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Multivalent glycosystems for human lectins
Macarena Martinez-Bailén, () Javier Rojo 2 * and Javier Ramos-Soriano (2 *

Human lectins are involved in a wide variety of biological processes, both physiological and pathological,
which have attracted the interest of the scientific community working in the glycoscience field.
Multivalent glycosystems have been employed as useful tools to understand carbohydrate—lectin binding
processes as well as for biomedical applications. The review shows the different scaffolds designed for a
multivalent presentation of sugars and their corresponding binding studies to lectins and in some cases,
their biological activities. We summarise this research by organizing based on lectin types to highlight
the progression in this active field. The paper provides an overall picture of how these contributions have
furnished relevant information on this topic to help in understanding and participate in these carbo-

rsc.li/chem-soc-rev hydrate—lectin interactions.

1. Introduction

The term lectin was coined for the first time in 1954 by W.C.
Boyd® as plant agglutinins. Since then, the discovery of new
activities for this type of protein has extended the definition to
a more general term and nowadays lectins can be described as
proteins with a non-immunoglobulin nature and no enzymatic
activity that recognise carbohydrates. For many years, plant
lectins have been used as versatile tools to interact with
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carbohydrates but, despite all these studies, their physiological
roles in plants are still under investigation.’”® We must go
back to the ninetieth century for the first description of an
animal lectin® activity when Weir Mitchell®> demonstrated the
haemagglutination caused by rattlesnake venom although the
entity responsible of this activity was not identified as a lectin
at that time.

Human lectins are ubiquitous in organs and tissues and
show, similar to other lectins, selectivity for specific carbo-
hydrates.® In contrast to plant lectins, animal lectins and in
particular human lectins have attracted a lot of interest due to
their role in relevant biological events including inflammation,
immunity, cancer, pathogen infection, etc.”*° Many efforts
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have been devoted to reveal the fundamental role of these
human lectins in these physiological and pathological events.
In fact, some human lectins such as some C-type lectins,
galectins and sialic acid-binding immunoglobulin-like lectins
(Siglecs), among others, are considered important targets for
the development of therapeutics for human diseases. C-type
lectin receptors (CLRs) are a large family of lectins, including
Dendritic Cell-Specific Intercellular adhesion molecule-3 Grab-
bing Non-integrin (DC-SIGN), Langerin or selectins, that bind
to carbohydrates in a calcium-dependent manner. These lectins
are defined by having one or more characteristic carbohydrate
recognition domains (CRDs). They often oligomerise into
homodimers, homotrimers, and higher-ordered oligomers,
which increase their avidity for multivalent ligands.""'> Some
details of these lectins (namely DC-SIGN, Langerin, selectins,
galectins and Siglecs) will be provided in the corresponding
sections.

Carbohydrate-lectin interactions are characterised by a
weak affinity in the millimolar range, which is compensated
in nature by multivalent interactions. This fact, known as the
glycocluster effect,? increases the avidity as well as the selec-
tivity of the recognition event. This multivalent interaction
implies the participation of several copies of the carbohydrate
ligand as well as the lectin’s CRDs. For this reason, carbohy-
drate multivalent tools are necessary to get information about
these binding events.'* A large variety of these multivalent
platforms have been used as cores for this carbohydrate
multivalent presentation, including dendrimers, dendrons,
nanoparticles, polymers, liposomes, peptides, proteins, calix-
arenes, cyclodextrins, carbon nanoforms, etc. (Fig. 1).

In general, the synthesis of multivalent glycosystems
requires the attachment of carbohydrate ligands (natural or syn-
thetic ones) on scaffolds that allow multiple functionalisation
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with these ligands. Achieving high valences in many cases
requires the use of very efficient coupling strategies. In this
kind of multivalent system, several covalent bonds are gene-
rated simultaneously in one synthetic step. This is a key point
in the preparation of these glycoconjugates as well as a real
challenge. For instance, an inefficient coupling produces a
mixture of compounds with very similar chemical and physical
properties (solubility, size, shape, polarity, etc.) that are very
difficult to purify in order to obtain monodisperse and discrete
(macro)molecules. Due to this fact, the click chemistry™
(a synthetic approach awarded with the Nobel Prize in
Chemistry in 2022) has undoubtedly emerged as a very potent
and efficient tool to create carbohydrate multivalent systems.®
In particular, the copper(r) alkyne-azide cycloaddition (CuAAC)
coupling reaction'’™*° and the non-metal counterpart reaction,
the strain promoted alkyne-azide cycloaddition (SPAAC) coupling
reaction,” have been extensively used as the chosen coupling
strategy to avoid problems as it is showed in many of the
examples discussed in this review. Whereas small glycosystems,
such as glycodendrimers or glycodendrons, could be com-
pletely characterised by using standard spectroscopic and
analytical techniques (Fourier transform infrared (FTIR)
spectroscopy, NMR spectroscopy and mass spectrometry), for
the characterisation of large glycosystems, different conven-
tional techniques applied in materials sciences such as thermo-
gravimetric analysis (TGA), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), dynamic light scattering
(DLS), scanning electron microscopy (SEM), small angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM),
among others, could provide insights into the physicochemical
properties of this kind of macromolecules. For more details
about the characterisation of the glycosystems described in this
review, the interested reader is directed to the corresponding
original references.

