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(named G13-CRD). G13-CRD bound strongly and specifically to target glycan-coated quantum dots with sub-nM K. Moreover,
G13-CRD neutralized particles pseudotyped with the S proteins of Wuhan Hu-1, B.1, Delta variant and Omicron subvariant BA.1
with low nM ECg,. In contrast, natural tetrameric DC-SIGN and its G13 conjugate were ineffective. Further, G13-CRD potently
inhibited authentic SARS-CoV-2 B.1 and BA.1, with <10 pM and <10 nM ECjy, respectively. These results identify G13-CRD as the
Ist polyvalent nano-lectin with broad activity against SARS-CoV-2 variants that merits further exploration as a novel approach to
antiviral therapy.
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mediating S protein folding and stability, camouflaging
immunogenic epitopes, and facilitating 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 concern identified by
the World Health Organization (WHO) except for the y
(having 2 extra sites at N20 and N188),'® and Delta and
Omicron BA.2-5 variants (loss of N17 site, due to disruption of
sequon from T19 mutation, see Table S1). While viral glycans
are synthesized by the host cell machinery, they exhibit some
unique features that differentiate them from host self-glycans,
e.g., a high content of underprocessed oligomannoses and high
glycan density. These make viral surface glycans an attractive
target for developing antivirals. Indeed, a few rare but potent
and broadly neutralizing Abs target glycans on HIV."”~*' For

The global Covid-19 pandemic caused by SARS-CoV-2 had a
devastating impact on the healthcare systems and economies
worldwide. The excess mortality associated with Covid-19 is
believed to amount to 18 million from 2020 to 2021, and tens
of millions are suffering from lon%-term physical and mental
health problems (i.e., long Covid)." To combat this, a number
of antiviral strate§ies that target the viral infection process have
been developed.”™” As binding of the viral surface trimeric
spike (S) protein to the ACE2 receptor on the host cell surface
is essential for infectious SARS-CoV-2 entry into cells,*’
vaccines (including those under development) and several
antivirals target this interaction.””®” For example, neutralizing
antibodies (Abs) bind to the S protein and block infectious
viral entry into cells.”” However, the emergence of SARS-CoV-
2 variants with mutations in the S protein that alter antibody
epitopes can allow for evasion of neutralizing Abs induced April 3, 2023
upon vaccination and/or infection.'*™"* May 29, 2023
The SARS-CoV-2 S protein trimer is heavily glycosylated May 30, 2023
with 22 N-linked glycans on each monomer subunit, consisting June 12, 2023
of oligomannose, hybrid, and complex glycans.'”'® Glyco-
sylation plays a critical role in viral pathobiology, which include
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example, antibody 2G12 displays an unusual domain-
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 facked
glycans on the same gp160 trimer 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
immunogenicity, glycan-targeting Abs remain rare and to date,
no anti-SARS-CoV-2 neutralizing Abs are known to be glycan-
targeting. Nevertheless, the success of 2G12 and a few other
Abs clearly demonstrates 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 specific-
ity.”>~*° They also play a key role in pathogen recognition and
immune regulation. It is therefore unsurprising that lectins can
display useful antiviral activities by binding to viral surface
glycans to block cell entry.%’27 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.**7°° Therefore, we
propose a new polyvalent nano-lectin antiviral strategy 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 inhibit viral entry (see Figure 1). Moreover,
polyvalent nano-lectins may bind to glycans from different
domains on the same trimeric S protein (ie., intra-spike
crosslinkjng) and/or in between neighboring 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.””** 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 peptide conjugates have been successfully used
to degestcst6 SARS-CoV-2 virus or antiviral IgG Abs, respec-
tively.™

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 virus surfaces, including SARS-
CoV-2, with low to moderate monovalent affinities (K,’s: 0.1—
3 mM), while the tetrameric ECD (containing 4 CRDs)
displays augmented binding affinity.”” Both DC-SIGN ECD
and CRD were recombinantly expressed in Escherichia coli and
purified by mannose affinity columns as confirmed by high-
resolution mass spectrometry (HRMS, Supporting Informa-
tion, Section 2), as reported previously.””*" To facilitate lectin-
GNP conjugation, two linker molecules based upon a general
structure of lipoic acid-undecyl(ethylene glycol)-carboxylic
acid tetrafluorobenze ester (LA-EG;;-TFP) were designed.
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Figure 1. (A, B) Schematic route to prepare an N-terminal LA-EG,-
linker-labeled lectin (A) and a polyvalent nano-lectin (B) exemplified
using DC-SIGN CRD as a model lectin. Lectin N-terminal amine is
selectively labeled with an LA-EG-linker at pH 6.2. A citrate-
stabilized 13 nm gold nanoparticle (G13) is first partially PEGylated
with HS-EG,-OH, and then conjugated with LA-EG,-linker-labeled
CRDs to form GI13-CRD via self-assembly. (C) Schematic
representation of possible interactions between G13-CRD and S
protein glycans on the viral surface: (C1) steric blockade 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.

Both linkers contain three functional domains: an LA group for
strong GNP anchoring by forming two strong Au—S bonds: an
EG,; spacer for good flexibility, water solubility, and resisting
nonspecific interactions,"”** and a TPF ester for protein
labeling via reacting to a free surface amine (Figure 1). We first
prepared linker 1, LA-EG,,-Tz-TFP, by reacting LA-EG ;-
tetrazine with trans-cyclooctyne-EG,-TFP ester (TCO-EG,-
TFP) via the copper-free click reaction between tetrazine and
TCO (Supporting Information, Section 3.1). While this
reaction was rapid, the LA-EG,;-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-EG,;-
TFP) by direct esterification of LA-EG,;-CO,H with TFP
(Supporting Information, Section 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 a-amine is >2 pH units lower than protein
surface ¢-amines of lysine residues (e.g, ~6.0 to 8.0 vs
~10.5).** Thus, labeling was conducted at pH 6.2, ensuring
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Figure 2. (A) 1.5% Agarose gel electrophoresis reveals ppG13-OH has the highest, followed by G13-Tz-CRD 4, while G13-Tz-ECD, shows the
lowest gel mobility. The bands are visible under room light without staining. (B) Hydrodynamic diameter (D;) histograms fitted by log-normal
Gaussian function, yielding a Dy, of ~17, ~31, and ~144 nm for ppG13-OH, G13-Tz-CRD, and G13-Tz-ECD;, respectively. (C1) QD-DiMan
(2 nM) fluorescence is efficiently quenched by 1 nM G13-Tz-CRD,y, (>80%), but much less so by 1 nM G13-Tz-ECD,y, (~20%), and only
marginally by 1 nM G13-OH control (~7.5%); (C2) QD-Gal (2 nM) control is marginally quenched by G13-Tz-CRD,, (1 nM, ~9.5%), but not
by G13-OH control. (C3) Quenching efficiency (QE)—concentration (C) relationship of 1:1 molar mixed G13-Tz-CRD)y, and QD-DiMan fitted
by Hill’s equation (QE,,,, fixed to 100), giving an apparent binding K, of 0.93 + 0.05 nM.

that only the @-amine, but not e-amines, was nonprotonated
and available to react with TFP ester to form a stable amide
linkage. Incubating the protein with LA-EG,-Tz-TFP at a
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-EG;;-Tz-ECD) and CRD (denoted as LA-
EG,,-Tz-CRD), respectively. Extending the incubation time
led to the formation of dual-labeled proteins. The same
condition was used to label linker LA-EG,,-TFP, giving single-
linker-labeled CRD (denoted as LA-EG,;-CRD) in ~19% yield
and a very small amount (~2%) of dual-labeled CRD (denoted
as (LA-EGy;),-CRD) (Supporting Information, Section 4).

A 13 nm GNP (G13) was synthesized by citrate reduction of
H[AuCl,] (Supporting Information, Section 5)* and used to
construct antiviral nano-lectins in two steps. First, G13 was
partially PEGylated with a hepta(ethylene glycol) thiol (HS-
EG,-OH) to prevent aggregation during lectin conjugation.
This was achieved by overnight incubation of G13 with 2000
molar equivalents of HS-EG,-OH in water to yield ppG13-
OH. Second, ppG13-OH was incubated with 100 molar
equivalents of linker-labeled lectins overnight to make GI13-
lectin-based polyvalent nano-lectins via self-assembly (Figure 1
and Supporting Information, Section 5.2.2). No linker-labeled
lectins were found in any of the post conjugation supernatants
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from HRMS analysis. Therefore, all linker-labeled lectins
added must have conjugated to G13, giving a lectin valency of
100 for LA-EG,;-TzECD, LA-EG,,-Tz-CRD, or LA-EG,-
CRD per Gl13, abbreviated as G13-Tz-ECD,y, G13-Tz-
CRD, or G13-CRD, respectively. To investigate the effect
of CRD valency on antiviral activity, another batch of G13-
CRD was prepared at an LA-EG,;-CRD: ppG13-OH ratio of
115:1 (denoted as G13-CRDys).

