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The C-type lectin receptors DC-SIGN and L-SIGN bind to glycans on
the SARS-CoV-2 spike glycoprotein and promote trans-infection of
ACE2-expressing cells. We tested C2 triazole-modified mono- and
pseudo-di-mannosides as inhibitors of DC/L-SIGN binding to a
model mannosylated protein (Man-BSA) and to SARS-CoV2 spike,
finding that they inhibit the interaction of both lectins with the
spike glycoprotein in a Surface Plasmon Resonance (SPR) assay and
are more potent than mannose by up to 36-fold (DC-SIGN) and
10-fold (L-SIGN). The molecules described here are the first known
glycomimetic ligands of L-SIGN.

C-Type lectin receptors (CLRs) bind to glycan motifs expressed
at the surface of pathogens using a Ca>* ion in the binding site
and respond by activating the initial steps of immune response.
Multiple viruses have developed strategies to circumvent the
role of CLRs in immunity activation and even to exploit CLRs
to their advantage in the infection process. This was first
described for HIV, which is captured by the dendritic cell
CLR DC-SIGN (CD209) in genital mucosa and uses it as a carrier
to reach its main cellular target, T-cells, in a process called
trans-infection.” DC-SIGN and its analogue L-SIGN (CD209L
or DC-SIGNR) also bind to the spike glycans of SARS-CoV-2 and
promote trans-infection of cells expressing ACE2, the viral entry
receptor.®”

Adhesion and entry cofactors of viruses are an important
variable of the infection process and also offer additional
therapeutic opportunities. In particular, competitive inhibition
of virus binding to host co-receptors seems a viable strategy to
develop antiviral therapies that exert low evolutionary pressure
on the virus and thus do not increase the frequency of viral
mutations. We have recently shown that Polyman26, a multivalent
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Glycomimetic ligands block the interaction
of SARS-CoV-2 spike protein with C-type
lectin co-receptorsy
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glycomimetic ligand of DC-SIGN,%” inhibits DC-SIGN binding to
the viral spike and blocks DC-SIGN mediated trans-infection of
human respiratory cells by SARS-CoV-2.> The DC-SIGN analog
L-SIGN is expressed in human lungs in type II alveolar cells and in
endothelial cells and has also been characterized as an entry
cofactor for SARS-CoV-2. Importantly, L-SIGN is co-expressed with
ACE2 on respiratory tract cells.*>® L-SIGN and DC-SIGN share
77% of their sequence and display similar activity for highly
mannosylated oligosaccharides. As opposed to DC-SIGN, L-SIGN
does not bind to fucosylated epitopes. The structural basis of this
specificity stems from differences in the carbohydrate recognition
domains of the two lectins that have been analyzed in detail.*"°
Both DC-SIGN and L-SIGN are transmembrane tetramers, featur-
ing 4 copies of a carbohydrate recognition domain. The tetramers
have similar, but not identical, topology and dynamics."*

Over the past decade we'? and others® have reported on the
development of DC-SIGN ligands as inhibitors of DC-SIGN
mediate viral infections. To the best of our knowledge, however,
no ligands have been reported to bind to L-SIGN. In this paper
we disclose the first set of glycomimetic ligands which bind to
L-SIGN in an SPR inhibition experiment, and show that they
inhibit binding of both DC-SIGN and L-SIGN to immobilized
SARS-CoV-2 spike protein.

All the ligands examined here (Fig. 1) contain a mannose
residue modified at position 2 with a triazole moiety, deriving
from our early design of triazole-modified pseudo-disaccharide
scaffolds.’® All C2 triazole-mannosides 3-16 were synthesized
by CuAAC reaction of the appropriate 2-azido intermediate, as
shown in Scheme 1. Details of the synthesis and characteriza-
tion of all new compounds are collected in the ESL{

Small oligosaccharides, from one to three units, exhibit low
affinity towards CLRs, often in the mM or the high uM range and
thus at the range limit of most analytical methods. For DC-SIGN,
we have used over the years SPR competition tests, where glycomi-
metics are used to inhibit binding of the lectin to mannosylated
bovine serum albumin containing on average 13 glycosylation sites
displaying the Mano1-3[Manol-6]Man trisaccharide (Man-BSA,
Dextra), which is immobilized on an SPR chip. Of course, the
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Fig. 1 Upper panel: Structure of pseudo-dimannoside based compounds
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Scheme 1 General structure of C2-functionalized Man-based ligands and
synthetic approach. Full synthetic schemes in ESI, Schemes S1 and S2.