Numerous carbohydrate multivalent systems designed to
interact with lectins can be found in the literature. The plethora
of different multivalent scaffolds available facilitates the
achievement of the adequate parameters to prepare glyco-
systems capable of interacting efficiently with lectins as
demonstrated with affinities (or apparent affinities) up to the
nanomolar (sometimes even in the picomolar) range. To this
aim, different techniques have been used for the quantification
of carbohydrate-lectin interactions. For instance, surface plas-
mon resonance (SPR) assays with an immobilised glycosylated
protein on the biosensor chip and a particular soluble lectin
(indirect competition assay) or using a particular oriented
chip surface and soluble glycosystems (SPR direct interaction)
provide ICs, values as well as ELISA (enzyme linked immuno-
sorbent assay); isothermal titration calorimetry (ITC) provides
various thermodynamic parameters - enthalpy, entropy, free
energy (binding constant values), and stoichiometry, among
others.

In this review, we will summarise the contribution of the
glycoscientific community to this area, particularly during the
last 10 years of developments from simple glycodendritic
structures to very sophisticated ones to give an overview of
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Fig. 1 Different carbohydrate multivalent systems described as interacting with lectins.

the diversity of the scaffolds used. To facilitate the description
of all these diverse multivalent systems, the review has been
organised into chapters corresponding to the lectin target. As it
can be seen below, most of this work is focused on a few human
lectins, mainly DC-SIGN, Langerin, selectins, galectins and
Siglecs. These lectins play well-defined relevant roles in cancer,
infection, immunity, and inflammation and for this reason,
they have dominated the major part of the developments in
this field.

2. Dendritic cell-specific intercellular
adhesion molecule-3 grabbing
non-integrin (DC-SIGN)

Dendritic Cell-Specific Intercellular adhesion molecule-3 Grab-
bing Non-integrin, whose acronym is DC-SIGN (CD209), is a
type II trans-membrane C-type lectin receptor (CLR) mainly
expressed by myeloid dendritic cells (DCs) and subpopulations
of macrophages, but it is also found in dermal, interstitial and
monocyte-derived DCs.*"** This lectin, characterised by a sin-
gle C-terminal CRD, is assembled as a tetramer in the cellular
membrane thanks to its extended coiled-coil region (the neck
of the protein) that allows simultaneous presentation of
four CRDs.>*?® The branched high mannose oligosaccharide
(ManyGlcNAc,), a N-glycan present on glycoproteins and one of
the natural ligands for this receptor, is able to interact effi-
ciently with these CRDs. The high mannose oligosaccharide is
found in several viral envelope glycoproteins such as the gp120
of HIV,*” the GP1 of Ebola®® or the spike glycoprotein of SARS-
CoV-2.*° In spite of high mannose, DC-SIGN recognises other
carbohydrates,?**° mainly fucosylated oligosaccharides such as
Lewis-type antigens (Lewis X (Le*) or Lewis Y (Le")), and blood
antigens in a Ca’’-dependent manner.>’ Moreover,
carbohydrate ligands as antagonists for DC-SIGN have been

non-
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explored; however, the lack of selectivity has avoided the explora-
tion of the real applications of these types of molecules.*?

DC-SIGN is located in patches on the cell surface and plays
undoubtedly a pivotal role in antigen capture and presentation,
uptake and intracellular signalling.?” In fact, since its dis-
covery,® intense efforts have been devoted to unravelling the
role that DC-SIGN could play in pathogen infection,**~® since it
recognises glycoconjugates expressed on the surface of several
pathogens, including viruses (HIV, Ebola, Cytomegalovirus
(CMV), Dengue, SARS), bacteria (M. tuberculosis, S. pneumoniae),
parasites (Leishmania, S. mansoni) or fungi (C. albicans,
A. fumigatus), among others.***° Besides the role that DC-SIGN
plays in infection processes, the discovery of DC-SIGN as a target
for immunomodulatory approaches,** ™ thanks to its antigen
uptake and signalling properties, has attracted interest to this
lectin. In this regard, DC-SIGN could be exploited as a promising
candidate for the development of immunotherapies targeting
DCs**" against important human pathologies such as cancer,
allergy, and autoimmune diseases.'***"

