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ABSTRACT: Mutations in spike (S) protein epitopes allow
SARS-CoV-2 variants to evade antibody responses induced by in-
fection and/or vaccination. In contrast, mutations in glycosylation
sites across SARS-CoV-2 variants are very rare, making glycans a
potential robust target for developing antivirals. However, this tar-
get has not been adequately exploited for SARS-CoV-2, mostly due
to intrinsically weak monovalent protein-glycan interactions. We
hypothesize that polyvalent nano-lectins with flexibly linked car-
bohydrate-recognition-domains (CRDs) can adjust their relative
positions and bind multivalently to S protein glycans, potentially
exerting potent antiviral activity. Herein, we displayed the CRDs
of DC-SIGN, a dendritic cell lectin known to bind to diverse vi-
ruses, polyvalently onto 13 nm gold nanoparticles (named G13-
CRD). G13-CRD bound strongly and specifically to target glycan-
coated quantum dots with sub-nM Kz Moreover, G13-CRD neu-
tralized particles pseudotyped with the S proteins of Wuhan Hu-1,
B.1, Delta variant and Omicron subvariant BA.1 with low nM
ECso. In contrast, natural tetrameric DC-SIGN and its G13 conju-
gate were ineffective. Further, G13-CRD potently inhibited authen-
tic SARS-CoV-2 B.1 and BA.1, with <10 pM and <10 nM ECso,
respectively. These results identify G13-CRD as the 1% polyvalent
nano-lectin with broad activity against SARS-CoV-2 variants that
merits further exploration as a novel approach to antiviral therapy.

KEYWORDS: antiviral, polyvalent nano-lectin, SARS-CoV-2,
glycan, multivalency.

INTRODUCTION

The global Covid-19 pandemic caused by SARS-CoV-2 had a dev-
astating impact on the healthcare systems and economies world-
wide. The excess mortality associated with Covid-19 is believed to
amount to 18 million from 2020-2021, and tens of millions are suf-
fering from long term physical and mental health problems (i.e.
long Covid).! To combat this, a number of antiviral strategies that
target the viral infection process have been developed.>” As bind-
ing of the viral surface trimeric spike (S) protein to the ACE2 re-
ceptor on the host cell surface is essential for infectious SARS-
CoV-2 entry into cells,®® vaccines (including those under develop-
ment) and several antivirals target this interaction.> * %7 For exam-
ple, neutralizing antibodies (Abs) bind to the S protein and block
infectious viral entry into cells.* 7 However, the emergence of

SARS-CoV-2 variants with mutations in the S protein that alter an-
tibody epitopes can allow for evasion of neutralizing Abs induced
upon vaccination and/or infection.!0-!4

The SARS-CoV-2 S protein trimer is heavily glycosylated with
22 N-linked glycans on each monomer subunit, consisting of oli-
gomannose, hybrid and complex glycans.'>-1¢ Glycosylation plays
a critical role in viral pathobiology, which include mediating S pro-
tein folding and stability, camouflaging immunogenic epitopes, fa-
cilitating ACE2 binding and viral cell entry.!” Unlike the frequently
changing S protein epitopes targeted by neutralizing Abs, all N-
glycosylation sites are conserved in SARS-CoV-2 variants of con-
cern identified by the World Health Organization (WHO) except
for the Gamma (having 2 extra sites at N20 and N188),'8 and Delta
and Omicron BA.2-5 variants (loss of N17 site, due to disruption
of sequon from T19 mutation, see Supporting Information, SI, Ta-
ble S1). While viral glycans are synthesized by the host cell ma-
chinery, they exhibit some unique features that differentiate them
from host self-glycans, e.g. a high content of under-processed oli-
gomannoses and high glycan density. These make viral surface gly-
cans an attractive target for developing antivirals. Indeed, a few
rare but potent and broadly neutralizing Abs indeed target glycans
on HIV.!%2! For example, antibody 2G12 displays an unusual do-
main-exchanged structure that brings two Fabs in close proximity
to create an extended glycan binding surface, allowing 2G12 to
form strong multivalent interactions with densely packed glycans
on the same gp160 trimer spike on the HIV surface.?? This binding
is not possible with conventional Abs: their Fabs are too widely
(~15 nm) spaced to allow for simultaneous binding to the same
gp160 molecule. Unfortunately, due to low natural immunogenic-
ity, glycan-targeting Abs remain rare and to date, no anti-SARS-
CoV-2 neutralizing Abs are known to be glycan-targeting. Never-
theless, the success of 2G12 and a few other Abs clearly demon-
strates that targeting viral glycans by exploiting multivalency is a
viable antiviral strategy.

Multivalent lectin-glycan interactions are widespread and highly
effective in enhancing binding affinity and specificity.>*? They
also play a key role in pathogen recognition and immune regula-
tion. It is therefore unsurprising that lectins can display useful an-
tiviral activities by binding to viral surface glycans to block cell
entry.?6-?” However, some lectins, including a dendritic cell surface
tetrameric lectin, DC-SIGN, have been shown to bind and transmit
SARS-CoV-2 to target cells, albeit less effective than ACE2.28-30



Therefore, we propose a new polyvalent nano-lectin antiviral strat-
egy by displaying DC-SIGN tetrameric extracellular domain
(ECD) or its monomeric carbohydrate-recognition-domain (CRD)
polyvalently and flexibly on gold nanoparticle (GNP) scaffolds.
We hypothesize that the flexibly displayed ECDs or CRDs in each
nano-lectin will be able to adjust their relative positions, allowing
for strong multivalent binding to glycans on viral S proteins to in-
hibit viral entry (see Fig. 1). Moreover, polyvalent nano-lectins
may bind to glycans from different domains on the same trimeric S
protein (i.e. intra-spike crosslinking) and/or in between neighbor-
ing S-proteins on virion particles (inter-spike crosslinking). Such
binding may interrupt S protein conformational changes that are
essential for virus entry into cells.’!-*> A GNP scaffold is chosen
here because of excellent biocompatibility, low-/non-cytotoxicity,
tunable size, and robust gold-thiol chemistry for convenient surface
modification and bioconjugation.’3-** Hence, the key parameters
(e.g. size, lectin valency and flexibility) required for potent virus
neutralization can be readily tuned. In addition, GNP glycan or pep-
tide conjugates have been successfully used to detect SARS-CoV-
2 virus or antiviral IgG Abs, respectively.?-3¢
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Figure 1. (A, B) Schematic route to prepare an N-terminal LA-
EGii-linker labeled lectin (A) and a polyvalent nano-lectin (B) ex-
emplified using DC-SIGN CRD as a model lectin. Lectin N-termi-
nal amine is selectively labeled with a LA-EGi1-linker at pH 6.2. A
citrate stabilized 13 nm gold nanoparticle (G13) is first partially
PEGylated with HS-EG7-OH, and then conjugated with LA-EG11-
linker labeled CRDs to form G13-CRD via self-assembly. (C)
Schematic representation of possible interactions between G13-
CRD and S protein glycans on the viral surface: (C1) steric block-
ade of binding of the receptor binding domain in the S protein to
the host cell receptor ACE2; and (C2) crosslinking two S proteins
on the virion surface to interrupt S protein conformational changes
required for infectious entry.

