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A potent alpaca-derived nanobody that neutralizes

SARS-CoV-2 variants
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SUMMARY

The spike glycoprotein of SARS-CoV-2 engages with human ACE 2 to facilitate
infection. Here, we describe an alpaca-derived heavy chain antibody fragment
(VHH), saRBD-1, that disrupts this interaction by competitively binding to the
spike protein receptor-binding domain. We further generated an engineered
bivalent nanobody construct engineered by a flexible linker and a dimeric Fc con-
jugated nanobody construct. Both multivalent nanobodies blocked infection at
picomolar concentrations and demonstrated no loss of potency against emerging
variants of concern including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
Epsilon (B.1.427/429), and Delta (B.1.617.2). saRBD-1 tolerates elevated temper-
ature, freeze-drying, and nebulization, making it an excellent candidate for
further development into a therapeutic approach for COVID-19.

INTRODUCTION

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), is an
ongoing global health crisis with over 230 million cases, 4.8 million deaths world-wide as of October 2021
(Dong et al., 2020).While several effective vaccines have been developed, concern about potential future
surges of infections remain, due to the proliferation and spread of multiple variant strains, combined with
waning protection from vaccination (Levin et al., 2021; Shrotri et al., 2021). It is anticipated that additional
variants will continue to emerge, and the slow pace of global vaccination creates greater opportunity for
the emergence and spread of vaccine resistant variants (Luo et al., 2021).

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus, and a member of the Coronavir-
idae family, so named for the crown-like protrusions visible on their outer membranes in EM micrographs
(Huang et al., 2020). Four structural proteins are encoded by SARS-CoV-2: spike (S), envelope, membrane,
and nucleocapsid (Jiang et al., 2020). Homotrimers of the S glycoprotein form the characteristic crown-like
protrusions on the virion surface, where it facilitates entry into cells through its interaction with the cell sur-
face protein, angiotensin-converting enzyme 2 (ACE2) (Hoffmann et al., 2020). Each monomer of S is
composed of two subunits, S1 and S2, the former being responsible for ACE2 binding, and the latter
involved in membrane fusion with target cells. These subunits are connected by a polybasic cleavage
site, which is typically cleaved by the human cell surface-bound protease, TMPRSS2, releasing the S1 sub-
unit to reveal the fusion peptide of S2 (Hoffmann et al., 2020). Many neutralizing antibodies function by
binding to the receptor binding domain (RBD) of the S1 subunit, thereby blocking ACE2 engagement
and preventing protease activation of fusion-competent S2 (Carrillo et al., 2021).

Neutralizing antibodies have been shown to be protective against COVID-19 disease (Khoury et al., 2021),
and a majority of the treatment options approved for emergency use by the United States Food and Drug
Administration for severe COVID-19 consist of monoclonal antibody cocktails (Kumar et al., 2021). The
advantage of monoclonal antibodies is their ability to prevent entry of the virus into cells through their high-
ly specific interaction with the spike protein (Jiang et al., 2020). This effectively limits the ability of SARS-
CoV-2 to infect cells with minimal risk of side effects (Weinreich et al., 2021). The disadvantages of mono-
clonal antibody treatments are the difficulties of their production, high cost, and the possibility of escape
by variants.

Several SARS-CoV-2 variants have displayed a propensity for increased transmission and evasion of anti-
body neutralization by immune sera. The most clinically important of these are the variants of concern
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(VOC) including Alpha (B.1.1.7) (Bates et al., 2021a; Liu et al., 2021a; Planas et al., 2021), Beta (B.1.351)
(Bates et al., 2021a), Gamma (P.1) (Bates et al., 2021b; Hoffmann et al., 2021), Delta (B.1.617.2) (Liu et al.,
2021b), Epsilon (B.1.427/429) (Deng et al., 2021) and Omicron (B.1.529) (Liu et al., 2021¢; Zhang et al.,
2021); each of which has demonstrated significant immune evasion. These variants all incorporate
numerous amino acid substitutions that are responsible for altering the epitopes critical for antibody-
based neutralization. Previous work has shown that antibody cross-reactivity is common between different
coronaviruses (Yuan et al., 2020). However, cross-neutralization is rare, and while some cross-neutralizing
antibodies have been described (Pinto et al., 2020) even strongly binding cross-reactive antibodies are
not necessarily neutralizing (Bates et al., 2027¢).

One promising new technology that overcomes some of the inherent disadvantages of traditional mono-
clonal antibodies are nanobodies, which are immune fragments derived from the unique heavy-chain-only
antibodies found in camelid species such as alpacas (Ingram et al., 2018). Composed solely of the heavy-
chain-only antibody variable domains (VHH), nanobodies are one-tenth the size of conventional antibodies,
while preserving their binding affinities (Ingram et al., 2018). As single peptides with no need for glycosyl-
ation or complex maturation pathways, nanobodies offer several key advantages such as higher
throughput discovery, simplified production, and improved stability. Because they lack antibody constant
domains, nanobodies also avoid Fc-mediated immune activation (Salvador et al., 2019).

In this report, we detail the development of an alpaca-derived anti-SARS-CoV-2 nanobody (saRBD-1) with
picomolar binding to the RBD portion of the spike protein. saRBD-1 displays high thermostability and re-
mains functional after nebulization. Unmodified monovalent saRBD-1, bivalent saRBD-1, and a bivalent IgG
Fc conjugated saRBD-1 protein all successfully neutralize live SARS-CoV-2 clinical isolates including the
VOCs Alpha, Beta, Gamma, Epsilon, and Delta with no loss of potency. Variant cross-reactive nanobodies
such as saRBD-1 may have therapeutic potential in COVID-19 caused by SARS-CoV-2 variants.

RESULTS

A dominant VHH clone that binds SARS-COV-2 spike, saRBD-1 was isolated from spike RBD
immunized alpaca

To acquire potent SARS-CoV-2 neutralizing VHHs, we first immunized an alpaca with purified SARS-
CoV-2 S RBD. We used standard immunization techniques (Maass et al., 2007) over a 50-day immuniza-
tion schedule, after which we generated a VHH gene library from immunized alpaca peripheral blood
mononuclear cells (PBMCs), from which we isolated S binding VHH genes via phage display (Figure 1A).
We performed panning against purified full-length trimeric S protein to maximize the number of native
epitopes that match those present in the live SARS-CoV-2 virus. Two rounds of panning enriched high
binders in our library population. High quality hits were identified by high-throughput enzyme-linked
immunosorbent assays (ELISA) of individual VHH clones on immobilized RBD. VHH hits which showed
binding significantly above background were sequenced to determine their unique complementary-
determining region 3 (CDR3) loops. Resulting high binding VHH sequence families with an enrichment
of 10% or more after panning (Figure STA) were tested for neutralizing activities. Neutralization assays
used a GFP-reporter lentivirus pseudotyped with SARS-CoV-2 S protein (Crawford et al., 2020). Human
ACE2 over-expressing HEK-293T cells (293T-ACE2) were incubated with pseudotyped virus in the pres-
ence of candidate VHHs. From our initial candidate pool, we discovered one VHH clone, referred to here
as saRBD-1, that completely neutralized spike-mediated lentivirus transduction (Figure S1B). We next
analyzed the ability of saRBD-1 to associate with SARS-CoV-2 S using flow cytometry and immunofluo-
rescence. African green monkey kidney cells (Vero E6) cells were infected with live SARS-CoV-2 WA1/
2020 strain, then stained with anti-dsRNA monoclonal antibody to identify infected cells, and saRBD-1
or a control VHH (VHH52) (Cavallari, 2017) (Figure 1B). Cells positive for SARS-CoV-2 dsRNA showed
concomitant binding by saRBD-1, but not VHH52 control. In a thermal shift assay, we found that equi-
molar saRBD-1 stabilized RBD protein and shifted the melting point by 8°C, from 52°C to 60°C (Fig-
ure S2). From this assay, we also determined that the melting point of saRBD-1 is 72°C in plain phosphate
buffered saline (PBS) without stabilizing additives, indicating that it is highly stable. To corroborate the
binding results with flow cytometry, S-transfected cells stained with saRBD1 and AlexaFlor488-anti-VHH
antibodies were 30% VHH-positive by our gating scheme, while control VHH52 treated cells and un-
transfected control cells were VHH-negative (Figure 1C). Together, our data indicate that saRBD-1 binds
strongly to native SARS-CoV-2 S protein.
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Figure 1. A dominant VHH clone that binds SARS-CoV-2 spike, saRBD-1, was isolated from an alpaca immunized
with RBD
(A) Schematic illustration of the immunization and VHH library construction pipeline. Alpacas were immunized over an
8-week period after which PBMC mRNA was isolated and processed into a VHH gene library. This library was transformed
into phage-competent bacteria to generate a bacteriophage library, which was panned against SARS-CoV-2 S to enrich
for binding clones. Clones were characterized through ELISAs on RBD and preliminary neutralization of S-pseudotyped
lentivirus.
(B) Representative immunofluorescence staining showing saRBD-1 VHH specifically associates with SARS-CoV-2 infected
VeroEb cells. Cells were infected with SARS-CoV-2 virus for 24 h. Fixed cells were stained with either saRBD-1 or control
VHH (VHH52) followed by anti-VHH secondary (green).SARS-CoV-2 infection indicated by anti-dsRNA which stains
replication centers (red).
(C) SARS-CoV-2 S-transfected cells are specifically bound by saRBD-1 at levels detectable by flow cytometry. 293T cells
transfected with full-length SARS-CoV-2 S were stained with either VHH saRBD-1 (green) or VHH52 (red) control. See also
Figures S1 and S2.