The success of G13-lectin conjugation was supported by the
reduced gel mobility over ppG13-OH (Figure 2 and
Supporting Information, Section 5.3.1), and increased hydro-
dynamic diameters (Dys) following each conjugation step. For
example, D, was increased from ~15 nm (G13-citrate) to ~17
nm (ppG13-OH), and then to ~31 nm for G13-Tz-CRD,, or
~140 nm for G13-Tz-ECD,, (Figure 2) or ~22 nm for G13-
CRD,y, and ~26 nm for G13-CRD,;5 (Supporting Informa-
tion, 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, 4, ~ 600 nm) coated with a DHLA-EG,-
mannose-a-1,2-mannose’”** (DiMan, a DC-SIGN CRD
binding glycan, Supporting Information, Section 3.3) or a
DHLA-EG,-galactose (Gal, a DC-SIGN CRD nonbinding
glycan) ligand (denoted as QD-DiMan or QD-Gal) as a

https://doi.org/10.1021/jacsau.3c00163
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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 protein
(Wuhan wild-type, Hu-1) were pre-incubated with (A) tetrameric DC-SIGN ECD or (B) G13-Tz-CRD) o, G13-Tz-ECD;y, 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 (B) represent the background luminescence measured
in the absence of viral particles. The results of a representative experiment performed with technical quadruplicates 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 (A). No significant differences (p > 0.05) between G13-Tz-CRD;y, and G13-Tz-ECD;, 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-CRD,, and G13-OH at doses of <0.3 nM, but significant differences 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 > 0.0S; *p < 0.05; **p < 0.01; ***p < 0.001.

positive- or a negative- control, respectively (Figure 2 and
Supporting Information, Sections 3.3 and 3.4). These are
based on our earlier findings that QD-DiMan binds strongly to
tetrameric DC-SIGN ECD (low nM Kj’s), but shows no
measurable binding to monomeric CRD (due to CRD-DiMan
monovalent binding (K3 = 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.*®

GNP is well known for its strong fluorescence quenching
properties via a nanoscale surface energy transfer mechanism
(QE « 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 (QE o< 1/R®). %% 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 percentage of added QDs that
have bound to G13-CRD (Supporting Information, Section
5.3.3)." As expected, the fluorescence of QD-DiMan (2 nM)
was quenched efficiently (>80%) upon mixing with G13-Tz-
CRD,y, (1 nM, Figure 2C1). In contrast, QD-Gal was
quenched much less efficiently (~10%, Figure 2C2), and a
nonglycosylated QD-EG,-OH control (a DHLA-EG,-OH
ligand capped QD) showed no apparent quenching under
such conditions. Fitting the QE-concentration relationship for
1:1 mixed G13-Tz-CRD,y, and QD-DiMan by Hill’s equation
yielded an apparent binding Kj of 0.93 + 0.05 nM (Figure
2C3).°”* This represents an impressive ~1 million-fold
enhancement of affinity over that of monovalent CRD-
DiMan binding (K4 = 0.9 mM).* A similar sub-nM K was
also obtained for G13-CRD,y binding with QD-DiMan
(Figure S5.4). These results confirm that G13-CRDs not
only retained CRD’s native binding specificity with DiMan but
also drastically enhanced the affinity via multivalent binding
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(Figure 2C). We have found previously that free tetrameric
ECD (before GNP conjugation) binds strongly with QD-
DiMan with low- to sub-nM K>’ However, G13-Tz-ECD,,
only gave a QE about ~1/4 of that obtained with G13-Tz-
CRD,,, after QD-DiMan binding (Figure 2C1). The
ineffective quenching here is attributed to the long rigid
coiled-coil neck (>20 nm) in ECD which projects CRDs away
from the GNP surface, resulting in a large GNP-QD separation
distance and hence ineffective quenching.

Replication-defective single-cycle Vesicular Stomatitis Virus
(VSV) reporter particles encoding luciferase and bearing the S
protein of SARS-CoV-2 were employed to evaluate polyvalent
nano-lectins’ inhibitory effect against SARS-CoV-2 S protein-
driven entry into Vero76 cells (Supporting Information,
Section 6). Previously, we and others have shown that these
particles adequately model SARS-CoV-2 entry into cells and its
inhibition.”'**’ 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,
Figure 3A). In contrast, both G13-Tz-CRD,y, and G13-Tz-
ECD,y, dose-dependently inhibited SARS-CoV-2 S protein-
driven cell entry and inhibition by G13-Tz-CRD,,, was found
to be more potent than that by G13-Tz-ECD ¢, at higher doses
(Figure 3B). However, neither of them showed significant
inhibition against entry driven by the control VSV glycoprotein
(VSV-G; Figure $6.1), indicating that inhibition of SARS-CoV-
2 S protein-driven entry was specific.

The dose-dependent inhibition data were fitted by a
modified inhibition model (eq 1)
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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-CRD,;5 (A) at the indicated
concentrations in DMEM containing 10% FBS, and then added to Vero76 cells. Entry into Vero76 cells was determined by quantifying 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-CRD, s 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-CRD;;5 doses of <1 nM, but significant
differences were observed at doses of >S5 nM (*p < 0.05; **p < 0.01; **¥p < 0.001; ****p < 0.0001). (B) Normalized dose-dependent luciferase
activities fitted by eq 1 for G13-CRD, 5 (red curves) and G13-CRD;, (black curves), and the fitting parameters are given in Table 1. Significant
differences were observed for B.1 at S nM (**p < 0.01), Delta at 1 nM (**p < 0.01) and S nM (**p < 0.01), and Omicron at 1 nM (***p < 0.001).
All other doses gave no significant statistical differences (p > 0.05).

_ 1 a polyvalent nano-lectin, with each CRD serving as an
Nl=——— . . . g L

1 + (C/ECy)" (1) independent binder, is key to potent viral inhibition. This is

. ' o presumably because such flexible CRD binding units can

where NI, C, ECy, and n are normalized infection, inhibitor readily adjust their relative positions to accommodate viral
concentration, effective inhibitor concentration giving 50% surface glycans and form strong multivalent binding. In
inhibition, and inhibition coefficient (with n >1, = 1 and <1 contrast, the minimal independent binding unit in G13-Tz-

indicatizl}%opositive—, none-, and negative-inhibition coopera- ECD,q, is a tetrameric ECD containing 4 CRDs. The CRD
tivity),™"" respectively. While the ECy value is clearly positions are fixed in each ECD unit and cannot readily adjust
important for viral inhibition, the inhibiting n value is also of their relative positions to adapt to viral surface glycans, making
great importance. For example, if three inhibitors have the it difficult to form strong simultaneous multivalent binding. In

same EC so value but .diﬁfer.e.nt " v:alues of 0.5, 1, and 2, ther} the fact, most natural multimeric lectins are known to display fixed
C required for 99% inhibition will be 9801, 99, and 9.9 times CRD presentations, allowing them to recognize specific,

the ECs value, respectively. The inhibitor with n = 0.5 is much spatially matched multivalent glycans. As a result, their

less effective than that with n = 1 or 2, and requires ~100- or o . .

~1000-fold higher dose in order to ,achieveqthe same 99% CRDs often lack the flexibility and adaptability required to

inhibition desg ite havine the same EC.. value. Therefore achieve complete viral inhibition, making them ineffective as
) p & S0 ) ’ antiviral reagents. The G13-OH control showed no significant

viable inhibitors should have n > 1 (with n = 1 being the most e ) . :
widely observed) in order to achieve complete inhibition with inhibition as expected (Figure 3B), demonstrating that viral
inhibition was due to specific lectin—glycan interactions.

a reasonable C. However, inhibitors with n < 1 are unlikely to o -
Camostat (an inhibitor of the SARS-CoV-2 S protein

become viable inhibitors because of the difficulty to achieve e Aradiheh e
activating protease TMPRSS2)®” exhibited no inhibitory effect

complete inhibition. .
The fit gave comparably low sub-nM ECy, values for both even at 100 uM, as expected, since Vero cells do not express

G13 -Tz-ECD,p and G13-Tz-CRD), e.g., 0.25 + 0.04 nM vs TMPRSS2. In contrast, chloroquine displayed significant
0.19 + 0.02 nM (see Figure $S6.2), indicating a high antiviral inhibition at ~100 M, as expected (Figure 3B).

potency. However, the inhibition profile of G13-Tz-ECD,q, The lack of long-term stability for LA-EG,,-Tz-TFP linker
gave n = 0.57 + 0.06, meaning it is difficult to achieve means it has to be prepared fresh each time before lectin
complete inhibition. In contrast, the inhibition profile of G13- conjugation, making its use inconvenient. Therefore, we

Tz-CRD,, vielded n = 1, meaning it can achieve complete prepared the more stable LA-EG,-TFP linker for protein
viral inhibition by increasing C. This is evident from that, labeling and G13 conjugation. We prepared G13-CRDs with
despite having similar sub-nM ECg, values, the normalized two CRD valencies, G13-CRD,5, and G13-CRD,;5. Their

infection for G13-Tz-ECD,y, is >3-fold that for G13-Tz- inhibition of Vero cell entry of VSV particles pseudotyped with
CRD,, at 3 nM (Figure S6.2). This is further backed up by the S proteins of four SARS-CoV-2 variants (i.e, Wuhan wild-
statistical analysis: their inhibition data are significantly type Hu-1, B.1, Delta, and Omicron BA.1) was investigated
different statistically at doses of > 0.3 nM (p < 0.01, see (Figures 4A and $6.3). Their dose-dependent inhibition data

Figure 3B). Therefore, presenting monomeric CRDs flexibly in were fitted by eq 1, which yielded comparable low nM ECg,
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values and n = 1 for G13-CRD, 5 against pseudotypes bearing
the S proteins of all four SARS-CoV-2 variants tested (Figure
4B1-B4 and Table 1). Interestingly, G13-CRD;;5 showed

Table 1. Summary of Inhibition Data of G13-CRD,,5 and
G13-CRD,, against Four Different SARS-CoV-2
Pseudotypes Entry of Vero76 cell (n = 1 for Cases)”

G13-CRD, G13-CRD;
(D}, ~22 nm) (D, ~26 nm)
SARS-CoV-2 variant ECy, (nM) R? ECy (nM) R?
wild-type (Hu-1) 82+ 17 0933 3005 0943
D614G wild-type (B.1) 76+13 0961 23+06 0947
Delta (B.1.617.2) 121+27 0952 30%01 0992
Omicron (BA.1) 6.6+ 13 0.976 1.5+03 0.922

“A higher CRD valency and bigger hydrodynamic size appear to boost
G13-CRD’s antiviral potency.

consistently higher potencies (lower ECs, values, ~3- to 4-
fold) than G13-CRD,, (also yielding #n = 1 in all inhibition
fittings) against all S protein-bearing pseudotypes tested
(Table 1 and Figure S6.3), suggesting that a higher CRD
valency (larger Dy) improves G13-CRD’s antiviral potency.
Moreover, G13-CRD;s’s inhibitory activity (against pseudo-
types bearing B.1 S protein) was significantly 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-
CRD,,; originated from specific CRD-sugar binding as
proposed (Supporting Information, Section 6 and Figure
S6.5).

