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Abstract: Neutralizing antibodies targeting the SARS-CoV-2 spike protein have shown a great
preventative/therapeutic potential. Here, we report a rapid and efficient strategy for the
development and design of SARS-CoV-2 neutralizing humanized nanobody constructs with sub-
nanomolar affinities and nanomolar potencies. CryoEM-based structural analysis of the
nanobodies in complex with spike revealed two distinct binding modes. The most potent
nanobody, RBD-1-2G(NCATS-BL8125), tolerates the N501Y RBD mutation and remains capable
of neutralizing the B.1.1.7 (Alpha) variant. Molecular dynamics simulations provide a structural
basis for understanding the neutralization process of nanobodies exclusively focused on the spike-
ACE?2 interface with and without the N501Y mutation on RBD. A primary human airway air-lung
interface (ALI) ex vivo model showed that RBD-1-2G-Fc antibody treatment was effective at
reducing viral burden following WAL and B.1.1.7 SARS-CoV-2 infections. Therefore, this
presented strategy will serve as a tool to mitigate the threat of emerging SARS-CoV-2 variants.

One-Sentence Summary: A cost-effective, high-throughput, adaptable pipeline capable of
identifying effective humanized nanobodies against SARS-CoV-2.
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INTRODUCTION

The severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) pandemic led to a worldwide
emergency imposing massive strains on medical systems and a staggering number of deaths (1, 2).
The scientific community responded with unprecedented celerity to develop effective vaccines
conferring protective immunity (3). Although vaccination reduces the occurrence of severe disease
and hospitalizations, there is potential for the emergence of escape variants and ongoing viral
transmission (4). Thus, there remains an ongoing need for cost-effective, high-throughput,
adaptable pipelines capable of identifying effective therapeutics against SARS-CoV-2 and other
emerging pandemic threats.

SARS-CoV-2 entry into host cells relies upon the envelope-anchored spike (S) glycoprotein. This
large trimeric class | protein densely decorates the viral surface, recognizes host angiotensin-
converting enzyme 2 (ACE2), and contains the fusion machinery needed for viral entry (5, 6).
During biogenesis, each S protomer in the mushroom shaped trimer is cleaved by cellular furin
into S1 and S2 subunits responsible for target recognition and fusion, respectively. Each N-
terminal S1 subunit contains a receptor binding domain (RBD) targeting the ACE2 on the host cell
(7). The RBD is connected to a hinge that enables its transition between an ‘up’ state capable of
binding to ACE2 and a ‘down’ state in which the interaction with the receptor is hindered by the
proximity of the adjacent RBD. Receptor binding in the ‘up’ position triggers a cascade of events
including the TMPRSS2-mediated cleavage of the stalk forming S2 protomers to reveal
hydrophobic fusion peptides (FP) at each N-terminus of a long axial three helix bundle. Insertion
of FPs into the membrane of the target cell is followed by a massive structural rearrangement
resulting in its apposition with the viral envelope that leads to their fusion (8). Mutations in this
targeting/fusion machine have been implicated in increased viral infectivity (9). As the driver of
viral tropism, the RBD of the surface-exposed S protein is the focus of intense interest for the
development of neutralizing antibodies and immunogens (10). Multiple variants of SARS-CoV-2
have arisen independently in which N501, one of several key contact residues within the RBD, has
been mutated to tyrosine (N501Y). This mutation increases binding affinity to human ACE2 (11).
These variants have multiple mutations in spike, which have been associated with increased
transmission rates and reduced antibody neutralization (11). Structural insights into how antibodies
bind to SARS-Cov-2 variants are still needed (12).

Anti-SARS-CoV-2 RBD neutralizing antibodies isolated from different platforms have been
reported (13). Nanobodies are a unique class of heavy chain-only antibodies present in Camelidae
and some shark species. Nanobodies (VHHSs) and shark variable new antigen receptors (VNARS)
are one order of magnitude smaller than their full-length 1gG counterparts. The advantages of using
nanobodies as anti-viral biologics are convenient bulk production at multi-kilogram scale in
prokaryotic systems, long shelf-life, and greater permeability in tissues (14, 15). Nanobodies could
be administered orally (e.g. V565 for gastrointestinal tract delivery) or through inhalation (e.g.
ALX-0171), which are routes of administration that would be relevant for the COVID-19
pandemic (16, 17). The limitation of low affinity from synthetic nanobody libraires could be
overcome by affinity maturation and/or constructing multi-valent/paratopic modalities (18).

