail on days 1 or 2 post-inoculation were protected from
weight loss (Figure 6(a-b). Notably, this model demon-
strates relatively high viral titers in the lung by day 2 post-
inoculation, indicating that this post-exposure treatment
was effective in hamsters with high viral loads (Figure 6
(c)). Hamsters treated on days 3, 4, 5, or 6 still
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Figure 5. Hamster challenge models. (a-c) In a pre-challenge hamster challenge model,>' administration of monoclonal antibodies 12 hours prior to SARS-CoV-2 (WAT1)
infection prevented weight loss. TB202-3 and TB202-63, both in VHH-Fc format, conferred protection from weight loss at 1 mg/kg relative to isotype control c7D11
(*p < .05, **p < .01). The IgG TB181-36 conferred protection at 5 mg/kg and 10 mg/kg (see supplemental Figure 5). Data is plotted as mean + standard error of mean.
(d) post-challenge efficacy study of TB202-3 (1.5 mg/kg) with high-dose intranasal SARS-CoV-2 infection in golden syrian hamsters at various time points between day 0
and day 3 (i.e., 6 and 48 hours, 12 and 48 hours, 24 and 72 hours). (e) TB202-3 conferred significant protection in percent weight change at days 5-8 with the 6- and 48-
hour dosing regimen (*p < .05, **p < .01, ***p < .001) (f) health scores from the experiment shown in Figure 5d of hamsters at days 1-14 post-exposure. (g) post-
challenge hamsters were sacrificed on day 4 to measure viral load in lung and nares following treatment with TB202-3 at various timepoints. Significant reduction of
viral titers was observed in the lungs (p < .0001, 2-way ANOVA) relative to vehicle only control. Some reduction in titers was observed in the nostrils, however the
decrease was not statistically significant. No detectable virus was observed in the spleen or brain. All studies described in this figure were managed by integrated
biotherapeutics and performed at a BSL-3 subcontractor facility (BIOQUAL, rockville Md).
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Figure 6. Effect of antibody cocktail treatment post-exposure in hamster challenge model (USAMRIID). (a) Animals were immunosuppressed and then exposed to SARS-
CoV-2 virus, WA1 strain, on Day 0. Antibody cocktail containing TB181-36 and TB202-63 was administered on the indicated day post-exposure (D1, D2, etc marked by
blue arrow, corresponding to Groups B-G). A control group received the cocktail on Day —1 (D-1, Group A). A group was immunosuppressed but not exposed to virus
(cyclophosphamide [CYP] control, group i). An IgG monoclonal (c7D11%%) was administered to Group H as a negative control. Data is presented as mean =+ standard error
of mean, *p < .05, **p < .01. Experimental groups and all common events are listed in Supplemental Table 3. (b) Percent weight change from all groups, same data from
Fig 6a plotted in one graph. (c) Infectious virus in lungs of hamsters on day 14. Lung homogenates were assayed for infectious virus by plaque assay, plaque forming
units (PFU) per gram of tissue were calculated and plotted. The limit of the assay is shown as a dotted line. Bars are the geometric means for each group. Groups are

denoted in parentheses. White symbols indicated no infectious virus was detected.

experienced weight loss in the days following infection;
however, most began to regain weight after day 9 post-
infection (Figure 6(a-b).

Epitope mapping of top antibody candidates

Having identified several neutralizing mAbs, we sought to
clarify their binding epitopes. Based on the aggregate data
from the Vero E6 flow cytometry assay, competition bin-
ning analysis, and neutralization assays, we hypothesized

that many of our candidates bound divergent sites on
SARS-CoV-2 S1. To test this, we generated a shotgun
mutagenesis library of SARS-CoV-2 S protein RBD mutants
and screened the binding of neutralizing candidates to cells
expressing these mutants. This approach allowed us to
define which amino acids were critical to the binding of
each neutralizing antibody. As shown in Figure 7, most
neutralizing mAbs bound the RBD, although the overall
binding pattern of the VHH RBD-binding mAbs (TB202-
1, TB202-3, and TB202-63) differed from that of the IgG
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Figure 7. Epitope mapping of SARS-CoV-2 S1-binding antibodies. (a) Solvent-accessible surface representation of spike protein trimer in closed (PDB: 6VXX) and open
(PDB: 6VSB) conformations. VHH-Fc nanobodies (TB201, TB202) binding sites overlap with that of ACE2 in both conformations, while TB181 and TB182 IgGs access
a more occluded region. (b) Cartoon representation of SARS-CoV-2 S protein RBD with critical residues highlighted as spheres for each monoclonal antibody. (c)
Negative-staining electron microscopy analysis shows the distinct binding regions of antibodies identified from the distinct antibody libraries used in this study (colored
surface). The SARS-CoV-2 spike protein NTD, C-terminal domain (CTD), RBD and bound ACE2 are shown as cartoon representations.