RESULTS

DC-SIGN-GNP conjugation and specific glycan binding. The
ECD has been shown to form a stable tetramer and retain the glycan
binding properties of native DC-SIGN,*” while the monomeric
CRD defines glycan binding specificity.?® DC-SIGN CRD binds
specifically to mannose and fucose containing glycans found on vi-
rus surfaces, including SARS-CoV-2, with low to moderate mono-
valent affinities (Kgs: 0.1-3 mM), while the tetrameric ECD (con-
taining 4 CRDs) displays augmented binding affinity.3* Both DC-
SIGN ECD and CRD were recombinantly expressed in E. coli. and
purified by mannose-affinity columns as confirmed by high resolu-
tion mass spectrometry (HRMS, SI, section 2), as reported previ-
ously.*4! To facilitate lectin-GNP conjugation, two linker mole-
cules based upon a general structure of lipoic acid-undecyl(eth-
ylene glycol)-carboxylic acid tetrafluorobenze ester (LA-EGii-
TFP) were designed. Both linkers contain three functional domains:
an LA group for strong GNP anchoring by forming two strong Au-
S bonds; an EG11 spacer for good flexibility, water solubility and
resisting non-specific interactions,*>*3 and a TPF ester for protein
labeling via reacting to a free surface amine (Fig. 1). We first pre-
pared linker 1, LA-EG1:-Tz-TFP, by reacting LA-EG1i-tetrazine
with trans-cyclooctyne-EGs-TFP ester (TCO-EGs-TFP) via the
copper-free click reaction between tetrazine and TCO (SI, Section
3.1). While this reaction was rapid, the LA-EG1:-Tz-TFP linker
was unstable for long-term storage, even at -20 °C, and gradually
degraded over 4 months. We therefore prepared linker 2 (LA-EGi1-
TFP) by direct esterification of LA-EG11-CO2H with TFP (SI, Sec-
tion 3.2). Linker 2 was highly stable, showing minimal degradation
after storage for 12 months at -20 °C as a lyophilized powder.

To ensure all CRDs conjugated on the GNP surface are oriented
and available for binding, the N-terminal amine in DC-SIGN ECD
or CRD was selected for linker labeling. The pKa of N-terminal o-
amine is > 2 pH units lower than protein surface e-amines of lysine
residues (e.g. ~6.0-8.0 vs. ~10.5). * Thus, labeling was conducted
at pH 6.2, ensuring that only the a-amine, but not e-amines, was
non-protonated and available to react with TFP ester to form a sta-
ble amide linkage. Incubating the protein with LA-EG1:-Tz-TFP at
1: 1.5 molar ratio for ~40 min was sufficient to produce single
linker labeled proteins in ~18% and ~22% yields for ECD (denoted
as LA-EG11-Tz-ECD) and CRD (denoted as LA-EG11-Tz-CRD),
respectively. Extending the incubation time led to the formation of
dual-labeled proteins. The same condition was used to label linker
LA-EGui-TFP, giving single-linker labeled CRD (denoted as LA-
EG11-CRD) in ~19% yield and a very small amount (~2%) of dual-
labeled CRD (denoted as (LA-EG11)2-CRD) (S1, Section 4).

A 13 nm GNP (G13) was synthesized by citrate reduction of
H[AuCls] (SI, Section 5) + and used to construct antiviral nano-
lectins in two steps. First, G13 was partially PEGylated with a
hepta(ethylene glycol) thiol (HS-EG7-OH) to prevent aggregation
during lectin conjugation. This was achieved by overnight incuba-
tion of G13 with 2000 molar equivalents of HS-EG7-OH in water
to yield ppG13-OH. Second, ppG13-OH was incubated with 100
molar equivalents of linker labeled lectins overnight to make G13-
lectin based polyvalent nano-lectins via self-assembly (Fig. 1 & SI,
Section 5.2.2). No linker-labeled lectins were found in any of the
post conjugation supernatants from HRMS analysis. Therefore, all
linker-labeled lectins added must have conjugated to G13, giving a
lectin valency of 100 for LA-EG1:-Tz-ECD, LA-EG11-Tz-CRD, or
LA-EG11-CRD per G13, abbreviated as G13-Tz-ECDio0, G13-Tz-
CRDioo or G13-CRDioo, respectively. To investigate the effect of
CRD valency on antiviral activity, another batch of G13-CRD was
prepared at a LA-EG11-CRD: ppG13-OH ratio of 115:1 (denoted as
G13-CRD115).
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Figure 2. (A) 1.5% agarose gel electrophoresis reveals ppG13-OH has the highest, followed by G13-Tz-CRD1io, while G13-Tz-ECD1oo
shows the lowest gel mobility. The bands are visible under room light without staining. (B) Hydrodynamic diameter (Dn) histograms fitted
by log-normal Gaussian function, yielding a Dn of ~17, ~31 and ~144 nm for ppG13-OH, G13-Tz-CRD100 and G13-Tz-ECD1oo, respectively.
(C1) QD-DiMan (2 nM) fluorescence is efficiently quenched by 1 nM G13-Tz-CRD1oo (>80%), but much less so by 1 nM G13-Tz-ECD10o
(~20%), and only marginally by 1 nM G13-OH control (~7.5%); (C2) QD-Gal (2 nM) control is marginally quenched by G13-Tz-CRD1o0o
(1 nM, ~9.5%), but not by G13-OH control. (C3) The quenching efficiency (QE)-concentration (C) relationship of 1:1 molar mixed G13-
Tz-CRDioo and QD-DiMan fitted by Hill’s equation (QEmax fixed to 100), giving an apparent binding Ky of 0.93 + 0.05 nM.

The success of G13-lectin conjugation was supported from the
reduced gel mobility over ppG13-OH (Fig. 2 & SI, Section 5.3.1),
and increased hydrodynamic diameters (Dxs) following each con-
jugation step. For example, Dn was increased from ~15 nm (G13-
citrate) to ~17 nm (ppG13-OH), and then to ~31 nm for G13-Tz-
CRDioo or ~140 nm for G13-Tz-ECDioo (Fig. 2) or ~22 nm for
G13-CRDioo and ~26 nm for G13-CRD115 (SI, Section 5.3.2).

To confirm that polyvalent nano-lectins retained CRD’s native
glycan binding specificity, we also prepared a CdSe/ZnS quantum
dot (QD, Aem ~600 nm) coated with a DHLA-EGs-mannose-a-1,2-
mannose®#*° (DiMan, a DC-SIGN CRD binding glycan, S1, section
3.3) or a DHLA-EGs-galactose (Gal, a DC-SIGN CRD non-bind-
ing glycan) ligand (denoted as QD-DiMan or QD-Gal) as a posi-
tive- or a negative- control, respectively (Fig. 2, & SI section 3.3.
3.4). These are based on our earlier findings that QD-DiMan binds
strongly to tetrameric DC-SIGN ECD (low nM Kus), but shows no
measurable binding to monomeric CRD (due to CRD-DiMan mon-
ovalent binding (Ks = 0.9 mM), being too weak to measure with 20
nM QD).* Moreover, the tetrameric DC-SIGN ECD showed no
apparent binding with Gal in a glycan microarray format. 40

