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Engineered Multivalent Nanobodies Potently and Broadly

Neutralize SARS-CoV-2 Variants

Jennifer M. Zupancic, John S. Schardt, Alec A. Desai, Emily K. Makowski,
Matthew D. Smith, Ghasidit Pornnoppadol, Mayara Garcia de Mattos Barbosa,
Marilia Cascalho, Thomas M. Lanigan, and Peter M. Tessier*

The COVID-19 pandemic continues to be a severe threat to human health,
especially due to current and emerging SARS-CoV-2 variants with potential to
escape humoral immunity developed after vaccination or infection. The
development of broadly neutralizing antibodies that engage evolutionarily
conserved epitopes on coronavirus spike proteins represents a promising
strategy to improve therapy and prophylaxis against SARS-CoV-2 and variants
thereof. Herein, a facile multivalent engineering approach is employed to
achieve large synergistic improvements in the neutralizing activity of a
SARS-CoV-2 cross-reactive nanobody (VHH-72) initially generated against
SARS-CoV. This synergy is epitope specific and is not observed for a second
high-affinity nanobody against a non-conserved epitope in the
receptor-binding domain. Importantly, a hexavalent VHH-72 nanobody retains
binding to spike proteins from multiple highly transmissible SARS-CoV-2
variants (B.1.1.7 and B.1.351) and potently neutralizes them. Multivalent
VHH-72 nanobodies also display drug-like biophysical properties, including
high stability, high solubility, and low levels of non-specific binding. The
unique neutralizing and biophysical properties of VHH-72 multivalent
nanobodies make them attractive as therapeutics against SARS-CoV-2

SARS-CoV-2 vaccines and biologics are vital
toward limiting mortality and reducing vi-
ral transmission, current clinically-available
options may be insufficient against emer-
gent SARS-CoV-2 variants. These variants
of concern, including B.1.1.7 (UK), B.1.351
(South African), and P.1 (Brazilian), have
been verified in 114 countries includ-
ing the US, and continue to propagate
globally.2l Moreover, SARS-CoV-2 variants
have been linked to evasion of numer-
ous vaccines and targeted therapeutics.[>-%!
For example, SARS-CoV-2 variants in the
US have shown resistance to the mono-
clonal antibody Bamlanivimab (Eli Lilly),
which was previously approved for emer-
gency use authorization.[*] Overall, existing
highly transmissible SARS-CoV-2 variants
and the expected emergence of new ones
represent an urgent global health threat for
which improved prophylactics and thera-
peutics are sorely needed.

variants.

1. Introduction

The COVID-19 pandemic has claimed millions of lives globally
and ravaged human health for more than a year to date.l!! While

One promising therapeutic strategy

toward addressing the rapidly evolving

COVID-19 pandemic is the develop-

ment of broadly neutralizing antibodies

that engage evolutionarily conserved epitopes on coronavirus
spike proteins and retain high affinity and neutralizing activity
against SARS-CoV-2 variants. Encouragingly, antibodies elicited
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from exposure to other coronavirus antigens (e.g., SARS-CoV)
have been identified that are cross-reactive against SARS-CoV-
2.1 However, such antibodies generally possess impaired
affinity and neutralizing activity against SARS-CoV-2, requiring
further optimization before these biomolecules can be consid-
ered for therapeutic applications. As a potential solution, mul-
tivalency has been employed to enhance the apparent binding
affinity and potency of molecular therapeutics for applications
against SARS-CoV-2[1""13] and other viruses,['*!°] and is attrac-
tive for the optimization of antibodies without requiring in vitro
affinity maturation.

Nanobodies, single-domain fragments of camelid heavy-chain
antibodies, have been developed to target a wide variety of
viruses, #1619 frequently with the goal of using them as ther-
apeutic agents. Reformatting nanobodies into multivalent con-
structs has been proposed to have a number of advantages
for such antiviral purposes, including the potential to prevent
conformational changes required for the virus to infect host
cells.[1>2021] Recently, there has been a rapid development of
many nanobodies targeting SARS-CoV-2,[8121322-25] an{ several
have also been tested in multivalent constructs.'21326] However,
many previously reported multivalent nanobodies have not been
examined for their neutralization activities against SARS-CoV-
2 variants,[#121322-5] and it is unclear whether they are broadly
neutralizing or whether their epitopes are conserved between
coronaviruses. Moreover, most previous studies of the impact
of multivalency on SARS-CoV-2 nanobody affinity and neutral-
ization activity have focused on low valencies (e.g., bivalent and
trivalent).l®1213] Tt is likely that higher valencies (e.g., tetravalent
and hexavalent) will lead to significant improvements in neutral-
ization activity for nanobodies with modest intrinsic affinity for
neutralizing epitopes.

In this work, we evaluated a facile multivalent engineering
approach toward enhancing the neutralizing activity of a cross-
reactive nanobody (VHH-72) previously generated against SARS-
CoV (Figure 1).18] We posited that if the modest affinity of VHH-
72 could be significantly improved, this cross-reactive nanobody
may be particularly valuable for neutralizing SARS-CoV-2 and its
emergent variants. Here we report the engineering and character-
ization of multivalent nanobodies (as Fc fusion proteins) that dis-
play potent and broadly neutralizing activity for wild-type SARS-
CoV-2 and the UK (B.1.1.7) and South African (B.1.351) variants,
and we show how this performance is superior to that for mul-
tivalent nanobodies targeted against non-conserved epitopes in
the receptor-binding domain (RBD).