RBD-binding mAbs (TB182-3, TB182-4, TB182-7).
Whereas residues in the ACE2-binding site of the RBD
were critical for the VHH RBD-binders, more occluded
residues mediated the binding of the TBI182-3 and
TB182-4 IgG candidates. TB182-7, an IgG, bound
a unique site that extended beyond the RBD (Figure 7(a-
¢). Although most of the neutralizing mAbs we mapped
bound to S1 RBD, there was one notable exception: TB181-

8. The inability of this candidate to inhibit the binding of
S1 RBD to ACE2 in the Vero E6 flow cytometry assay
indicated the position of a binding epitope outside the
RBD. To clarify this, we extended our shotgun mutagenesis
approach beyond the RBD. Critical residues for the binding
of TB181-8 were found in the NTD of the S1 subunit
(Figure 7).
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Discussion

MAbs represent an attractive therapeutic strategy for COVID-
19 due to their long half-life (~3 weeks for IgG) and immediate
neutralizing properties.”* In this study, we used phage display
to identify multiple synthetic mAbs that neutralize SARS-CoV
-2 infection in vitro and in vivo. To generate comprehensive
phage libraries for screening, we sourced CDR diversity from
B cells obtained from naive and COVID-19-infected indivi-
duals, as well as llama immune repertoires. We isolated novel
potently neutralizing mAbs with distinct binding sites as
revealed by competition, pseudovirion and live-virus neutrali-
zation, and epitope mapping assays. Multiple mAbs (TB202-3,
TB202-63, and TB181-36) identified from this process pos-
sessed antiviral activity in in vivo hamster models of SARS-
CoV-2 infection, highlighting their potential for use as
COVID-19 therapeutics. Although many neutralizing mAbs
against SARS-CoV-2 S1 have been identified already from
COVID-19 survivors,"*'>17*>3¢ immunized animals,'” or by
phage display,””*® our data support the use of synthetic anti-
body phage libraries as a means of accessing unique and less
immunodominant epitopes.

In parallel to this work, a subset of the antibodies described
here were submitted to the Coronavirus Immunotherapeutic
Consortium (CoVIC; https://covic.lji.org/) to further assess
their therapeutic potential.* In a blind comparison, each sub-
mitted antibody was evaluated side-by-side with other mAbs in
12 standardized assays designed to map their binding epitopes,
neutralization profiles, and potential resistance to escape muta-
tions. Assignment of submitted antibodies to distinct epitope
“communities” across the RBD and NTD domains of S1 using
high-throughput and negative stain electron microscopy (ns-
EM) largely confirmed the epitope mapping data shown here
while providing additional context on binding mechanisms
(see Supplemental Table 2 to see the unblinded CoVIC assign-
ments for Twist submitted mAbs and equivalent epitope com-
munities). Two antibodies from the TB182 Fab library, TB182-
3 and TB182-4, clustered in the RBD-7 community (analogous
to Bin 2 in Figure 3), a target site situated on the occluded,
inner face of the RBD that is accessible only in the “up”
position (or “open” conformation) of the Spike protein.
TB202-3 and TB202-63, both from the TB202 VHH library,
overlapped on the RBD-4 epitope (analogous to Bin 1 in
Figure 3), a site that directly mediates the S1-ACE2 interaction
in both configurations of the S1 protein (“up” and “down”).
TB182-7, an RBD-binder that does not block the S1 RBD-ACE
2 interaction, binned with the RBD-5 epitope community
situated on the outward edge of RBD. Finally, TB181-8 from
the COVID-19 scFv library was confirmed to bind to the NTD
in the CoVIC assays, providing another possible avenue for
antibody neutralization aside from directly blocking the RBD-
ACE2 interaction. Negative-staining electron microscopy (NS-
EM) analysis suggests that TB181-8 recognizes a unique region
that avoids all the known NTD mutations and binds to a rarely
exposed region of the NTD.>

The SARS-CoV-2 S protein, which mediates viral entry via
the host receptor ACE2, is a key target for neutralizing
antibodies."*'*'”> A cryo-EM of intact SARS-CoV-2 virions
demonstrated that the S trimer sparsely populates the virion

surface and exhibits substantial flexibility, providing antibodies
with abundant access to virtually the entire Strimer.* Yet,
most neutralizing anti-S1 antibodies identified in the convales-
cent plasma of COVID-19 survivors target S1 RBD and neu-
tralize SARS-CoV-2 by directly blocking the SI1-ACE2
interaction.'>'*'> SAD-$35 from Acro Biosystems is one
such example.”® We identified numerous neutralizing VHH
antibodies that competed with SAD-S35 in HT-SPR using
SARS-CoV-2 S1 (Bin 1, Figure 3), some of which were
among the most potently neutralizing antibody clones against
authentic SARS-CoV-2 in vitro (e.g., TB201-1 and TB202-3;
Figure 4). TB202-3 also was protective in pre- and post-
challenge hamster infection models (Figures 5,6). The shotgun
mutagenesis approach to epitope mapping revealed an overlap
between the binding epitopes of representative, SAD-S35-like
candidates (namely, TB201-1 and TB202-3) with the ACE2-
binding site of S1 RBD (Figure 7). Thus, these VHH candidates
likely neutralize SARS-CoV-2 via a similar SAD-S35-like
mechanism. SAD-S35 also binds multiple mutational variants
of SARS-CoV-2 S1 RBD,” a feature that bodes well for the
development of SAD-S35-like mAbs.