GNP is well-known for its strong fluorescence quenching prop-
erties via a nanoscale surface energy transfer mechanism (QF «
1/R?, where QE and R are the quenching efficiency and dye-GNP
distance, respectively), which is more effective and covers a longer
distance range than the Forster resonance energy transfer (QF «
1/R®). 4748 Therefore, binding of G13-CRD with DiMan-QD will
bring the QD and GNP into close proximity, resulting in efficient
quenching of QD fluorescence. The QE here represents the percent-
age of added QDs that have bound to G13-CRD (SI, Section
5.3.3).4 As expected, the fluorescence of QD-DiMan (2 nM) was

quenched efficiently (>80%) upon mixing with G13-Tz-CRDioo (1
nM, Fig. 2C1). In contrast, QD-Gal was quenched much less effi-
ciently (~10%, Fig. 2C2), and a non-glycosylated QD-EGs-OH
control (a DHLA-EG4-OH ligand capped QD) showed no apparent
quenching under such conditions. Fitting the QE-concentration re-
lationship for 1:1 mixed G13-Tz-CRD10o and QD-DiMan by Hill’s
equation yielded an apparent binding K4 of 0.93+0.05 nM (Fig.
2C3).%40 This represents an impressive ~1 million-fold enhance-
ment of affinity over that of monovalent CRD-DiMan binding (K«
= 0.9 mM).* A similar sub-nM Ky was also obtained for G13-
CRDi1oo binding with QD-DiMan (S1, Fig. S5.4). These results con-
firm that G13-CRDs not only retained CRD’s native binding spec-
ificity with DiMan, but also drastically enhanced the affinity via
multivalent binding (Fig. 2C). We have found previously that free
tetrameric ECD (before GNP-conjugation) binds strongly with
QD-DiMan with low- to sub- nM K4.** However, G13-Tz-ECD10o
only gave a QE about ~ % of that obtained with G13-Tz-CRDioo
after QD-DiMan binding (Fig. 2C1). The ineffective quenching
here is attributed to long rigid coiled-coil neck (>20 nm) in ECD
which project CRDs away from GNP surface, resulting in a large
GNP-QD separation distance and hence ineffective quenching.

GNP-CRD inhibition of SARS-CoV-2 pseudotypes entry into
Vero76 cells. Replication-defective single cycle Vesicular Stoma-
titis Virus (VSV) reporter particles encoding luciferase and bearing
the S protein of SARS-CoV-2 were employed to evaluate polyva-
lent nano-lectins’ inhibitory effect against SARS-CoV-2 S protein-
driven entry into Vero 76 cells (SI, Section 6). Previously, we and
others have shown that these particles adequately model SARS-
CoV-2 entry into cells and its inhibition.® 144 All inhibition studies
were performed in Dulbecco’s modified Eagle medium (DMEM)



supplemented with 10% fetal bovine serum (FBS) and penicillin
(100 U/mL)/streptomycin (0.1 mg/mL) solution (P/S). The natural
tetrameric ECD did not inhibit entry even at high doses of 5 uM
(no statistically significant differences were observed, Fig. 3A). In
contrast, both G13-Tz-CRDioo and G13-Tz-ECDioo dose-de-
pendently inhibited SARS-CoV-2 S protein-driven cell entry and
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inhibition by G13-Tz-CRDioo was found to be more potent than
that by G13-Tz-ECD1oo at higher doses (Fig. 3B). However, neither
of them showed significant inhibition against entry driven by the
control VSV glycoprotein (VSV-G; SI, Fig. $6.1), indicating that
inhibition of SARS-CoV-2 S protein-driven entry was specific.
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Figure 3. Dose-dependent inhibition of SARS-CoV-2 S protein-driven entry into Vero76 cells. VSV particles bearing SARS-CoV-2 S pro-
tein (Wuhan wildtype, Hu-1) were pre-incubated with (A) tetrameric DC-SIGN ECD or (B) G13-Tz-CRDi0o, G13-Tz-ECD1¢0, or G13-OH
before addition to target cells. As control, target cells were pre-incubated with Camostat or Chloroquine before addition of pseudotype
particles. Entry efficiency was determined by quantifying luciferase activity in cell lysates. The orange bars in panel (B) represent the back-
ground luminescence measured in the absence of viral particles. The results of a representative experiment performed with technical quad-
ruplicates are shown and were confirmed in two separate experiments. Errors bars indicate standard errors. No significant differences (p >
0.05) were observed for cells treated with viral particles without and with ECD (panel A). No significant differences (p >0.05) between G13-
Tz-CRDigo and G13-Tz-ECD10o were observed at doses of < 0.1 nM, but significant differences (p < 0.01) were measured at doses of > 0.3
nM. No significant differences (p > 0.05) were observed between G13-Tz-CRDioo and G13-OH at doses of < 0.3 nM, but significant differ-
ences were observed at high doses, e.g. 1 nM (p < 0.01); 3 nM (p < 0.01) and 10 nM (p < 0.001). All statistical analysis was performed with
a Brown-Forsythe and Welch ANOVA analysis with Dunnett’s T3 multiple comparison test: NS (not significant) p > 0.05; *p < 0.05; **p <

0.01; ***p <0.001.

The dose-dependent inhibition data were fitted by a modified in-
hibition model (Eq. 1),

1

NI =—2 2
1+ /pce )™

e))

Where NI, C, ECso and n are normalized infection, inhibitor con-
centration, effective inhibitor concentration giving 50% inhibition,
and inhibition coefficient (with n >1, = 1 and <1 indicating posi-
tive-, none-, and negative- inhibition cooperativity),> 4’ respec-
tively. While the ECso value is clearly important for viral inhibition,
the inhibiting n value is also of great importance. For example, if
three inhibitors have the same ECso value but different n values of
0.5, 1 and 2, then the C required for 99% inhibition will be 9801,
99, and 9.9 times the ECso value, respectively. The inhibitor with n
= 0.5 is much less effective than that with n = 1 or 2, and requires
~100- or ~1000- fold higher dose in order to achieve the same 99%
inhibition, despite having the same ECso value. Therefore, viable
inhibitors should have n > 1 (with n = 1 being the most widely ob-
served) in order to achieve complete inhibition with a reasonable
C. Whereas inhibitors with n < 1 are unlikely to become viable
inhibitors because of difficulty to achieve complete inhibition.