VHH saRBD-1 binds SARS-CoV-2 spike and receptor domain with high affinity

We determined the subunit specificity of saRBD-1 by ELISA on purified full-length trimeric S, S1 (residues
14-684), RBD (residues 319-541), and S2 (residues 685-1273) proteins (Figure 2A). We found that saRBD-1
bound to full-length trimer with a 50% maximal binding response (ECsg) of 100 pM, to S1 with an ECsg of 200
pM, and to RBD with an EC50 of 607 pM, while S2 showed no detectable binding, demonstrating that
saRBD-1 binds specifically to the RBD subunit of the S protein (Figures 2B and2D). Because of the prom-
ising initial binding characteristics of saRBD-1, we next investigated the binding kinetics in greater detail
using bio-layer interferometry (BLI), which measures the effective mass change at the surface of a sensor
tip. As expected, the S2 protein control yielded no binding (Figures 1C and1D). However, BLI tips loaded
with RBD measured a dissociation constant (Kp) of 750 pM for saRBD1, while tips coated with S1 yielded a
Kp 1880 pM S trimer loaded tips showed the strongest binding with a Kp of 674 pM, consistent with our
ELISA results. These Kp'|'s are lower than the previously reported 15 nM Kp, of the RBD-ACE2 interaction,
suggesting that saRBD-1 binds SARS-CoV-2 with at least an order of magnitude greater affinity than ACE2
(Glasgow et al., 2020).

To more thoroughly examine this, we performed BLI-based competition assays to determine if saRBD-1 is
able to block the RBD-ACE2 interaction (Figure 2E). In this assay, BLI tips were first loaded with RBD fol-
lowed by varying concentrations of saRBD-1 VHH to block the RBD binding sites before finally transferring
to a solution with a fixed concentration of ACE2. We found that saRBD-1 bound competitively with ACE2,
and that a concentration of 6 nM of saRBD-1 was sufficient to block 50% of ACE2 binding. These results
indicated that saRBD-1 binds specifically to the RBD subunit of native trimeric S protein with picomolar
affinity and blocks the subsequent interaction of RBD with ACE2.

iScience 25, 103960, March 18, 2022 3
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Figure 2. VHH saRBD-1 binds SARS-CoV-2 spike and receptor domain with high affinity
(A) Schematic identifying SARS-CoV-2 S protein domains.

(B) ELISA binding assay of saRBD-1 on plates coated with SARS-CoV-2 RBD, S1, S2, and full-length S trimer where saRBD-1 is seen to bind RBD, S1, and full-

length S trimer, but not S2. Curves show the average of three replicate experiments.

(C) Representative BLI curves of saRBD-1 binding kinetics experiments on SARS-CoV-2 S RBD, S1, S2, and full-length trimer where saRBD-1 is seen to bind
RBD, S1, and full-length S trimer, but not S2. Biotinylated spike constructs were pre-bound to streptavidin biosensor tips, after which association and

dissociation steps were carried out in saRBD-1 solutions at (from top to bottom): 100, 31.6, 10, and 3.16nM.

(D) Summary data of ELISA (B) and BLI (C) results. ELISA ECsg values and BLI Kp, kon and kogr values are the average of at least two replicates.
(E) saRBD-1 competes with ACE2 receptor for binding SARS-CoV-2 S RBD. ACE2 binding to RBD after blocking with different concentrations of saRBD-1 by
BLI. Resulting ACE2 binding values were by dividing by ACE2-only control. Left is representative BLI trace and right is normalized ACE2 binding values fitto a

dose-response curve, average of two replicates. Error bars in all plots represent SE.

VHH saRBD-1 neutralizes both SARS-CoV-2 spike-pseudotyped lentiviruses and live SARS-
CoV-2 virions

As an initial test of neutralization, we performed immunofluorescence microscopy on Vero Eé cells infected
in the presence of 179 nM of either saRBD-1, which we found to completely block infection, or 179 nM con-
trol VHH52 (Figure 3A). Infection was visualized with the anti-dsRNA antibody. To quantify the neutralizing
potency of saRBD-1 we performed experiments for both pseudotyped virus and live SARS-CoV-2. For pseu-
dotyped virus neutralization assays, GFP-bearing SARS-CoV-2 S pseudotyped lentivirus was incubated with
dilutions of saRBD-1 or control VHH52 before being added to target 293T-ACE2 cells. Successful lentivirus
transduction was detected by high-content fluorescence microscopy of GFP signals. The 50% inhibitory
concentration (ICsp) of the VHH for this lentivirus challenge was 4.26 nM (Figure 3B) while VHH52 showed
no inhibition. To control for non-specific inhibition of lentivirus transduction, lentivirus was generated pseu-
dotyped with the VSV G protein in lieu of SARS-CoV-2 S; VSV G pseudotyped virus was not neutralized by
saRBD-1 (Figure 3B).

To determine VHH inhibitory activities against live SARS-CoV-2 virus, focus forming assays were performed

using SARS-CoV-2 WA1/2020 strain and saRBD-1. For the assay, Vero E6 or human colorectal epithelial
(Caco-2) cells were infected with SARS-CoV-2, then stained with anti-S alpaca polyclonal sera as a primary
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Figure 3. VHH saRBD-1 neutralizes both SARS-CoV-2 spike-pseudotyped lentiviruses and live SARS-CoV-2 virions
(A) Representative images of assays used to quantify the effects of saRBD-1 on viral entry. Representative microscopy of
SARS-CoV-2 dsRNA (red) in presence of 179 nM saRBD-1 or control VHH 52, cell nuclei stained with DAPI (blue).

(B) Neutralization of S-pseudotyped lentivirus by saRBD-1. ACE2 positive HEK-293T cells were infected with GFP reporter
pseudovirus and either saRBD-1 or control VHH52. VSV G protein pseudovirus was incubated with saRBD-1 similarly to
S-pseudovirus. Cells were fixed after 48 h, then stained with DAPI and imaged. GFP signals were normalized to virus-only
control wells. Averages of three replicate experiments are shown. (C and D) Neutralization of live SARS-CoV-2 virus by
saRBD-1 during infections of VeroE6 cells (C) andCaco-2 cells (D). Neutralization was measured by focus forming assay of
live WA1/2020 pre-incubated with saRBD-1 or control VHH52. Data represent the average of at least two replicate
experiments, each in technical triplicate.

(E) Summary table of 50% focus reduction neutralization (FRNTsp) results from pseudovirus and live virus neutralization
assays. Error bars in all plots represent SE.

antibody and an HRP-conjugated secondary antibody, facilitating visualization of SARS-CoV-2 infected
cells (Figures 3C and3D). The 50% focus reduction neutralization titer (FRNTse) was found to be 5.82 nM
forVero E6, and 7.4 nM for Caco?2 (Figure 3E). In comparison, the non-neutralizing VHH52 failed to decrease
foci. Thus, it is evident that monovalent saRBD-1 is a potent neutralizer of live SAR-COV-2 in vitro, even at
low nanomolar concentrations.