In the particular case of viruses, DC-SIGN is the gate for
virus entrance facilitating the cis- and/or t¢rans-infection of
cells of several viruses such as HIV,>> CMV,>” hepatitis C,>*"*
Dengue,”>® Ebola,”” Zika®® and SARS-CoV-2,°°®' among
others. Due to this fact, the design of antiviral compounds
with inhibitory activities capable of competing with the virus
and thus blocking the homotetrameric DC-SIGN receptor can
be considered a very attractive strategy and has sparked much
interest in DC-SIGN targeting using carbohydrate multivalent
compounds. For this purpose, the special disposition of the
oligomannose binding sites close to a square and separated by
around 40 A between corners and around 55 A for diagonals
should be taken into account (Fig. 2).2° This clustering creates a
multivalent surface to capture pathogens through multivalent
interactions involving the recognition of highly glycosylated
pathogen envelope glycoproteins. With all the information

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 SAXS-derived model of the DC-SIGN ECD homotetramer. The four
CRDs of DC-SIGN are exposed at the vertices of a square (around 40 A)
with a diagonal distance of ~55 A. For clarity, only the Ca®* ions of the
carbohydrate binding sites are represented (grey).

available concerning carbohydrate-protein interactions,'® the
most affordable approach to increase the binding affinity, and
consequently better understanding these recognition pro-
cesses, requires the design of carbohydrate multivalent systems.
For this aim, a plethora of different multivalent scaffolds have
been used to prepare glycostructures targeting DC-SIGN.%*%*
In fact, different scaffolds such as gold nanoparticles,” lipo-
somes,*® polymers,®” proteins,®® and dendrimers®>®® have been
explored. In the present review, we will discuss the most recent
developments in the synthesis of multivalent glycosystems
(from small to larger ones) for targeting the DC-SIGN receptor.

2.1. Glycodendrimers and glycodendrons

In deep contrast to other complex platforms, glycodendrimers
and glycodendrons are structurally well-defined homogeneous
monodisperse entities, which can be synthesised in a step-wise
approach following a convergent or a divergent strategy. Many
examples can be found in the literature in the last 10 years
concerning the use of dendrimers and dendrons including a
wide range of dendritic architectures that incorporate from
simple to complex carbohydrates into their structures. This
provides glycostructures with different valences and a full
control of the multimeric presentation of biologically relevant
carbohydrates. In particular, glycodendritic structures with
different cores, repetitive units, linkers, and sugar residues
have been extensively used as tools to study and interfere in
biological processes involving DC-SIGN.®*7%77¢ A relevant exam-
ple is the multimeric presentation of nine mannose residues in
a multivalent scaffold based on polyalkynylated compounds as
building blocks that allowed the evaluation of DC-SIGN-
mediated internalisation and uptake by DCs.”” Using flow
cytometry and confocal microscopy efficient interaction with
no promotion of cell maturation or cytokine expression and the
internalisation into the DCs within late endosomes of manno-
sylated glycodendron via a DC-SIGN-dependent mechanism
under physiological conditions were demonstrated.
Encouraged by these promising preliminary results, our
research group investigated the inhibitory ability of mannose-
based glycodendrimers employing small and accessible simple
scaffolds with a low-medium valency (from 4 to 18) (Fig. 3(A)).”®
These scaffolds decorated with alkyne groups were coupled to

This journal is © The Royal Society of Chemistry 2023
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mannose bearing a terminal azide in the short spacer at the
anomeric position as well as to a small trivalent mannose-based
glycodendron using a convergent strategy via the CuAAC click
chemistry reaction. The activity of these glycodendrimers
was tested in indirect competition experiments using a SPR
biosensor with immobilised mannose-bovine serum albumin
(Man-BSA) on the chip and the use of soluble tetrameric
extracellular domain (ECD) of DC-SIGN (Fig. 3(C), left). In these
experiments, a clear increase of the affinity towards DC-SIGN
correlated with the increase of valency was observed for these
glycodendrimers, reaching ICs, values from 767 uM for the
tetravalent compound to 36 pM for the 18-valent construct
(Fig. 3(A)).

As a good alternative to the natural sugars (O-glycosides),
C-glycoside-based glycodendrimers with valences from 4 to 12
for targeting DC-SIGN have been reported by our research
group in collaboration with Moravcova’s group.”® Again, the
results showed an increase in the affinity of these glycoden-
drimers with the increase of valency with similar activity
(ICso values in the micromolar range) to that found for the
corresponding O-partners. The use of 1-fucose and p-mannose
attached by C-glycosidic bonds, instead of O-linked, improved
substantially their physiological stability (against enzymatic
degradation by glycosidases) as well as the binding properties
due to their higher conformational dynamics. This work high-
lighted that C-glycomimetics could be a good alternative to
natural O-sugars, being more stable compounds.