2. Results

2.1. Multivalent Reformatting Leads to Large Increases in
VHH-72 Neutralization Activity

To evaluate the potential of multivalency to increase the neutral-
ization potency of VHH-72, we first cloned bivalent, tetravalent
and hexavalent constructs as Fc fusion proteins. We also prepared
these same constructs for a second higher-affinity nanobody
(KC3.ep3) that recognizes a different epitope than VHH-72 in the
SARS-CoV-2 RBD for comparison.[?’] The tetravalent and hex-
avalent constructs were prepared by connecting the nanobody
domains with 15-residue linkers [(G,S);]. We found that all the
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Figure 1. Overview of proposed approach for engineering potent, broadly
neutralizing multivalent nanobodies. A nanobody (VHH-72) targeting an
epitope that is conserved between SARS-CoV and SARS-CoV-2 was engi-
neered to increase its neutralization activity toward the SARS-CoV-2 virus.
The valency of VHH-72 was systematically increased by incorporating it
into bivalent, tetravalent, and hexavalent Fc-fusion constructs, and their
ability to neutralize highly transmissible SARS-CoV-2 variants was ana-
lyzed.
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Figure 2. SDS-PAGE analysis of the multivalent nanobody-Fc fusion pro-
teins evaluated in this work. Bivalent (Bi), tetravalent (Tetra), and hexava-
lent (Hexa) nanobodies (produced as Fc fusion proteins) for two nanobod-
ies (VHH-72 and KC3.ep3) were evaluated via SDS-PAGE for protein sam-
ples either without reduction and heating (=) or with reduction and heat-

ing (+).

Nanobody

constructs could be readily expressed in HEK293-6E cells via
transient transfection with purification yields of 32-55 mg L™!
for the VHH-72 constructs and 4-42 mg L' for the KC3.ep3
constructs. SDS-PAGE analysis revealed that the bivalent (~86—
87 kDa), tetravalent (~113-116 kDa), and hexavalent (~140-
145 kDa) nanobodies demonstrated high purities and expected
sizes (Figure 2).

We next evaluated the impact of valency on the ability of
the VHH-72 multivalent constructs to neutralize the wild-type

© 2021 Wiley-VCH GmbH
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Figure 3. Multivalency increases the broadly neutralizing activity of VHH-
72 in a synergistic manner. Neutralization of wild-type SARS-CoV-2 pseu-
dovirus by multivalent A) VHH-72 and B) KC3.ep3 nanobodies (as Fc fu-
sion proteins) relative to a control mAb (S309). Nanobody concentrations
(x-axis) are reported on the basis of the number of nanobody domains, not
the multivalent antibody concentration. C) The neutralization activity of
hexavalent VHH-72 and KC3.ep3 against B.1.1.7 (UK) and B.1.351 (South
African) SARS-CoV-2 pseudovirus variants relative a control mAb (S309).
In (A) and (B), the data are averages of two or three independent repeats,
and the error bars are standard deviations. In (C), the data are averages of
four independent repeats, and the error bars are standard deviations.

SARS-CoV-2 pseudovirus (Figure 3A). To identify potential syner-
gistic impacts of valency on neutralization activity, we evaluated
the neutralization activity as a function of the concentration of the
nanobody binding domains instead of the multivalent antibody
concentration. For example, this results in 1 nm hexavalent anti-
body being reported at 6 nm based on the concentration of bind-
ing domains. As expected, the bivalent VHH-72 fusion protein
displays modest neutralization activity (ICs, of 3.3+1.8 nwm; Fig-
ure 3A), which is >170-fold weaker than observed for the biva-
lent version of the higher-affinity nanobody (KC3.ep3, ICy, of
0.019 + 0.003 nm; Figure 3B). However, increasing the valency
of VHH-72 results in large synergistic increases in neutraliza-
tion potency, as the tetravalent nanobody construct displays an
order-of-magnitude improvement (ICs, of 0.34 + 0.072 nm) and
the hexavalent nanobody construct is improved by two orders of
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Figure 4. VHH-72 broadly recognizes the S1 proteins from highly trans-
missible SARS-CoV-2 variants. The monovalent affinities of VHH-72 and
KC3.ep3 were evaluated against the wild-type, B.1.1.7 (UK) and B.1.351
(South African, SA) SARS-CoV-2 S1 proteins for nanobodies displayed on
the surface of yeast. The data are averages of two independent repeats,
and the error bars are standard deviations.

magnitude (ICs, of 0.035 + 0.003 nm; Figure 3A). We observed
that the neutralization activity of VHH-72 could be improved be-
yond that of a previously reported neutralizing antibody,?®! $309
(IC5 of 1.9 + 0.9 nm). Interestingly, the higher affinity nanobody
(KC3.ep3) did not display synergistic improvements in neutral-
ization activity (Figure 3B).