The inhibitory effects of G13-CRD,q, against the authentic
early pandemic B.1 and Omicron BA.l variants were also
investigated (Supporting Information, Section 7). Sotrovimab,
a clinically approved monoclonal antibody for Covid-19
treatment, was also analyzed as a positive control under
identical experimental conditions. G13-CRD;y,, was highly
potent against the wild-type virus, resulting in ~92% inhibition
at 0.1 nM (equivalent to ~9 pM ECj, for noncooperative
inhibition, n = 1) and complete inhibition at 10 nM (Figure 5).
In contrast, Sotrovimab was less effective, showing apparently
no inhibition at 0.1 nM, although significant inhibition was
observed 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 observed, making it difficult to fit the data
with inhibition models to derive ECy, values. Against Omicron
variant BA.1, both Sotrovimab and GI13-CRD;,, showed
reduced efficacy, where significant inhibition was observed at 5
and 10 nM, respectively, although they both completely
inhibited viral infection at 25 nM. Importantly, the G13-OH
control gave no inhibition across the whole concentration
range tested (Figure S5), demonstrating that G13-CRD’s
inhibitory effect originates from specific CRD-glycan inter-
actions, as expected.

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
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Figure 5. G13-CRD), 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
indicates no measurable infection. The bar labeled as No BG indicates
the infection level in the absence of inhibitors. The results of a
representative experiment performed with technical triplicates are
shown and were confirmed in a separate experiment.

potency against the Omicron variants (both pseudotypes and
authentic viruses)."”'* In contrast, our G13-CRD-based
antivirals have demonstrated potent and broad anti-SARS-
CoV-2 activity against all four pseudotyped viruses tested. This
is attributed to the largely conserved N-glycosylation sites
across the S proteins of SARS-CoV-2 variants and careful
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 processing;ls’50 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 ECy, and identical n (=1) values clearly
demonstrates 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 virion size/shape (~95 nm sphere,”’ vs ~80 nm
X 170 nm bullet-shaped™*), number of S proteins, and inter-S
protein spacing. While individual S protein-G13-CRD
interactions may be similar, differences in inter-S protein
spacing and surface curvature will affect G13-CRD’s ability to
crosslink neighboring S proteins on the virion 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 Supporting Information, 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
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a great potency against this virus (~9 pM equivalent ECs).
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 significantly reduced potencies observed for most
neutralizing Abs and sera from past infections and/or
vaccinations against the Omicron variant over the early
pandemic B.1 variant,'>'*%?

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 in other ways (besides immune evasion
mutations in S proteins) to evade neutralization by G13-CRD.
A likely mechanism is altering the number of S proteins (inter-
S protein spacing) incorporated into virion particles, 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 procession to affect their G13-CRD
multivalent binding. Although this is unlikely to be the main
reason here because significant potency differences were only
observed with the authentic B.1 and BA.1 variants, 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 demon-
strated. Linking 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 (a), P.1 (y), and B.1.351 (), 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 to
evade IgG neutralization, due to its small number of densely
glycosylated trimeric spike proteins which effectively prevent
both inter- and intra-spike crosslinking by individual IgGs. By
linking two Fabs together via a rigid DNA spacer, greatly
enhanced anti-HIV potency has been achieved for a Fab dimer
having the correct inter-Fab distance for intra-spike cross-
linking.*® Moreover, an engineered tetravalent DVD antibody
(containing four variable domains) displays 100-fold higher
potency over its component divalent 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 approach.
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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
multivalency evasion should also be considered seriously in
order to develop more robust antivirals.

Compared to other antiviral agents, our GNP-CRD-based
antivirals 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 produced 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 neutralizing Abs, or display Ab-
enhanced viral infection (e.g., Dengue, Zika).”®*® Therefore,
we believe the polyvalent nano-lectin-based antivirals reported
herein represent 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, compared to
GNP-based antivirals, Abs can also have a few potential
advantages, such as a longer blood circulation time (hence less
frequent dosages) due to Fc-receptor-mediated recycling in
vivo, Fc-receptor-activated viral clearance, and Fc-receptor-
mediated complement activation, etc.””°" While 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, biodistribution, circulation
half-time, body clearance, and potential cytotoxicity and long-
term toxicity issues with in wvivo animal models. This
information is important to demonstrate their potential as a
novel, viable antiviral agent.

A CdSe/ZnS core/shell quantum dot (QD, Ay ~60S 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 hexafluor-
ophosphate (HCTU, >98%); tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP-HCI, >98%); tris[(1-benzyl-1H-1,2,3-triazol-4-yl)-
methyl]Jamine (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 reagents
were purchased from Sigma-Aldrich or Alfa Aesar (UXK.). Azido-
EG,;-amine (>95% monomer purity) and hepta(ethylene glycol) thiol
(HS-EG,-OH) were purchased from Polypure AS (Norway). 4-
Methyltetrazine acid (>95%) and TCO-EG,-TFP ester (>95%) were
purchased from Click Chemistry Tools. All chemicals and reagents
were used as received unless stated otherwise. Solvents (>99%) were
purchased from Fischer Scientific (UXK.) and used as received.
Anhydrous THF and CH,Cl, solvents used in reactions were dried
and deoxygenated using a PureSolv solvent purification system
(Innovative Technology, Inc.). Ultrapure water (resistance >18.2
MQ-cm) purified by an ELGA Purelab classic UVF system was used
for all experiments and making buffers.

All moisture-sensitive reactions were performed under a N,
atmosphere. Evaporations were performed under reduced pressure
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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 aluminum
plates (Merck silica Kieselgel 60 F254) and stained by either iodine or
10% (v/v) sulfuric acid in ethanol solution, depending on the
compound. All 'H and *C NMR spectra were recorded in deuterated
solvents either on a Bruker AV4 NEO 11.75 T (500 MHz for 'H, 125
MHz for *C) or on a Bruker AV3HD 9.4 T (400 MHz for 'H, 100
MHz for *C NMR). All chemical shifts (5s) are quoted in parts per
million (ppm) downfield of tetramethylsilane, and reference to
residual solvent peaks (CDCly: 6 'H = 7.26 ppm, 6 '*C = 77.16 ppm,
CD;0D: 6 'H = 3.31 ppm, § "*C = 49.15 ppm, D,0: § '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 measure-
ments, 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 doublets, dt =
doublet of triplets, td = triplet of doublets, dq = doublet of quartets,
ddd = doublet of doublet of doublets, dtd = doublet of triplet of
doublets. High-resolution mass spectra (HRMS) were obtained 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 S0 bio UV-visible
spectrophotometer using 1 mL quartz cuvette with an optical 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 and 100 kDa, respectively. Dynamic light scattering (DLS) was
measured on a Zetasizer Nano (Malvern) using disposable PMMA
cuvettes. The hydrodynamic diameters (Dys) 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 CaCl,, pH
7.8). Fluorescence spectra were measured on a Cary Eclipse
Fluorescence Spectrophotometer 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 nonspecific interactions
and prevent adsorption of GNP on the surface of cuvette.’”

The LA-EG,;-Tz-FTP and LA-EG,;-TFP linker molecules were
synthesized using standard coupling chemistries via the routes shown
in Schemes S1 and S2, respectively. The synthesis of LA-EG,-DiMan
and LA-EG,-Gal glycan ligands was described in detail in the
Supporting Information, Sections 3.3 and 3.4, respectively. The
chemical structures of all key intermediates and final products were
confirmed by MS and "H/"*C NMR spectroscopies. The detailed
spectroscopic data for the final linker molecules and glycan ligands are
as follows:

LA-EG,,-Tz-FTP. 'H NMR (CDCl,;, 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), 2.4S (dtd, 2H, J = 13.0, 6.6,
5.3 Hz), 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. *C NMR (125 MHz,
CDCly) &: 172.8(2), 170.9, 170.2 (4x 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,
1244, 129.4, 128.3, 1263, 1262, 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, 25.4, 21.3,
21.2, 14.5. HRMS: calculated m/z for CgH,;o,F,N;NaO,;S, (M +
Na)* 1504.6728; found 1504.6725.