Additionally, mimetics of the mannose disaccharide Mano1,2-
Man and the linear trisaccharide Manad,2Manal,2Man were used
as ligands for DC-SIGN (Fig. 3(B)-a, b). Preliminary studies
of Boltorn-type glycomimetic dendrimers decorated with
these pseudomannobiose (Fig. 3(B)-a) and pseudomannotriose
(Fig. 3(B)-b) showed better affinities as binders to DC-SIGN and
strong stability against enzymatic degradation by glycosidases
compared to their corresponding natural sugars.®’ Moreover,
these Boltorn-type glycomimetic dendrimers were able to block
both cis- and trans-infection of Ebola virus (EBOV) in the
nanomolar range and the trans-infection of CD4" cells in two
HIV infection models using B-THP-1 cells expressing DC-SIGN
and explant cervix tissue.*>®? Later, the synthesis of glycoden-
drimers with 4 and 6 copies of these glycomimetics (Fig. 3(B)-a,
b) and a new modified pseudodisaccharide (Fig. 3(B)-c), an
evolution of the former one previously mentioned where methyl
esters were replaced by amides with an aromatic ring,”® were
carried out. The affinity for DC-SIGN was improved compared
to the aforementioned simple mannosylated glycodendrons
(Fig. 3(A)) using the same experiment (SPR-based indirect
competition assays). For instance, the new modified pseudodi-
saccharide hexadendrimer (ICs, of 5.7 puM) resulted to be
140- and 7-fold better than the corresponding mannose (ICs,
of 800 uM) and pseudomannobiose (ICs, of 39 pM) analogues,
respectively. The most interesting results were obtained for the
hexavalent dendrimer with the modified pseudodisaccharide
(Fig. 3(B)-c), showing an ICs, in the low pM range for the
inhibition of DC-SIGN-mediated HIV-1 (as well as Dengue virus)
infection of DC-SIGN" Raji-cells in a dose-dependent manner.

Chem. Soc. Rev,, 2023, 52, 536-572 | 539
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(A) General representation of mannosylated glycodendrimers with 4, 6, 12 and 18 copies of carbohydrates and their corresponding ICsq values.

(B) Structures of pseudomannobiose (a), pseudomannotriose (b) and modified pseudodisaccharide where the methyl ester was replaced by amides with
an aromatic ring (c) and their corresponding ICsq values for tetra- and hexavalent glycodendrimers. (C) Representative cartoon of SPR-based indirect
(DC-SIGN vs. multivalent compound towards a BSA-Man surface, left) and direct (multivalent compound towards a DC-SIGN surface, right) assays.
Reproduced with permission from ref. 80. Copyright 2020, The Royal Society of Chemistry.

Additionally, this hexavalent glycodendrimer was able to inhi-
bit HIV-1 infection of human cervical tissues showing relevant
immunological properties as an adjuvant.®*

More recently, Fieschi and co-workers®® tested the avidity for
DC-SIGN of higher-valency glycoclusters decorated with the
aforementioned glycomimetics by SPR analysis. The glycoclus-
ters used a rigid tetravalent cyclopeptide as a core platform,
differing in the way of how the 16 ligands were displayed by
using the same cyclopeptide or dendrons with a higher degree
of flexibility as branching points. To overcome the limits of
traditional SPR-based indirect competition assays (DC-SIGN/
BSA-Man surface), mainly the lack of information on affinity
constants, the authors implemented a SPR direct interaction
using DC-SIGN oriented chip surfaces that in some way mimics

540 | Chem. Soc. Rev., 2023, 52, 536-572

the real cell surface situation (Fig. 3(C)). This approach would
be better to evaluate the surface-generated avidity preserving
tetrameric DC-SIGN accessibility and the topology of its active
sites. The results revealed that the scaffold architecture, the
valency and the glycomimetic-based ligand play a crucial role to
reach nanomolar affinities for DC-SIGN in comparison with the
indirect approach where affinities were in the micromolar
range. For synthesis and other examples of multivalent glyco-
cyclopeptides, the interested reader is directed to a recent
review of this issue reported by Renaudet and co-workers.*®
As an alternative to cyclopeptides, calixarene or its congener,
thiacalixarene, manno-*® or fucoclusters based on pseudo-
peptides or tetrahydroxamic acid-hydroxamic acids have been
further investigated for the inhibition of DC-SIGN-dependent

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (A) Cone conformation of the glycocalix[4]arenes, and (B) 1,3-
alternate conformation of glycothiacalix[4]arenes.

viral infections.?*®” Both libraries of compounds contained strong

inhibitors (in the nanomolar range) for the cis-infection of DC-
SIGN-Jurkat cells by viral particles pseudotyped with Ebola virus
glycoprotein (EBOVGP). Moreover, these glycoclusters showed
excellent results as competitive ligands for the HCMV-gB-
recombinant glycoprotein interaction with monocyte-derived
DCs expressing DC-SIGN. However, no significant impact of the
scaffold topologies was found since similar results were obtained
with 1,3-alternate conformation of the thiacalix[4]arenes and the
cone conformation of calix[4]arenes (Fig. 4).