Here, we report a rapid and efficient method of identifying neutralizing nanobodies directed
against the SARS-CoV-2 from building nanobody phage display libraries, to in vitro and ex vivo
high-throughput screenings. Synthetic humanized nanobody libraries were constructed by
combining a framework with randomized complementarity-determining regions (CDRs) to
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diversify antigen recognition. Ten enriched RBD binders, among which the most potent, RBD-1-
2G(NCATS-BL8125) and RBD-2-1F, exhibited an 1Cso of 490 and 470 nM against SARS-CoV-2
pseudotyped particles, respectively. Constructing bi- or tri-valent formats of the RBD-1-2G
domain resulted in improved affinity and neutralization potency against pseudotyped particles and
authentic SARS-CoV-2 virus. Furthermore, cryo-electron microscopy (cryo-EM) structures for
four nanobodies in complex with a stabilized SARS-CoV-2 S-protein ectodomain (19) revealed
two distinct binding modes. The epitope for ‘Group 1’ nanobodies overlaps the receptor binding
motif (RBM) at the distal end of the RBD. ‘Group 2’ binders targeted epitopes on the flat area
proximal to the N-terminal domain of the adjacent monomer. This binding site was found to not
overlap with the RBM and failed to inhibit ACE binding. Additionally, cryo-EM showed that three
copies of RBD-1-2G were capable of binding to the same spike trimer. The RBD-1-2G nanobody
was capable of neutralizing pseudotyped particles containing the N501Y mutation. A primary
human airway air-liquid interface tissue model demonstrated that RBD-1-2G-Fc treatment was
able to reduce viral burden in both WA1 and B.1.1.7 infections. Molecular dynamics simulation
provides insights for nanobodies binding epitope exclusively focused on the spike-ACE2 interface.
RBD-1-2G’s residues in the complementarity-determining region 3 (CDR3) contribute
substantially to the neutralization of the wild-type (WT) SARS-CoV-2 and the B.1.1.7 alpha
variant (N501Y). This approach could greatly apply to mitigate other infectious diseases.

RESULTS

Identification of SARS-CoV-2 neutralizing VHHs from synthetic, humanized nanobody
libraries

To develop a platform for rapid nanobody discovery, we first designed a number of synthetic
phage-displayed nanobody libraries, starting from a backbone derived from the first approved
nanobody drug, caplacizumab (Fig. 1A). The caplacizumab framework region was combined with
synthetized complementarity-determining loops (CDRs) to diversify the highly variable antigen-
binding interface of the nanobody (20). This resulted in libraries each with diversity of >10%
transformants. Phage panning was performed for one round against S1 domain of SARS-CoV-2
spike, with two additional panning rounds against RBD of SARS-CoV-2 (Fig. 1B). A total of 13
nanobodies were identified during the panning process, with 10 of these showing sequence
enrichment (Supplemental Table 1). Nanobodies were produced in Vibrio natriegens and purified
using Ni-NTA affinity chromatography followed by size exclusion chromatography (Fig. S1A-B).
Nanobody size and MW were confirmed by SDS-PAGE and high-resolution MS (Fig. S1C-D).
bio-layer interferometry (BLI) analysis was used to visualize real time association and dissociation
of RBD-mFc and S1-hFc to the various nanobodies. Profiles for RBD-1-1E, RBD-2-1F and RBD-
1-2G can be found in Figure 1C. Global fit modeling revealed binding affinities of 0.9 nM (RBD-
1-1E), 4.9 nM (RBD-2-1F) and 9.4 nM (RBD-1-2G) towards RBD-mFc (Fig. 1D, Fig. S2). When
S1-hFc was used as the analyte, RBD-1-2G showed an affinity of 6.9 nM, a 26.6% improvement
(6.9 nM vs 9.4 nM) over the RBD-mFc analyte. Reduced binding affinity was observed for both
RBD-2-1F (24.6 nM vs 4.9 nM) and RBD-1-1E (3.8 nM to 0.9 nM) when switching to the S1
format (Fig. 1D, Fig. S3). The observed differences on affinity are probably due to the binding
epitope on RBD being less accessible in the context of dimerized S1-hFc. To evaluate whether
these nanobodies inhibit RBD-ACE2 complex formation, an AlphaLISA was developed (21).
ACE2-Avi and RBD-Fc association was determined in the presence of increasing concentration of
nanobodies to evaluate their receptor-blocking capabilities (Fig. 1E). Despite RBD-1-2G having
the second highest affinity for S1-hFc, it yielded a lower ICso than RBD-1-1E (28.3 nM vs. 126
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nM) (Fig. 1E). These results support RBD-1-2G as a potential candidate for therapeutic
development.