LA-EG,,-TFP. 'H NMR (500 MHz, CDCl;) &: 6.99 (tt, 1H, | =
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 EGy; units), 3.55 (td, 4H,
] =5.5,4.5Hz), 3.46 (dtd, 4H, ] = 13.1, 5.6, 4.4 Hz), 3.17 (ddd, 1H, J
=110, 7.1, 5.4 Hz), 3.11 (dt, 1H, J = 11.0, 6.9 Hz), 3.04 (t, 2H, ] =
7.1 Hz), 2.64 (t, 2H, ] = 7.1 Hz), 2.45 (dtd, 1H, ] = 13.0, 6.6, 5.4 Hz),
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2.19 (td, 2H, J = 7.5, 1.4 Hz), 1.90 (dq, 2H, ] = 12.6, 7.0 Hz), 1.73—
1.62 (m, 4H), 1.53—1.40 (m, 2H), 1.25 (s, 1H) ppm; *C NMR (125
MHz, CDCl,) 6: 172.9, 170.4, 169.0 (3x 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, 384, 36.3, 34.7, 304, 29.7, 28.9, 28.8, 25.4 ppm. HRMS:
calculated m/z for Cy,HgF,N,018, (M + H)* 981.4075; found
981.4098.

LA-EG,-Gal. 'H NMR (D,0, 500 MHz): § = 8.11 (s, 1H, triazole-
H), 4.70 (s, 2H), 4.65 (t,2H, J = 5.1 Hz), 440 (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, CH,s in EG, 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, ] = 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, ] = 7.6 Hz) ppm. *C NMR (D,0O, 125
MHz): § = 1769 (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 C3,Hy(N,O,5S, m/z 757.3319, found 757.3380.

LA-EG,-DiMan. 'H NMR (D,0, 400 MHz): § = 8.11 (s, 1H,
triazole-H), 5.12 (s, 1H, Man H-1"), 5.03 (s, 1H, Man H-1), 4.71 (s,
2H), 4.66 (t, 2H, ] = 5.1 Hz), 4.08 (d, 1H, ] = 3.1 Hz), 3.99 (m, 3H),
3.95—3.83 (m, SH), 3.82—3.60 (m, 28H, CH,s in EG, units), 3.40 (t,
2H, ] = 5.3 Hz), 3.27-3.15 (m, 2H), 2.49 (m, 1H), 2.26 (t,2H,]=7.3
Hz), 1.98 (m, 1H), 1.75 (m, 1H), 1.64 (dd, 3H, J = 14.0, 7.6 Hz),
141 (p, 2H, J = 7.7 Hz) ppm. *C NMR (D,0O, 100 MHz): § = 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: calculated m/z for C;;Hy;N,O S,
(M + H)* 919.3886; found 919.3899.

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 52980 M~ cm™" for
ECD and CRD, 1'espectively.39_41 Proteins were then dissolved in a
low pH labeling buffer (20 mM HEPES, 150 mM NaCl, and 10 mM
CaCl,, pH 6.2) to ensure that only N-terminal amine is non-
protonated and is available for labeling.”* This was achieved by adding
LA-EG,,-Tz-TFP or LA-EG,,-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 washing with the
binding buffer using a 10 kDa MWCO ultrafiltration 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-EG,,-Tz-TFP
linker were estimated as 18 and 22% for ECD and CRD (denoted as
LA-EG,;-Tz-ECD and LA-EG,;-Tz-CRD), respectively (Figure S4.1)
with no doubly labeled species. While for the LA-EG,,-TFP linker, the
single-linker labeling efficiency was estimated as 19% with a small
amount (~2%) of double-linker-labeled species, denoted as LA-EG,-
CRD and (LA-EGy,),-CRD, respectively (see Figure S4.2).

Citrate-stabilized 13 nm gold nanoparticles (G13) were prepared by
citrate reduction of HAuCl, following our established procedures.*
Its concentration was calculated by the Beer—Lambert law using peak
absorbance at $19 nm and an extinction coefficient of 2.32 X 10° M™*
em " To prepare antiviral nano-lectins, G13 was first partially
PEGylated to enhance its stability in the binding buffer. This was
achieved by incubating citrate-stabilized G13 with 2000 molar
equivalent of HS-EG,-OH in an aqueous solution under stirring for
48 h at room temperature. The resulting G13 dispersion was
concentrated 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
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PEGylated G13 negative control (G13-OH) was also prepared by
incubating citrate-stabilized G13 with 5000 molar equivalent of HS-
EG,-OH using the same conditions as that of ppG13-OH preparation.

The partially PEGylated ppG13-OH in pure water was added 1/4
of its volume of a SX binding buffer (100 mM HEPES, 750 mM
NaCl, S0 mM CaCl,, pH 7.8) to make it in final 1X binding buffer.
Then, the linker-labeled ECD or CRD was added to ppG13-OH (in
1X binding buffer) at a linker-labeled protein:ppG13-OH molar ratio
of 100:1 for LA-EG,;-Tz-ECD, LA-EG,,-Tz-CRD, and LA-EG,-
CRD. To investigate how the CRD:G13 molar ratio affects
conjugation and viral inhibition, another batch of G13-CRD was
prepared at an LA-EG,;-CRD:ppG13-OH molar ratio of 115:1. The
resulting mixed solution was stirred at 4 °C overnight (~16 h) and
then transferred to a 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 (Figure SS5.1), 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 valency
of ~100 and ~11S5 per G13, abbreviated as G13-Tz-ECD,, G13-Tz-
CRD,yy, G13-CRD, and G13-CRD,;, respectively. The resulting
G13-lectin conjugates were washed three times with binding buffer
using the same 100 kDa MWCO ultrafiltration tube, before being
transferred to sample vials. The concentration of each G13-lectins was
calculated from its UV absorbance at 520 nm using G13’s extinction
coefficient (2.32 x 10° M~'.cm™).

Vesicular stomatitis virus (VSV) particles pseudotyped with SARS-
CoV-2 S protein and encoding a luciferase gene were generated as
described previously.”” We and others have shown previously 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, Aidenbach,
Germany), supplemented with 10% fetal bovine serum (FBS)
(Biochrom Berlin, Germany) and penicillin (100 U/mL)/streptomy-
cin (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
protein-driven cell entry, Vero76 cells were seeded in 96-well plates
at a density of 2 X 10° 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 uL) were added to each well, and cells were incubated at
37 °C for 16—18 h. 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 uL 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 luciferase
activities in cell lysates from each treatment were normalized against
the corresponding control measured in the absence of G13-CRD. The
normalized infection (NI)—C relationship was fitted by the modified
inhibition model (eq 1) to derive the apparent viral inhibition
potencies (ECs, 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-CRD,, (see Figure S6.SA), thereby reducing G13-CRD,
ability to inhibit viral transduction. Each glycan competitor (various
doses) was pre-incubated with G13-CRD;5 (50 nM final dose) at 37
°C for 1 h before being added to B.1 pseudotype particles and further
incubated for 2 h at 37 °C. Finally, the B.1 pseudotype/glycan/G13-
CRD1 mixture was added to Vero76 cells to evaluate their antiviral
properties using the same steps as above.

All work with infectious SARS-CoV-2 was conducted under BSL-3
conditions at the German Primate Centre, Gottingen, Germany.
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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 S0 nM) of G13-CRD 4,
G13-OH, or Sotrovimab (kindly provided by Sebastian Schulz and
Hans-Martin Jack from Friedrich-Alexander University 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.l, Pango lineage BA.1 (kindly
provided by Christian Drosten, Institute of Virology, Charité-
Universititsmedizin Berlin, Germany) at 37 °C for 2 h in an
inoculation volume of 100 yL. Afterward, 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 usage. Viral titers were determined by
plaque assay on Vero76 cells as described previously,”'* and are given
as PFU/mL.

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

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00163.

Materials and instruments, production and character-
ization of DC-SIGN ECD and CRD, chemical synthesis
and characterization, ECD and CRD N-terminal labeling
with LA-EG,;-Tz-TFP or LA-EG,;-TFP, preparation
and modification of 13 nm diameter gold nanoparticle
(G13), GNP-CRD characterization, pseudo-SARS-CoV-
2 virus preparation and inhibition studies, inhibition of
authentic SARS-CoV-2 infection by G13-CRD, descrip-
tion of software and methods used for statistical analysis,
and estimation of inter-spike distance on virion surface
(PDF)

Dejian Zhou — School of Chemistry and Astbury Centre for
Structural Molecular Biology, University of Leeds, Leeds LS2
9JT, United Kingdom; © orcid.org/0000-0003-3314-9242;
Email: D.Zhou@leeds.ac.uk

Stefan Pohlmann — Infection Biology Unit, German Primate
Center — Leibniz Institute for Primate Research, 37077
Gottingen, Germany; Faculty of Biology and Psychology,
Georg-August-University Gottingen, 37073 Gottingen,
Germany; Email: SPoehlmann@dpz.eu

Yuan Guo — School of Food Science & Nutrition and Astbury
Centre for Structural Molecular Biology, University of Leeds,
Leeds LS2 9JT, United Kingdom; © orcid.org/0000-0003-
4607-7356; Email: y.guo@leeds.ac.uk

Darshita Budhadev — School of Chemistry and Astbury Centre
for Structural Molecular Biology, University of Leeds, Leeds
LS2 9JT, United Kingdom

https://doi.org/10.1021/jacsau.3c00163
JACS Au 2023, 3, 1755-1766


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00163/suppl_file/au3c00163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00163/suppl_file/au3c00163_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00163?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00163/suppl_file/au3c00163_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dejian+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3314-9242
mailto:D.Zhou@leeds.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Po%CC%88hlmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:SPoehlmann@dpz.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4607-7356
https://orcid.org/0000-0003-4607-7356
mailto:y.guo@leeds.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darshita+Budhadev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Hooper"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

James Hooper — School of Food Science & Nutrition and
Astbury Centre for Structural Molecular Biology, University
of Leeds, Leeds LS2 9]T, United Kingdom; © orcid.org/
0000-0001-8672-1068