The fit gave comparably low sub-nM ECso values for both G13 -
Tz-ECDioo and G13-Tz-CRD1oo, e.g. 0.25 + 0.04 vs. 0.19 £ 0.02
nM (see SI, Fig. S$6.2), indicating a high antiviral potency. How-
ever, the inhibition profile of G13-Tz-ECD100 gave n=0.57 + 0.06,
meaning it is difficult to achieve complete inhibition. In contrast,

the inhibition profile of G13-Tz-CRDioo yielded n = 1, meaning it
can achieve complete viral inhibition by increasing C. This is evi-
dent from that, despite having similar sub-nM ECso values, the nor-
malized infection for G13-Tz-ECDioo is >3 fold that for G13-Tz-
CRDiooat 3 nM (S1, Fig. $6.2). This is further backed up from sta-
tistical analysis: their inhibition data are significantly different sta-
tistically at doses of > 0.3 nM (p < 0.01, see Fig. 3B). Therefore,
presenting monomeric CRDs flexibly in a polyvalent nano-lectin,
with each CRD serving as an independent binder, is key to potent
viral inhibition. This is presumably because such flexible CRD
binding units can readily adjust their relative positions to accom-
modate viral surface glycans and form strong multivalent binding.
In contrast, the minimal independent binding unit in G13-Tz-
ECDioo is a tetrameric ECD containing 4 CRDs. The CRD posi-
tions are fixed in each ECD unit and cannot readily adjust relative
positions to adapt to viral surface glycans, making it difficult to
form strong simultaneous multivalent binding. In fact, most natural
multimeric lectins are known to display fixed CRD presentations,
allowing them to recognize specific, spatially matched multivalent
glycans. As aresult, their CRDs often lack the flexibility and adapt-
ability required to achieve complete viral inhibition, making them
ineffective as antiviral reagents. The G13-OH control showed no
significant inhibition as expected (Fig. 3B), demonstrating that vi-
ral inhibition was due to specific lectin-glycan interactions. Camo-
stat (an inhibitor of the SARS-CoV-2 S protein activating protease
TMPRSS2)%? exhibited no inhibitory effect even at 100 uM, as ex-
pected, since Vero cells do not express TMPRSS2. In contrast,



chloroquine displayed significant inhibition at ~100 uM, as ex-
pected (Fig. 3B).

The lack of long-term stability for LA-EG11-Tz-TFP linker
means it has to be prepared fresh each time before lectin conjuga-
tion, making its use inconvenient. Therefore, we prepared the more
stable LA-EG11-TFP linker for protein labeling and G13 conjuga-
tion. We prepared G13-CRDs with two CRD valencies, G13-
CRDioo and G13-CRD1is. Their inhibition of Vero cell entry of
VSV particles pseudotyped with the S proteins of four SARS-CoV-
2 variants (i.e. Wuhan wild-type Hu-1, B.1, Delta, and Omicron
BA.1) was investigated (Fig. 4A, and SI, Fig. S6.3). Their dose-
dependent inhibition data were fitted by equation 1, which yielded
comparable low nM ECso values and n = 1 for G13-CRD115 against

pseudotypes bearing the S proteins of all four SARS-CoV-2 vari-
ants tested (Fig. 4B1-B4, Table 1). Interestingly, G13-CRD11s
showed consistently higher potencies (lower ECso values, ~3-4
fold) than G13-CRDi1oo (also yielding n = 1 in all inhibition fittings)
against all S protein-bearing pseudotypes tested (Table 1, SI Fig.
§$6.3), suggesting that a higher CRD valency (larger Dn) improves
G13-CRD’s antiviral potency. Moreover, G13-CRD115’s inhibitory
activity (against pseudotypes bearing B.1 S protein) was signifi-
cantly and dose-dependently reduced by glycans such as mannose
and mannan, which compete with the viral S protein for binding to
the DC-SIGN CRD, confirming that the antiviral activity of G13-
CRDu;s originated from specific CRD-sugar binding as proposed
(SI, Section 6, Fig. S6.5).
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Figure 4. Dose-dependent inhibition of cell entry driven by the S proteins of SARS-CoV-2 variants. VSV particles bearing the indicated
SARS-CoV-2 S proteins (Wuhan Hu-1 (WT), B.1, Delta (B.1.617.2), Omicron (BA.1)) were pre-incubated with G13-CRD115 (A) at the
indicated concentrations in DMEM containing 10% FBS, and then added to Vero76 cells. Entry into Vero76 cells was determined by quan-
tifying luciferase activity in cell lysates. The results of a single representative experiment performed with technical quadruplicates are shown
and were confirmed in two separate experiments. Error bars indicate standard errors. Statistical significant differences between luciferase
activities measured with pseudotyped viral particles without and with varying doses of G13-CRD115 were assessed by a Brown-Forsythe and
Welch ANOVA analysis with Dunnett’s T3 multiple comparison test. No significant differences (NS, p > 0.05) were observed for G13-
CRD1is doses of < 1 nM, but significant differences were observed at doses of > 5 nM (*p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001.
(B) Normalized dose-dependent luciferase activities fitted by equation 1 for G13-CRD1is (red curves) and G13-CRDioo (black curves), and
the fitting parameters are given in Table 1. Significant differences were observed for B.1 at 5 nM (**p < 0.01), Delta at 1 nM (**p < 0.01)
and 5 nM (**p < 0.01) and Omicron at 1 nM (*** p < 0.001). All other doses gave no significant statistical differences (p > 0.05).

Table 1. Summary of inhibition data of G13-CRD11s and G13-CRD1oo against four different SARS CoV-2 pseudotypes entry of Vero
76 cell (n = 1 for cases). A higher CRD valency and bigger hydrodynamic size appear to boost G13-CRD’s antiviral potency.

SARS-CoV-2 Variant G13-CRDioo (Dn ~22 nm) G13-CRD:1is (Dn ~26 nm)

ECso (nM) R? ECso (nM) R?
Wild-type (Hu-1) 82+1.7 0.933 30+05 0.943
D614G wildtype (B.1) 7.6+1.3 0.961 23+0.6 0.947
Delta (B.1.617.2) 12.1 +£2.7 0.952 3.0+0.1 0.992
Omicron (BA.1) 6.6+1.3 0.976 1.5+03 0.922




GNP-CRD inhibition of authentic SARS-CoV-2 entry into
Vero76 cells. The inhibitory effects of G13-CRD1o against the au-
thentic early pandemic B.1 and Omicron BA.1 variants were also
investigated (SI, Section 7). Sotrovimab, a clinically approved
monoclonal antibody for Covid-19 treatment, was also analyzed as
a positive control under identical experimental conditions. G13-
CRDioo was highly potent against the wild-type virus, resulting in
~92% inhibition at 0.1 nM (equivalent to ~9 pM ECso for non-co-
operative inhibition, n = 1) and complete inhibition at 10 nM (Fig.
5). In contrast, Sotrovimab was less effective, showing apparently
no inhibition at 0.1 nM, although significant inhibition was ob-
served at 1 nM (~85%) and above. The inhibition data of authentic
viruses did not follow the classical potency-dose dependence. The
potency increased more rapidly with dose once inhibition was ob-
served, making it difficult to fit the data with inhibition models to
derive ECsp values. Against Omicron variant BA.1, both Sotro-
vimab and G13-CRDioo showed reduced efficacy, where signifi-
cant inhibition was observed at 5 nM and 10 nM, respectively, alt-
hough they both completely inhibited viral infection at 25 nM. Im-
portantly, the G13-OH control gave no inhibition across the whole
concentration range tested (Fig. 5), demonstrating that G13-CRD’s
inhibitory effect originates from specific CRD-glycan interactions,
as expected.

[ lonm

_j® e
Tl [| [ ] [11nm
= [ 15nm
=) [_J10nMm
wo, [ l25nm
& 10%+ [ 150 nm
)
'E 10° +
£
> 1025

No BG Sotrovimab G13-CRD,q G13-0H

[ ]onMm

— | o1
T 10°; s
= Ir= Ee I I EEEE |=10nm
| [ ]25nm
& 10t 50nm
E B3]
=]
S 10°
©
=
> 102_ {_‘

No BG Sotrovimab G13-CRDy g G13-OH

Figure 5. G13-CRDioo and Sotrovimab inhibition of authentic (A)
early pandemic SARS-CoV-2 (lineage B.1.513) and (B) Omicron
BA.1 variant infections. All viral inhibition studies were performed
in DMEM containing 10% FBS. The lowest Y-scale indicates the
assay limit of detection. The absence of bar chart data at high doses
indicate no measurable infection. The bar labeled as No BG indi-
cates the infection level in the absence of inhibitors. The results of
arepresentative experiment performed with technical triplicates are
shown and were confirmed in a separate experiment.