Multimerization of RBD-1-2G to improve neutralization of SARS-CoV-2 virus.

To further evaluate RBD-1-2G and to increase SARS-CoV-2 neutralization performance, we
constructed bivalent and trivalent modalities. The bivalent format, RBD-1-2G-Fc, had an
improved binding affinity of 1.9 nM compared to the monovalent format with 14.3 nM (Fig. 2A,
Fig. 2B). The trivalent format (RBD-1-2G-Tri) was constructed through the linking of three
monovalent formats with (GGGGS)s flexible linkers. This further improved the apparent affinity
to 0.1 nM for RBD binding (Fig. 2C).

To test if this improved affinity would translate to improved therapeutic potential, we first
performed an endocytosis assay using SARS-CoV-2 RBD quantum dots (QDesos-RBD) (Fig. S4,
Fig. S5) (22). RBD-1-2G showed the highest potency with an ICso of 390 nM (Fig. 2D).
Conversion of RBD-1-2G to the Fc format reduced the I1Cso to 14 nM (Fig. 2E). A similar trend
was observed for RBD-1-1E-Fc (3728 nM to 32 nM), but not for RBD-2-1F-Fc (947 nM to 3883
nM) (Fig. 2D, Fig. 2E). Despite RBD-2-1F having a better affinity than RBD-1-2G as nanobodies
(4.9 nM vs 9.4 nM, Fig. 1D), RBD-1-2G-Fc showed higher affinity than RBD-2-1F-Fc (Fig. S6).
The binding of RBD-2-1F to RBD may be inhibited by the presence of a Fc domain.

In vitro neutralization assays using SARS-CoV-2 S-protein pseudotyped murine leukemia virus
(MLYV) vector particles were employed to further characterize the antiviral activity (23). RBD-1-
2G was found to neutralize SARS-CoV-2 pseudotyped viruses with an 1Cso of 490 nM (Fig. 2F).
Significant improvements were seen with the Fc and trimer modalities showing inhibition at 88
nM (RBD-1-2G-Fc) and 4.1 nM (RBD-1-2G-Tri) (Fig. 2G, Fig. S7). Consistent with the QD
internalization assay, RBD-2-1F-Fc showed improvement over RBD-2-1F but failed to neutralize
better than the RBD-1-2G modalities (Fig. 2F). The other nanobodies and Fc modalities tested
showed much less potency (Fig. S7). A SARS-CoV-2 live virus screen was performed to assess
the neutralizing effect of nanobodies. RBD-1-2G-Tri produced an 1Cso of 182 nM, followed
closely by RBD-1-2G-Fc with an 1Cso of 255 nM (Fig. 2H). The trimer and Fc modalities of RBD-
1-2G were found to be more potent than RBD-1-2G (ICs0=1211 nM) and the RBD-2-1F-Fc
(IC50=3574 nM). These data support RBD-1-2G and its multimeric modalities for further
development as SARS-CoV-2 therapeutics.