IC5, values determined under these experimental conditions will
depend on the properties of the reporter interaction (amount of
ligand on the surface, concentration chosen for the lectin, Ky, of the
reporter interaction itself). In particular, DC-SIGN was used in these
assays at a concentration (20 pM) corresponding to about 4 times
the apparent Ky, of the lectin for the surface (~5 pM). The apparent
affinity of L-SIGN for the same Man-BSA surface is over an order of
magnitude lower (~66 uM) (see comparison of the titration curves

This journal is © The Royal Society of Chemistry 2022

; lower panel: structure of mono-mannosides.

in Fig. S3, ESIt) and a concentration equal 4 times its Ky, for the
surface is not practical, due to excessive protein consumption.
Thus, on this type of Man-BSA surface, it is not possible to operate
in the same relative conditions of competition for DC-SIGN and
L-SIGN and the resulting IC5, are not directly comparable. None-
theless, we initially used the Man-BSA surface to obtain a clearer
comparison with previous data. Competition towards L-SIGN was
thus performed at 70 pM L-SIGN, the highest concentration we
could achieve, which corresponds to the Ky, for the surface. Hence,
in this set up the ICs, values of the ligands against L-SIGN are
underestimated (and therefore their activity overestimated), relative
to DC-SIGN. The results of inhibition experiments with the Man-
BSA chip are shown in Fig. 2. The ICs, measured for DC-SIGN can
be compared to previous hits,"> while the ICs, for L-SIGN can be
used to rank the compounds for L-SIGN inhibition. Although the
IC5o of a given compound for DC-SIGN and L-SIGN cannot be
directly compared for the reasons detailed above, the trends of the
IC5, values can be compared between the two lectins and some
tendencies can be appreciated.

We started by examining the performance of a set of ligands
(1-8, Fig. 1) based on the pseudo-dimannoside scaffold 1, a
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Fig. 2 SPR inhibition experiments with Man-BSA chip. Performed in duplicate, using two surfaces with similar levels of Man-BSA functionalization.
DC-SIGN (20 uM) or L-SIGN (70 uM) and ligands at increasing concentrations were co-injected. ICsq values (uM) are collected in Table S1 (ESIY).