Given the increasing prevalence of SARS-CoV-2 variants con-
taining one or more RBD mutations, we next tested the ability
of the hexavalent nanobodies to neutralize pseudoviruses of the
B.1.1.7 (UK) and B.1.351 (South African) variants (Figure 3C).
Given that VHH-72 binds to an evolutionarily conserved epitope
in the RBD of SARS-CoV-2 distinct from the epitope recognized
by KC3.ep3, we suspected VHH-72 may be more broadly neu-
tralizing than KC3.ep3. Indeed, we find hexavalent VHH-72 po-
tently neutralizes the SARS-CoV-2 pseudoviruses of the B.1.1.7
and B.1.351 variants in addition to wild-type (Figure 3C). Hex-
avalent VHH-72 potently neutralized both the B.1.1.7 (ICy, of
0.31 + 0.044 nm) and B.1.351 (IC,, of 0.072 + 0.0075 nm) pseu-
doviruses. In contrast, hexavalent KC3.ep3 retains similar neu-
tralization activity toward the B.1.1.7 pseudovirus (ICs, of 0.010
+ 0.0020 nm) as the wild-type, but it is unable to neutralize the
B.1.351 pseudovirus. For comparison, the neutralization activ-
ity of the S309 (control) toward the pseudovirus variants was
also examined. S309 neutralized both the B.1.1.7 (ICg, of 0.99
+0.17 nm) and the B.1.351 (IC;, of 1.0 + 0.16 nm) pseudoviruses
similarly.

2.2. VHH-72 Recognizes the RBD in a Manner Distinct from
Other Common SARS-CoV and SARS-CoV-2 Antibodies

To examine the unique neutralizing properties of multivalent
versions of VHH-72 and KC3.ep3, we next characterized their
binding affinities and epitopes. First, we examined the monova-
lent affinity of each nanobody for the S1 protein from wild-type
SARS-CoV-2 and two variants [UK (B.1.1.7) and South African
(B.1.351); Figure 4]. VHH-72 displayed similar binding affinity
for wild-type, UK, and South African S1 proteins (K, of 29—
60 nwm), although its affinity for the South African variant was
reduced twofold. However, KC3.ep3 maintained high affinity for
wild-type and UK S1 proteins (K, of 3—4 nm) but lost binding
to the South African S1 protein. This finding is consistent with
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Figure 5. VHH-72 competes with ACE2 and multiple classes of SARS-CoV-
2 antibodies for binding to the receptor-binding domain. The epitope of
VHH-72 was analyzed via competition analysis using SARS-CoV-2 RBD.
First, ACE2 receptor and distinct classes of antibodies (0.05-500 nm) were
incubated with biotinylated RBD (5 nm). Next, the mixtures were incubated
with yeast displaying monovalent VHH-72, and the relative % RBD binding
to VHH-72 was evaluated via flow cytometry. The data are averages of two
independent repeats, and the error bars are standard deviations.

the inability of hexavalent KC3.ep3 to neutralize the pseudovirus
of the South African variant (Figure 3C). We also initially sought
to examine the apparent binding affinity of multivalent VHH-
72 and KC3.ep3 constructs to immobilized SARS-CoV-2 RBD
in an ELISA-like format. However, we observed similar binding
profiles for i) multivalent constructs of the same nanobody with
different valencies (e.g., bivalent vs. hexavalent VHH-72) and ii)
multivalent constructs for different nanobodies with the same
valency (e.g., bivalent VHH-72 vs. bivalent KC3.ep3), which was
likely due to strong avidity effects. We have previously reported
that it is more difficult to observe differences in apparent affinity
for multivalent nanobodies (e.g., two different bivalent nanobod-
ies) than for their monovalent counterparts.!?’]

We also evaluated the epitopes and binding mechanisms
of the nanobodies via competition analysis using ACE2 and
antibodies that recognize distinct classes of RBD epitopes
(Figure 5).[2%1 For this analysis, soluble biotinylated RBD (5 nm)
was first incubated with soluble ACE2, mAbs, or nanobody Fc-
fusion proteins at a range of concentrations (0.05-500 nm). Next,
the mixture were incubated with yeast expressing monovalent
VHH-72 on their surface. Finally, the ability of biotinylated RBD
to bind to monovalent VHH-72 in the presence of various con-
centrations of competing protein/antibody was detected via flow
cytometry.

As expected, VHH-72 competes most strongly with itself for
RBD binding (Figure 5). We also find that ACE2 competes with
VHH-72 for RBD binding, which is consistent with the neutral-
ization activity of VHH-72 (Figure 3). VHH-72 also competes
with the class 4 antibody CR3022 (Figure 5), which is consistent
with previous findings.!®! Moreover, we find that VHH-72 com-
petes with a class 1 antibody (CB6).*% This is surprising because
VHH-72 does not compete with KC3.ep3, and we have previously
found that KC3.ep3 competes with CB6.12’! Finally, VHH-72 does
not compete with either class 2 (C199) or 3 (S309) antibodies.!?3°]
In fact, C119 and especially S309 enhanced VHH-72 binding to
RBD, suggesting that these mAbs may bind in a manner that in-
creases the exposure, or stabilizes the structure, of the VHH-72
epitope (Figure 5).
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Figure 6. Multivalent nanobodies demonstrate drug-like biophysical prop-
erties. A) Apparent midpoint temperatures of the first unfolding transition