RBD-1-2G displays low off-target binding

A human membrane proteome array (MPA, approx. 6,000 human membrane proteins + SARS-
CoV-2 spike protein) was used to screen and evaluate potential poly-reactivity and non-specificity
of RBD-1-2G. The MPA screen confirmed high-specificity binding of RBD-1-2G to SARS-CoV-
2 spike with minimal binding to extraneous human membrane proteins (Fig. S8A). Binding to
mitochondrial elongation factor 1 (MIEF1), an intracellularly expressed protein, was detected in
an initial screen. Validation of this target revealed that RBD-1-2G bound MIEF1-transfected cells
in a similar fashion to vector-transfected cells (Fig. S8B). Additionally, since MIEF1 is a
mitochondrial protein, it will be unlikely to interfere with a blood infusion or nebulized
administration of RBD-1-2G. These assays suggest a minimal potential off-target effects of RBD-
1-2G if selected for further development.
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Additionally, we lyophilized RBD-1-2G nanobody and tested the reconstituted nanobody in a
similar live virus study. The lyophilization process had little effect on overall activity in the live
virus screen, with 1Cso measuring 5.9 uM for the lyophilized and 14.8 uM in untreated samples
(Fig. S9). The ability of RBD-1-2G to retain activity after lyophilization is a positive feature that
can be useful in the manufacturing and formation of nanobody-based therapeutics.

Cryo-EM revealed two distinct modes of binding for neutralizing nanobodies

To uncover the region bound by nanobodies, we used single particle cryo-EM to obtain electron
scattering density maps of a soluble form of S-protein ectodomain in complex with 4 nanobodies
(Fig. 3). Maps of the complexes with RBD-1-2G, RBD-2-1F, RBD-1-1G and RBD-1-3H featured
extra density in the RBD region (Fig. 3A). Two additional nanobodies (RBD-2-3A and RBD-2-
1B) were tested, but the observed electron densities were found to be similar to unliganded spike
(Data Not Shown). Low affinity was also observed when these nanobodies bound S1-hFc by bio-
layer interferometry (Fig. 1D), suggesting their epitopes are not accessible in the context of the
trimeric spike.

The accessible epitopes can be classified into two groups. ‘Group 1’ comprises the binding area
for RBD-1-2G and RBD-2-1F located at the distal end of the ‘up’ RBD in an area that overlaps
with the RBM. Nanobodies RBD-1-1G and RBD-1-3H bind to epitopes in ‘Group 2’, exposed on
the external face of the erect RBD in an area not overlapping the RBM (Fig. 3A). The atomic
model fitting of the spike (PDBID: 6zp0) suggest that the ‘Group 1’ binders overlap with the ACE2
binding site, while ‘Group 2’ binders do not prevent ACE2 binding (Fig. S10). In the down
conformation, epitopes of ‘Group 2’ on the RBD are sterically occluded by the NTD of the
neighboring monomer, thus nanobodies of this group were only detected when bound to the RBD
in the ‘up’ conformation. In contrast, densities corresponding to RBD-1-2G can be detected in the
‘up’ and ‘partial down’ conformations of the RBD. This unique intermediate between the ‘up’ and
‘down’ states allows for the accommodation of three molecules of RBD-1-2G without steric
hindrance (Fig. 3B), likely explaining the high activity for RBD-1-2G. In order to improve
resolution of the binding area, independent refinement of “RBD down” spike monomers (shown
in maroon in Fig. 3C) was carried out using symmetry expansion and signal subtraction with the
spike monomer. The obtained map was used the atomic model fitting.