Antibodies against S1 also neutralize SARS-CoV-2 via an
indirect allosteric mechanism. CR3022 binds a cryptic super-
site on the inner face of the RBD, situated away from the
receptor-binding site and only accessible when S1 is in the
open or “up” configuration.'>***'"**> Our competition binning
assay supports the hypothesis that CR3022 and SAD-S35 anti-
bodies bind distinct, but perhaps closely situated, epitopes®
because these two reference antibodies binned separately
whereas TB182-4 bridged the two bins (Figure 3). Closely
related to TB182-4, TB182-3 binned with CR3022, but not
SAD-S35. Both TB182-3 and TB182-4 bound occluded sites in
the RBD as described above, with P384 (TB182-3, TB182-4)
and V382 (TB182-3) serving as key residues for RBD binding
(Figure 7). Both residues also participate in the cryptic binding
site for CR3022.*' In addition, TB182-3 and TB182-4 were the
only mAbs identified that cross-reacted with SARS-CoV spike
S1 subunit (Supplementary Figure 1), which is another feature
they share with CR3022. We found that TB182-3 and TB182-4
were both weakly neutralizing in PRNTSs using authentic
SARS-CoV-2 (Figure 4), similar to reports of CR3022’s weaker
neutralizing capabilities.'**' CoVIC data independently corro-
borate the unique binding site, relative lack of ACE2 competi-
tion, and weakly neutralizing activity of TB182-3 reported
here.”” Despite their comparatively low neutralizing effects,
Lim et al.** demonstrated that ordinarily non-neutralizing
anti-S1 RBD mAbs can enhance the activity of neutralizing
anti-S1 RBD mAbs when combined. However, more work is
needed to confirm the neutralizing capabilities (or lack thereof)
of these antibodies in light of the debate surrounding CR3022’s
neutralizing effects'>*** and the discovery of neutralizing
mAbs that target the same cryptic RBD supersite.*>*>*°