In spite of the increased interest in synthesising multivalent
ligands (mainly glycodendrimers), especially for lectin binding,®
most strategies have been centred on the use of relatively simple,
flexible and accessible scaffolds to build them in a relatively
unspecific fashion, focusing to reach a high valency without a
careful design. This has not provided the best approach to allow
an adequate disposition and distance between sugars to simulta-
neously reach at least two CRDs of the DC-SIGN tetramer. For this
reason, a rational design of glycodendrimers should be addressed
taking into consideration the structure of DC-SIGN and the spatial
orientations of its CRDs. For instance, the group of van Kooyk
revealed that the distance was the most significant issue in the
design of glycodendrimers more than the number of carbohy-
drates displayed on their structures.®® They reported the prepara-
tion of polyamidoamine (PAMAM)-based glycodendrimers from
G3 to G5 generations coated with Lewis-type antigens (Le¥, Le?,
LeP) with a similar degree of sugar functionalisation (around
16 units). The distances between adjacent sugar units were
between 1.8 and 2.7 nm depending on the generation. The
larger compound (G5 Le®™-PAMAM dendrimer) resulted in being
the best competitor to inhibit the binding between DC-SIGN
and the gp120 of HIV with a complete inhibition of the trans-
infection of CD4" cells. This type of design based on flexible
and uncontrolled scaffolds could be governed by statistical
rebinding effects and allowed lectin clustering in solution. In
addition, the employment of very high-valency scaffolds®>®*
also capitalizes on the possibility of linking simultaneously
more than one binding site of the same (chelating) or different
(clustering) lectin oligomer.

To overcome this issue, a careful design of effective, smaller
and limited valency scaffolds could be presented as an excellent
alternative to target DC-SIGN. However, it requires a delicate
balance between rigidity and flexibility in order to maximize the
possibility of binding events to match productively and simulta-
neously at least two or more lectin CRDs. Rigidity could favour
the association by decreasing the entropy cost, while flexibility
may help the ligand system to adapt to the lectin binding site

This journal is © The Royal Society of Chemistry 2023
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minimizing the enthalpy cost. With an optimal rigidity—flexi-
bility relationship, the avidity can reach several orders of
magnitude as compared to that obtained only by statistical
rebinding effects.”?

In 2015, Bernardi and co-workers” designed a hexavalent
dendrimer composed of two trivalent dendrons’® connected by
a rigid rod-like spacer in a spatially defined fashion to bridge
two of the four binding sites displayed by DC-SIGN (Fig. 5(A)).
The rigidity and planarity of the scaffold could tentatively
favour binding by preorganising the glycomimetics, while
decreasing the overall entropy of the global system. The com-
pound with six pseudodisaccharides (Fig. 5(A)), a potent glyco-
mimetic previously mentioned,” inhibited the trans-infection
of CD4" T-lymphocytes by DC-SIGN mediated HIV-1 transmis-
sion with an ICs, in the nM range. More recently, it was
demonstrated that this compound inhibited (i) the interaction
of the SARS-CoV-2 Spike protein with DC-SIGN (ICs, of 10.4 UM,
determined by SPR competition assay) and (ii) the DC-SIGN-
dependent ¢rans-infection of the SARS-CoV-2 pseudo virus as
well as the wild SARS-CoV-2 virus mediated by DC-SIGN" Jurkat
cell line, which can transfer the virus to Vero E6 cells, with an
ICs, of 94 nM.”® These data were consistent with the results
obtained for the inhibition of HIV infection.”® However, this
kind of amphiphilic structure showed a limited solubility in
water (up to 2-5 x 10~* M), allowing the formation of aggre-
gates in an aqueous solution. This fact could generate non-
desirable systems with diverse compositions, topology, and
assembly dynamics with an increment of the valency and the
size via non-covalent interactions. To overcome this limitation,
Bernardi and co-workers®® have reported an optimised procedure
based on a particular solvent protocol or via centrifugation of the
samples, avoiding the formation of undesirable aggregates.