DISCUSSION

The approved Covid-19 neutralizing Abs or sera from recovered
Covid-19 patients or vaccinated individuals were found to be either
ineffective or exhibiting greatly reduced potency against the Omi-
cron variants (both pseudotypes and authentic viruses).'> '* In con-
trast, our G13-CRD based antivirals have demonstrated potent and

broad anti-SARS-CoV-2 activity against all four pseudotyped vi-
ruses tested. This is attributed to the largely conserved N-glycosyl-
ation sites across the S proteins of SARS-CoV-2 variants and care-
ful design of G13-CRD, allowing its flexibly presented CRDs to
readily adapt to viral surface glycans to form strong multivalent
binding for potent viral neutralization. Viral surface glycans can be
heterogeneous, where one N-glycosylation site may be occupied by
structurally distinct glycans, and spike protein mutations may alter
glycan procession!>?°, thus the ability for CRD to adapt to viral
surface glycans is important for viral neutralization. The fact that
all four viral variants, in the pseudotype model, were consistently
neutralized by G13-CRD with comparable ECso and identical n (=
1) values clearly demonstrate G13-CRD’s adaptability.

A large potency difference for G13-CRD against the authentic-
over the pseudotype- B.1 variant could be due to differences in vi-
rion size/shape (~95 nm sphere,’! vs. ~80 nm x 170 nm bullet-
shaped 32), number of S proteins, and inter-S protein spacing. While
individual S protein-G13-CRD interactions may be similar, differ-
ences in inter-S protein spacing and surface curvature will affect
G13-CRD’s ability to crosslink neighboring S proteins on the vi-
rion surface, which is critical to interrupt S protein conformational
changes and membrane fusion, and hence viral infection. In fact,
our G13-CRD was designed to target the inter-S protein spacing
(~30 nm, see S1, Section 8) of the B.1 variant based on its cryo-EM
structure (i.e. ~40 spikes randomly distributed on a spherical virion
of ~95 nm),’! and it exhibited a great potency against this virus (~9
pM equivalent ECso). These results clearly demonstrate the great
potential of our design strategy for G13-CRD-based antivirals. The
lower potency of Sotrovimab against the authentic BA.1 over B.1
variant is assigned to immune evasion mutations of S proteins in
BA.1, which weakened Sotrovimab’s binding affinity and hence
neutralizing potency.'* This result is fully consistent with the sig-
nificantly reduced potencies observed for most neutralizing Abs
and sera from past infections and/or vaccinations against the Omi-
cron variant over the early pandemic B.1 variant.!'> 1453

As G13-CRD’s antiviral action is binding to S protein glycans to
block viral entry, it was expected to exhibit similar potencies
against both the authentic BA.1 and B.1 variants as their S-protein
glycans are mostly conserved. However, our results show this is not
the case, implying that BA.1 variant must have evolved other ways
(besides immune evasion mutations in S proteins) to evade neutral-
ization by G13-CRD. A likely mechanism is altering the number of
S proteins (inter-S protein spacing) incorporated into virion parti-
cles, making our current G13-CRD no longer spatially matched to
crosslink neighboring S proteins for potent neutralization. This is
supported by the observation that a potent anti-Ebola virus antibody
indeed cross-links neighboring S proteins via its two Fab arms in
cryo-EM tomography.®* Another potential mechanism could be
mutation-induced changes of S protein structure and glycan proces-
sion to affect their G13-CRD multivalent binding. Although this is
unlikely to be the main reason here because significant potency dif-
ferences were only observed with the authentic B.1 and BA.1 vari-
ants, but not their pseudotype counterparts. Unfortunately, the
cryo-EM structure of whole authentic Omicron variant remains to
be reported. We therefore call for urgent comparative cryo-EM
analysis of authentic SARS-CoV-2 variants with intact S proteins,
including the Omicron variants, to help the design of spatially-
matched polyvalent nano-lectins for potent, specific neutralization
of each SARS-CoV-2 variant.

The potential of exploiting multivalency to design potent, broad-
spectrum anti-SARS-CoV-2 agents has been demonstrated. Link-
ing IgGs together into an engineered pentameric IgM has shown to
not only greatly enhance antiviral potency (up to 230 fold), but also



make it insensitive to a range of known immune evasion mutations.
The engineered IgM exhibited high potency against several SARS-
CoV-2 variants, e.g. B.1.1.7 (Alpha), P.1 (Gamma) and B.1.351
(Beta), with in vivo rodent models.’® The IgM’s superior antiviral
property over IgG is assigned to its larger size and higher binding
valency, allowing it to bind and crosslink multiple S-proteins on
virion surfaces that is not possible by individual IgGs. The potential
of exploiting multivalent binding in viral neutralization has been
further demonstrated with HIV, well-known for its ability of evad-
ing IgG neutralization, due to its small number of densely glyco-
sylated trimeric spike proteins effectively prevents both inter- and
intra- spike crosslinking by individual IgGs. By linking two Fabs
together via a rigid DNA spacer, greatly enhanced anti-HIV po-
tency has been achieved for a Fab dimer having the correct inter-
Fab distance for intra-spike crosslinking.’® Moreover, an engi-
neered tetravalent DVD antibody (containing four variable-do-
mains) displays 100-fold higher potency over its component diva-
lent antibody against Crimean-Congo hemorrhagic fever virus.”’
These examples as well as our G13-CRD-based antivirals clearly
demonstrate that exploiting multivalency is a viable antiviral ap-
proach. While the immune evasion ability of SARS-CoV-2 variants
has been almost exclusively considered on the basis of individual
Ab-S protein interactions, we believe contributions from multiva-
lency evasion should also be considered seriously in order to de-
velop more robust antivirals.

Compared to other antiviral agents, our GNP-CRD based antivi-
rals have several advantages. First, the GNP scaffold size, shape,
and lectin valency and flexibility can be easily tuned to match the
virus of interest. Second, lectins can be mass- and cheaply- pro-
duced by recombinant bacterial expression without using animals.
Third, viral glycosylation is common and viral glycosylation sites
are mostly conserved, and hence may not be strongly affected by
viral variations. This makes viral glycans a potentially more robust
target for developing antivirals than peptide epitopes targeted by
most neutralizing Abs. Finally, our GNP-CRD based antivirals are
particularly useful against viral infections that lack effective neu-
tralizing Abs, or display Ab-enhanced viral infection (e.g. Dengue,
Zika).>8>° Therefore, we believe the polyvalent nano-lectin based
antivirals reported herein represents a highly attractive, robust, and
economical alternative to neutralizing Abs in the fight against a
wide range of viral infections. It should also be noticed that, com-
pared to GNP based antivirals, Abs can also have a few potential
advantages, such as a longer blood circulation time (hence less fre-
quent dosages) due to Fc receptor mediated recycling in vivo, Fc
receptor activated viral clearance, and Fc receptor mediated com-
plement activation, efc.56! Whilst this current work has established
polyvalent nano-lectins as a novel antiviral agent in cell culture,
future studies will need to investigate their antiviral potencies, bio-
distribution, circulation half time, body clearance, and potential cy-
totoxicity and long term toxicity issues with in vivo animal models.
This information is important to demonstrate their potential as a
novel, viable antiviral agent.