One candidate from the COVID-19 scFv library (TB181-8)
strongly neutralized SARS-CoV-2 without blocking the bind-
ing of SARS-CoV-2 S1 RBD to ACE2 in Vero E6 cells. Shotgun
mutagenesis revealed a binding epitope in the NTD of S1
(Figure 7). To date, most discovered SARS-CoV-2 antibodies
target the RBD, perhaps due to the frequent use of S1 RBD for
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antibody selection.'” TB181-8 joins a minority of antibodies
mapped to the NTD of SARS-CoV-2. The other known NTD-
binding antibodies include 4A8,'® COVA1-22,"7 and several
dozen others'>'>'®*"* _ all mAbs isolated from convalescent
COVID-19 patients. Most known NTD antibodies target one
of two sites: the NTD supersite on the distal edge from the
center of the S trimer (e.g., 4A8) or the flanking “antigenic site
V” described by McCallum et al.'>'®* The most potently
neutralizing among these antibodies generally target the NTD
supersite.'® Interestingly, CoVIC data indicate that TB181-8
binds a unique site on the other flanking side of NTD
(Figure 7) - an epitope not shared by other known NTD
antibodies.> Given its unique binding site, how does TB181-
8 neutralize SARS-CoV-2, given that anti-NTD antibodies do
not compete with ACE2, nor do they prematurely trigger
conformational changes in the S protein (the proposed
mechanism for CR3022 and similar antibodies)? Instead, they
appear to block S-mediated viral fusion at the post-attachment
step, although the specific mechanism has yet to be
resolved.'®*>>* Because this mechanism has been proposed
for antibodies that bind divergent sites on NTD (i.e., the super-
site and antigenic site V), it is plausible that TB181-8 also uses
this mechanism. Moreover, the identification of TB181-8 as
a unique NTD-binding antibody presents several possibilities
for the development of combination antibody therapies. Given
their distinct binding sites, neutralization mechanisms, and
differential resistance to emerging SARS-CoV-2 strains, NTD
antibodies are prime candidates for combination antibody
therapy. Indeed, TB181-8 enhanced the neutralizing activity
of the RBD-binding TB202-3 in SARS-CoV-2 D614G pseudo-
virus neutralization assays (Supplemental Figure 2).
Alternatively, RBD-binding mAbs that do not compete with
ACE2 can be combined with RBD-binders that do, as demon-
strated by the improved neutralization we observed when
combining TB202-3 and TB182-7 (Supplemental Figure 4).
Several viral variants that escape neutralization by
representative mAbs have emerged since the discovery of
the original Wuhan SARS-CoV-2 isolate, prompting ques-
tions about whether neutralizing mAbs will retain their
therapeutic efficacy against the virus as immunodominant
epitopes mutate. Indeed, a large portion of neutralizing
antibodies that target the RBD or NTD from both con-
valescent and mRNA vaccine-induced sera are less neu-
tralizing against SARS-CoV-2 strains that contain the
E484K spike mutation, including the B.1.351 (Beta) and
B.1.1.7 (Alpha) variants.”">*> Discovery platforms that use
synthetic antibodies instead of patient-derived ones can
identify antibodies that target key epitopes outside of
those altered by mutagenic escape. TB202-3 and TB202-
63 are two such antibodies. TB202-3 and TB202-63 neu-
tralize SARS-CoV-2 B.1.351 (Beta) in a pseudovirus assay
performed by IBT (Supplemental Figure 3). According to
CoVIC data, these antibodies (assigned to the RBD-4 site
in Hastie et al.’®) neutralize SARS-CoV-2 by blocking the
S1-ACE2 interaction despite binding an epitope outside
the core receptor-binding motif of S1. Using SPR, we
confirmed that TB202-3 and TB202-63 still bind several
mutant S1 and RBD protein targets, including those con-
taining the E484K and N501Y mutations found in
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common SARS-CoV-2 variants (Supplemental Figure 6).
Both TB202-3 and TB202-63 retain binding to SARS-CoV
-2 spike trimer and B.1.351 (Beta), P.1 (Gamma), B.1.617.1
(Kappa) and B.1.617.2 (Delta) spike trimer variants
(Supplemental Figure 7). Pseudovirus experiments per-
formed by CoVIC showed that TB202-3 can bind and
neutralize B.1.17 (Alpha), B.1.351 (Beta), and P.1
(Gamma) variants. While pseudovirus neutralization by
TB202-3 and other mAbs that bind to the RBD-4 epitope
are not affected by the single T478K mutation, these mAbs
do not neutralize the recently emerged B.1.429 (Epsilon)
and B.1.617.2 (Delta) variants that contain the L452R
mutation.” Further pseudovirus neutralization experi-
ments performed by CoVIC demonstrated that antibodies
that bind to epitope communities RBD-5 and RBD-7
(analogous to Bin 3 and Bin 2, respectively) have lower
inhibition potency, but are resistant to mutagenic escape
from Alpha, Beta, Gamma, Epsilon and Delta variants.’
TB182-7 binds to RBD-5 and TB182-3 and TB182-4 bind
to RBD-7, all three of these mAbs follow this pattern of
lower potency relative to the RBD-4 antibodies TB202-3
and TB202-63 (Figure 4(a), Supplemental Table 2).%°
These findings argue that synthetic antibody libraries can
be used to access unique epitopes that remain neutralizing
in the face of mutagenic escape. TB202-3 and TB202-63
retain their neutralizing activity against some escape
mutants, and combining either one with candidates like
TB181-8, TB182-7, or TB18--36 (see Figure 6 and
Supplemental Figure 4) may further help to minimize
mutagenic escape.

Interestingly, there were significant differences in the
mAbs identified from each library. MAbs from the two
VHH libraries generated the most potent neutralizers to
WAL strain (Figures 2, Figures 4), but all nanobody leads
fell into a single epitope bin (Bin 1, CoVIC RBD-4). The
TB181 COVID-19 scFv library produced one neutralizing
antibody that targets a novel NTD epitope (CoVIC NTD-
3), but most mAbs from this library did not exhibit strong
neutralization (Figure 2). TB182 Fab produced antibodies to
CoVIC epitope bins RBD-5 and RBD-7, which tended to
have lower neutralization potency but retained activity to
single-point mutations and variants of concern in pseudo-
virus assays.>”

In conclusion, the antibody discovery workflow
described here represents a viable pathway for the rapid
identification of antiviral mAbs able to target diverse epi-
topes. Derived from semi- and fully synthetic libraries,
these mAbs bolster the growing list of promising antibody
candidates identified by phage display that have previously
been reported.””>>">> The lead mAbs described here target
epitopes outside of the ACE2-RBD binding site that are
less prone to mutagenic escape® and could be developed
as part of a cocktail therapeutic to target distinct sites on
the SARS-CoV-2 S protein as has been described for
SARS-CoV?® to both enhance neutralization and retain
potency against emerging variants. Investigators are using
this strategy in a cocktail comprising four mAbs targeting
non-overlapping spike protein epitopes (PolyTope TATX-
03).>° Alternatively, the synthetic mAbs described here
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could be used to generate multivalent bispecific constructs
capable of targeting multiple sites on SARS-CoV-2 S1, as
demonstrated recently by Lim et al.**