RBD-1-2G binds to WT and B.1.1.7 variant (Alpha) at various physiological pHs

Recently, different strains of SARS-CoV-2 with N501Y mutation have been identified which have
been associated with increased transmissibility and a reduction in neutralizing antibody activity
(11, 24). We exposed biosensor-immobilized RBD-1-2G-Fc to both wildtype and B.1.1.7 mutant
(N501Y) S1-His and evaluated the BLI signal. The maximum binding response to WT or B.1.1.7
S1-His during the association phase was graphed over a range of pH conditions (7.4 — 4.0) (Fig.
4A). Similar binding profiles were observed for WT and B.1.1.7, but a stronger signal was
observed with B.1.1.7. Strongest bindings were observed between pH 5.0 and 6.0. Binding was
detectable down to a pH of 4.5. A similar pattern was observed when RBD-His was used instead
of S1-His, although there appeared to be stronger binding to the WT (Fig. 4B). The strongest
binding was observed at pH 6.0 with a gradual reduction as pH was lower to 4.0. These data would
suggest that the RBD-1-2G may stay bound to SARS-CoV-2 WT and B.1.1.7 variant (Alpha) after
internalization while in the endosome (pH = 6.5 — 4.5).

5


https://doi.org/10.1101/2021.10.22.465476

10

15

20

25

30

35

40

45

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.22.465476; this version posted October 24, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

To better judge how the RBD-1-2G formats would perform as therapeutic agents, we performed a
pseudotyped particle assay to compare their neutralization ability against the wild type and B.1.1.7
spike proteins. RBD-1-2G-Tri was found to inhibit the B.1.1.7 pseudotyped particles better than
the wildtype particles (0.3 nM vs 4.5 nM) (Fig. 4C, Fig. 4D). RBD-1-2G-Fc (17.5 nM vs 10.2
nM) and RBD-1-2G (746.5 nM vs 511.6 nM) showed similar 1Cso against the B.1.1.7 variant (Fig.
4C, Fig. 4D). Additionally, RBD-2-1F-Fc was able to inhibit the WT pseudotyped particles but
failed to inhibit the B.1.1.7 (Alpha) mutant version (Fig. 4C, Fig. 4D). To better replicate the
complex tissues of the mammalian respiratory tract, we designed a 3D tissue model utilizing
reconstructed normal human airway (tracheobronchial) air-liquid interface (ALI) tissues. We
infected the human airway AL tissues with 5,000 plaque forming units (PFU) for an approximate
multiplicity of infection (MOI) of 0.005 of either WAL or B.1.1.7 SARS-CoV-2 virus per well, in
the presence or absence of the RBD-1-2G nanobody, Fc and trimer constructs. The monovalent
nanobody was used at 10,000 nM, with the multivalent Fc and trimer being administered at 1,000
nM. After 72 hours of infection the total RNA was collected, and viral mRNA levels of SARS-N
was determined by qRT-PCR. Comparison of the delta Ct values (dCt) revealed a significant
reduction in viral mMRNA present in the wells. On average the dCt of the WAL infected cells was
around 4 cycles in the virus only treatment group. This was increased to 20.4 (Nanobody), 22.8
(Fc) and 17.2 (Trimer) cycles following treatment (Figure 4E). A similar trend was observed with
the B.1.1.7 infected cells, but the cells were found to have higher burdens of viral mMRNA. The
averaged dCT for the no treatment group was found to be 2.2 cycles, indicating that these cells had
roughly 3.5 times the viral mMRNA than the WAL infected wells, indicating a higher infection in
B.1.1.7 SARS-CoV-2 infected airway ALI tissues in comparison to WA1 SARS-CoV-2 infected
tissues. Treatment of the B.1.1.7 infected cells increased the dCT to 5.7 (Nanobody), 7.0 (Fc) and
2.9 (Trimer) (Figure 4F). The RBD-1-2G-Fc showed better activity than the trimer in the ALI
tissue model, indicating that the Fc format might be the most favorable for clinical transition.

Atomic modeling of interactions between RBD-1-2G and RBM

To elucidate the residues that participate in the binding of RBD-1-2G with the RBD regions of
WT and B.1.1.7 (Alpha) variant, molecular docking of the RBD-Nanobody(Nb) complex was
employed before fitting it to the spike (Fig. S11). The best binding mode was selected by
superimposing the docking results with the cryo-EM maps. Next, triplicates of the RBD-1-2G-WT
RBD and RBD-1-2G-B.1.1.7 RBD complexes were subjected to over 1 us molecular dynamic
(MD) simulations in solution.