Cheila Rocha — Infection Biology Unit, German Primate
Center — Leibniz Institute for Primate Research, 37077
Géttingen, Germany; Faculty of Biology and Psychology,
Georg-August-University Gottingen, 37073 Gottingen,
Germany

Inga Nehlmeier — Infection Biology Unit, German Primate
Center — Leibniz Institute for Primate Research, 37077
Gottingen, Germany

Amy Madeleine Kempf — Infection Biology Unit, German
Primate Center — Leibniz Institute for Primate Research,
37077 Géttingen, Germany; Faculty of Biology and
Psychology, Georg-August-University Géttingen, 37073
Gottingen, Germany

Markus Hoffmann — Infection Biology Unit, German Primate
Center — Leibniz Institute for Primate Research, 37077
Géttingen, Germany; Faculty of Biology and Psychology,
Georg-August-University Gottingen, 37073 Gottingen,
Germany; © orcid.org/0000-0003-4603-7696

Nadine Kruger — Infection Biology Unit, German Primate
Center — Leibniz Institute for Primate Research, 37077
Gottingen, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.3c00163

‘DB, JH, and CR. contributed equally to this work.
CRediT: Darshita Budhadev data curation, formal analysis,
investigation, methodology, writing-original draft; James
Hooper data curation, investigation, methodology; Cheila
Rocha data curation, formal analysis, investigation; Inga
Nehlmeier data curation, investigation; Amy Madeleine
Kempf data curation, investigation; Markus Hoffmann data
curation, methodology; Nadine Kriiger data curation,
investigation; Dejian Zhou conceptualization, formal analysis,
funding acquisition, methodology, project administration,
resources, supervision, writing-original draft, writing-review &
editing; Stefan Pohlmann conceptualization, funding acquis-
ition, methodology, project administration, resources, super-
vision, writing-review & editing; Yuan Guo conceptualization,
data curation, formal analysis, funding acquisition, investiga-
tion, methodology, project administration, resources, super-
vision, writing-original draft, writing-review & editing.

CRediT: Darshita Budhadev data curation, formal analysis,
investigation, methodology, writing-original draft; James
Hooper data curation, investigation, methodology; Cheila
Rocha data curation, formal analysis, investigation; Inga
Nehlmeier data curation, investigation; Amy Madeleine
Kempf data curation, investigation; Markus Hoffmann data
curation, methodology; Nadine Kriiger data curation,
investigation; Dejian Zhou conceptualization, formal analysis,
funding acquisition, methodology, project administration,
resources, supervision, writing-original draft, writing-review &
editing; Stefan Pohlmann conceptualization, funding acquis-
ition, methodology, project administration, resources, super-
vision, writing-review & editing; Yuan Guo conceptualization,
data curation, formal analysis, funding acquisition, investiga-

1764

tion, methodology, project administration, resources, super-
vision, writing-original draft, writing-review & editing.

The authors declare no competing financial interest.

This project was supported by a UK Biotechnology and
Biological Science Research Council grant (Grant Number:
BB/R007829/1, to D.Z. and Y.G.) and a School of Food
Science and Nutrition, University of Leeds, PhD scholarship
(to J.H.). S.P. acknowledges funding by BMBF (01KI2006D,
01KI20328A, 01KX2021), the EU UNDINE project (Grant
Agreement Number 101057100), the Ministry for Science and
Culture of Lower Saxony (14-76103-184, COFONI Network,
including projects 7FF22, 6FF22, 10FF22), and the German
Research Foundation (DFG; PO 716/11-1 and PO 716/14-1).
The authors also thank Xinyu Ning (School of Chemistry,
University of Leeds, UK.) for providing some of the gold
nanoparticles. They also thank Sebastian Schulz and Hans-
Martin Jick (Friedrich-Alexander University of Erlangen-
Niirnberg, Germany) for providing Sotrovimab. For the
purpose of open access, the author has applied a Creative
Commons Attribution (CC BY) license to any Author
Accepted Manuscript version arising from this submission.

(1) Wang, H.; Paulson, K. R; Pease, S. A.; et al. Estimating Excess
Mortality Due To the COVID-19 Pandemic: A Systematic Analysis of
COVID-19-Related Mortality, 2020-21. Lancet 2022, 399, 1513—
1536.

(2) Baden, L. R; El Sahly, H. M,; Essink, B.; Kotloff, K; Frey, S.;
Novak, R; Diemert, D.; Spector, S. A.; Rouphael, N.; Creech, C. B,;
McGettigan, J.; Khetan, S.; Segall, N.; Solis, J.; Brosz, A.; Fierro, C.;
Schwartz, H.; Neuzil, K;; Corey, L.; Gilbert, P.; Janes, H.; Follmann,
D.; Marovich, M.; Mascola, J.; Polakowski, L.; Ledgerwood, J;
Graham, B. S.; Bennett, H.; Pajon, R;; Knightly, C.; Leav, B.; Deng,
W. P; Zhou, H. H,; Han, S.; Ivarsson, M.; Miller, J.; Zaks, T. Efficacy
and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. New Engl. ].
Med. 2021, 384, 403—416.

(3) Baum, A; Fulton, B. O.; Wloga, E.; Copin, R.; Pascal, K. E;
Russo, V.; Giordano, S.; Lanza, K;; Negron, N.; Ni, M.; Wei, Y,;
Atwal, G. S.; Murphy, A. ].; Stahl, N.; Yancopoulos, G. D.; Kyratsous,
C. A. Antibody Cocktail to SARS-CoV-2 Spike Protein Prevents
Rapid Mutational Escape Seen with Individual Antibodies. Science
2020, 369, 1014—1018.

(4) Cao, Y.; Su, B.; Guo, X; Sun, W,; Deng, Y.; Bao, L,; Zhu, Q;
Zhang, X.; Zheng, Y.; Geng, C.; Chai, X.; He, R;; Li, X;; Lv, Q; Zhuy,
H,; Deng, W,; Xu, Y.; Wang, Y.; Qiao, L.; Tan, Y.; Song, L.; Wang, G.;
Du, X,; Gao, N.; Liy, J.; Xiao, J.; Su, X. D.; Dy, Z.; Feng, Y.; Qin, C;
Qin, C; Jin, R; Xie, X. S. Potent Neutralizing Antibodies against
SARS-CoV-2 Identified by High-Throughput Single-Cell Sequencing
of Convalescent Patients’ B Cells. Cell 2020, 182, 73—84.

(5) Enjuanes, L.; Sola, 1; Zuniga, S.; Honrubia, J. M.; Bello-Perez,
M,; Sanz-Bravo, A.; Gonzalez-Miranda, E.; Hurtado-Tamayo, J;
Requena-Platek, R.; Wang, L.; Munoz-Santos, D.; Sanchez, C. M,;
Esteban, A.; Ripoll-Gomez, ]. Nature of Viruses and Pandemics:
Coronaviruses. Curr. Res. Immunol. 2022, 3, 151—158.

(6) Polack, F. P.; Thomas, S. J.; Kitchin, N.; Absalon, J.; Gurtman,
A.; Lockhart, S.; Perez, J. L.; Marc, G. P.; Moreira, E. D.; Zerbini, C,;
Bailey, R.;; Swanson, K. A,; Roychoudhury, S.; Koury, K; Li, P;
Kalina, W. V.; Cooper, D.; Frenck, R. W.; Hammitt, L. L.; Tureci, O;
Nell, H.; Schaefer, A.; Unal, S.; Tresnan, D. B.; Mather, S.; Dormitzer,
P. R,; Sahin, U,; Jansen, K. U.; Gruber, W. C. Safety and Efficacy of
the BNT162b2 mRNA Covid-19 Vaccine. New Engl. J. Med. 2020,
383, 2603—-2615.

https://doi.org/10.1021/jacsau.3c00163
JACS Au 2023, 3, 1755-1766


https://orcid.org/0000-0001-8672-1068
https://orcid.org/0000-0001-8672-1068
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheila+Rocha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inga+Nehlmeier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amy+Madeleine+Kempf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Hoffmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4603-7696
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nadine+Kru%CC%88ger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00163?ref=pdf
https://doi.org/10.1016/S0140-6736(21)02796-3
https://doi.org/10.1016/S0140-6736(21)02796-3
https://doi.org/10.1016/S0140-6736(21)02796-3
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1126/science.abd0831
https://doi.org/10.1126/science.abd0831
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1016/j.crimmu.2022.08.003
https://doi.org/10.1016/j.crimmu.2022.08.003
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2034577
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(7) Williams, C. G.; Jureka, A. S.; Silvas, J. A.; Nicolini, A. M,;
Chvatal, S. A.; Carlson-Stevermer, J.; OKki, J.; Holden, K,; Basler, C. F.
Inhibitors of VPS34 and Fatty-Acid Metabolism Suppress SARS-CoV-
2 Replication. Cell Rep. 2021, 36, No. 109479.

(8) Hoffmann, M.; Kleine-Weber, H.; Pohlmann, S. A Multibasic
Cleavage Site in the Spike Protein of SARS-CoV-2 Is Essential for
Infection of Human Lung Cells. Mol. Cell 2020, 78, 779—784.

(9) Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N,;
Herrler, T.; Erichsen, S.; Schiergens, T. S.; Herrler, G.,; Wu, N. H,;
Nitsche, A.; Muller, M. A.; Drosten, C.; Pohlmann, S. SARS-CoV-2
Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically Proven Protease Inhibitor. Cell 2020, 181, 271—-280.