Materials and methods
Phage library generation

CDR diversities for all libraries described were screened to
remove manufacturing liabilities (such as sequences linked to
post-translational modifications), cryptic splice sites, and com-
monly used nucleotide restriction sites and subsequently
encoded by oligo pools synthesized by Twist Bioscience. The
COVID-19 scFv phage display library used germline heavy-
chain IGHV3-23 and germline light-chain IGLV2-23 frame-
works and was assembled as scFv by joining the heavy chain
variable region (VH) and light chain variable region (VL) with
a (Gly4Ser)x3 linker. CDR diversities for COVID-19 scFv
phage library were collected with the assistance of collaborators
at Vanderbilt University Medical Center from convalescent
donors. Both the TB201 VHH and TB202 VHH libraries used
a partially humanized DP-47 framework’® and retained a llama
FW2 region to maintain stable expression as a heavy-chain
only antibody. The scFv or VHH cassette was then cloned
into the pADL-22 ¢ phagemid display vector (Antibody
Design Labs) using Sfil restriction digestion before electro-
poration into TG1 E. coli cells (Lucigen). The TB182 Fab
library incorporated germline heavy-chain IGHV3-23 and
germline light-chain IGKV1-39 in a Fab and cloned into a
modified, bicistronic pADL-22 ¢ phagemid vector expressing
the light chain and heavy chain fused to the attachment protein
gene 3 protein (G3P). Each purified phage library had an
estimated 1.0 x 10'° diversity as determined by dilution series
of colony forming units per milliliter in 2YT agar plates con-
taining 100 pg/ml carbenicillin.

Panning and screening strategy

Phage particles were blocked with phosphate-buffered saline
(PBS) with 5% BSA and depleted for nonspecific binders on
M-280 streptavidin coated magnetic beads (Thermo Fisher
Scientific). Biotinylated SARS-CoV-2 S1 protein (Acro SIN-
CB82E8) was mixed with M-280 beads (100 nM per 1 mg bead),
washed with PBS/0.5% Tween to remove unbound protein and
used as panning target for four rounds of panning. Phage
supernatant depleted of nonspecific binders were transferred
to bead mixture containing bound biotinylated SARS-CoV-2
S1 and allowed to bind for 1 hour at RT to select for binders
with gentle nutation. Following incubation, beads were washed
several times with PBS/0.5% Tween to remove non-binding
clones. Remaining bound phage were eluted trypsin in PBS
buffer for 30 minutes at 37°C. The output supernatant enriched
in binding clones was amplified in TG1 E. coli cells to use as
input phage for the next round of selection, with each round
increasing the wash cycles and lowering the total amount of
antigen present.

Bacterial colonies containing the phagemid display vector
were isolated on 2YT agar plates with 100 pg/ml carbenicillin
and single colonies were picked using QPix 420 (Molecular

Devices) into 384-well plates containing 2YT with M13KO7
helper phage (Antibody Design Labs) to express phage for use
in ELISAs. Phage ELISAs were conducted using Nunc 384-well
plates (Thermo) with passively absorbed SARS-CoV-2 S1 or
human ACE2. Anti-M13 antibody conjugated to horseradish
peroxidase (HRP) (Sino Biological 11973-MMO05T-H) was
used to detect the presence of bound phage following the
addition of 3,3',5,5'-tetramethylbenzidine substrate. Clones
that demonstrated three-fold binding over BSA background
were submitted for rolling circle amplification (RCA) and
Sanger sequencing to GENEWIZ wusing phiS4
(GCGGATAACAATTTGAATTCAAGGAGACAG) or psiR2
(CGTTAGTAAATGAATTTTCTGTATGAGG) primers to
identify the VH or VL regions, respectively, in TB181
COVID-19 scFv library. VHH libraries were sequenced with
phiS4, while the TB182 Fab library used FabseqFl
(GACAGCTATCGCGATTGCAGTGGCAC) or FabseqF2
(TAATTATCAAGGAGACAGTCATAATG) primers for VL
or VH regions, respectively.

Reformatting, expression, and purification of monoclonal
antibodies

Variable heavy chain and light-chain domains of anti-SARS-
CoV-2 S1 antibodies were reformatted to I1gG1, while VHH
single-domain antibodies were reformatted to VHH-Fc for
DNA back-translation, synthesis, and cloning into mammalian
expression vector pTwist CMV BG WPRE Neo utilizing the
Twist Bioscience eCommerce portal. Light chain variable
domains were reformatted into kappa and lambda frameworks
accordingly. Clonal genes were delivered as purified plasmid
DNA ready for transient transfection in HEK Expi293 cells
(Thermo Fisher Scientific). Cultures in a volume of 1.2 mL
were grown to 4 days, harvested and purified using Protein
A resin (PhyNexus) on the Hamilton Microlab STAR platform
into 43 mM citrate 148 mM HEPES, pH 6. CE-SDS was used to
determine antibody purity and confirm molecular weight.
A subset of antibodies selected for pseudovirus, live virus and
in vivo assays was expressed in 30 mL cultures using the same
expression system. Cultures were grown for 4 days, harvested,
and purified with Phynexus Protein A resin tips on the
Hamilton Microlab STAR automated liquid-handling systems.
Purified antibodies were concentrated using Amicon, 30 kDa
cutoff spin filters. All antibodies were eluted with 50 mM
sodium acetate, followed by 140 mM HEPES neutralization
buffer to pH 6. Antibodies for in vivo studies were further
characterized by high-performance liquid chromatography
and tested for endotoxin levels (Endosafe® nexgen-PTS™
Endotoxin Testing, Charles River), with less than 5 EU per kg
dosing.