T. ) of nanobody-Fc fusion proteins. B) % monomer of nanobody-Fc
m Yy P Yy

fusion proteins evaluated using size-exclusion chromatography. C) Non-
specific binding of nanobody-Fc fusion proteins. The nanobody-Fc fusion
proteins were immobilized on Protein A-coated magnetic beads, incu-
bated with biotinylated soluble membrane proteins, and non-specific in-
teractions were evaluated using flow cytometry. Control mAbs with high
(emibetuzumab) and low (elotuzumab) levels of non-specific interactions
were also analyzed for reference. The data are averages of four (A), three
(B), and two (C) independent repeats, and the error bars are standard de-
viations.

2.3. Multivalent VHH-72 Fusion Proteins Display Drug-Like
Biophysical Properties

For use of affinity proteins in diverse biomedical and therapeutic
applications, it is important that they possess favorable biophys-
ical properties, including high stability, high solubility, and low
off-target binding. Therefore, we evaluated the folding stability,
percent monomer, and non-specific binding of the multivalent
nanobodies analyzed in this study (Figure 6). The melting
temperatures of the VHH-72 nanobodies were high (68—69 °C)
and similar for bivalent, tetravalent, and hexavalent constructs,
suggesting that multivalent engineering did not destabilize them
(Figure 6A). However, the KC3.ep3 multivalent constructs dis-
played significant destabilization for the tetravalent and hexava-
lent nanobodies. We also observed that the VHH-72 multivalent
nanobodies displayed high percentages of monomeric protein
(>95%) after a single Protein A purification step (Figure 6B),
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suggesting that these proteins are particularly soluble and well
behaved. We observed lower percentages of monomeric protein
for the KC3.ep3 multivalent antibodies (90-95%). Finally, all of
the multivalent antibodies displayed low levels of non-specific
binding to soluble membrane proteins relative to a positive con-
trol antibody (emibetuzumab) with high levels of non-specific
binding (Figure 6C). Given that the polyspecificity reagent (PSR;
soluble membrane proteins) has been previously validated to be
a strong indicator of antibody polyreactivity,*!-33] these findings
demonstrate that the multivalent nanobodies possess extremely
low levels of off-target binding. These results collectively demon-
strate that the broadly neutralizing VHH-72 nanobodies display
favorable biophysical properties and are expected to be robust
agents for diverse biomedical and therapeutic applications.

3. Discussion

We have demonstrated the use of multivalent nanobody engi-
neering for potently neutralizing SARS-CoV-2. Our work builds
on previous reports of using multivalency to increase the neu-
tralization activity of nanobodies in vitrol'>'*l and reduce viral
symptoms in vivo."] Interestingly, we find that the effects of in-
creased valency are distinct and dependent upon the individual
nanobody. We demonstrate that the neutralization activity of a
moderate affinity, cross-reactive nanobody (VHH-72) increases
substantially when formatted as tetravalent and hexavalent con-
structs compared to as a bivalent construct. However, we did not
observe similar increases in neutralization activity for a higher
affinity nanobody that binds to a SARS-CoV-2 specific epitope
(KC3.ep3), indicating that the increased activity obtained via mul-
tivalency is dependent on the epitope-specific properties and in-
trinsic affinity of the nanobody. Importantly, we have examined
neutralization activity as a function of the concentration of bind-
ing domains rather than the concentration of the overall complex.
The highest examined concentration is ~24 num in terms binding
domains. This corresponds to a concentration of ~12 nm bivalent
nanobody, 6 nM tetravalent nanobody, and ~4 nm hexavalent
nanobody. Thus, the increase in neutralization activity observed
for the higher valency constructs of VHH-72 results from a syn-
ergistic improvement in activity of these constructs rather than
simply an increase in the number of binding domains.

An examination of the monovalent affinities of VHH-72 and
KC3.ep3 for the S1 proteins from different SARS-CoV-2 variants
provides significant insight into the expected neutralization be-
havior. Monovalent VHH-72 retains binding to both the B.1.1.7
and B.1.351 variants (Figure 4), and multivalent constructs of
this nanobody neutralize both variants (Figure 3C). KC3.ep3 re-
tains binding to the B.1.1.7 variant but loses observable bind-
ing to the B.1.351 variant (Figure 4) and, as expected, multiva-
lent constructs of KC3.ep3 show neutralization activity toward
the B.1.1.7 variant but not the B.1.351 variant (Figure 3C). Never-
theless, the differences in the monovalent affinities of the VHH-
72 and KC3.ep3 nanobodies for the different variants (Figure 4)
are not fully predictive of their relative neutralization activities
(Figure 3C), which may be due to the effects of the multivalent
molecular architecture on the apparent nanobody affinity (avid-
ity) and neutralization activity.