EXPERIMENTAL SECTION

1.1. Materials.

A CdSe/ZnS core/shell quantum dot (QD, Aem ~605 nm) coated
with mixed ligands of trioctylphosphine oxide (TOPO), hexadecyl-
amine, and oleic acid was purchased from PlasmaChem GmbH
(Germany). 2-(2-(2-Chloroethoxy)ethoxy)ethanol (>96%), 2-(2-
Aminoethoxy)ethanol (>98%), di-tert-butyl dicarbonate (>99%),
O-(6-Chlorobenzotriazol1-yl)-N,N,N’,N’-tetramethyluronium

hexafluorophosphate (HCTU, >98%); tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP.HCl, >98%); tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA, >97%), sodium sulfate (>99%),
sodium hydride (60% dispersion in mineral oil), 3-bromo-1-
propyne (>98%), a.-lipoic acid (LA, >98%), copper sulfate (>99%),
sodium ascorbate (>98%), anhydrous DMF (>99.8%) and other re-
agents were purchased from Sigma Aldrich or Alfa Aesar (U.K.).
Azido-EGii-amine (>95% monomer purity) and hepta(ethylene
glycol) thiol (HS-EG7-OH) were purchased from Polypure AS
(Norway). 4-Methyltetrazine acid, (>95%) and TCO-EG4-TFP es-
ter, >95%) were purchased from Click Chemistry Tools (U.S.A.).
All chemicals and reagents were used as received unless stated oth-
erwise. Solvents (>99%) were purchased from Fischer Scientific
(U.K.) and used as received. Anhydrous THF and CH2Cl» solvents
used in reactions were dried and deoxygenated using a PureSolv®
solvent purification system (Innovative Technology Inc). Ultra-
pure water (resistance >18.2 MQ.cm) purified by an ELGA Purelab
classic UVF system, was used for all experiments and making buff-
ers.

1.2. Methods

All moisture-sensitive reactions were performed under a N2 atmos-
phere. Evaporations were performed under reduced pressure on a
BUCHI rotary evaporator. Lyophilization was performed using a
Virtis Benchtop K freeze dryer. The progress of the reactions was
monitored by TLC on commercially available precoated aluminium
plates (Merck silica Kieselgel 60 F254) and stained by either iodine
or 10% (v/v) sulphuric acid in ethanol solution, depending on the
compound. All 'H and '3C NMR spectra were recorded in deuter-
ated solvents either on a Bruker AV4 NEO 11.75 T (500 MHz for
'H, 125 MHz for 13C) or on a Bruker AV3HD 9.4 T (400 MHz for
'H, 100 MHz for 3C NMR). All chemical shifts (8s) are quoted in
parts per million (ppm) downfield of tetramethylsilane, and refer-
ence to residual solvent peaks (CDCls: & 'H = 7.26 ppm, & 13C =
77.16 ppm, CD30D: § 'H = 3.31 ppm, & 13C = 49.15 ppm, D20: §
'H = 4.80 ppm) and the coupling constants (J) are reported to the
nearest 0.1 Hz. Assignment of spectra was based on expected
chemical shifts and coupling constants, aided by COSY, HSQC and
HMBC measurements, where appropriate. The abbreviations used
in '"H NMR analysis are: s = singlet, br = broad, d = doublet, t =
triplet, q = quartet, p = quintet, m = multiplet, dd = doublet of dou-
blets, dt = doublet of triplets, td = triplet of doublets, dg= doublet
of quartets, ddd = doublet of doublet of doublets, dtd = doublet of
triplet of doublets. High-resolution mass spectra (HRMS) were ob-
tained on a Bruker Daltonics MicroTOF mass spectrometer and the
m/z values were reported in Daltons to four decimal places. UV-vis
absorption spectra were recorded on a Varian Cary 50 bio UV-
Visible Spectrophotometer using 1 mL quartz cuvette with an opti-
cal path length of 1 cm or on a Nanodrop 2000 spectrophotometer
(Thermo Scientific) using 1 drop of the solution with an optical
path length of 1 mm. Proteins and gold nanoparticle conjugates
were concentrated or purified in Amicon ultra-S2 centrifugal filter
tubes with a cut-off MW of 10 kDa and 100 kDa, respectively. Dy-
namic light scattering (DLS) was measured on a Zetasizer Nano
(Malvern) using disposable PMMA cuvettes. The hydrodynamic
diameters (Dns) of the nanoparticles without or with conjugated
proteins were measured in water or in a binding buffer (20 mM
HEPES, 100 mM NaCl, 10 mM CaCla, pH 7.8). Fluorescence spec-
tra were measured on a Cary Eclipse Fluorescence Spectrophotom-
eter using a 0.70 mL quartz cuvette. All measurements were done
in a binding buffer containing 1 mg/mL of bovine serum albumin
(BSA) to reduce non-specific interactions and prevent adsorption
of GNP on the surface of cuvette.5?



2. Linker and ligand synthesis.

The LA-EG11-Tz-FTP and LA-EG1:i-TFP linker molecules were
synthesized using standard coupling chemistries via the routes
shown in the Schemes S1 (SI, section 3.1) and S2 (SI, section 3.2),
respectively. The synthesis of LA-EGs-DiMan and LA-EGs-Gal
glycan ligands was described in details in the SI, Section 3.3 and
Section 3.4, respectively. The chemical structures of all key inter-
mediates and final products were confirmed by MS and 'H/'3C
NMR spectroscopies. The detailed spectroscopic data for the final
linker molecules and glycan ligands are as follows:

LA-EGu-Tz-FTP: 'H NMR (CDCls, 500 MHz): § = 8.57 — 8.53
(m, 2H), 7.71 — 7.68 (m, 1H), 7.55 — 7.51 (m, 2H), 7.00 (tt, 1H,
J=9.8, 7.0 Hz), 6.44 (s, 1H), 6.21 (s, 2H), 5.14 (s, 1H), 3.90 — 3.87
(m, 1H), 3.70-3.61 (m, 53H), 3.60-3.43 (m, 17H), 3.19 — 3.16 (m,
1H), 3.13 — 3.09 (m, 4H), 2.96 — 2.93 (m, 1H), 2.45 (dtd, 2H,
J=13.0,6.6,5.3Hz),2.19 (td, 3H, J=7.5, 1.4 Hz), 1.90 (q, 7H, J=6.9
Hz), 1.72 — 1.64 (m, 7H), 1.51-1.40 (m, 2H) ppm. '3C NMR (125
MHz, CDCls) &: 172.8(2), 170.9, 170.2 (4 x C=0) , 167.5, 167.2,
163.9, 156.4, 141.5, 140.2, 135.4, 135.3, 135.0, 134.9, 130.6,
130.2, 129.8, 124.4, 129.4, 128.3, 126.3, 126.2, 103.8, 103.4,
103.3, 103.1, 95.7, 77.2, 70.7(2), 70.6, 70.5, 70.2(2), 69.9, 69.7,
66.1,56.4,43.5,43.4,40.8, 40.2, 39.5, 39.4, 39.2, 36.3, 36.0, 34.7,
34.5, 28.9, 254, 21.3, 21.2, 14.5. HRMS: calculated m/z for
CeoH107F4NsNaO21S2 (M+Na)* 1504.6728; found 1504.6725.