The root mean square deviations (RMSDs) of the complexes in all simulations were low,
confirming that the systems were stable (Fig. S12). The consistent pattern of the curve, showing
mainly a single jump, indicating at least two possible distributions in both systems (Fig. S12, SET2
and SET3). The highly similar patterns of interactions contribute to a very similar binding mode
of RBD-1-2G to both the WT and B.1.1.7 (Alpha) variant. The MD results showed that RBD-1-
2G binds in a similar angle to both the WT and B.1.1.7 (Alpha) variant (Figure 5A and 5B). When
comparing the position fluctuations per residue in each complex, similar patterns in root mean
square fluctuations (RMSFs) (Fig. S13) emerged in both systems, with larger variations shown in
two distinct regions bracketing the RBD residues 355 — 375 and 470 — 490 (Fig. 5A, 5B, S13A,
S13B).
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CDR1 and CDR3, as well as a few residues in the constant region (R76, N73, and W111), were
mainly responsible for the stabilization of the complex based on the individual energies from the
MD simulation (Fig. 5C). A few residues in the N-terminal constant region (E1, V2, Q3) and
CDR2 (A52 and S53), interact with the RBD in both WT and mutant forms (Fig. 5C). The
MM/GBSA method was used to estimate the binding free energy (AG binding) for nanobody—
RBD complex systems. One thousand configurations were selected at 20 — 30 ns time intervals
throughout the MD simulation trajectories to compute the MM/GBSA total free energy difference.
As shown in Fig. 5C, the average calculated binding energies of RBD-1-2G in complex with WT
RBD is -36.1 kcal/mol, while the B.1.1.7 RBD is —38.9 kcal/mol. A slight increase in the number
of pairs of hydrogen bonds or salt bridges was observed in the complex with the mutant RBD
compared with the WT complex (Fig. S14). Thus, RBD-1-2G can form stable complexes with both
the WT and B.1.1.7 variant, with the variant being slightly favored. The predicted interaction
energy provided by each residue showed that the salt bridge between E484 and R76 had the most
significant contribution to the free energy of binding in both simulations (Fig. 5C, S15). F27 shows
increased interaction with E484 in the B.1.1.7 variant, while S29 and R76 showed decreased
interactions (Fig. 5D, S15). The observation of similar binding modes and the activity of these
nanobodies against the WT and B.1.1.7 variant is conferred collectively by the above results.
However, the conformation adopted for RBD-1-2G in the WT complex shows the salt bridge
between E484 and R76 is further stabilized by the interaction of E484 with S25, S28, S29, and
G26 in some instances (Fig. 5D, S13, Table S3). These stabilizing interactions were also observed
with the B.1.1.7 variant in addition to N73 that was also found to play a role. Interestingly, the
N501 residue found in the WT SARS-CoV-2 strain was found to interact with Y99 in the CDR3
region of RBD-1-2G (Fig. 5E). However, when the spike contains the N501Y mutation, the
primary interaction residues switch to W111 and G112 to interact with the new tyrosine residue
(Fig. 5F). This flexibility in the CDR3 region is characteristic of nanobody binding. This flexibility
and ability to compensate for spike protein mutations makes the RBD-1-2G nanobody and the
multivalent constructs good choices for therapeutic development.

DISCUSSIONS

In this study, we report the isolation and characterization of SARS-CoV-2 neutralizing single-
domain antibodies from a pool of humanized phage libraries. These nanobodies bind the SARS-
CoV-2 spike RBD with single-digit nM to puM affinity, and are capable of neutralizing S-protein
pseudotyped and authentic viruses in mammalian cell models of SARS-CoV-2 infection.