We used competition analysis to evaluate the epitope of the
VHH-72, which deserves further consideration. This assay de-
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termines whether an antibody’s epitope overlaps with the ACE2
binding site and the epitopes of antibodies that compete with
ACE2. It also examines competition with antibodies that bind to
the RBD either only in the “up” conformation or in both the “up”
and “down” conformations. Competition with ACE2 indicates an
antibody’s ability to prevent binding to this receptor and infec-
tion of host cells. This can also be tested directly by examining
binding of an antibody to RBD that has been preincubated with
ACE2. Binding of an antibody to the RBD in the “up” or “down”
conformation of the RBD can also provide an indication of the
antibody’s epitope. The “down” conformation of the RBD repre-
sents the state in which RBD, in the context of the spike trimer,
is inaccessible for binding to ACE2, while the “up” conformation
represents a state that is thought to be less stable in which the
RBD can bind to ACE2.1**] However, the use of the trimeric spike
protein in such competition assays is complicated because the
RBD can be present in either the “up” or “down” conformation,
and further, it has been shown that the conformation of the three
individual RBDs can differ within a single trimer.[>*33! Instead,
competition for RBD binding with different classes of antibodies
validated for binding to each conformation, as done in this work,
provides a facile method for determining the RBD state in which
a nanobody or antibody can bind.

Our measurements detect antibodies that compete with VHH-
72 for binding to the RBD, either due to binding to an overlapping
epitope or through steric hindrance. As expected, we observed
that VHH-72 strongly competes with CR3022 (Figure 5) given
that they have been reported to possess overlapping epitopes.[®!
It is notable that CR3022, like VHH-72, was initially identified
against SARS-CoV.[**] CR3022 binds to a class 4 epitope, indi-
cating that it does not compete for the same epitope as ACE2
and binds only when the RBD is in the “up” conformation.[?’ A
crystal structure of VHH-72 in complex with the SARS-CoV RBD
has previously been reported (PBD: 6WAQ).[®! Despite binding to
an epitope that overlaps with that of CR3022, the angle at which
VHH-72 binds to the RBD differs from that of CR3022, and in
this way, VHH-72 neutralizes SARS-CoV-2 through steric com-
petition with the ACE2 receptor.!] In agreement with this report,
we find that VHH-72 competes with soluble ACE2 (Figure 5).

Interestingly, we also observed competition between VHH-72
and a class 1 antibody (CB6; Figure 5). This is notable because
class 1 antibodies, including CB6, bind to the RBD only in the
“up” conformation. However, the epitopes of CB6 and CR3022
do not overlapl*®] despite the fact that VHH-72 is competitive
with both of them. The observed competition between VHH-
72 and CB6 likely results from steric competition between the
two antibodies. Further, we have previously shown that KC3.ep3
also strongly competes for RBD binding with CB6.12”] However,
we did not observe competition between VHH-72 and KC3.ep3,
demonstrating the limitations of strictly defining antibody epi-
topes using competition studies with class-specific antibodies.

Conversely, competition was not observed between VHH-72
and either class 2 (C119) and 3 (S309) antibodies. Class 2 an-
tibodies, such as C119, are defined as those that compete for
the ACE2 binding site and bind the RBD in both the “up” and
“down” conformations. Class 3 antibodies do not compete with
the ACE2 binding site but also bind to the RBD in both the “up”
and “down” conformations. Our results indicate that VHH-72
competes strongly with antibodies that bind the RBD only in
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the “up” conformation and binds stronger in the presence of
antibodies that can bind the RBD in both the “up” and “down”
conformations. It has been previously observed that S309 can
enhance neutralization activity when combined in cocktails with
other antibodies.”! Our results indicate that combining VHH-72
with either class 2 or 3 antibodies can lead to enhanced binding,
which has the potential to also increase neutralization activity.

Finally, we have demonstrated that the VHH-72 multivalent
nanobodies have highly favorable, drug-like biophysical prop-
erties. This is particularly interesting in the case of hexavalent
VHH-72 nanobodies that have the most broadly neutralizing ac-
tivity. It is surprising that this large and complex multivalent
nanobody displays such high percentage monomer after Protein
A purification. Moreover, it is notable that it is not destabilized in
the manner observed for KC3.ep3 due to multivalent engineer-
ing. Based on the protein sequences, the theoretical isoelectric
points (pls) of the multivalent nanobody-Fc constructs for VHH-
72 differ from those for KC3.ep3. As isolated nanobodies and Fc
fragments, the theoretical pIs are 4.96 (VHH-72), 6.51 (KC3.ep3),
and ~6.3-6.5 (Fc with hinge and tags). The VHH-72 multivalent
constructs have pls of 6.25 (bivalent), 6.07 (tetravalent), and 5.93
(hexavalent). However, the theoretical pIs of KC3.ep3 multivalent
constructs are 6.37 (bivalent), 6.5 (tetravalent), and 6.51 (hexava-
lent). Thus, the greatest differences in solubility between these
two nanobodies would be expected for the hexavalent nanobod-
ies. It is also encouraging that the multivalent nanobodies show
little non-specific binding, even at high valencies, which in our
experience is a relatively common problem when using multiva-
lent antibodies.