An Fc conjugated bivalent VHH construct, and a dimeric saRBD-1 construct show improved
binding and neutralization of SARS-CoV-2

While monomeric saRBD-1 demonstrated exceptional neutralization of SARS-CoV-2, multimeric VHHSs pre-
viously have been shown to have improved affinities and neutralization capabilities (Ginaydin et al., 2016;
Hanke et al., 2020; Schoof et al., 2020). To test this with saRBD-1, we utilized a mammalian vector to express
saRBD-1 conjugated to human IgG Fc with a short hinge (Hanke et al., 2020; Tiller et al., 2008). The resulting
chimeric protein is secreted as a dimer due to disulfide bridging of two Fc regions, and thus acts as a
partially humanized heavy-chain only antibody (Figure 4A). This approach allows for improved binding
due to avidity effects and greater steric blockage of the ACE2 binding site of the S protein. Simultaneously,
we produced a bivalent construct of saRBD-1 (BlsaRBD-1) attached by a flexible (GGGGS), linker (Shan
et al.,, 1999, Wrapp et al., 2020a). To determine binding kinetics of the saRBD-1 Fc-dimer (Fc-saRBD-1)
to RBD, we utilized ELISA and BLI (Figures 4B, 4C, 4F, and S2). The ECsq of Fc-saRBD-1 as measured by
ELISA was 392 pM, a 50% stronger affinity as compared to monovalent saRBD-1. The Kp of Fc-saRBD-1
as measured by BLI was 302 pM, primarily driven by a 3-fold reduction in the Kopr compared to monovalent
saRBD-1. Using our pseudovirus neutralization assay, the neutralization ability of the Fc-saRBD-1 dimer
improved to an ICsq of 100 pM, over a 40-fold improvement compared to monomeric saRBD-1 (Figures
4D and 4F). Neutralization of live SARS-CoV-2 by Fc-saRBD-1 had an FRNTsg of 118 pM in VeroEé cells
and 218 pM in Caco2 cells, BisaRBD-1 had an FRNTso of 243 pM in VeroEb cells and 728 pM in Caco? cells.
Compared to monomeric saRBD-1, this represents a 49-fold (Fc-saRBD-1) and 24-fold (BisaRBD-1)
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Figure 4. An Fc conjugated bivalent VHH construct, and a dimeric saRBD-1 construct show improved binding and neutralization of SARS-CoV-2
(A) Schematic of monovalent, Fc-conjugated dimeric, and bivalent constructs.

(B) Representative BLI curves for Fc-saRBD-1 kinetic binding experiments on SARS-CoV-2 RBD. Biotinylated RBD was pre-bound to streptavidin biosensor
tips, after which association and dissociation steps were carried out in saRBD-1 solutions at (from top to bottom): 100, 31.6, 10, and 3.16nM.

(C) Summary table of BLI kinetic parameters. Data are the average of two replicates.

(D) SARS-CoV-2 S pseudovirus neutralization curves showing the average of three microscopy experiments.

(E) Live SARS-CoV-2 (WA1/2020) neutralization curves showing the average of at least (n = 2) replicate focus forming assay experiments, each in technical
triplicate.

(F) Summary table of FRNTSsq results from pseudovirus and live virus neutralization assays. Error bars in all plots represent SE. See also Figure S3.

improvement in neutralization on VeroEé cells, and a 34-fold (Fc-saRBD-1) and 10-fold (BisaRBD-1)
improvement in Caco2 cells (Figures 4E and 4F). The slightly improved neutralization shown by the Fc
construct relative to the plain bivalent construct may be explained by the increased stearic hindrance
from the bulky Fc portion (Hanke et al., 2020).

saRBD-1 VHH is stable and maintains its activity after heat treatment, lyophilization and
nebulization

One of the major advantages of VHHs over conventional antibodies is their inherent stability. We evaluated
the stability of saRBD-1 by subjecting it to some of the conditions that are likely to be encountered during
production, transport, and delivery of protein-based therapeutics we evaluated the stability of saRBD-1 in
elevated temperature, lyophilization, and nebulization. We treated VHH to each condition then measured
of protein loss, binding kinetics, and neutralizing ability of the treated VHH aliquots. Aliquots of saRBD-1
were incubated for 1 h at 50°C then centrifuged to remove aggregates before measurement of protein loss
by OD,go, which showed a 19% reduction. The treated aliquots were then checked by BLI on RBD (Figures
5G and 5l), which showed minimal loss of activity concomitant with the reduction in measured protein con-
centration. Similar measurements were performed using lyophilized (29% protein loss) and nebulized (77%
protein loss) samples. Nebulization is known to be a harsh process, particularly when performed in unmod-
ified PBS solution with a jet nebulizer, and our numbers mirror previous reports of 4-fold loss of activity after
nebulization with an ultrasonic nebulizer (Schoof et al., 2020). In total, we found that the Kp was 938 pM for
heat treatment, 936 pM for lyophilized, and 3.65 nM for aerosolized, amounting to 1.2-fold, 1.2-fold, and
4-fold increases respectively, which align with our protein loss determinations.

To assay effects of these treatments on neutralizing activity, we carried out focus forming assays in
VeroEé cells utilizing the heat treated, lyophilized, and nebulized saRBD-1 samples (Figures 3H and 3J).
We found that 50°C treated, lyophilized, and nebulized saRBD-1 yielded FRNTsps of 3.00, 3.74, and
9.01 nM respectively. In comparison, untreated saRBD-1 yielded a FRNTso of 5.82 nM. Therefore, only
nebulization reduced saRBD-1 neutralizing capability, with a 1.56-fold reduction. Overall saRBD-1 appears
functionally stable, and it maintains nanomolar neutralization activity toward RBD even after destabilizing
treatments.
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Figure 5. saRBD-1 VHH is stable and maintains its activity after heat treatment, lyophilization and nebulization
(A) Representative BLI curves of kinetics experiments of saRBD-1 binding RBD of untreated and nebulized samples.
Biotinylated RBD was pre-bound to streptavidin biosensor tips, after which association and dissociation steps were
carried out in saRBD-1 solutions at (from top to bottom): 100, 31.6, 10, and 3.16nM.

(B) Summary table of BLI kinetics experiments of untreated, heat treated, lyophilized, and nebulized saRBD-1 samples.
Data are the average of two replicates.

(C) Live SARS-CoV-2 focus forming assay neutralization curves for untreated, heat treated, lyophilized, and nebulized
saRBD-1 samples, showing the average of at least two replicate experiments, each in technical triplicate.

(D) Summary table of FRNTsq results from live virus neutralization assays. Error bars in all plots represent SE.

SaRBD-1 effectively neutralizes SARS-CoV-2 variants of concern

Because of the prevalence of SARS-CoV-2 variant strains of concern (VOCs) significantly divergent from the
base strain (Figure 6A), we sought to test saRBD-1'|'s affinity for mutated RBD-N501Y and neutralizing abil-
ities against clinical VOC isolates We generated a variant RBD to test saRBD-1-RBD interactions. Using site-
directed mutagenesis, we created a spike and RBD variant that contained the N501Y mutation found in
several of the circulating VOCs (Figure 6B). Using BLI, we found binding of saRBD-1 to RBD-N501Y was
similar to WT saRBD-1 (Figures 6C and 6D), with a Kp of 767 pM compared to the WT value of 750 pM (Fig-
ure 6E). The affinity of saRBD-1 against both wild-type and mutant RBD constructs were stronger than the
15 nM affinity of RBD for ACE2 (Glasgow et al., 2020), indicating that the N501Y amino acid change is un-
likely to affect neutralization.