More recently, similar glycodendrimers with a linear rigid
“rod-like” core of controllable length and different valences
were rationally designed by the same group in order to gain
better insight into the role of different binding modes (chelating,
clustering and statistical rebinding) in the interaction of glyco-
dendrimers with DC-SIGN.’® For this purpose, some of them
differed in the spacer length (from 1 to 3 aromatic rings) sharing
the same valency (hexavalent) and the rest of the glycodendrimers
presented different valency (di- and hexavalent) sharing the same
rigid rod size (three aromatic units). Combining a range of
biophysical techniques such as SPR, fluorescence polarisation
(FP) or ITC, and molecular modelling, it could be established
that the cumulative effects of chelating and statistical rebinding
modes were responsible for the high binding potency of this
glycodendrimer (Fig. 5(A)) due to a high local concentration of
ligands in the proximity of the carbohydrate binding site, being a
potent DC-SIGN antagonist. The results also confirmed that the
size of the rigid spacer is critical for chelating and thus to improve
the binding avidity for DC-SIGN, with the optimal case being that
with a spacer containing 3 aromatic rings (Fig. 5(A)). Moreover,
they highlighted that a rigid spacer at the dendrimer core together
with the length of the rod and the overall valency of the material
had a strong positive effect on the ICs, values.”® Again, optimal
affinity values were obtained with a long rod containing 3
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(A) General structure of a hexavalent dendrimer composed of two trivalent dendrons connected by a rigid rod-like spacer. (B) General structure a

cross-shape glycodendrimer composed of four low-valency glycomimetic dendrons connected by a tetravalent rigid phenylene—ethylene core. ICsq and
Kp values of their interaction with DC-SIGN in different models are indicated for both glycodendrimers.

aromatic rings and a short flexible linker corresponding to the
glycodendrimer (Fig. 5(A)), indicating a good preorganisation of
the antagonist.

Additionally, this compound, presented in Fig. 5(A), was
able to be internalised by dendritic cells via DC-SIGN into the
endolysosomal compartments with the production of chemo-
kines and pro-inflammatory cytokines, modulating multiple
innate responses (Thl-type response from human immature
monocyte-derived DCs). This receptor-mediated internalisation
endocytosis was determined by fluorescence and confocal
microscopy thanks to the suboptimal intrinsic fluorescence of
the rod-like spacer.*” In comparison with fluorescent dyes, one
of the advantages of using this kind of spacer, with natural
fluorescence, is the possibility of determining its internalisa-
tion pathway without modification of its functional interaction
with the cell, at least in terms of toxicity and binding.

This glycodendrimer represents the first example that high-
lighted the relevance of a careful design combining three
elements (an effective and selective monovalent ligand, a rigid
core of appropriate length and two trivalent dendrons) to
achieve high affinity and selectivity towards DC-SIGN, in com-
parison to other molecules where a large valency was required
to reach similar activities. This elegant approach could be
applied to obtain molecules capable of matching the specific
size, shape and the distance between two contiguous binding
sites or even CRDs at opposite corners on other relevant lectins.
The conjugation of glycodendrons with potential affinity to the
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corresponding receptor for developing tailored lectin-targeting
devices was considered. For instance, the use of sulphated
glycodendrons with this core may be a potential ligand to
interact with Langerin (see Section 3), a trimeric lectin, with
CRDs spaced by 42 A, close to the distance between two of the
four CRDs in DC-SIGN.

Encouraged by these results, Bernardi,
co-workers®” continued working with the multivalent rod scaf-
fold in order to obtain simultaneous binding of the four CRDs
of DC-SIGN. Taking into account that CRDs are square-like
arranged and separated by around 40 A between corners and
diagonals going from 52 to 60 A (Fig. 2), the authors carried out
the synthesis of a cross-shaped glycodendrimer by CuAAC
chemistry between a tetravalent rigid phenylene-ethylene core
and four trivalent glycomimetic dendrons (Fig. 5(B)). The ability
of this compound to bind to DC-SIGN was evaluated by the SPR
direct interaction assay with immobilised targeted lectin on the
chip. Unfortunately, the results obtained did not show an
increase of the affinity of this glycodendrimer (Fig. 5(B), Kpapp =
6.45 nM) with the increase of valency in comparison with the
corresponding linear glycodendrimer (Fig. 5(A), Kpapp = 6.6 nM),
synthetically more accessible. The same effect was observed in
SPR inhibition assays using the immobilised spike protein of
SARS-CoV-2, where ICs, values of 10.4 and 5.9 uM for the linear
and cross-shaped glycodendrimers, respectively, were found.
Moreover, they used cell assays to test the ability of this glycoden-
drimer to inhibit the trans-infection of Jurkat cells by EBOVGP

Fieschi and
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pseudotyped viral particles. In this case, the cross-shaped ligand
proved to be more effective than the linear version at blocking
DC-SIGN-mediated EBOV infection, reflecting a significant gain of
avidity with increased valency. At the same concentration, the
cross-shaped ligand blocked EBOV trans-infection by 96%, while
the linear version was only 63% effective. These results could be
explained based on the lack of translation mobility of the immo-
bilised receptor on the SPR sensor surface in comparison with the
cell model where the lectin can laterally translate and may be able
to be cross-linked and clustered on the cell membrane.