Nanobodies, and antibodies more generally, are currently of
great interest for use as therapeutic agents for treatment of SARS-
CoV-2, and several antibodies and antibody cocktails have been
approved for this purpose.’’-**! We have demonstrated that en-
gineering multivalent nanobody constructs has the potential to
rapidly improve the properties of promising nanobodies to pre-
pare them for use in therapeutic applications. However, there
are a few potential barriers to the use of nanobodies as anti-
viral therapeutics, including their smaller size in comparison
to mADb drugs and non-human origin. One potential limitation
of nanobodies for therapeutic applications is their short half-
lives due to their small sizes.[***?] Increased valency could con-
tribute to an extension of half-life due to the larger size of the
multivalent nanobodies. Multivalent constructs have previously
been explored for extending the half-life of nanobodies.[***3] Fur-
ther, the presence of Fc domains is expected to extend the half-
lives of these multivalent constructs“**! and aid in immune
responses. /4]

Another possible limitation of using nanobodies as therapeu-
tics applications is their potential to produce anti-drug immune
responses. Both the nanobodies examined in this study, VHH-72
and KC3.ep3, have camelid frameworks, and administration of
non-human antibodies as therapeutics has the potential to elicit
immune responses against these molecules. However, camelid
antibodies have been reported to share greater sequence simi-
larity with human antibodies than with antibodies from other
commonly immunized species, such as mice.[*”! While immuno-
genicity of nanobodies is difficult to predict and direct analysis
is beyond the scope of this study, nanobodies have been suc-
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cessfully humanized and administered as therapeutics. The first
therapeutic nanobody, caplacizumab, was approved by the FDA
in 2019,1*8) demonstrating the potential of nanobodies in thera-
peutic applications. Overall, the combination of potent and broad
neutralization activities, favorable biophysical properties, and ex-
pected long half-lives of multivalent VHH-72 Fc fusion proteins
makes them attractive candidates for therapeutic applications.

4. Conclusions

The SARS-CoV-2 pandemic has presented widespread disruption
to human life, and despite recent advances in therapeutic devel-
opment, the virus as well as newly emerging variants continue
to pose a threat to global health. The development of potent and
broadly neutralizing agents is urgently needed. Our multivalent
VHH-72 nanobodies demonstrate synergistic improvements in
neutralization activity without the need for affinity maturation.
This approach, particularly for nanobodies specific for conserved
epitopes across different coronaviruses, is expected to be broadly
useful for combating viral variants that emerge during the cur-
rent and future pandemics.

5. Experimental Section

Nanobody Expression and Purification: Multivalent nanobodies were
cloned into human IgG1 Fc-fusion vectors. Tetravalent and hexavalent con-
structs contain three repeats of a G,S linker connecting each nanobody do-
main. Nanobodies were expressed in HEK293-6E cells (National Research
Council of Canada) as previously described.l*%% Briefly, cells were cul-
tured at 37 °C with 5% CO, and agitation at 250 rpm in 50 mL mini biore-
actors (Fisher Scientific, NC0664085). Cells were transfected with 15 g
plasmid and 45 ug polyethylenimine after reaching a density of 1.5-2 mil-
lion cells mL~". Cells were fed with 20% w/v Yeastolate (BD Sciences,
292804) 24-48 h after transfection. Six days after transfection, cells were
centrifuged at 3500-4000 Xg for 40 min. Following centrifugation, the su-
pernatant was transferred to a new tube and incubated with Protein A
agarose beads (Thermo Fisher Scientific, 20333) overnight at 4 °C with
mild agitation. Protein A beads were collected in vacuum filter columns
(Fisher, PI89898) and washed with 1xPBS. Nanobodies were eluted from
Protein A beads in 0.1 m glycine at pH 3 and immediately buffer exchanged
into 1XPBS using Zeba desalting columns (Fisher, PI89892). Nanobod-
ies were sterile filtered through a 0.22 pm filter (Millex, SLGV004SL),
aliquoted, and frozen at —80 °C until use. Nanobody concentration was
determined measuring absorbance at 280 nm, and purity was examined
by SDS-PAGE (Invitrogen, WG1203BOX).

Construction and Preparation of SARS-CoV-2 Pseudovirus Variants: ~ Plas-
mids encoding the expression of mutant spike proteins B.1.1.7 (UK) and
B.1.351 (South African) were generated via modification of the follow-
ing plasmid: pCMV3 SARS-CoV2 S Untagged Delta 19AA C-term plas-
mid encoding the SARS-CoV-2 spike (S) protein with a 19-amino acid
deletion at the C-terminus. First, to generate inserts, gBlocks Gene Frag-
ments (Integrated DNA Technologies) encoding the UK variant of the
SARS-CoV-2 spike protein (HV69-70del, Y144del, N501Y, A570D, D614G,
P681H, T7161, S982A, and D1118H) and the South African variant of the
SARS-CoV-2 spike protein (L18F, D80A, D215G, 242-244del, R2461, K417N,
E484K, N501Y, D614G, and A701V) with a 19-amino acid deletion at the
C-terminus were amplified via PCR using Phusion polymerase (Thermo
Fisher, F-530) following the manufacturer’s protocol. To prepare digested
vector, the gene encoding wild-type spike protein with a 19-amino acid
deletion at the C-terminus was excised from pCMV3 SARS-CoV2 S Un-
tagged Delta 19AA C-term plasmid via restriction digestion with Kpn1and
Xbal (New England Biolabs), followed by treatment with calf intestinal al-
kaline phosphatase (New England Biolabs, M0525). Inserts and vectors
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were assembled via Hifi DNA assembly kit (New England Biolabs, E2621)
following the manufacturer’s protocol, and sequences were confirmed via
Sanger sequencing.