To more directly address variant cross-neutralization, we obtained clinical isolates of the following SARS-
CoV-2 VOCs with known RBD mutations: Alpha containing N501Y; Beta containing K417N, E484K, N501Y;
Gamma containing K417T, E484K, N501Y; Epsilon containing L452R; and Delta containing RBD L452R and
T478K. Compared to the FRNTso of 5.82 nM on WA1/2020, the variants were neutralized with FRNTsg values
of 15.84 nM (Alpha), 19.95 nM (Beta), 19.87 nM (Gamma), 32.52 nM (Epsilon), and 16.43 nM (Delta), repre-
senting 3-fold-6-fold reductions that may be due to marginal differences in binding or natural experi-
mental variation in the focus forming assays (Figures 6F-6l). We additionally sought to test the efficacy
of our Fe-conjugated VHH against all VOCs. We found FRNTsq'|'s of 118 pM (WA1/2020), 387 pM (Alpha),
131 pM (Beta), 76 pM (Gamma), 78 pM (Epsilon), and 93 pM (Delta), which are all within 3-fold of WA1/2020
(Figure 6l). Finally, we utilized our Bi-saRBD-1 construct for VOC neutralization assays. With this construct,
we found FRNTsg's of 243 pM (WA1/2020), 60 pM (Alpha), 56 pM (Beta), 235 pM (Gamma), 198 pM (Delta),
where all variants are better neutralized than WA1/2020. Overall, our monomer saRBD-1 displayed low
nanomolar FRNTs's against all VOCs, while our dimeric constructs retained picomolar levels. Therefore,
saRBD-1 likely targets an RBD epitope that is conserved across all tested SARS-CoV-2 VOCs.

SaRBD-1 competes with class-1 monoclonal antibody B38

To narrow down the binding epitope of saRBD-1, we performed competitive binding assays against mono-
clonal antibodies from the three primary classes of RBD binding antibodies (Figure 7A). Class 1 antibodies
bind epitopes around K417 and tend to bind spike in the up conformation, while class 2 antibodies bind
epitopes around E484 and can bind both up and down conformations, and class 3 antibodies bind epitopes
around L452, distal to the ACE2 contact surface (Barnes et al., 2020). We selected representative antibodies
from each class: class 1: B38 (Wu et al., 2020), class 2: Ly-Cov555 (Greaney et al., 2021; Jones et al., 2021),
class 3: REGN10987 (Greaney et al., 2021; Weinreich et al., 2021) to use in a biolayer interferometry (BLI)

iScience 25, 103960, March 18, 2022 7



¢? CellPress iScience
OPEN ACCESS

A B Spike S1 Spike S2 T™MCT
; —— " "
|
B.1.1.7 b@\@\« & e@é Sl &
B.1.427/429 (Epsilon) (Alphay MU R | I
Brasr o o8 B S
N
B.1.351 (Beta) (Beta) ot VP 7 7T LR
&
p1 SR T &€
(Gamma) FHEE . [ [ | | .
8
/\’3@ o"%@& V"f’f‘*«é— oq’\f@& o‘f’@
/ B Donay> M I N (L]
// B.1.429 6\“} s\,,_;u,Cl b?;@ o@,\uo
R / { (Epsilon) |q~ | i | L
P.1 (Gamma) B.1.617.2 (Delta) B.1.427 o2& & 0@“
(Epsilon) I | | =
1 319 541 1213 1273
c BLI RBD D BLI RBD 501Y
0.3 E

0.4

— \ | Ko (pM) Kon (1/Ms) Korr (1/s)
0.2 RBD-WT ‘ 750 4.0x10° 3.4 x10*

——
RBD-N501Y | 767 44 x10° 3.4 x10"

€ £ I
€ 02 —————  S,4
W
\
0 = 0 LA R LA RULE R S R L L
0 100 200 300 400 500 600 700 800 900 b " 100 200 300 400 500 600 700 800 900
Time (s) Time (s)
F saRBD-1 @& G Fc-saRBD-1 H Bi-saRBD-1 M
12
T T 1.2
10 I 10 c I & ® WA1/2020
S .goa o 10 ® B1.1.7
“g_,o.s 3{_, : § 08 ® B.1.351
E6 Eos £ P
o ® 0 06 ® B.1.427
£ 04 504 2 o4 ® B.1.429
° ° = ® B.1.617.2
x 0.2 x 0.2 ¢ 0.2
0.0 ) 0.0 0.0
0.02 0.08 0.34 138 555 222 889 355 0.02 0.08 0.34 1.38 555 22.2 889 355 0.02 0.08 0.34 138 555 222 889 355
Concentration (nM) Concentration (nM) Concentration (nM)
1 FRNTso (nM)
Strain saRBD-1  Fc-saRBD-1 Bi-saRBD-1
WA1/2020 5.82 0.118 0.243
B.1.1.1.7 15.84 0.387 0.060
B.1.3.5.1 19.95 0.131 0.084
P.1 19.87 0.076 0.052
B.1.427 N/A N/A 0.235
B.1.429 32.52 0.078 N/A
B.1.617.2 16.43 0.093 0.198

Figure 6. SaRBD-1 effectively neutralizes SARS-CoV-2 variants of concern

(A) Phylogenetic tree including the VOCs. The tree was generated in Nextstrain of all available variants with the VOCs used in this study highlighted and
labeled.

(B) Schematic diagram of the variant spike protein amino acid changes present in the VOCs. Representative BLI curves of kinetic experiments of saRBD-1 on
(C)RBD and (D) RBD-N501Y. Biotinylated RBD and RBD-N501Y were pre-bound to streptavidin biosensor tips, after which association and dissociation steps
were carried out in saRBD-1 solutions at (from top to bottom): 100, 31.6, 10, and 3.16nM.

(E) Summary table of binding kinetic values of saRBD-1 on RBD and RBD-N501Y, determined by BLI. Data are the average of two replicates. Live SARS-CoV-2
focus forming assay neutralization curves of the VOCs for (F) monomeric saRBD-1, (G) dimeric Fc-saRBD-1, and (H) bivalent BisaRBD-1. Data are the average
of two replicate experiments, each in technical triplicate.

(I) Summary table of FRNTsq results from live virus neutralization assays. N/A: Not tested. Error bars in all plots represent SE.
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Figure 7. saRBD-1 competes with class-1 monoclonal antibody B38
(A) Experimental design of BLI-based competition assay of monoclonal antibodies.

(B) BLI measurement of saRBD-1 binding followed by class 1, 2, or three monoclonal antibodies. Binding. B38 (class 1) is shown in red, LyCoV-555 (class 2) is in

blue, and REGN19087 (class 3) is in green.
(C) BLI measurement of B38 (class 1) binding in the absence of saRBD-1.
(D) BLI measurement of Fc-saRBD-1 binding followed by class 1, 2, or three monoclonal antibodies.

competitive binding assay. In this assay, SARS-CoV-2 spike RBD protein was attached to a sensor and first
exposed to saRBD-1, which bound strongly during the first 300 s. In the subsequent step, the sensors were
transferred to solutions containing the representative monoclonal antibodies. SaRBD-1 successfully
blocked B38 from binding, indicating that they likely bind to overlapping epitopes (Figure 7B). The class
2 & 3 antibodies were not affected by saRBD-1. A control experiment confirmed that B38 binds successfully
when saRBD-1 was absent (Figure 7C). These results were recapitulated with a dimeric Fc-saRBD-1
construct (Figure 7D). Hence, saRBD-1 is most likely a class 1 binder. An unlikely alternative is that
saRBD-1 binds a distal site non-competitive with the class 3 antibody, but forces RBD into a down confor-
mation unsuitable for B38 binding.

DISCUSSION

The ongoing SARS-CoV-2 pandemic is a threat to global public health; the discovery and synthesis of
additional therapeutics and vaccines are needed to address this. Although the scientific community has
developed effective vaccines (Baden et al., 2021; Daniel et al., 2021; Shen et al., 2021) against the initial
SARS-CoV-2 outbreak, ongoing concern that a vaccine resistant VOC could result in a resurgent outbreak
has played out with the arrival of the Omicron VOC (Liu et al., 2021¢; Zhang et al., 2027). Two of the most
widely utilized vaccine options from Pfizer/BioNTech and Moderna, are expensive and unstable mRNA vac-
cines, requiring specialized transportation and storage (Crommelin et al., 2021; Kartoglu et al., 2020). This
has resulted in a dearth in vaccine availability for communities around the world compounding the human
impact of the SARS-CoV-2 pandemic and transmission of VOCs (Holder, 2021; Mathieu et al., 2021).
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Increasing evidence also points to waning immune responses to the vaccines, increasing the risk of break-
through infections (Levin et al., 2021; Shrotri et al., 2021) As such, novel therapeutics and vaccines should
fulfill both the following conditions: 1) be affordable to produce, transport and store. 2) provide highly
effective long-term protection against circulating VOCs. Our saRBD-1 VHH is an ideal match due to its
cheap manufacture of bacterial purification, thermostability, and efficacy at VOC neutralization.