12,14

mimic of Mana1-2Man, that we had developed for DC-SIGN.
With the possible exception of 4 and 5, they all appear to be
(modestly) more active for DC-SIGN (Fig. 2, grey bars) than L-SIGN
(white bars), especially considering the relative overestimation of
the L-SIGN results in this type of experiment. The most active
ligand in this series for both lectins is compound 7, one of the
most potent monovalent DC-SIGN ligands developed so far.’¥ The
X-ray structure of this molecule in complex with DC-SIGN revealed
that its methylene amino triazole moiety engages with an
ammonium-binding region in the vicinity of Phe313 and the
bis-benzylamino substituents on the cyclohexane ring, which
impart selectivity against Langerin, develop lipophilic interactions
at the lectin surface, near the Val 351 residue (Fig. S1, ESIT)."¥
A similar binding mode can be assumed for L-SIGN, given the
high similarity of the carbohydrate binding regions (Fig. S1, ESI).
Improvements of the affinity for DC-SIGN are also obtained with
the triazolyl-pyridine moiety contained in compound 6 (fourfold
increase in DC-SIGN affinity, compared to 1), which is not as
effective for L-SIGN. The combination of this moiety with
the amide substituents, as in 8, is detrimental for both proteins.
This suggests that in DC-SIGN this ligand may adopt an alter-
native binding mode, where the pyridine ring competes with the
amido groups for interaction with Val351. Data recently reported
for similar ligands**? support this hypothesis. With the second set
of compounds, the monomannosides 9-16, we sought to examine
the relevance of the pseudo-mannose cyclohexane moiety on the
global affinity. It is worth mentioning that for DC-SIGN the
natural Mano-1,2-Man disaccharide has an IC5, ca. 1 mM, similar
to 1, and is more active than O-methylmannoside by a factor
which, depending on the analytical method used, is estimated
between three- and ten-fold. The effect is much smaller for these
triazole derivatives: ligand 9 loses only about a factor of two
compared to the parent pseudo-disaccharide 3 both for DC-
SIGN and L-SIGN, with obvious synthetic advantages. The com-
parison is even favourable for the triazolyl-pyridine derivative 10
over the corresponding pseudo-disaccharide 6, further suggesting
that pyridine-bearing ligands may adopt alternative binding
modes in the lectins’ binding site. Additional exploration of
pyridine functionalization in 11-16 reveals various derivatives that
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bind to DC-SIGN with an order of magnitude improvement over 1
and Mano-1,2-Man, and thus up to two orders of magnitude over
mannose. None of the compounds is selective for L-SIGN, but
some (e.g. 13) have a clear preference for DC-SIGN.

A subset of the compounds was also tested for inhibition of the
interaction of the two lectins with the spike protein of SARS-CoV-2
immobilized on an SPR chip (Fig. 3). As we have previously shown,
DC-SIGN and L-SIGN display similar affinity (~2-3 pM) towards a
SARS-CoV-2 recombinant spike protein produced using an expres-
sion system well-characterized in terms of its site-specific
glycosylation.® This can be appreciated by comparing the two
lecting’ titration curves on the Spike surface in Fig. S4 (ESIt).
Thus, this surface allows a better analysis of L-SIGN binding
inhibition and a cleaner evaluation of the relative affinity of each
compound for both lectins. The results (Fig. 3) clearly support
the trends already established on the Man-BSA surface, but, as
expected, the ICs, values against L-SIGN display a relative
increase, corresponding to a lower potency of the inhibitor.
Nonetheless, these data confirm that the amino-substituted
pseudo-dimannosides 3 and 7, as well as the amino-triazolyl
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Fig. 3 SPR inhibition experiments with spike chip. Performed in duplicate,
using two surfaces with similar Spike functionalization. The lectin (20 uM)
and ligands at increasing concentrations were co-injected. [Cso
values (uM) are collected in Table S1 (ESIt).
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monomannoside 9 gain one order of magnitude activity over the
pseudo-disaccharide ligand 1 and mannose (D-Man, Fig. 3) and
are strong candidates for the simultaneous inhibition of spike
binding to DC-SIGN and L-SIGN through multivalent constructs."®
The monomannosides bearing a triazolyl-pyridine moiety, and in
particular 13, display a significant selectivity and a strong affinity
for DC-SIGN, together with obvious structural and synthetic
simplification relative to the pseudo-disaccharides. They may be
a useful and easily accessible tool to dissect the role of DC-SIGN
and L-SIGN as SARS-CoV-2 co-receptors.

In conclusion, we have reported here the first group of
glycomimetic ligands of L-SIGN. Their activity for L-SIGN and
DC-SIGN was determined through an inhibition SPR experi-
ment that makes use of immobilized SARS-CoV-2 spike protein
as a reporter. Relative to mannose, affinity improvements by up
to over one order of magnitude have been observed when using
mannose residues modified at position 2 with a methylene
amino triazole moiety, both as part of a pseudo-dimannoside
(3-5 and 7), or as a monosaccharide (9). No selectivity has been
observed so far against DC-SIGN, but, rather some of the
triazolyl-pyridine derivatives, such as 13, display a moderate
preference for DC-SIGN over L-SIGN.
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