Competition ELISA and flow cytometry assays

The competition ELISA screen used the Acro SARS-CoV-2
inhibitor screening kit (Acro EP-105) and followed the recom-
mended instructions. A 96-well Nunc Maxisorp plate was
coated with SARS-CoV-2 S RBD at 0.5 ug/mL for overnight
incubation at 4°C. The plate was washed 3x in PBST and
blocked with 2% w/v BSA for 1 hr. Following another 3x



wash, biotinylated ACE2 protein was aliquoted to each well at
0.12 pg/mL. Each antibody was then aliquoted to the same
plate at decreasing concentrations from 100 nM. The plate is
incubated at room temperature (RT) for 1 hr, then washed
3x in PBST. Streptavidin-HRP is aliquoted to at 0.1 pg/mL and
incubated once more at RT for 1 hr. The plate is washed 3x in
PBST and TMB substrate is aliquoted to each well for 20 min i-
ncubation. Sulfuric acid stop solution (1 M) is added to stop
the reaction, and the plate is read at 450 nm. SAD-S35, also
known as clone HTS0483, was sourced from Acro Biosystems
as a positive control (Acro SAD-S35).

Antibodies were also tested in flow cytometry assays to
measure inhibition of S1 binding to Vero E6 cells, which
constitutively express ACE2. Vero E6 cells were aliquoted in
96-well plates at 1.5 x 10> cells per well. Antibodies were
diluted in PBS and serial diluted 1:3 from 100 nM. Antibody
dilutions are then mixed with 0.1 pg/ml S1 RBD-mFc (Acro
SPD-C5259) equally, and incubated at 4°C for 1 hr. The anti-
body and S1 RBD-mFc mixture then were added to Vero E6
cells, incubated at 4°C for 1 hr, and washed 3x in PBS. APC-
conjugated anti-mouse antibody was then aliquoted and incu-
bated for 1 hr at 4°C. Cells were analyzed by flow by measuring
the APC signal.

SPR affinity measurements and epitope binning of
anti-SARS-CoV-2 S1 antibodies

SPR experiments were performed on a Carterra LSA SPR
biosensor equipped with a HC30M chip at 25°C in HBS-TE.
Antibodies were diluted to 10 pg/mL and amine-coupled to the
sensor chip by EDC/NHS activation, followed by ethanolamine
HCIl quenching. Increasing concentrations of analyte were
flowed over the sensor chip in HBS-TE with 0.5 mg/mL BSA
with 5-min association and 15-min dissociation. Commercially
sourced SARS-CoV-2 protein reagents were as follows: S1
WA1 (Acro SIN-C52H4), S1 D614G (Acro SIN-C5256), S1
HV69-70del N501Y D614G (Sino Biological 40591-V08H7),
S1 HV69-70del Y453F D614G (Sino Biological 40591-V08HS),
S RBD WAI (Acro SPD-C52H3), S RBD N501Y (Acro SPD-
C52Hn), S RBD Y453F (Sino Biological SPD-C52Hn), S RBD
N439K (Sino Biological 40592-V08H1), S RBD K417N (Sino
Biological 40592-V08H5), S RBD E484K (Sino Biological
40592-V0O8HS8), SARS S1 (Acro SIN-S52H5), S Trimer WAL
(Acro SPN-C52H9), S Trimer B.1.1.7 Alpha (Acro SPN-
C52H6), S Trimer B.1.351 Beta (Acro SPN-C52HKk), S Trimer
P.1 Gamma (Acro SPN-C52Hg), S Trimer B.1.617.1 Kappa
(Acro SPN-C52Hr), S Trimer B.1.617.2 Delta (Acro SPN-
C52He). Following each injection cycle, the surface was regen-
erated with 2 x 30-second injections of IgG elution buffer
(Thermo). Data were analyzed in Carterra’s Kinetics Tool soft-
ware with 1:1 binding model.