The ability of saRBD-1 to potently neutralize SARS-CoV-2 is critical to its potential. Antiviral VHHs have
utility as prophylactics or therapeutics against viral infections (Ingram et al., 2018; Laursen et al., 2018).
Hence, strongly neutralizing VHHs against SARS-CoV-2 are desirable. Other groups have isolated VHH
candidates that bind S RBD and neutralize SARS-CoV-2 infections in situ (Gittler et al., 2021; Hanke
et al.,, 2020,2022,2022; Koenig et al., 2021; Schoof et al., 2020; Wagner et al., 2021, Wrapp et al.,
2020a; Xiang et al., 2020; Xu et al., 2021) and in animal models (Kim et al., 2021; Pymm et al., 2021; Wag-
ner et al., 2021). The monomeric form of saRBD-1 potently neutralizes ancestral SARS-CoV-2 and VOCs
with FRNTsg of around 5.82 nM. Other VHHs within a similar range of neutralizing potency have been
reported (Pymm et al., 2021; Xu et al., 2021). Strong inhibition of SARS-CoV-2 is critical for VHH thera-
peutic potential, as the highest possible neutralizing strength is ideal for minimizing the effective
dose of a potential treatment. Another encouraging quality of saRBD-1 is its extreme stability against
multiple forms of insult. SaRBD-1 retained neutralizing activity and RBD-binding capability when heated
to 50°C, nebulized or lyophilized. These tests are relevant because they mimic the likely transport, stor-
age, and delivery conditions that are likely to be encountered by a therapeutic anti-SARS-CoV-2
nanobody.

As a bivalent construct or when conjugated to a human IgG Fc domain, saRBD-1 has comparable neutral-
izing capabilities to highly neutralizing monoclonal antibodies reaching ~100 pM FRNT50s against live
SARS-CoV-2. As such, BisaRBD-1 and Fc-saRBD-1 may prove useful for prophylaxis in a similar manner
to convalescent plasma transfusions, which have had positive clinical outcomes throughout the COVID-
19 pandemic (Hu et al., 2020; Zeng et al., 2020). Although the addition of the Fc domain to nanobodies
undermines the key beneficial features of small size and may cause antibody-dependent enhancement
(Eroshenko et al., 2020), Fc conjugation is known to significantly increase the in vivo half-life of nanobodies
(Rotman et al., 2015).

The most appealing characteristic of saRBD-1 is its activity against SARS-CoV-2 VOCs. VOCs pose a global
threat beyond that of the initial SARS-CoV-2 pandemic as such effective treatments are especially valuable
to protecting public health. VOCs tend to have increased transmission compared to the initial pandemic
strains of SARS-CoV-2 (Chen et al., 2021; Korber et al., 2020; Liu et al., 2021a). Furthermore, VOCs with mul-
tiple S protein RBD mutations resist neutralization by vaccinated sera and convalescent patient sera (Bates
etal., 2022; Chen et al., 2021; Liu et al., 2021¢). Development of VOCs increases the possibility of new mu-
tations developing that escape vaccination, especially with partial vaccination of global population or
waning antibody levels in those vaccinated (Levin et al., 2021; Mathieu et al., 2021; Shrotri et al., 2021).
Although several VHHs are reported with neutralizing activities against Alpha (Pymm et al., 2021; Zupancic
et al., 2021) and Beta (Giittler et al., 2021; Hanke et al., 2022; Mast et al., 2021; Wagner et al., 2021; Xu et al.,
2021; Zupancic et al., 2021), few are published with activity against Gamma (Mast et al., 2021) and Delta
(Wagner et al., 2021). Previous studies have reported that combinations of neutralizing VHHs delivered
in situ for SARS-CoV-2 infections are important to suppress development of escape mutations (Wrapp
et al., 2020a) and better neutralize variant strains (Pymm et al., 2021). A great variety of VOC neutralizing
VHHs will be crucial if nanobodies are to play a role as SARS-CoV-2 therapeutics against future evasive
VOCs similar to Omicron. Thus, saRBD-1 can be valuable because of its proven ability to neutralize five
distinct VOC strains, including Delta.

Neutralizing antibodies against SARS-CoV-2 RBD can be organized into three classes depending on their
targets in the RBD-ACE2 interface and confirmation of RBD when binding. Class 1 binds up RBD at the
ACE2 binding site, class 2 binds up and down RBD at the ACE2 binding site, and class 3 binds up and
down through residues distal to the ACE2-binding site (Barnes et al., 2020). Therefore, class 1 and 2 anti-
bodies target RBD residues that are frequently mutated in VOCs such as K417, E484 and N501; L452 is the
most commonly mutated residue bound by class 3 antibodies (Greaney et al., 2021). Among the published
VHHs, Fu2 (Hanke et al., 2022) and WNb2 (Pymm et al., 2021) appear to be class 1, while Nbé6 and Nb11
(Schoof et al., 2020), Nb20 (Xiang et al., 2020) and Ty1 (Hanke et al., 2020) are class 2. Class 3 nanobodies
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are also reported, including WNb10 and 15 (Pymm et al., 2021), Nb12 and Nb30 (Xu et al., 2021), and VHH72
(Wrapp et al., 2020a). We determined that saRBD-1 belongs to class 1 due to competition with class 1
monoclonal antibody B38 (Wu et al., 2020).

Interestingly, saRBD-1 neutralizes VOCs containing K417, E484, and N501 mutations that typically affect
class 1 and 2 antibodies, suggesting its epitope identity or mechanism of neutralization may be atypical
for class 1 neutralizing antibodies. The recently published VHH Fu2 is an example of an atypical mechanism
of SARS-CoV-2 neutralization (Hanke et al., 2022). Fu2 binds as a class 1 antibody to block ACE2 biding to
RBD, yet simultaneously induces dimerization in full-length spike to further disrupt ACE2 interactions. Fu2
was also found to neutralize the Beta variant without significant loss of potency. Thus, a VHH may have un-
expected levels of utility outside of those predicted by epitope class, which can aid in binding mutated RBD
variants.

We found that saRBD-1 binds competitively with human ACE2 for SARS-CoV-2 spike RBD and that pre-in-
cubation of RBD with saRBD1 blocks ACE2 binding, a necessary step to infection. Low nanomolar concen-
trations of monovalent saRBD-1 successfully neutralize clinical isolates of the Alpha, Beta, Gamma, Epsilon,
and Delta VOC as a likely class 1 antibody. Both the BisaRBD-1 and Fc-saRBD-1 demonstrate improved
binding, and they successfully neutralize the variants at picomolar concentrations with no discernable
loss of potency. Because of its high neutralizing efficacy, saRBD-1, alone or in combination with other
ultra-potent VHHs, is an excellent candidate for development into a therapeutic to manage severe
COVID-19.

Limitations of the study

Although saRBD-1 effectively neutralizes all the SARS-CoV-2 variants of concern that we tested, it remains
to be determined if it neutralizes future emerging variants. We demonstrated that saRBD-1 competitively
binds SARS-CoV-2 RBD with a class 1 neutralizing antibody B38, indicating the potential of a class 1 epitope
for saRBD-1. However, this study does not present structural data for the saRBD-1-RBD complex. As such,
we do not have confirmation for the RBD amino acids within the saRBD-1 epitope, nor do we have a
confirmed structural mechanism of SARS-CoV-2 neutralization.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-VHH biotin Jackson Code :128-065-232; RRID: AB_2810913

Streptavidin-HRP

mouse anti-dsRNA

Anti-mouse I1gG AF555

anti-VHH Alexa Fluor 488

Anti-llama 1gG FITC

Anti-VHH-HRP

SARS-CoV-2 Spike RBD monoclonal mouse
1gG2a antibody (Clone B38)
Recombinant monoclonal mouse 1gG2a
(Imdevimab-derived)

Recombinant monoclonal mouse IgG2a

(Bamlanivimab-derived)