RBD-1-2G showed the best overall potency and improved viral neutralization when incorporated
into bivalent and trivalent modalities. RBD-1-2G binds an epitope on the top of the RBD that
overlapped with binding site for ACE2 (Fig. S10). The potency observed for RBD-1-2G was not
only attributed to its high affinity, but also due to the ability of this nanobody to bind the RBD in
a wide range of conformations from the “up” to the “down” states (Fig. 3B). Recent cryo-EM
studies revealed two prevalent states of S trimer: three RBD domains in “down” conformation
which may indicate a conformational immune escape mechanism of action (6), or only one RBD
in the “up” conformation corresponding to the ACE2-accessible state (6, 25). Some nanobodies
(Group 2) could not be imaged in multiple RBD conformations, which would suggest that
conformation switching to a protected, three RBD down conformation may sterically restrict
binding. The ability of RBD-1-2G to bind in both the “up” and “half down” states allow three
nanobodies to bind to a single spike trimer regardless of the RBD conformation state.
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The molecular dynamics results provided a deep understanding of how RBD-1-2G interacts with
the RBM. This molecule displayed at least two different binding modes, according to the RMSD
analysis, which can be related with the low resolution observed in the Cryo-EM map specifically
in the RBD and Nb region (Fig. S12). This Nb showed a very similar binding mode to the WT and
B.1.1.7 variant, which was also observed in the Cryo-EM maps (Fig. 3B and S16). One of the
reasons for the higher affinity of RBD-1-2G to B.1.1.7 RBD could be related to the presence of
the tyrosine in position 501, since it is a longer residue than the asparagine residue found in the
WT RBD. The tyrosine also displays higher rotational degree of freedom than the asparagine
where the sidechain may be slightly dipolar in nature. Even having a flexible side chain, a dipolar
asparagine sidechain may not show the same adaptability of the possible hydrogen bonds
donors/acceptors as tyrosine. The mutant might favor the formation not just of the hydrogen bond
with the GIn109 (as seen in WT) but also with the neighboring residues Gly112 and Trp111, thus
slightly increasing the affinity. Overall, the high activity profile and the possibility of binding in
different conformations to the RBD, supports the versatility of RBD-1-2G as a good prototype to
design new candidates that are capable to adapt to different SARS CoV-2 variants.

The continued spread of SARS-CoV-2 infections around the world, primarily in dense population
settings, has resulted in the emergence of new mutant lineages. For this study we used the
B.1.1.7/Alpha (N501Y), which enhanced the RBD binding to ACE2 receptor, to determine the
effect of the mutation on our nanobody. This variant (in early June 2020) was the dominant strain
in the United States (>70% of all sequenced strains). The N501Y mutation has been found in newer
variants including the current most dominant strains (11). RBD-1-2G was shown to bind both to
the N501Y mutant and the WT RBD and that the hydrogen bond interaction with residue 501 is
conserved. Nanobody have been shown to be able to recognize epitopes often inaccessible to
conventional antibodies which could offer some advantages to target variants (26). It has been
more challenging to screen antibodies which can bind to RBM but tolerate a mutation. In this work,
we demonstrated the mechanism by which a nanobody targeting RBM could accommodate the
N501Y mutant. This could pave the road to target other current and future variants. The ability to
rapidly screen artificial humanized nanobody libraries to identify compatible binders helps to
counter the immunogenic defenses developed by viral pathogens. The method described in this
study could also be expanded to infectious diseases other than COVID-19 and serve as a technical
reserve for rapid neutralizing nanobodies discovery during future pandemics.
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Figure 1: Discovery of anti-SARS-CoV-2 Spike RBD nanobodies that block interactions with
ACE2. (A) Construction of a synthetic humanized Ilama nanobody library. (B) Selection strategy
for identification of anti-RBD nanobodies using phage panning. (C) Bio-layer interferometry
binding profiles of RBD-1-1E, RBD-2-1F and RBD-1-2G against RBD-mFc (200 nM to 12.5 nM,
1:2 dilution). (D) Association (kon) and dissociation (koff) rate constants and equilibrium
dissociation constant (Kp) of nanobodies binding to RBD-mFc and S1-hFc. Global fit calculations
for RBD-1-1E, RBD-2-1F, and RBD-1-2G used (200 nM to 12.5 nM), with all others using 200
nM to 50 nM. (E) Nanobodies inhibition of RBD-Fc binding to ACE2-Avi using AlphaLISA.
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Figure 2: Multivalency improves affinity and inhibition of SARS-CoV-2 infection in vitro.
(A-C) Bio-layer interferometry binding profiles for the (A) RBD-1-2G Nb, (B) RBD-1-2G-Fc and
(C) RBD-1-2G-Trimer against RBD-His (100 nM to 6.25 nM, 1:2 dilution). (D-E) QD endocytosis
assay using QDeos-RBD and ACE2-GFP HEK?293T cells to visualize receptor binding. Nanobody
efficacy in reducing RBD internalization by (D) Nanobody and (E) Fc constructs. N = duplicate
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wells, approximately 2500 cells and 1600 cells, respectively. (F-G) SARS-CoV-2 pseudotyped
particle entry assay using HEK293-ACE?2 cells as target. Inhibition of pseudotyped particle entry
was tested for Nanobody(F) and Fc(G) constructs Representative data from two independent
experiments. Data represents mean inhibition per concentration (n=3), all error bars represent