Pseudovirus Neutralization Assay: Pseudovirus preparations and neu-
tralization assays were informed by a previous report.[>!l For pseudovirus
preparation, Lenti-X 293T cells (Takara, 632180) were first seeded at 5 X
10° cells per well in 6-well plates in RPMI media with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S) and cultured at 37 °C
with 5% CO,. Upon reaching target density (50-70% confluent), cells were
transfected with third generation lentivirus plasmids: HDM-Hgpm2 plas-
mid (BEI number NR-52517) encoding HIV Gag-Pol under CMV promoter,
HDM-tat1b plasmid (BEI, NR-52518) encoding HIV Tat under CMV pro-
moter, pRC-CMV-Rev1b plasmid (BEI number NR-52519) encoding HIV
Rev, pHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI number NR-52516) lentivi-
ral transfer plasmid encoding co-expression of luciferase and ZsGreen,
and pCMV3 SARS-CoV2 S Untagged Delta 19AA C-term plasmid encoding
the SARS-CoV-2 spike (S) protein with a 19-amino acid deletion at the C-
terminus. For the transfection, lipofectamine 2000 was used following the
manufacturer’s protocol along with the respective plasmid masses (mg)
per well: 0.22, 0.22, 0.22, 1.00, and 0.34. Then, 24 h post-transfection, cell
media was removed, discarded, and switched to fresh RPMI with 10% FBS
and 1% P/S. Next, 72 h post-transfection, cell supernatant was collected
and processed through a 0.45 um polyethersulfone membrane filter. Cell
supernatant was then incubated overnight at 4 °C overnight with Lenti-X
Concentrator (Takara, 631232) solution following the manufacturer’s pro-
tocol. The next day, the mixture was centrifuged at 1500 xg for 45 min, su-
pernatant was removed, and the virus particles were resuspended in Opti-
MEM (100 pL per well of virus harvest), aliquoted, and frozen at —80 °C.

For pseudovirus neutralization assays, 293T-ACE2 cells (BEI, NR-
52511) were seeded at 10 000 cells per well in white bottom 96-well plates
(Corning, 3917) in DMEM (10% FBS and 1% P/S) and cultured at 37 °C
and 5% CO,. Then, 24 h post-seeding, fourfold serial dilutions of various
treatments were prepared. Briefly, antibody, nanobody, or controls were
combined with an equal volume of pseudovirus at 350 tissue culture in-
fectious units (as determined by flow cytometry[?’l) per well and incu-
bated for 1 h at 37 °C. Following the incubation, mixtures containing pseu-
dovirus and treatment or control were added to 293T-ACE2 cells along with
polybrene (final concentration of 5 ug mL™'). Then, 48 h post-infection,
the 96-well plates were equilibrated to room temperature for 10 min, and
100 pL of media was removed from each well. Then, luciferase substrate
(Promega ONE-Glo, E6110) was prepared following the manufacturer’s
protocol, and 100 pL was added to each well. The plates were incubated at
room temperature for 10 min, and bioluminescence was measured using
a Molecular Devices SpectraMax microplate reader (500 ms integration
per well).

Nanobody Specificity Analysis for SARS-CoV-2 Variants:  Yeast cells (5 X
10* per sample) expressing nanobodies (VHH-72 or KC3.ep3) were
washed twice with PBSB (PBS + 1 g L™ BSA) and incubated with wild-
type (Acro, STN-C82E8), UK (Acro, STN-C52Hr) or South African (Acro,
STIN-C52Hm) variants of S1 protein in 1% milk at room temperature for 3
h with mild agitation. Post antigen incubation, the cells were washed once
by centrifuging and re-suspending in ice-cold PBSB and then incubated
with mouse anti-Myc antibody (Cell Signaling, #2276S) at 1:1000 dilution
and chicken anti-His antibody (Invitrogen, PA1-9531) at 1:1000 dilution
on ice for 20 min. Following primary antibody incubation, the cells were
washed once with ice-cold PBSB and then incubated with goat anti-mouse
AlexaFluor 488 (Invitrogen, A11001) and donkey anti-chicken AlexaFluor
647 (Jackson Immunoresearch, 703-606-155) on ice for 4 min. After the
secondary incubation, the cells were washed once with ice-cold PBSB and
analyzed by flow cytometry.

Nanobody Epitope Analysis:  Soluble (5 nm) biotinylated SARS-CoV-2
RBD (ACRO Biosystems, SPD-C82E9) was incubated for 2 h at room tem-
perature with mild agitation with varying concentrations (500, 50, 5, 0.5,
and 0.05 nm) of soluble ACE2 (RayBiotech, 230-30165), nanobody-Fc fu-
sion protein, or mAb. After 2 h, T x 10° yeast cells displaying VHH-72
were added to each sample. Cells were incubated with biotinylated RBD
and ACE2 receptor or blocking antibody in 1% milk with 1:1000 dilution
mouse anti-Myc antibody (Cell Signaling, #2276) for 3 h at room temper-
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ature with mild agitation. Following incubation, cells were washed once
with ice-cold PBSB. Cells were incubated with 1:1000 dilution of strepta-
vidin AlexaFluor 647 (Invitrogen, S21374) and 1:200 dilution of goat anti-
mouse AlexaFluor 488 (Invitrogen, A11001) on ice for 4 min. Cells were
washed once with ice-cold PBSB. Cells were resuspended in ice-cold PBSB
and analyzed by flow cytometry. The RBD binding signal for cells displaying
VHH-72 was quantified and plotted as a function of receptor or blocking
antibody concentration.