(10) Callaway, E. Fast-Spreading Covid Variant Can Elude Immune
Responses. Nature 2021, 589, 500—501.

(11) Cao, Y; Wang, J; Jian, F,; Xiao, T.; Song, W,; Yisimayi, A.;
Huang, W,; Li, Q; Wang, P.; An, R;; Wang, J.; Wang, Y.; Niu, X,;
Yang, S.; Liang, H.; Sun, H.; Li, T; Yu, Y,; Cui, Q; Liu, S.; Yang, X,;
Du, S.; Zhang, Z.; Hao, X; Shao, F,; Jin, R,; Wang, X,; Xiao, J.; Wang,
Y.; Xie, X. S. Omicron Escapes the Majority of Existing SARS-CoV-2
Neutralizing Antibodies. Nature 2022, 602, 657—663.

(12) Dejnirattisai, W.; Huo, J.; Zhou, D.; Zahradnik, J.; Supasa, P.;
Liu, C; Duyvesteyn, H. M. E,; Ginn, H. M,; Mentzer, A. J;
Tuekprakhon, A,; Nutalai, R;; Wang, B.; Dijokaite, A;; Khan, S,;
Avinoam, O.; Bahar, M.; Skelly, D.; Adele, S.; Johnson, S. A.; Amini,
A.; Ritter, T. G.; Mason, C.; Dold, C.; Pan, D.; Assadi, S.; Bellass, A,;
Omo-Dare, N.; Koeckerling, D.; Flaxman, A,; Jenkin, D.; Aley, P. K;
Voysey, M.; Costa Clemens, S. A.,; Naveca, F. G.; Nascimento, V;
Nascimento, F.; Fernandes da Costa, C.; Resende, P. C.; Pauvolid-
Correa, A.; Siqueira, M. M.; Baillie, V.; Serafin, N.; Kwatra, G.; Da
Silva, K;; Madhi, S. A.; Nunes, M. C.; Malik, T.; Openshaw, P. J. M.;
Baillie, J. K; Semple, M. G.; Townsend, A. R.; Huang, K. A;; Tan, T.
K; Carroll, M. W,; Klenerman, P.; Barnes, E.; Dunachie, S. J;
Constantinides, B.; Webster, H.; Crook, D.; Pollard, A. J.; Lambe, T.;
Consortium, O.; Consortium, I. C.; Paterson, N. G.; Williams, M. A.;
Hall, D. R; Fry, E. E;; Mongkolsapaya, J.; Ren, J; Schreiber, G;
Stuart, D. L; Screaton, G. R.; et al. SARS-CoV-2 Omicron-B.1.1.529
Leads to Widespread Escape from Neutralizing Antibody Responses.
Cell 2022, 185, 467—484.

(13) Hoffmann, M.; Arora, P.; Gross, R.; Seidel, A.; Hornich, B. F.;
Hahn, A. S.; Kruger, N.; Graichen, L.; Hofmann-Winkler, H.; Kempf,
A,; Winkler, M. S.; Schulz, S; Jack, H. M.; Jahrsdorfer, B.;
Schrezenmeier, H.; Muller, M.; Kleger, A.; Munch, J.; Pohlmann, S.
SARS-CoV-2 Variants B.1.351 and P.1 Escape from Neutralizing
Antibodies. Cell 2021, 184, 2384—2393.

(14) Hoffmann, M.; Kriiger, N.; Schulz, S.; Cossmann, A.; Rocha,
C.; Kempf, A,; Nehlmeier, I; Graichen, L.; Moldenhauer, A. S,;
Winkler, M. S.; Lier, M.; Dopfer-Jablonka, A.; Jick, H.-M.; Behrens,
G. M. N,; Pohlmann, S. The Omicron Variant Is Highly Resistant
Against Antibody-Mediated Neutralization: Implications for Control
of the COVID-19 Pandemic. Cell 2022, 185, 447—456.

(15) Watanabe, Y.; Allen, J. D.; Wrapp, D.; McLellan, J. S.; Crispin,
M. Site-specific Glycan Analysis of the SARS-CoV-2 Spike. Science
2020, 369, 330—333.

(16) Yao, H.; Song, Y.; Chen, Y.; Wu, N; Xu, J.; Sun, C.; Zhang, J.;
Weng, T.; Zhang, Z.; Wu, Z.; Cheng, L; Shi, D.; Lu, X; Lei, J;
Crispin, M.; Shi, Y.; Li, L.; Li, S. Molecular Architecture of the SARS-
CoV-2 Virus. Cell 2020, 183, 730—738.

(17) Casalino, L.; Gaieb, Z; Goldsmith, J. A; Hjorth, C. K;
Dommer, A. C.; Harbison, A. M,; Fogarty, C. A,; Barros, E. P.; Taylor,
B. C,; McLellan, J. S.; Fadda, E.; Amaro, R. E. Beyond Shielding: The
Roles of Glycans in the SARS-CoV-2 Spike Protein. ACS Cent. Sci.
2020, 6, 1722—1734.

(18) Huang, H. C; Liao, C. C.,; Wang, S. H.; Lee, L J.; Lee, T. A;;
Hsu, J. M,; Kuo, C. T.; Wang, J; Hsieh, W. C.; Chang, S. J.; Chen, S.
Y.,; Tao, M. H,; Lin, Y. L,; Lai, Y. J.; Li, C. W. Hyperglycosylated spike
of SARS-CoV-2 gamma variant induces breast cancer metastasis. Am.
J. Cancer Res. 2021, 11, 4994—5005.

(19) Pejchal, R.; Doores, K. J.; Walker, L. M.; Khayat, R.; Huang, P.
S.; Wang, S. K;; Stanfield, R. L.; Julien, J. P.; Ramos, A.; Crispin, M.;

1765

Depetris, R.; Katpally, U.; Marozsan, A.; Cupo, A.; Maloveste, S.; Liu,
Y.,; McBride, R;; Ito, Y.; Sanders, R. W.; Ogohara, C.; Paulson, J. C,;
Feizi, T.; Scanlan, C. N,; Wong, C. H,; Moore, J. P.; Olson, W. C,;
Ward, A. B,; Poignard, P.; Schief, W. R.; Burton, D. R.; Wilson, I. A. A
Potent and Broad Neutralizing Antibody Recognizes and Penetrates
the HIV Glycan Shield. Science 2011, 334, 1097—1103.

(20) Trkola, A.; Purtscher, M.; Muster, T.; Ballaun, C.; Buchacher,
A.; Sullivan, N.; Srinivasan, K.; Sodroski, J.; Moore, J. P.; Katinger, H.
Human Monoclonal Antibody 2G12 Defines A Distinctive Neutral-
ization Epitope on the gpl120 Glycoprotein of Human Immunode-
ficiency Virus Type 1. J. Virol. 1996, 70, 1100—1108.

(21) Walker, L. M.; Huber, M.; Doores, K. J.; Falkowska, E.; Pejchal,
R.; Julien, J. P.; Wang, S. K,; Ramos, A.; Chan-Hui, P. Y.; Moyle, M,;
Mitcham, J. L.; Hammond, P. W.; Olsen, O. A.; Phung, P.; Fling, S.;
Wong, C. H,; Phogat, S.; Wrin, T.; Simek, M. D.; Protocol, G. P. L;
Koff, W. C,; Wilson, I. A; Burton, D. R; Poignard, P. Broad
Neutralization Coverage of HIV by Multiple Highly Potent
Antibodies. Nature 2011, 477, 466—470.

(22) Calarese, D. A; Scanlan, C. N.; Zwick, M. B.; Deechongkit, S.;
Mimura, Y.; Kunert, R.; Zhu, P.; Wormald, M. R.; Stanfield, R. L,;
Roux, K. H;; Kelly, J. W,; Rudd, P. M,; Dwek, R. A,; Katinger, H,;
Burton, D. R.;; Wilson, I. A. Antibody Domain Exchange Is An
Immunological Solution to Carbohydrate Cluster Recognition. Science
2003, 300, 2065—2071.

(23) Bertozzi, C. R;; Kiessling, L. L. Chemical Glycobiology. Science
2001, 291, 2357—2364.

(24) Drickamer, K.; Taylor, M. E. Recent Insights Into Structures
and Functions of C-type Lectins in the Immune System. Curr. Opin.
Struct. Biol. 2015, 34, 26—34.

(25) Mammen, M.; Choi, S. K; Whitesides, G. M. Polyvalent
Interactions in Biological Systems: Implications for Design and Use of
Multivalent Ligands and Inhibitors. Angew. Chem., Int. Ed. 1998, 37,
2754-2794.

(26) Covés-Datson, E. M,; King, S. R.; Legendre, M.; Gupta, A,;
Chan, S. M,; Gitlin, E.; Kulkarni, V. V,; Garcia, J. P,; Smee, D. F,;
Lipka, E.; Evans, S. E.; Tarbet, E. B.; Ono, A.; Markovitz, D. M. A
Molecularly Engineered Antiviral Banana Lectin Inhibits Fusion and
Is Efficacious Against Influenza Virus Infection in Vivo. Proc. Natl.
Acad. Sci. U.S.A. 2020, 117, 2122—2132.

(27) Frangois, K. O.; Balzarini, J. Potential of Carbohydrate-Binding
Agents As Therapeutics Against Enveloped Viruses. Med. Res. Rev.
2012, 32, 349-387.