ThermoFisher
Millipore Sigma
Abcam

Jackson
ThermoFisher
Jackson

Wu et al., 2020, Invivogen

Weinreich et al., 2021, Invivogen

Jones et al., 2021, Invivogen

CAT #: N100

CAT#: MABE1134

CAT#: ab150114

RRID: AB_2810926

CAT#: A16061

RRID: AB_2810909

CAT. Code: cov2rbdc2-mab10

Cat code srbdc4-mab10

Cat code srbdc5-mab10

Bacterial and virus strains

TG1 Electroporation-Competent Cells
E. Coli K12 ER2738

SARS-CoV-2 WA1/2020

SARS-CoV-2 B.1.1.7

SARS-CoV-2 B.1.351

SARS-CoV-2 P.1

SARS-CoV-2 B.1.427

SARS-CoV-2 B.1.429

SARS-CoV-2 B.1.617.2

Agilent

NEB

BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources

BEI Resources

Prod # 200123
CAT# E4104
CAT# NR-52281
CAT# NR-54011
CAT# NR-54009
CAT# NR-54982
CAT# NR-55308
CAT# NR-55309
CAT# NR-55611

Biological samples

Spike immunized whole alpaca blood Capiralogics Inc. N/A

Chemicals, peptides, and recombinant proteins

TMB substrate solution ThermoFisher CAT# N301
Lipofectamine 3000 ThermoFisher L CAT# 3000015
phalloidin-Alexa Fluor 488 ThermoFisher CAT# A12379
streptavidin-AF488 Jackson RRID: AB_2337249
SYPRO Orange 5000x ThermoFisher CATH# S6650

Purified SARS-COV-2 RBD BEI CAT# NR-52306
Purified SARS-CoV-2 spike S1 BEI CAT# NR-53798
Purified SARS-CoV-2 spike S2 BEI CAT# NR-53799
Purified SARS-CoV-2 full length spike trimer BEI CAT# NR-52396
Critical commercial assays

ChromaLINK biotin protein labeling kit Vector labs SKU B-9007-105K
RNeasy Mini Kit Qiagen CAT # 74104

Experimental models: Cell lines

HEK-293T-ACE2
HEK-293T

Dr. Jesse Bloom (UW)
ATCC

Cat # NR-52511
CAT# CRL-3216

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Vero E6 ATCC CAT# CRL-1586
Caco2 ATCC CAT# HTB-37
HEK-293-F Gibco CAT# R79007

Oligonucleotides

Immunoglobulin ¢cDNA primer 1: Maass et al. 2007 N/A
ATGGAGAGGACGTCCTTGGGT

Immunoglobulin cDNA primer 2: Maass et al. 2007 N/A
TTCGGGGGGAAGAYRAAGAC

VHH universal forward amplification primer: Maass et al. 2007 N/A
GATCGCCGGCCAGKTGCAGCTCGTGGAGTCNGGNGG

VHH long hinge reverse primer: Maass et al. 2007 N/A
GATCACTAGTGGGGTCTTCGCTGTGGTGCG

VHH short hinge reverse primer: Maass et al. 2007 N/A
GATCACTAGTTTGTGGTTTTGGTGTCTTGGG

Recombinant DNA

pLVX-IRES-Puro vector Takara Bio CATH# 632183

pTwist-EF1alpha-nCoV-2019-S-2xStrep

HDM_IDTSpike_fixK, SARS-CoV-2 plasmid

HDM_Hgpm?2

HDM_tat1b

pRC_CMV_Revi1b

pHAGE2_CMV_ZsGreen_W

Gordon et al. 2020, Krogon Lab,
BEI Resources
Crawford et al. 2020 , Bloom lab,
BEI Resources
Crawford et al. 2020, Bloom lab,
BEI Resources
Crawford et al. 2020 , Bloom lab,
BEI Resources
Crawford et al. 2020 , Bloom lab,
BEI Resources
Crawford et al. 2020, Bloom lab,
BEI Resources

https://doi.org/10.5281/zenodo.3779045

CAT# NR-52514

CAT# NR-52517

CAT# NR-52518

CAT# NR-52519

CAT# NR-52520

Software and algorithms

BZ-X700 Analyzer Microscope software v1.4

Immunospot analyzer v5.3

Viridot focus counting package for R v1.0
Rv4.1.0

v3.8.10

Dose response calculator

Keyence

CTL

Katzelnick et al., 2018

R project

Python Software Foundation

Bates et al., 2021c

https://www.keyence.com/products/

microscope/fluorescence-microscope/bz-x700/.4
https://immunospot.com/products/analyzers
https://github.com/leahkatzelnick/Viridot
https://cran.r-project.org/
https://www.python.org/psf/
https://doi.org/10.5281/zenodo.5158655

Other

Streptavidin biosensors

Sartorius

CAT# 18-5019

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Fikadu

G. Tafesse (tafesse@ohsu.edu)

Materials availability

This study did not generate new unique reagents.
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Data and code availability
The data used for the conclusions of this study are provided with the paper. Raw data is available upon

request from the lead author. SARS-CoV-2 RBD plasmid is based on the Wuhan isolate sequence from
GenBank: MN908947.3.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

HEK-293T stable cell lines expressing human ACE2 receptor (HEK-293T-ACE2) were a kind gift from
Dr. Jesse D. Bloom from University of Washington, and described previously (Crawford et al., 2020).
Low-passage HEK-293T, HEK-293T-ACE2, and Vero E6 cells were cultured in D10, which consisted of
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
Penn-Strep, 1% non-essential amino acids (NEAA). 37°C. Caco2 cells were cultured in D20 (D10 with
20% FBS instead of 10%). Cells were cultured in T75 dishes, passaged with Trypsin at 95% confluency to
avoid overcrowding.

SARS-CoV-2 virus propagation

Clinical isolates of SARS-CoV-2 variants were obtained from BEI resources: WA1/2020 (NR-52281), Alpha
(NR-54011), Beta (NR-54009), Gamma (NR-54982), Epsilon (NR-55308) and (NR-55309), Delta (NR-55611).
To propagate, a 70% confluent T25 flask of Vero E6 cells was infected at a MOI of 0.01 in diluted in 1 mL
Opti-MEM for 1 hour at 37°C with occasional rocking. 4mL of D10 was then added and the flask was incu-
bated for 72 hours at 37°C. Following incubation, flasks were checked for cytopathic effect (CPE), after
which supernatant was collected and spun at 3000xg for 5 minutes to remove cellular debris, then ali-
quoted for storage at —80°C. Propagated stocks were titrated with 8 x 10-fold dilutions in a focus forming
assay as described below.

METHOD DETAILS

RBD protein purification and biotinylating

Purified SARS-CoV-2 S-RDB protein was prepared following a previously published protocol (Amanat et al.,
2020). Briefly, codon optimized his-tagged RBD or RBD containing the N501Y mutation in pLVX-IRES-puro
plasmid (Takare Bio) was used to make lentivirus vectors in HEK-293T cells, which were then used to infect
HEK-293F suspension cells. The suspension cells were grown in FreeStyle™ 293 expression medium
(Gibco) for 3 days with shaking at 37°C with 8% CO,. Cell supernatants were collected, sterile filtered,
and purified by Ni-NTA chromatography (Bierig et al., 2020). Purified protein was then buffer exchanged
into phosphate-buffered saline (PBS) by dialysis and concentrated with 10kDa cutoff centrifuge filters (Milli-
pore). For use in BLI, purified RBD was biotinylated using the ChromaLINK biotin protein labeling kit (Vec-
tor) according to the manufacturer’s instructions with 5x molar equivalents of labeling reagent to achieve
1.92 biotins/protein.

VHH gene library construction

Alpacas were immunized at Capralogics Incorporate (Hardwick, MA). Animals received three immuniza-
tions of 1 mg purified SARS-CoV-2 RBD spaced three weeks apart. Blood was harvested 5 days after third
immunization. Upon receipt PBMCs were isolated (Seeligmiiller, 2021) and used in an RNA extraction with
Qiagen RNeasy mini kit (Qiagen). PBMC RNA, containing VHH genes, was converted into cDNA using Su-
perscript Il reverse transcriptase (Invitrogen). VHH genes were amplified with custom primers specific to
short-hinge and long hinge VHH genes appended with Not1 and Ascl restriction sites (Maass et al.,
2007; Schmidt, 2018). The amplified gene mixture was cloned into a phage-mid plasmid derived from
pCANTAGSBE, then transformed via electroporation into bacteriophage competent TG1 Escherichia coli
for production of a VHH displaying bacteriophage library. The pooled library was rescued at 37°C with
shaking and plated. Plates containing serial dilutions were used to estimate total bacterial population,
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and therefore library diversity. A representative sample of 96 VHH clones were sent for sanger sequencing
(Genewiz) to confirm VHH diversity.