Epitope binning was conducted in a premix format using
similar conditions as above. First, antibodies were amine-
coupled to the HC30M chip. Binding test and regeneration
scouting showed reproducible binding to SARS-CoV-2 S1 at
50 nM using IgG elution buffer (Thermo). Premixes were then
assembled with 250 nM antibody and 50 nM SARS-CoV-2 S1.
Data were analyzed in Carterra’s Epitope Tool software.
Competition assignments were determined relative to the
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binding responses for SARS-CoV-2 S1 alone (normalized to 1);
premixes giving binding responses less than 0.5 were determined
to be competitive, 0.5 to 0.7 were partially competitive, while
binding responses above 0.7 were noncompetitive. Heat maps
representing the competition results were generated where red,
yellow, and green cells represent competitive, partially competi-
tive, and noncompetitive analyte/ligand pairs, respectively.
White cells represent unaddressed pairs in the assay.

The binding assays with S trimer complex used HexaPro
spike carrying either D or G at amino acid position 614. The
HexaPro expression construct we used is modeled after that
described by Hsieh et al.”” and involves the introduction of 6
Pro residues that maintain the Spike in a pre-fusion, trimeric
conformation, which we have confirmed by negative stain
electron microscopy.

Epitope mapping

Epitope mapping was performed essentially as described
previously,”® using a SARS-CoV-2 (strain Wuhan-Hu-1) S
protein RBD shotgun mutagenesis mutation library, made
using a full-length expression construct for S protein, where
residues of S1 were individually mutated to alanine, and ala-
nine residues to serine. Mutations were confirmed by DNA
sequencing, and clones arrayed in a 384-well plate, one mutant
per well. Binding of mAbs to each mutant clone in the alanine
scanning library was determined, in duplicate, by high-
throughput flow cytometry. Each S protein mutant was trans-
fected into HEK-293 T cells and allowed to express for 22 hrs.
Cells were fixed in 4% (v/v) paraformaldehyde (Electron
Microscopy Sciences), and permeabilized with 0.1% (w/v)
saponin (Sigma-Aldrich) in PBS plus calcium and magnesium
(PBS++) before incubation with mAbs diluted in PBS++, 10%
normal goat serum (Sigma), and 0.1% saponin. MAb screening
concentrations were determined using an independent immu-
nofluorescence titration curve against cells expressing wild-
type S protein to ensure that signals were within the linear
range of detection. Antibodies were detected using 3.75 ug/mL
of AlexaFluor488-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories 109-545-003) in 10% normal
goat serum with 0.1% saponin. Cells were washed three times
with PBS++/0.1% saponin followed by two washes in PBS and
mean cellular fluorescence was detected using a high-
throughput Intellicyt iQue flow cytometer (Sartorius).
Antibody reactivity against each mutant S protein clone was
calculated relative to wild-type S protein reactivity by subtract-
ing the signal from mock-transfected controls and normalizing
to the signal from wild-type S-transfected controls. Mutations
within clones were identified as critical to the mAb epitope if
they did not support reactivity of the test mAb but supported
reactivity of other SARS-CoV-2 antibodies. This counter-
screen strategy facilitates the exclusion of S mutants that are
locally misfolded or have an expression defect. Validated cri-
tical residues represent amino acids whose side chains make
the highest energetic contributions to the mAb-epitope
interaction.”®°

A subset of antibodies was also submitted for epitope map-
ping by high-throughput SPR and negative-stain electron
microscopy by the CoVIC consortium. IgGs were cleaved by
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either IdeS (Promega) or papain (Sigma) and purified by ion-
exchange chromatography with MonoQ column (GE). Purified
Spike trimer (in normal TBS buffer) was mixed with Fabs (1:2
or 2:1 molar ratio) at RT for 3 hours or overnight. Complexes
were then purified with Superdex 6. Samples were stained by
0.75% uranyl formate with standard protocol. Datasets were
collected by the Halo Titian electron microscope (Thermo
Fisher Scientific).

Pseudovirus neutralization assay (IBT)

Serial semi-log dilutions of antibodies were prepared and
mixed with the VSV pseudotype virus in a 1:1 ratio for 1 h at
RT followed by incubation over Vero cells (ATCC® CCL-81™)
seeded at 60,000 cells per well at 37°C. The cells were lysed the
following day and luciferase activity was measured to assess the
potency of each antibody to block viral entry into the Vero
cells. All samples were tested in triplicate. Data analysis was
conducted using XLFit and Prism software (GraphPad).

Authentic virus neutralization assay (USAMRIID)

Plaque-reduction neutralization testing (PRNT) were per-
formed as described previously (Brocato 2020).”" Briefly, an
equal volume of complete media (EMEM containing 10% heat-
inactivated FBS, 1% Pen/Strep, 0.1% Gentamycin, 0.2%
Fungizone, cEMEM) containing SARS-CoV-2 USA-WA-1/
2020 was combined with antibodies serial diluted twofold in
cEMEM. The virus/antibody mixture was incubated at 37°C in
a 5% CO, for 1 hour and then added to 6-well plates containing
3-day old, ATCC Vero 76 monolayers. After a 1-hour incuba-
tion at 37°C, 5% CO, incubator a 3 mL per well of agarose
overlay (0.6% SeaKem ME agarose, EBME with HEPES, 10%
heat-inactivated FBS, 100X NEAA, 1% Pen/Strep, 0.1%
Gentamycin and 0.2% Fungizone) was added. The plates were
placed in a 37°C, 5% CO, incubator for 2 days and then stained
with neutral red. PRNTSO0 titers are the reciprocal of the high-
est dilution that results in an 80% reduction in the number of
plaques relative to the number of plaques visualized in the
cEMEM alone (no antibody) wells.