Ideally, the optimal ligand presentation on a tailored geo-
metry of the scaffold should provide strong affinity as well
as selectivity towards a lectin of interest over other lectins
characterised by a different spatial arrangement of their CRDs.
In fact, a drawback to such multivalent glycostructures is that
they cannot distinguish between human lectins that share
carbohydrate binding selectivity as they often lack molecular
design precision for therapeutic interventions, especially under
the challenging in vivo conditions. Binding to lectins with
higher and/or tunable selectivity should be based on the dis-
tances and orientations between glycan-binding sites on oligo-
meric defined lectins.

Regarding mannose-binding lectins, selectivity to target
DC-SIGN instead of other C-type lectins, such as the homo-
trimeric Langerin, is indeed crucial in order to inhibit its
biological functions without interfering with the protective
mechanisms provided by the latter one. For instance, in the
context of HIV infections, it has been demonstrated that the
role of Langerin in the elimination of HIV virus, in contrast to
DC-SIGN,*® is notable, with selectivity being a key point for
the design of HIV-1 inhibitors. In Section 3, we provide a
snapshot of the progress related to carbohydrate multivalent
systems targeting Langerin. The aforementioned rigid dodeca-
valent glycodendrimer (Fig. 5(B)) carrying the dimannoside
mimetic showed a 22-fold selectivity over Langerin.’” For the
same purpose, the group of Wang® has reported the synthesis
of glycodendrimers based on a semirigid polyproline tetra-helix
macrocyclic scaffold with estimated distances between corners
around 3.2 nm. These glycomacromolecules functionalised
with trivalent oligomannoside glycodendrons, such as a branched
mannotriose or a linear Man,, were evaluated by SPR to bind
to DC-SIGN and Langerin. The results revealed the effective
interaction with DC-SIGN with Kp, in the low nanomolar range
and showed an almost 4800-fold selectivity for DC-SIGN over
Langerin. These enhancements could be associated with the
different distances between CRDs in the trimeric Langerin,
exposed in a trefoil presentation, and the tetrameric DC-SIGN,
42 and 40 A, respectively, disfavouring binding to Langerin. The
control of the oligomannose pattern on a polyproline tetra-helix
macrocycle scaffold could afford selectivity but the synthesis of
this scaffold implied a lot of synthetic and HPLC purification
steps yielding a scarce amount of the final compound in contrast
to Bernardi’s scaffold. This could be a limitation in order to
address both in vitro and in vivo biological studies.

In spite of efforts to obtain the ideal (both affinity and
selectivity) scaffold to target DC-SIGN and to avoid cross-activity
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problems for other receptors, there are many parameters that
cannot be easily predicted a priori with modular assembled
nanoscaffolds, such as the architecture of the scaffold, the kind
of linker engaged and the flexibility of the system, valency and
density of glycans. In this context, glycostructures grafted with
sugars or other glycomimetics more sophisticated than simple
mannose or fucose monosaccharides, including the natural
ligand, the high mannose, or the more synthetically-accessible
Man, epitope, would be expected.

In fact, very few examples of glycodendrimers of low valency
decorated with ManyGlcNAc, or Mang had been reported in
the literature until 2009.'°°7'°* The main limitation of the
use of the natural ligand, the high mannose, or the more
synthetically-accessible epitope Man, with [ configuration
at the reducing end is the synthetic complexity, preventing
the accessibility to large amounts of the product required
to address biological and preclinical studies. Ley'®® and
Seeberger,'* among others, have reported the total synthesis
of Man, oligosaccharide; however, these approaches involved
many reaction steps with a low overall yield to achieve the final
compound. As an alternative to these synthetic precedents, a
convergent, very rapid, straightforward and high-yield synthesis
of the Many ligand using both semi- and synthetic approaches
has been recently described.'®® These approaches involved
shorter time consumption, lower synthesis cost, and higher
overall yield of the final ligand in comparison with the others
reported previously, paving the way for the preparation of
multivalent systems using this ligand. In fact, glycodendrons
with unspecific design (i.e. without taking into account the
spatial orientations of the CRDs of DC-SIGN) containing both
anomers at the reducing end, o- and B-Man, (Fig. 6), were
reported.’® Whereas the natural B-configuration in its rigid
natural environment as ManyGlcNAc,-Asn could have a remark-
able role in the interaction with DC-SIGN, the impact of this
configuration when the ligand is attached to scaffolds through
flexible linkers could be less relevant. Using fluorescence
polarisation assays, it has been demonstrated that the configu-
ration of the reducing end did not play a relevant role in
binding affinity, finding similar Kp in the low uM range for
both anomers. Therefore, the more synthetically-accessible
a-Many epitope can be considered as a convenient ligand for
DC-SIGN with the advantage of its easy preparation compared
to the f-Many epimer.