VHH panning

M13-derived helper phage were produced through standard protocols (Frei and Lai, 2016). VHH libraries in
TG1 cells were transduced with helper phage to produce bacteriophage displaying individual VHHs. Phage
were isolated through precipitation using 20% w/v polyethylene glycol 8000, then were resuspended in
PBS. Phage libraries were then panned against full length stabilized SARS-CoV-2 spike protein trimer
BEI resources NR-52396 at 10ug/ml alongside BSA controls. Bacteriophage were bound to the antigen,
washed, then eluted with 200mM glycine pH 2.2, neutralized with 1M Tris pH 9.1, and transduced into
ER2738 bacteriophage competent bacteria which were plated on antibiotic agar and incubated for 18 hours
at 37°C. Panning success was determined by enrichment 10-fold greater total bacterial colonies above con-
trol panning background. Panning colonies were then pooled, and the protocol was repeated for 2" round
panning using 2ug/ml antigen coating. A selection of colonies from 2" round panning were picked and
grown up in 96 deep-well plates for screening.

Screening of VHH candidates

96 well ELISAs coated with Tug/ml purified RBD were used to determine RBD binding affinities of panning
hits. ELISAs were ran with bacterial supernatant containing secreted VHHSs as primary antibody, then anti-
nanobody biotin antibody (Jackson #128-065-232) and streptavidin-HRP antibody (Thermo #N100) were
used as secondary. 3,3/, 5'5”-tetramethylbenzidine (TMB) (ThermoFisher Scientific) was used as peroxidase
substrate, 50 pL added for 10 minutes at room temperature (RT) then 50 pL of 2N H2504 was added as a
stopping solution. Plate absorbance at 405 nm was measured using a CLARIOstar® Plus plate fluorimeter
(BMG Labtech). VHH candidates with binding greater than 2-fold above average background were picked
and sent for sanger sequencing (Genewiz) to identify VHH CDR3 regions. Clones that appeared multiple
times in sequencing were cloned into a periplasmic expression vector (pHEN) by Gibson assembly.
Bacteria were grown up in terrific broth (2% tryptone, 1% yeast extract, 90mM phosphate), induced with
isopropylthio-B-galactoside (IPTG) at 30°C overnight. VHHs were isolated by osmotic shock (Saerens
et al., 2004), periplasmic fraction was isolated, and his-tagged VHHs were purified with Ni-NTA chromatog-
raphy. Purified VHH was then buffer exchanged and concentrated with 3kDa cutoff centrifuge filters
(Millipore), then filter sterilized by 22 pum centrifugal sterile filter (Millipore Sigma) prior to use in
experiments.

Multivalent saRBD-1 construction and purification

Fc-conjugated (Hanke et al., 2020) and bivalent saRBD-1 (Wrapp et al., 2020b) constructs were synthesized
using guidance from prior publications. Fc-saRBD-1 gene was directly synthesized containing an spé pro-
motor, secretion signal, saRBD-1, flexible hinge, human IgG1 Fc region (Tiller et al., 2008), and 6x his tags
for cloning into pLVX-IRES-puro plasmid (Takare Bio). Lentivirus encoding Fc-saRBD-1 was produced, and
protein was purified from transduced 293F cells as described for RBD purification above. Fc-saRBD-1 was
then further purified by ion-exchange chromatography for a final yield of ~4.6 mg per 100 mL of initial
supernatant. Bivalent-saRBD-1 gene was synthesized containing two saRBD-1 genes separated by a flex-
ible 20 a.a (GGGGSY), linker, for cloning into pET24a bacterial expression plasmid. Bacteria were grown
in terrific broth (2% tryptone, 1% yeast extract, 20mM phosphate), induced with isopropylthio-B-galacto-
side (IPTG) at 30°C overnight, lysed in Tris-NaCl buffer (500mM NaCl 20mM Tris, pH 8) by sonication
and purified by Ni-NTA chromatography. Both multivalent proteins were buffer exchanged to remove
excess imidazole and concentrated with 10 kDa cutoff centrifuge filters (Millipore), then filter sterilized
by 22 um centrifugal sterile filter (Millipore Sigma) prior to use in experiments.

Cell transfection

HEK-293T cells seeded at 70-90% cell density, then transfected using Lipofectamine 3000 (ThermoFisher
Scientific) as per manufacturer’s instructions. For S transfection, the SARS-CoV2 structural protein plasmid
pTwist-EF1alpha-nCoV-2019-S-2xStrep a kind gift from the Krogan lab at UCSF, was used following previ-
ously published instructions (Gordon et al., 2020). Per 10cm dish, 8 ug plasmid was used for transfection.
For pseudotyped lentivirus production, the following reporter plasmids and lentivirus packaging plasmids
were used as described previously (Crawford et al., 2020): HDM_Hgpm2, HDM_tat1b, PRC_CMV_Rev1b
packaging plasmids, SARS_CoV-2 S plasmid HDM_IDTSpike_fixK, and LzGreen GFP- reporter plasmid.
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Packaging, SARS-CoV-2 S, and reporter plasmids were a kind gift from the Bloom Lab at University of Wash-
ington. Per 6 well plate, 0.44 nug of each, packaging plasmid, 0.68 ug of S, and 2 pg of reporter plasmids
were used for transfection. For all transfections, media was carefully removed 6 hours post transfection,
and replaced with D10.

SARS-CoV-2 immunofluorescence

96-well TC plates were seeded to 50% confluency with VeroEé or Caco2 cells. Plates were then inoculated
at a MOI of 0.1 of SARS-CoV-2 in 50 uL of Opti-MEM for 1 hour at 37°C with occasional rocking. An
additional 50 pL of fresh media was then added and incubated for 24 hours at 37°C. Plates were fixed by
submerging in 4% para-formaldehyde (PFA) in PBS for 1 hour, then brought into BSL-1 for immunofluores-
cence staining. Permeabilization was performed with 2% bovine serum albumin (BSA), 0.1% Triton-X 100 in
PBS for 1 hour at RT. Cells were stained with saRBD-1 at 2 ng/mL, mouse anti-dsRNA (Millipore sigma #
MABE1134) 1:1000. Anti-mouse |gG AF555 (Abcam ab150114) or anti-llama IgM AF488-conjugated
secondary antibodies were added at 1:500 dilution for 1 hour at RT (Invitrogen). Confocal imaging was
performed with a Zeiss LSM 980 using a 63x Plan-Achromatic 1.4 NA oil immersion objective. Images
were processed with Zeiss Zen Blue software. Maximum intensity z-projections were prepared in ImageJ.
All antibody stain images were pseudocolored for visual consistency.

Flow cytometry of S transfected cells

293T cells were seeded at 70% confluency on 24 well plates. Cells were then transfected with 1 ng of
HDM_IDTSpike_fixK S plasmid as described above. 24 hours after transfection, cells were harvested by
scraping and immediately stained with live-dead 405nm stain Zombie Violet (BioLegend). After live-
dead staining, cells were washed 2x with PBS, then fixed with 4% PFA for 15 minutes at RT. Cells were
then washed 2x with PBS, then stained with saRBD-1VHH at 2 pg/mL, VHH52 at 2 pg/mL or phalloidin-Alexa
Fluor 488 (AF488) (ThermoFisher Scientific A12379) for 1 hour at RT. Cells were washed 2x with PBS then
treated with anti-VHH biotin (Jackson 128-065-232) secondary antibody (Invitrogen #A16061) was added
at 1:500 dilution for 1 hour at RT. Cells were then washed 2x with PBS and treated with streptavidin-
AF488 (Jackson 016-540-084) for 1 hour at RT. Cells were then resuspended in flow buffer (PBS, 3% FBS,
2mM EDTA), and filtered. Cells were then run on a BD FACSymphony flow cytometer with the assistance
of the OHSU flow cytometry core.

Thermal shift assay

Purified RBD and saRBD-1 protein were diluted to 10 uM in PBS. The combined RBD + saRBD-1 sample
contained 10 uM of each protein. SYPRO Orange dye was obtained as a 5000 solution (ThermoFisher)
and was diluted to a final concentration of 5X for all conditions. Experiments were performed on a
StepOnePlus rtPCR system (Applied Biosystems) in a melting curve experiment with reporter set to ROX
using a step and hold method starting at 25°C, ramping at 1°C per minute until 95°C in a total reaction
volume of 50 plL per well. The melting point was calculated as the temperature with the minimum value
of the first derivative of fluorescence emission as a function of temperature. The derivative values are
calculated automatically by the StepOnePlus software and exported along with the normalized fluores-
cence intensity values.