(28) Amraei, R.; Yin, W. Q.; Napoleon, M. A,; Suder, E. L.; Berrigan,
J; Zhao, Q.; Olejnik, J; Chandler, K. B,; Xia, C. S.; Feldman, J;
Hauser, B. M,; Caradonna, T. M,; Schmidt, A. G.; Gummulury, S,;
Muhlberger, E.; Chitalia, V.; Costello, C. E.; Rahimi, N. CD209L/L-
SIGN and CD209/DC-SIGN Act as Receptors for SARS-CoV-2. ACS
Cent. Sci. 2021, 7, 1156—1165.

(29) Lempp, F. A; Soriaga, L. B.; Montiel-Ruiz, M.; Benigni, F.;
Noack, J.; Park, Y. J.; Bianchi, S.; Walls, A. C.; Bowen, J. E.; Zhou, J.;
Kaiser, H.; Joshi, A.; Agostini, M.; Meury, M.; Dellota, E., Jr; Jaconi,
S.; Cameroni, E.; Martinez-Picado, J.; Vergara-Alert, J.; Izquierdo-
Useros, N.; Virgin, H. W.; Lanzavecchia, A.; Veesler, D.; Purcell, L. A,;
Telenti, A.; Corti, D. Lectins Enhance SARS-CoV-2 Infection and
Influence Neutralizing Antibodies. Nature 2021, 598, 342—347.

(30) Thépaut, M.; Luczkowiak, J.; Vives, C.; Labiod, N.; Bally, L;
Lasala, F.; Grimoire, Y.; Fenel, D.; Sattin, S.; Thielens, N.; Schoehn,
G.; Bernardi, A.; Delgado, R.; Fieschi, F. DC/L-SIGN Recognition of
Spike Glycoprotein Promotes SARS-CoV-2 Trans-Infection and Can
Be Inhibited by A Glycomimetic Antagonist. PLoS Pathog. 2021, 17,
No. €1009576.

(31) Benton, D. J.; Wrobel, A. G.; Xu, P.; Roustan, C.; Martin, S. R;;
Rosenthal, P. B.; Skehel, J. J.; Gamblin, S. J. Receptor Binding and
Priming of the Spike Protein of SARS-CoV-2 for Membrane Fusion.
Nature 2020, 588, 327—330.

(32) Walls, A. C.; Park, Y. J.; Tortorici, M. A.; Wall, A.; McGuire, A.
T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-
CoV-2 Spike Glycoprotein. Cell 2020, 181, 281—292.

https://doi.org/10.1021/jacsau.3c00163
JACS Au 2023, 3, 1755-1766


https://doi.org/10.1016/j.celrep.2021.109479
https://doi.org/10.1016/j.celrep.2021.109479
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/d41586-021-00121-z
https://doi.org/10.1038/d41586-021-00121-z
https://doi.org/10.1038/s41586-021-04385-3
https://doi.org/10.1038/s41586-021-04385-3
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1016/j.cell.2021.03.036
https://doi.org/10.1016/j.cell.2021.03.036
https://doi.org/10.1016/j.cell.2021.12.032
https://doi.org/10.1016/j.cell.2021.12.032
https://doi.org/10.1016/j.cell.2021.12.032
https://doi.org/10.1126/science.abb9983
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1021/acscentsci.0c01056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1213256
https://doi.org/10.1126/science.1213256
https://doi.org/10.1126/science.1213256
https://doi.org/10.1128/jvi.70.2.1100-1108.1996
https://doi.org/10.1128/jvi.70.2.1100-1108.1996
https://doi.org/10.1128/jvi.70.2.1100-1108.1996
https://doi.org/10.1038/nature10373
https://doi.org/10.1038/nature10373
https://doi.org/10.1038/nature10373
https://doi.org/10.1126/science.1083182
https://doi.org/10.1126/science.1083182
https://doi.org/10.1126/science.1059820
https://doi.org/10.1016/j.sbi.2015.06.003
https://doi.org/10.1016/j.sbi.2015.06.003
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3
https://doi.org/10.1073/pnas.1915152117
https://doi.org/10.1073/pnas.1915152117
https://doi.org/10.1073/pnas.1915152117
https://doi.org/10.1002/med.20216
https://doi.org/10.1002/med.20216
https://doi.org/10.1021/acscentsci.0c01537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-021-03925-1
https://doi.org/10.1038/s41586-021-03925-1
https://doi.org/10.1371/journal.ppat.1009576
https://doi.org/10.1371/journal.ppat.1009576
https://doi.org/10.1371/journal.ppat.1009576
https://doi.org/10.1038/s41586-020-2772-0
https://doi.org/10.1038/s41586-020-2772-0
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.02.058
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(33) Daniel, M. C.; Astruc, D. Gold Nanoparticles: Assembly,
Supramolecular Chemistry, Quantum-Size-Related Properties, and
Applications Toward Biology, Catalysis, and Nanotechnology. Chem.
Rev. 2004, 104, 293—346.

(34) Dreaden, E. C.; Alkilany, A. M.; Huang, X. H.; Murphy, C. J;
El-Sayed, M. A. The Golden Age: Gold Nanoparticles for
Biomedicine. Chem. Soc. Rev. 2012, 41, 2740—2779.

(35) Baker, A. N,; Richards, S.J.; Guy, C. S.; Congdon, T. R.; Hasan,
M.; Zwetsloot, A. J.; Gallo, A,; Lewandowski, J. R.; Stansfeld, P. J.;
Straube, A.; Walker, M.; Chessa, S.; Pergolizzi, G.; Dedola, S.; Field,
R. A; Gibson, M. I. The SARS-COV-2 Spike Protein Binds Sialic
Acids and Enables Rapid Detection in a Lateral Flow Point of Care
Diagnostic Device. ACS Cent. Sci. 2020, 6, 2046—2052.

(36) Lew, T. T. S; Aung, K. M. M,; Ow, S. Y,; Amrun, S. N,;
Sutarlie, L.; Ng, L. F. P; Su, X. Epitope-Functionalized Gold
Nanoparticles for Rapid and Selective Detection of SARS-CoV-2 IgG
Antibodies. ACS Nano 2021, 15, 12286—12297.

(37) Feinberg, H.; Guo, Y.; Mitchell, D. A.; Drickamer, K.; Weis, W.
L. Extended Neck Regions Stabilize Tetramers of the Receptors DC-
SIGN and DC-SIGNR. J. Biol. Chem. 200S, 280, 1327—1335.

(38) Feinberg, H.; Mitchell, D. A; Drickamer, K; Weis, W. I
Structural Basis for Selective Recognition of Oligosaccharides by DC-
SIGN and DC-SIGNR. Science 2001, 294, 2163—2166.

(39) Guo, Y.; Nehlmeier, L; Poole, E.; Sakonsinsiri, C.; Hondow, N.;
Brown, A; Li, Q; Li, S.; Whitworth, J.; Li, Z,; Yu, A,; Brydson, R;;
Turnbull, W. B.; Pohlmann, S.; Zhou, D. Dissecting Multivalent
Lectin-Carbohydrate Recognition Using Polyvalent Multifunctional
Glycan-Quantum Dots. J. Am. Chem. Soc. 2017, 139, 11833—11844.

(40) Budhadev, D.; Poole, E.; Nehlmeier, I; Liu, Y. Y.; Hooper, J;
Kalverda, E.; Akshath, U. S.; Hondow, N.; Turnbull, W. B;
Pohlmann, S.; Guo, Y,; Zhou, D. J. Glycan-Gold Nanoparticles as
Multifunctional Probes for Multivalent Lectin-Carbohydrate Binding:
Implications for Blocking Virus Infection and Nanoparticle Assembly.
J. Am. Chem. Soc. 2020, 142, 18022—18034.

(41) Guo, Y.; Sakonsinsiri, C.; Nehlmeier, I; Fascione, M. A,
Zhang, H.; Wang, W.; Pohlmann, S.; Turnbull, W. B.; Zhou, D.
Compact, Polyvalent Mannose Quantum Dots as Sensitive,
Ratiometric FRET Probes for Multivalent Protein-Ligand Inter-
actions. Angew. Chem., Int. Ed. 2016, 5S, 4738—4742.

(42) Zhou, D.; Bruckbauer, A.; Ying, L. M.; Abell, C.; Klenerman, D.
Building Three-Dimensional Surface Biological Assemblies on the
Nanometer Scale. Nano Lett. 2003, 3, 1517—1520.

(43) Zhou, D. J.; Bruckbauer, A.; Abell, C.; Klenerman, D.; Kang, D.
J. Fabrication of Three-Dimensional Surface Structures with Highly
Fluorescent Quantum Dots by Surface-Templated Layer-by-Layer
Assembly. Adv. Mater. 2005, 17, 1243—1248.

(44) Rosen, C. B.; Francis, M. B. Targeting the N terminus for Site-
Selective Protein Modification. Nat. Chem. Biol. 2017, 13, 697—705.

(4S) Song, L.; Ho, V. H. B,; Chen, C.; Yang, Z. Q.; Liu, D. S.; Chen,
R. J; Zhou, D. J. Efficient, pH-Triggered Drug Delivery Using a pH-
Responsive DNA-Conjugated Gold Nanoparticle. Adv. Healthcare
Mater. 2013, 2, 275—280.

(46) Guo, Y.; Feinberg, H.; Conroy, E.; Mitchell, D. A.; Alvarez, R ;
Blixt, O.; Taylor, M. E.; Weis, W. L; Drickamer, K. Structural basis for
distinct ligand-binding and targeting properties of the receptors DC-
SIGN and DC-SIGNR. Nat. Struct. Mol. Biol. 2004, 11, 591—598.