5 SEM. Inhibition of SARS-CoV-2 live virus infection with the RBD-1-2G and RBD-2-1F in
various formats. Representative biological replicate with n = 2. Technical replicates are n = 2 per
concentration, all error bars represent S.D.
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Figure 3: Cryo-EM of SARS-CoV-2 spike trimer and RBD binding nanobodies (A) Cryo-EM
analysis of nanobodies complexed with the RBD (up state) revealed two distinct binding modes.
(B) Top and side views of the cryo-EM map of S-protein in complex with 3 molecules of RBD-1-
2G (cyan). (C) Side view of the S-protein highlighting the spike monomer region refined during
15 image processing is shown. The density containing the RBD in the laid state was used for the
atomic model fitting refinement.
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Figure 4: Binding and neutralization of RBD-1-2G to the WT and B.1.1.7 variant (N501Y).
(A) Maximum response values reached during the association phase by RBD-1-2G-Fc binding
wildtype (WT) and B.1.1.7 (Alpha) variant S1-His. Differences in pH were achieved using PBS
(pH 7.4) or 10 mM Acetate buffers with 150 mM NaCl (pH 4 — pH 6.0), all buffers contained 0.1%
BSA and 0.02% Tween. (B) Maximum response values reached during the association phase by
RBD-1-2G-Fc binding WT and UK variant RBD-His proteins. (C-D) SARS-CoV-2 pseudotyped
particle entry assay using HEK293-ACE2 cells as target. Inhibition of WT(C), B.1.1.7 (D)
pseudotyped particle treated with various RBD-1-2G and RBD-2-1F formats. Representative
biological replicate with n = 2. Technical replicates are n = 3 per concentration, all error bars
represent S.D. (E-F) Primary human airway air liquid interface (ALI) model of SARS-CoV-2
infection. Treatment was added at 10,000 nM for nanobody treatment and 1,000 nM for Fc and
trimer modalities. Levels of SARS-CoV-2 N mRNA following infection with WAL (E) or B.1.1.7
(F) SARS-CoV-2 viral infection was determined by gRT-PCR and normalized to 18S mRNA
levels. Bars represent that average dCt from biological triplicates, errors bars represent S.D. Fold
reduction in mMRNA levels are compared to the no nanobody infection control. One-way ANOVA
was used to compared treatment groups with the no nanobody control. Significant p values are
represented as follows: **p < 0.01, ****p < 0.0001, n.s. p > 0.05.
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Figure 5: Molecular dynamics of RBD-1-2G with Wild type and B.1.1.7 RBD variant.
(A-B) Sausage plot representation of RBD-1-2G in complex with (A)WT RBD and (B) B.1.1.7
RBD. The most flexible regions are indicated in red. (C) Free Energy of binding contribution of
each Nb residue in complex with the RBD WT and B.1.17 variant. (D) Heatmap comparing RBD-
1-2G’s free energy of binding contributions against the B.1.1.7 and WT RBD. RBD residues that
contributed greater than -5 kcal/mol are highlighted with cyan. (E-F) Atomic model obtained after
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the atomic model fitting and MD simulations of RBD-1-2G in complex with (E) WT RBD and (F)
B.1.1.7 RBD.
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