Nanobody Polyspecificity Analysis: PSR was prepared as previously
reported.31! Briefly, CHO cells (10°, Gibco, A29133) were centrifuged and
washed sequentially with PBSB and Buffer B (50 mm HEPES, 0.15 m NaCl,
2 mm CaCl,, 5 mm KCl, 5 mm MgCl,, 10% Glycerol, pH 7.2) through
centrifugation and resuspension. Following the washes, cell pellets were
resuspended in Buffer B (5 mL) supplemented with protease inhibitor
(Sigma Aldrich, 4693159001). Resuspended cells were homogenized with
a Dounce Tissue Grinder for 90 s (three cycles of 30 s). The cell suspen-
sion was then sonicated for 90 s (three cycles of 30 s). The prepared cell
suspension was then centrifuged at 40 000 Xg for 1 h. Following centrifu-
gation, the supernatant was discarded.

The pellet (enriched cell membrane fraction) was resuspended in
Buffer B with a Dounce homogenizer. Concentration of protein in the
resuspended solution was then determined using an assay kit (BioRad,
5000116) compatible with the presence of detergents. The enriched mem-
brane fraction was diluted to a concentration of 1 mg mL™" in solubi-
lization buffer (pH 7.2) containing 50 mm HEPES, 0.15 m NaCl, 2 mm
CaCly, 5mm KCl, 5 mm MgCl,, 1% n-dodecyl-b-D-maltopyranoside (Sigma
Aldrich, D4641), and protease inhibitor (Sigma Aldrich, 11873580001).
The solution was then rotated end-over-end overnight at 4 °C. The solu-
ble membrane protein fraction was then centrifuged at 40 000 xg for 1 h
and the supernatant was collected. The final concentration of supernatant
was measured again and diluted to a final concentration of 1 mg mL~".

Sulfo-NHS-LC-biotin (Thermo Fisher Scientific, P121335) was dissolved
at a concentration of ~#11.5 mg mL™" in distilled water. Stock solutions of
Sulfo-NHS-LC-biotin (150 mL) and PSR reagent (4.5 mL at 0.8-0.9 mg
mL~") were end-over-end mixed at room temperature for 45 min. The re-
action was quenched with hydroxylamine (10 mL, 1.5 m at pH 7.2). Biotiny-
lated PSR was then aliquoted and stored frozen at —80 °C until use.

Protein A-coated magnetic beads (Invitrogen, 88846) were washed
three times with PBSB and incubated with antibodies at various concen-
trations in 96-well plates (VWR, 650261) overnight at 4 °C. Next, the 96-
well plates were centrifuged at 2500 xg for 4 min, and the beads were re-
suspended in PBSB to wash. Washing procedure was repeated twice. The
beads were resuspended in a 10x dilution of biotinylated PSR, and the 96-
well plate was incubated on ice for 20 min. Beads were washed once with
ice-cold PBSB. Beads were then labeled with secondary antibodies through
an incubation with 1:1000 dilution of streptavidin AlexaFluor 647 (Invit-
rogen, $32357) and 1:1000 dilution of goat anti-human Fc F(ab’)2 Alex-
aFluor 488 (Invitrogen, H10120). For secondary incubation, the 96-well
plate was placed on ice for 4 min. Beads were then washed with ice-cold
PBSB once, resuspended in ice-cold PBSB, and analyzed via flow cytome-
try. Two control antibodies, namely elotuzumab (low non-specific binding
control) and emibetuzumab (high non-specific binding control), were an-
alyzed to normalize results from all replicates to a range between 0 and 1.
These controls were composed of the variable regions of elotuzumab and
emibetuzumab grafted onto a common IgG1 framework. The control an-
tibodies were two-step purified [Protein A followed by size-exclusion chro-
matography (SEC)] prior to analysis of polyspecificity.

Analytical Size-Exclusion Chromatography: Multivalent nanobody Fc-
fusion purity after Protein A purification was evaluated using SEC with a
Shimadzu Prominence HPLC System comprised of a LC-20AT pump, SIL-
20AC autosampler, and FRC10A fraction collector. Multivalent nanobodies
in PBS (pH 7.4) were diluted to 0.1 mg mL™" for analytical SEC. 100 uL
of protein sample was then injected into the column (Superdex 200
Increase 10/300 GL column; GE, 28990944). Samples were analyzed at
0.75 mL min~" using a PBS running buffer supplemented with 200 mm
arginine (pH 7.4). Absorbance at 280 nm was monitored. The percentage
of protein monomer was evaluated by analyzing the area under the peak
between the exclusion and solvent elution times (8 to 22 min).
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