(47) Jennings, T. L.; Singh, M. P.; Strouse, G. F. Fluorescent
Lifetime Quenching Near D = 1.5 nm Gold Nanoparticles: Probing
NSET Validity. J. Am. Chem. Soc. 2006, 128, 5462—5467.

(48) Pons, T.; Medintz, L. L.; Sapsford, K. E.; Higashiya, S.; Grimes,
A. F; English, D. S.; Mattoussi, H. On the Quenching of
Semiconductor Quantum Dot Photoluminescence by Proximal Gold
Nanoparticles. Nano Lett. 2007, 7, 3157—3164.

(49) Schmidt, F.; Weisblum, Y.; Muecksch, F.; Hoffmann, H. H.;
Michailidis, E.; Lorenzi, J. C. C; Mendoza, P.; Rutkowska, M.;
Bednarski, E.; Gaebler, C; Agudelo, M,; Cho, A; Wang, Z,;
Gazumyan, A.; Cipolla, M.; Caskey, M.; Robbiani, D. F;
Nussenzweig, M. C.; Rice, C. M.; Hatziioannou, T.; Bieniasz, P. D.
Measuring SARS-CoV-2 Neutralizing Antibody Activity Using

1766

Pseudotyped and Chimeric Viruses. J. Exp. Med. 2020, 217,
No. €20201181.

(50) Kuo, C. W,; Yang, T. J.; Chien, Y. C; Yu, P. Y;; Hsu, S. D,;
Khoo, K. H. Distinct Shifts in Site-Specific Glycosylation Pattern of
SARS-CoV-2 Spike Proteins Associated with Arising Mutations in the
D614G and Alpha Variants. Glycobiology 2022, 32, 60—72.

(51) Ke, Z. L.; Oton, J. Q;; Qu, K; Cortese, M.; Zila, V.; McKeane,
L.; Nakane, T.; Zivanov, J.; Neufeldt, C. J.; Cerikan, B.; Lu, J. M,;
Peukes, J; Xiong, X. L.; Krausslich, H. G.; Scheres, S. H. W
Bartenschlager, R.; Briggs, J. A. G. Structures and Distributions of
SARS-CoV-2 Spike Proteins on Intact Virions. Nature 2020, S88,
498—-502.

(52) Ge, P.; Tsao, J.; Schein, S.; Green, T. J.; Luo, M.; Zhou, Z. H.
Cryo-EM Model of the Bullet-Shaped Vesicular Stomatitis Virus.
Science 2010, 327, 689—693.

(53) McCallum, M.; Czudnochowski, N.; Rosen, L. E.; Zepeda, S.
K; Bowen, J. E; Walls, A. C.; Hauser, K; Joshi, A.; Stewart, C.;
Dillen, J. R;; Powell, A. E.; Croll, T. L; Nix, J; Virgin, H. W.; Corti,
D.; Snell, G.; Veesler, D. Structural Basis of SARS-CoV-2 Omicron
Immune Evasion and Receptor Engagement. Science 2022, 375, 864—
868.

(54) Tran, E. E. H.; Nelson, E. A.; Bonagiri, P.; Simmons, J. A;
Shoemaker, C. J; Schmaljohn, C. S.; Kobinger, G. P.; Zeitlin, L;
Subramaniam, S.; White, J. M. Mapping of Ebolavirus Neutralization
by Monoclonal Antibodies in the ZMapp Cocktail Using Cryo-
Electron Tomography and Studies of Cellular Entry. J. Virol. 2016, 90,
7618—-7627.

(55) Ku, Z.; Xie, X; Hinton, P. R;; Liu, X; Ye, X.; Muruato, A. E,;
Ng, D. C,; Biswas, S.; Zou, J.; Liu, Y.; Pandya, D.; Menachery, V. D ;
Rahman, S.; Cao, Y. A,; Deng, H.; Xiong, W.; Carlin, K. B; Liu, J.; Su,
H.; Haanes, E. J.; Keyt, B. A.; Zhang, N.; Carroll, S. F.; Shi, P. Y.; An,
Z. Nasal Delivery of An IgM Offers Broad Protection from SARS-
CoV-2 Variants. Nature 2021, 595, 718—723.

(56) Galimidi, R. P.; Klein, J. S.; Politzer, M. S.; Bai, S.; Seaman, M.
S.; Nussenzweig, M. C.; West, A. P., Jr.; Bjorkman, P. J. Intra-Spike
Crosslinking Overcomes Antibody Evasion by HIV-1. Cell 20185, 160,
433—446.

(57) Fels, J. M.; Maurer, D. P.; Herbert, A. S.; Wirchnianski, A. S.;
Vergnolle, O.; Cross, R. W.; Abelson, D. M.; Moyer, C. L.; Mishra, A.
K; Aguilan, J. T.; Kuehne, A. I; Pauli N. T, Bakken, R. R;
Nyakatura, E. K; Hellert, J.; Quevedo, G.; Lobel, L.; Balinandi, S,;
Lutwama, J. J; Zeitlin, L.; Geisbert, T. W.; Rey, F. A,; Sidoli, S.;
McLellan, J. S.; Lai, J. R;; Bornholdt, Z. A.; Dye, J. M.; Walker, L. M.;
Chandran, K. Protective Neutralizing Antibodies from Human
Survivors of Crimean-Congo Hemorrhagic Fever. Cell 2021, 184,
3486—3501.

(58) Dejnirattisai, W.; Jumnainsong, A.; Onsirisakul, N.; Fitton, P.;
Vasanawathana, S.; Limpitikul, W.; Puttikhunt, C.; Edwards, C,;
Duangchinda, T.; Supasa, S.; Chawansuntati, K; Malasit, P.;
Mongkolsapaya, J.; Screaton, G. Cross-Reacting Antibodies Enhance
Dengue Virus Infection in Humans. Science 2010, 328, 745—748.

(59) Halstead, S. B; O’Rourke, E. J. Antibody-Enhanced Dengue
Virus Infection in Primate Leukocytes. Nature 1977, 265, 739—741.

(60) Hoshyar, N.; Gray, S.; Han, H.; Bao, G. The Effect of
Nanoparticle Size on In Vivo Pharmacokinetics and Cellular
Interaction. Nanomedicine 2016, 11, 673—692.

(61) Liu, X.; Drelich, A.; Li, W.; Chen, C.; Sun, Z.; Shi, M.; Adams,
C.; Mellors, J. W.; Tseng, C. T.; Dimitrov, D. S. Enhanced Elicitation
of Potent Neutralizing Antibodies by the SARS-CoV-2 Spike
Receptor Binding Domain Fc Fusion Protein In Mice. Vaccine
2020, 38, 7205—7212.

(62) Hooper, J.; Liu, Y.; Budhadev, D.; Ainaga, D. F.; Hondow, N.;
Zhou, D.; Guo, Y. Polyvalent Glycan Quantum Dots as a
Multifunctional Tool for Revealing Thermodynamic, Kinetic, and
Structural Details of Multivalent Lectin—Glycan Interactions. ACS
Appl. Mater. Interfaces 2022, 14, 47385—47396.

https://doi.org/10.1021/jacsau.3c00163
JACS Au 2023, 3, 1755-1766


https://doi.org/10.1021/cr030698+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030698+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030698+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C1CS15237H
https://doi.org/10.1039/C1CS15237H
https://doi.org/10.1021/acscentsci.0c00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c04091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c04091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c04091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M409925200
https://doi.org/10.1074/jbc.M409925200
https://doi.org/10.1126/science.1066371
https://doi.org/10.1126/science.1066371
https://doi.org/10.1021/jacs.7b05104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201600593
https://doi.org/10.1002/anie.201600593
https://doi.org/10.1002/anie.201600593
https://doi.org/10.1021/nl0345926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0345926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200401520
https://doi.org/10.1002/adma.200401520
https://doi.org/10.1002/adma.200401520
https://doi.org/10.1038/nchembio.2416
https://doi.org/10.1038/nchembio.2416
https://doi.org/10.1002/adhm.201200112
https://doi.org/10.1002/adhm.201200112
https://doi.org/10.1038/nsmb784
https://doi.org/10.1038/nsmb784
https://doi.org/10.1038/nsmb784
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0583665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl071729+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl071729+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl071729+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1084/jem.20201181
https://doi.org/10.1084/jem.20201181
https://doi.org/10.1093/glycob/cwab102
https://doi.org/10.1093/glycob/cwab102
https://doi.org/10.1093/glycob/cwab102
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1126/science.1181766
https://doi.org/10.1126/science.abn8652
https://doi.org/10.1126/science.abn8652
https://doi.org/10.1128/JVI.00406-16
https://doi.org/10.1128/JVI.00406-16
https://doi.org/10.1128/JVI.00406-16
https://doi.org/10.1038/s41586-021-03673-2
https://doi.org/10.1038/s41586-021-03673-2
https://doi.org/10.1016/j.cell.2015.01.016
https://doi.org/10.1016/j.cell.2015.01.016
https://doi.org/10.1016/j.cell.2021.05.001
https://doi.org/10.1016/j.cell.2021.05.001
https://doi.org/10.1126/science.1185181
https://doi.org/10.1126/science.1185181
https://doi.org/10.1038/265739a0
https://doi.org/10.1038/265739a0
https://doi.org/10.2217/nnm.16.5
https://doi.org/10.2217/nnm.16.5
https://doi.org/10.2217/nnm.16.5
https://doi.org/10.1016/j.vaccine.2020.09.058
https://doi.org/10.1016/j.vaccine.2020.09.058
https://doi.org/10.1016/j.vaccine.2020.09.058
https://doi.org/10.1021/acsami.2c11111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c11111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c11111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