LA-EGi-TFP: '"H NMR (500 MHz, CDCls) &: 6.99 (tt, 1H, J=9.9,
7.0 Hz), 6.67 (s, 1H, amide NH), 6.34 (s, 1H, amide NH), 3.74 —
3.70 (m, 1H), 3.66 — 3.62 (m, 38H, CH>s in EG11 units), 3.55 (td,
4H, J=5.5, 4.5 Hz), 3.46 (dtd, 4H, J=13.1, 5.6, 4.4 Hz), 3.17 (ddd,
1H, J=11.0,7.1, 5.4 Hz), 3.11 (dt, 1H, J=11.0, 6.9 Hz), 3.04 (t, 2H,
J=7.1 Hz), 2.64 (t, 2H, J=7.1 Hz), 2.45 (dtd, 1H, J=13.0, 6.6, 5.4
Hz), 2.19 (td, 2H, J=7.5, 1.4 Hz), 1.90 (dq, 2H, J=12.6, 7.0 Hz),
1.73 — 1.62 (m, 4H), 1.53 — 1.40 (m, 2H), 1.25 (s, 1H) ppm; 3C
NMR (125 MHz, CDCls) 6: 172.9, 170.4, 169.0 (3 x C=0), 103.3,
103.1, 103.0, 72.7, 70.6, 70.5(2), 70.4, 70.2, 70.1, 69.9, 69.8, 61.6,
56.4,40.2,39.4,39.2, 38.4, 36.3, 34.7, 30.4, 29.7, 28.9, 28.8, 25.4
ppm. HRMS: calculated m/z for Ca2HeoFaN2015S2 (M+H)*
981.4075; found 981.4098.

LA-EG4-Gal: 'H NMR (D20, 500 MHz): § = 8.11 (s, 1H, triazole-
H), 4.70 (s, 2H), 4.65 (t, 2H, J=5.1 Hz), 4.40 (d, 1H, J=7.9 Hz, H-
1), 3.99 (t, 2H, J=5.0 Hz), 3.92 (d, 1H, J=3.4 Hz), 3.82 — 3.58 (m,
28H, CHzs in EGy units), 3.56 — 3.50 (m, 2H), 3.38 (t, 2H, J=5.3
Hz), 3.26 — 3.15 (m, 2H), 2.48 (dq, 1H, J=12.2, 6.0 Hz), 2.25 (t,
2H, J=7.3 Hz), 2.00 — 1.94 (m, 1H), 1.78 — 1.69 (m, 1H), 1.66-1.60
(m, 3H), 1.44-1.38 (p, 2H, J=7.6 Hz) ppm. '3*C NMR (D20, 125
MHz): & = 176.9 (C=0), 102.8 (C-1), 75.1, 72.7, 70.7, 69.7 (2),
69.6 (3), 69.5 (2), 69.4, 69.2, 68.9, 68.8, 68.7, 68.6 (2), 63.1, 60.9,
56.5, 50.1, 50.0, 40.2, 38.9, 38.0, 35.4, 33.7, 27.8, 25.0 ppm.
HRMS: Expected C31Hs¢N4O13S2 m/z 757.3319, found 757.3380.

LA-EG4-DiMan: 'H NMR (D0, 400 MHz): 6 = 8.11 (s, 1H, tria-
zole-H), 5.12 (s, 1H, Man H-1"), 5.03 (s, 1H, Man H-1), 4.71 (s,
2H), 4.66 (t, 2H, J= 5.1 Hz), 4.08 (d, 1H, J = 3.1 Hz), 3.99 (m,
3H), 3.95 — 3.83 (m, 5H), 3.82 -3.60 (m, 28H, CHzs in EGx units),
3.40 (t, 2H, J = 5.3 Hz), 3.27-3.15 (m, 2H), 2.49 (m, 1H), 2.26
(t,2H, J= 7.3 Hz), 1.98 (m, 1H), 1.75 (m, 1H), 1.64 (dd, 3H, J =
14.0, 7.6 Hz), 1.41 (p, 2H, J = 7.7 Hz) ppm. 3C NMR (D20, 100
MHz): 6 = 176.9 (C=0), 143.9 (C=CH), 125.5 (C=CH), 102.3
(Man C-1), 98.4 (Man-C-1"), 78.6, 73.3, 72.7, 70.3, 70.2, 69.9,
69.6, 69.5, 69.4,69.0, 68.9, 68.8, 66.9, 66.5, 63.1, 61.1, 60.89, 56.5,
50.0, 40.3, 38.9, 38.1, 35.5, 33.7, 27.8, 25.0 ppm. HRMS: calcu-
lated m/z for C37Hs7N4O18S2 (M+H)* 919.3886; found 919.3899.

3. N-terminal linker labeling of DC-SIGN ECD or CRD.

DC-SIGN tetrameric ECD and its monomeric CRD were expressed
in E. coli and purified by sepharose-mannose affinity column, and
their concentrations were estimated from the UV absorbance at 280
nm using an extinction coefficient of 281,600 and 52,980 M-! cm™!
for ECD and CRD, respectively. *#! Proteins were then dissolved
in a low pH labeling buffer (20 mM HEPES, 150 mM NaCl, and
10 mM CaCly, pH 6.2) to ensure that only N-terminal amine is non-
protonated and is available for labeling. ** This was achieved by
adding LA-EG11-Tz-TFP or LA-EGi:-TFP linker (in dry DMSO)
to the ECD or CRD in the labeling buffer at a linker: ECD monomer
or CRD molar ratio of 1.5:1. The mixture was mixed on a rotating
mixer at room temperature for 40 min, and then diluted with the
binding buffer (20 mM HEPES, 100 mM NaCl, 10 mM CaCl., pH
7.8). Any unlabeled free linker molecules were removed by wash-
ing with the binding buffer using 10 kDa MWCO ultra-filtration
unit. HRMS analysis revealed that the labeling mixture contained
both singly labeled and unlabeled proteins. Using the relevant peak
areas of each species, the single linker labeling efficiencies for LA-
EG11-Tz-TFP linker were estimated as 18% and 22% for ECD and
CRD (denoted as LA-EG11-Tz-ECD and LA-EG11-Tz-CRD), re-
spectively (SI, Fig. S4.1) with no doubly labeled species. While for
the LA-EG1:-TFP linker, the single-linker labeling efficiency was
estimated as 19% with a small amount (~2%) of double-linker la-
beled species, denoted as LA-EG11-CRD and (LA-EGi1)2-CRD, re-
spectively (see SI, Fig. S4.2).