Spike-pseudotyped lentivirus production

293T cells were seeded at 2 million cells/dish in 6cm TC-treated dishes. The following day, cells were trans-
fected as described above with lentivirus packaging plasmids, SARS-CoV-2 S plasmid, and LzGreen as
described above (Crawford et al., 2020). After transfection, cells were incubated at 37°C for 48 hours. Viral
media was harvested, filtered with 0.45um filter, then frozen before use. Virus transduction capability was
titered on 293T-ACE2 cells in DMEM plus 5 pg/mL polybrene. LzGreen titers were determined by fluores-
cence using BZ-X700 all-in-one fluorescent microscope (Keyence): a 1:16 dilution was decided as optimal
for following neutralization assays due to broad transduced foci distribution. Each well was captured by
Keyence microscope and stitched using built-in software. GFP signal was quantified for the stitched images
using Keyence software, transduction levels were normalized to virus only control wells.

Enzyme-linked immunosorbent assay (ELISA)

MaxiSorp ELISA plates (Invitrogen), were coated with purified recombinant SARS-COV-2 RBD domain
(BEI, NR-52306) at 2 pg/ulL in PBS, or equivalent molar ratios of S1 domain (BEI, NR-53798), S2 domain
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(BEI, NR-53799), or trimer (BEI, NR-52396). Coating was carried out overnight at 4°C. Plates were blocked in
wash buffer (2% BSA, 0.1% tween-20 in PBS) for 30 minutes at RT. Dilutions ranging from 14.2 nm to 3 pM of
saRBD-1 or Fc-saRBD-1 were incubated for 1 hour at RT. Plates were washed with PBST (0.1% tween-20 in
PBS) 4 times between each antibody addition. Anti-VHH-biotinylated antibody and streptavidin-HRP sec-
ondary antibodies were used at 1:10000 concentration in blocking buffer and were incubated 1 hour at RT.
After the final wash, plates were incubated for 10 minutes with 50 pL. of TMB HRP substrate (ThermoFisher)
at RT, before adding 50 pL of stopping solution (2N H,SO,). Plate absorbances at 405nm were measured
using a CLARIOstar® Plus plate fluorimeter (BMG Labtech).

Biolayer interferometry (BLI)

Streptavidin biosensors (ForteBio) were soaked in PBS for at least 30 minutes prior to starting experiments.
Biosensors were prepared with the following steps: equilibration in kinetics buffer (10 mM HEPES, 150 mM
NaCl, 3mM EDTA, 0.005% Tween-20, 0.1% BSA, pH 7.5) for 300 seconds, loading of biotinylated RBD
protein (10ug/mL) in kinetics buffer for 200 seconds, and blocking in 1 pM D-Biotin in kinetics buffer for
50 seconds. Binding was measured for seven 3-fold serial dilutions of each monoclonal antibody using
the following cycle sequence: baseline for 300 seconds in kinetics buffer, association for 300 seconds
with antibody diluted in kinetics buffer, dissociation for 750 seconds in plain kinetics buffer, and regener-
ation by 3 cycles of 20 seconds in 10 mM glycine pH 1.7, then 20 seconds in kinetics buffer. All antibodies
were run against an isotype control antibody at the same concentration. For competition experiments, bio-
sensors were loaded with RBD similarly to binding experiments, then bound with 50 nM saRBD-1 or 100 nM
Fc-saRBD-1 for 300 seconds before transferring to monoclonal antibody diluted in kinetics buffer for 300
seconds (cov2rbdc2-mab10 was used at 20 nM, while srbdc4-mab10 and srbdc5-mab10 were used at
10 nM).Data analysis was performed using the ForteBio data analysis HT 10.0 software. Curves were refer-
ence subtracted using the isotype control and each cycle was aligned according to its baseline step. Kp's
were calculated using a 1:1 binding model, and the kinetic parameters (Kp, kon, korr) were averaged from
concentrations and replicates, excluding dilutions with an R, less than 0.9 or an Rmax more than double the
average of other concentrations.

Pseudovirus neutralization assay

The neutralization protocol was based on previously reported neutralization methods utilizing SARS-
CoV-2 S pseudotyped lentivirus (Crawford et al., 2020). 293T-ACE2 cells were seeded poly-lysine treated
96-well plates at a density of 10,000 cells per well. Cells were allowed to grow overnight at 37°C. LzGreen
SARS-COV-2 S pseudotyped lentiviruses were mixed with saRBD-1, or VHH52 control antibody. Immunized
alpaca serum was used as positive neutralization control, while virus alone was used as negative control.
Dilutions of antibodies ranged from 177 nM to 170 pm for saRBD-1 and 26.3nM and 25 pM for Fec-
saRBD-1, and 6.57 nM to 4 pM Bi-saRBD-1. Virus-antibody mixture was incubated at 37°C for 1 hour after
which polybrene was added up to 5 pg/ml and the mixture was added to 293T-ACE2 cells. Cells were incu-
bated with neutralized virus for 44 hours before imaging. Cells were fixed with 4% PFA for 1 hour at RT.
Fixed cells were washed with PBS 2x, then incubated with 10 pg/mL DAPI for 10 minutes at RT, imaged
with BZ-X700 all-in-one fluorescent microscope (Keyence). Estimated area of DAPI and GFP fluorescent
pixels were calculated with built in BZ-X software (Keyence).

Focus forming assay (FFA)

The FFAs was performed as previously described (Case et al., 2020). In brief, Vero E6 cells were plated at
20,000 cells/well or Caco-2 cells were plated at 24,000 cells/well in 96-well plates and incubated overnight.
Titrated SARS-CoV-2 stocks were diluted to 3,333 ffu/mL. To 20 pL of virus, 20 pL of antibody dilutions were
added: saRBD-1, VHH52, or Fc-saRBD-1 were used at 8 x4-fold serial dilutions ranging from 6.25 pg/mL to
381 pg/mL for saRBD-1, 1.25 ng/mL to 76.2 pg/mL for Fc-saRBD-1, and 420 pg/mL to 25.6 pg/mL All virus
and antibody dilutions were prepared in Opti-MEM media. 30 pL of neutralized virus was then added to the
confluent cells and incubated for 1 hour at 37°C. 150 uL of overlay media (Opti-MEM, 2% FBS, 2% Methyl-
cellulose) was then added to each well and incubated for 24 hours at 37°C. Plates were fixed using 4% PFA
for 1 hour at RT. Plates were then blocked for 30 minutes with permeabilization buffer (PBS, 0.1% BSA and
0.1% saponin). RBD immunized alpaca sera was used as a primary antibody at 1:5,000 dilution in permea-
bilization buffer, and anti-Llama-HRP secondary was used at 1:20,000 dilution in permeabilization buffer.
Plates were developed in 30 pL TrueBlue (SeraCare) substrate and imaged with an Immunospot analyzer
(CTL). Foci were counted with Viridot (Katzelnick et al., 2018) version 1.0 in R version 4.1.0.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For ELISA and neutralization data, ECsg and ICsq values were calculated using python software pipeline
based on input data. Curves were fit to each data set using the same pipeline.

For ELISA data, ECsg were calculated from ODgso nm signal relative to maximal signal for a given pattern.
Background was subtracted, then each was normalized to the maximum value for that antigen. The S2
domain data was analyzed differently, as it was comparable to background, background absorbance
was first subtracted before normalization to maximum value.

For pseudovirus neutralization experiments, total surface area and intensity of blue and green signal were
quantified using Keyence software. Three technical replicates were performed for each concentration in
each experiment. The two values closest to the average of the triplicates were used to calculate the average
of green signal (transduction), which was normalized to average blue signal (DAPI) for each concentration.
The normalized transduction data were fit to a logistic function to determine ECsp and ICsg values in python
version 3.8.10.

For live virus neutralization assays, focus counts generated with Viridot were manually checked for artifacts
and recounted manually when incorrect. Focus counts were normalized in a plate-wise manner to the
average of virus only well focus counts to obtain percent infection values, which were fit to a logistic
function to determine FRNTsq values in python version 3.8.10.
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