Authentic virus neutralization assay (IBT)

IBT managed the testing of live wild-type SARS-CoV-2 (USA-
WA1/2020 (NR-52281) strain) PRNT assays. Antibodies were
tested in triplicate starting at a concentration of 50 pg/mL.
Each mAb was serially diluted and incubated with 100 focus-
forming units (FFU) of virus at 37°C for 1 h, and added to Vero
E6 cell culture monolayers in 96-well plates for 1 h at 37°C to
allow for virus adsorption. Cells were then overlaid with 1%
methylceullulose in minimum essential medium (MEM) sup-
plemented with 2% FBS. Plates were fixed 30 h later by remov-
ing overlays and fixed with 4% paraformaldehyde (PFA) in PBS
for 20 min at room temperature. The plates were then incu-
bated with 1 pug/ml of CR3022 antibody®' and goat anti-human
HRP-conjugated IgG (Sigma-Aldrich A6029) in PBS with 0.1%
saponin (Sigma-Aldrich 47036) and 0.1% BSA. Staining was
visualized by addition of TrueBlue detection reagent (KPL

5510-0030) and quantitated on an ImmunoSpot 5.0.37
Macro Analyzer (Cellular Technologies). Data were processed
in Prism (GraphPad). NTs, and NTy, represent the antibody
concentration required to reduce the number of plaques by
50% or 90%, respectively, compared to free virus.

Evaluation of pre-exposure efficacy in immunosuppressed
Syrian hamster model of COVID-19 disease

Eight- to ten-week-old female Syrian hamsters were immuno-
suppressed using cyclophosphamide (140 mg/kg day 3 days
before challenge and then 100 mg/kg every 4 days by intraper-
itoneal (i.p.) route). Groups containing six hamsters each were
injected with either antibody or nanobody, positive control
(convalescent plasma), or a negative control (human mouse
chimeric mAb ¢7D11°°) on day -1 relative to challenge admi-
nistered i.p. in a total volume of 2.5 mL/animal. On Day 0 all
hamsters were exposed to a target dose of 1,000 PFU SARS-
CoV-2 USA-WA-1/2020 isolate by the intranasal route and
weighed daily.

Evaluation of post-exposure efficacy in weight loss Syrian
hamster model of COVID-19 disease

Thirty-two, male and female, Golden Syrian hamsters (6-
8 weeks old) were split into 4 study groups of 8 hamsters
each and weighed prior to start of study. Each group received
two doses of vehicle (PBS) or TB202-3 at 1.5 mg/kg at various
time points between day 0 and day 3 (i.e., 6 & 48 H, 12 & 48 H,
and 24 & 72 H) after intranasal challenge with SARS-CoV-2
(5.0 x 10* TCIDs,) as described in Tostanoski et al.’’ The
hamsters from each group were split into two cohorts (A &
B) of 4 animals. Each cohort was monitored (using a weight
and health score) for 4 days and terminated on day 4 to
examine viral titers in the harvested spleen, heart, liver, brain,
nasal tissue, trachea internal mucosa, ileum and kidneys.

Evaluation of the post-exposure efficacy a cocktail anti-
SARS-CoV-2 antibody in Syrian hamsters

A post-exposure hamster model was used to evaluate the effi-
cacy of mAbs administered after SARS-CoV-2 infection. For
the mAb cocktail experiment (Figure 6), a cocktail containing
10 mg/kg TB202-63 and 10 mg/kg TB181-36 was used. Fifty-
four hamsters were used for this experiment, as outlined in
Supplemental Table 3. On Day 0, animals were exposed via
intranasal instillation to a target dose of 1,000 pfu of SARS-
CoV-2 USA-WA-1/2020 in 50 pL volume. The volume was
distributed between both nares. All animals were transiently
immunosuppressed via treatment with cyclophosphamide
starting on Day -3 (140 mg/kg dose) followed by additional
doses (100 mg/kg) on Days 1, 5, and 9.

On the indicated day post-exposure, the nanobody/anti-
body cocktail or ¢7D11 was administered i.p. On Day 0,
blood samples were collected from Group I for hematology to
confirm immunosuppression. Group I was also the control for
any adverse effects of cyclophosphamide treatment on the
hamsters. Clinical scores and individual animal weights were



recorded daily. Animals in Groups A-I were euthanized on day
14 and lungs were collected for virology and pathology.
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