4. Preparation of antiviral polyvalent nano-lectins.

Citrate stabilized 13 nm gold nanoparticles (G13) was prepared by
citrate reduction of HAuCly4 following our established procedures.*
Its concentration was calculated by the Beer-Lambert Law using
peak absorbance at 519 nm and an extinction coefficient of 2.32 x
103 M! em!.4 To prepare antiviral nano-lectins, G13 was first par-
tially PEGylated to enhance its stability in the binding buffer. This
was achieved by incubating citrate stabilized G13 with 2000 molar
equivalent of HS-EG7-OH in an aqueous solution under stirring for
48 h at room temperature. The resulting G13 dispersion was con-
centrated using 100 kDa MWCO filter tubes and washed with 100
mL of pure water to remove any unbound free ligands. This yielded
partially PEGylated G13 (denoted as ppG13-OH) which was found
to be highly stable and monodisperse in the binding buffer. A fully
PEGylated G13 negative control (G13-OH) was also prepared by
incubating citrate stabilized G13 with 5000 molar equivalent of
HS-EG7-OH using the same conditions as that of ppG13-OH prep-
aration.

The partially PEGylated ppG13-OH in pure water was added 1/4
of its volume of a 5 x binding buffer (100 mM HEPES, 750 mM
NaCl, 50 mM CaCla, pH 7.8) to make it in final 1 x binding buffer.
Then, the linker labeled ECD or CRD was added to ppG13-OH (in
x binding buffer) at a linker-labeled protein: ppG13-OH molar ratio
of 100:1 for LA-EG11-Tz-ECD, LA-EG11-Tz-CRD and LA-EGii-
CRD. To investigate how CRD: G13 molar ratio affect conjugation
and viral inhibition, another batch of G13-CRD was prepared at a
LA-EG11-CRD: ppG13-OH molar ratio of 115:1. The resulting
mixed solution was stirred at 4 °C overnight (~16 h) and then trans-
ferred to an 100 kDa MWCO ultrafiltration tube and centrifuged to
collect the G13-lectin conjugates. The flow through filtrate was
collected and analyzed by HRMS. Only unlabeled ECD or CRD
was detected in all of the filtrates (SI, Fig. S5.1), suggesting that all
linker-labeled ECD or CRD were bound to G13. Thus, G13-Tz-
ECD, G13-Tz-CRD and G13-CRD prepared under a linker-labeled
protein: G13 molar ratio of 100 and 115 should have a lectin va-
lency of ~100 and ~115 per G13, abbreviated as G13-Tz-ECD oo,
G13-Tz-CRD1oo, G13-CRD100 and G13-CRDuis, respectively. The



resulting G13-lectin conjugates were washed three times with bind-
ing buffer using the same 100 kDa MWCO ultrafiltration tube, be-
fore being transferred to sample vials. The concentration of each
G13-lectins was calculated from its UV absorbance at 520 nm us-
ing G13’s extinction efficient (2.32 x 103 M-L.cm).

5.1 Inhibition of pseudo-SARS-CoV-2 infection.

Vesicular stomatitis virus (VSV) particles pseudotyped with
SARS-CoV-2 S protein and encoding a luciferase gene were gen-
erated as described previously. #° We and others have shown pre-
viously that these particles adequately model SARS-CoV-2 entry
into cells and its inhibition. >!>!# All cell culture was performed in
Dulbecco’s modified Eagle medium (DMEM) (PAN-Biotech, Aid-
enbach, Germany), supplemented with 10% fetal bovine serum
(FBS) (Biochrom Berlin, Germany) and penicillin (100 U/mL)/
streptomycin (0.1 mg/mL) solution (P/S) (PAA Laboratories
GmbH, Colbe, Germany) as reported previously. °

To evaluate G13-CRD’s inhibitory effect on SARS-CoV-2 S pro-
tein-driven cell entry, Vero76 cells were seeded in 96-well plates
at a density of 2 x 103 cells per well. Equal volumes of pseudotype
preparations and G13-CRD were incubated in DMEM containing
10% FBS at 37°C for 2 h. Medium was aspirated from the cells (at
24 h post seeding), then pseudotype viral particles and G13-CRD
mixture (100 pL) was added to each well and cells were incubated
at 37°C for 16-18h. After that, the cell medium was removed and
cells were lysed using PBS supplemented with 0.5% Triton X-100
(Carl Roth, Germany) for 30 min at RT. Then 30 pL of cell lysates
were transferred into white 96-well plates, mixed with luciferase
substrate (Beetle- Juice, PJK) and then luminescence signals were
measured with a Hidex Sense Plate luminometer (Hidex). The lu-
ciferase activities in cell lysates from each treatment were normal-
ized against the corresponding control measured in the absence of
G13-CRD. The normalized infection (NI)-C relationship was fitted
by the modified inhibition model (Eg. 1) to derive the apparent viral
inhibition potencies (ECso and n values) as described in the main
text.

The same protocol was used to evaluate how DC-SIGN-binding
glycan molecules (mannose, glucose and mannan) may compete
with pseudotypes bearing SARS-CoV-2 (B.1 variant) S-protein for
binding to G13-CRDu1is (see SI, Fig. S6.5A), thereby reducing G13-
CRDy;s ability to inhibit viral transduction. Each glycan competitor
(various doses) was preincubated with G13-CRD115 (50 nM final
dose) at 37 °C for 1 h before being added to B.1 pseudotype parti-
cles and further incubated for 2 h at 37 °C. Finally, the B.1 pseudo-
type/glycan/G13-CRD1 mixture was added to Vero76 cells to eval-
uate their antiviral properties using the same steps as above.

5.2. Inhibition of authentic SARS-CoV-2 infection.

All work with infectious SARS-CoV-2 was conducted under BSL-
3 conditions at the German Primate Centre, Gottingen, Germany.
Vero76 cells were seeded in 96-well plates at a density of 2 x 10°
cells per well. Different doses (ranging from 0.1 to 50 nM) of G13-
CRDi0o, G13-OH, or Sotrovimab (kindly provided by Sebastian
Schulz and Hans-Martin Jick from Friedrich-Alexander Univer-
sity of Erlangen-Niirnberg, Germany) were each incubated with
SARS-CoV-2 isolate NK, Pango lineage B.1.513 (kindly provided
by Stephan Ludwig, Institute of Virology, University of Miinster,
Miinster, Germany) or SARS-CoV-2 isolate Omicron BA.1, Pango
lineage B.A1 (kindly provided by Christian Drosten, Institute of
Virology, Charité-Universititsmedizin Berlin, Germany) at 37 °C
for 2 h in an inoculation volume of 100 pL. Afterwards, Vero76
cells were infected with the virus-inhibitor mixtures at an MOI of
0.01 at 37 °C. After 1 h incubation, the inoculum was removed, cell
cultures were washed with PBS two times, and 100 uL of culture

medium was added to the cells. Supernatants were collected at 0
and 48 h post infection (hpi) and stored at -80 °C until further us-
age. Viral titres were determined by plaque assay on Vero76 cells
as described previously,”'* and are given as PFU/mL.

6. Statistical analysis

Microsoft Excel (as part of the Microsoft Office software package,
version 2019, Microsoft Corporation) and GraphPad Prism 9 ver-
sion 9.0.2 (GraphPad Software) were used to analyze the data. Sta-
tistical analysis was carried out by a Brown-Forsythe and Welch
ANOVA analysis with Dunnett’s T3 multiple comparison test.
Only p-values of 0.05 or less were considered to be statistically sig-
nificant. NS (not significant) p > 0.05; * p < 0.05; ** p <0.01; ***
p<0.001; **** p <0.0001).
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