On the basis of these results, new modular designs to obtain
glycodendrimers with adequate disposition of the Man, epitope

Q9
Kp=5.2 M fora O Q:P) Kp = 0.53 uM for a
Kp = 4.6 uM for B ij Kp = 0.37 uM for B
<—aorf

Fig. 6 Cartoon of a- and B-Mang and their corresponding glycodendrons
containing both anomers at the reducing end. Kp, values of their interaction
with DC-SIGN are indicated for both anomers.
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to reach all four CRDs of the DC-SIGN receptor would be
expected in the coming years.

2.2. Glycopolymers

Glycopolymers, alternative structures to mimic the presenta-
tion of oligosaccharides in nature, are capable of binding to
lectins such as DC-SIGN."”™° In contrast to globular scaf-
folds, linear polymer scaffolds fix the glycan density regardless
of the chain length allowing 100% occupancy as long as
carbohydrate spacing is optimised. In this context, glycopoly-
mer architecture, valency, size, and/or density of binding
elements have been explored in order to determine if these
parameters can affect their DC-SIGN binding activities."** ™"
For instance, the Hartmann group has recently demonstrated
that the architecture of polymeric glycan mimetics can affect
the binding avidity for DC-SIGN using linear and monodisperse
brush glycopolymers with sequence-defined side chains.'**
In fact, DC-SIGN showed higher binding to brush than to linear
glycopolymers. For instance, a linear glycopolymer with 43
mannose units showed a K, value of 32.6 x 10* M~ ', whereas
a brush glycopolymer with 3 side chains and decorated with a
total number of mannose of 12 showed K, = 5.4 x 10* M~ !, with
the last one displaying over 6-fold higher affinity to DC-SIGN.
Apart from the architecture, the degree of branching, the
valency per branch, the overall valency and the length of the
polymeric scaffold of brush glycopolymers influenced lectin
binding. This preference of DC-SIGN to ligand presentation on
linear glycopolymers was also found using polydisperse linear
and hyperbranched glycopolymers coated with mannosides
and fucosyllactosides.*®

Linear glycopolymers have been reported as potential inhi-
bitors of the binding of HIVgp120 to DC-SIGN,'*® DC-SIGN-
mediated cell-infection by HIV''” or CMV'"® or with advanced
immunological activity."'® Additionally, cyclodextrin-based
glycopolymers resulted to be inhibitors of the binding of
HIV envelope glycoprotein gp120 to DC-SIGN at nanomolar
concentrations.’*® Interestingly, side-chain folded triblock
glycopolymers bearing cyclodextrin in an extreme of the chain
and adamantane in the opposite extreme for supramolecular
host-guest interaction were achieved in order to evaluate the
effect on DC-SIGN binding.'”" Using SPR technique, the
authors demonstrated that the folded polymers decorated with
mannose residues enhanced greatly the multivalent binding
interaction in comparison to the unfolded linear structures.
In the context of the SARS-CoV-2 virus, polydisperse glycopoly-
mers using mannose or a potent glycomimetic DC-SIGN
antagonist (a triazole-based mannose derivative) were able to
inhibit DC-SIGN-mediated infection and dissemination of
SARS-CoV-2 virus at picomolar or nanomolar concentrations."**"**

More recently, glycopolymers obtained via an iterative expo-
nential growth (IEG) synthetic strategy, namely glyco-IEGmers,
have been reported with precisely defined and tunable sizes
(containing from 8 to 32 carbohydrates units), compositions,
topologies (linear or cyclic), and absolute configuration.'>*
Results from SPR assays with different surface-immobilised
forms of human innate immune C-type lectins DC-SIGN, L-SIGN,
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Langerin, dectin-2 (dendritic cell-associated lectin-2), mincle
(macrophage inducible C-type lectin), and DEC-205 (CD205) as
well as the two collectin lectins mannose-binding lectin (MBL)
and surfactant protein D (SP-D), highlighted that glyco-IEGmer
length, topology, and stereochemistry have a substantial direct
impact on lectin binding in many cases. From these findings,
such molecular features must be considered in future glyco-
polymer designs for selective targeting.

2.3. Glycosylated carbon nanoforms

In the search for innovative 3D multivalent scaffolds, carbon
nanoforms, such as fullerene Cg,, have been considered as an
interesting biocompatible carbon platform for the multivalent
presentation of carbohydrates.’*™'*® In this context, glyco-
fullerenes with a Tj, octahedral symmetry and globular struc-
ture have been used simulating the carbohydrate coating on the
viral surface which can interfere with the virus infection
process by blocking DC-SIGN."**"*' This topic will be covered
in detail in another review of this issue. However, we would like
to highlight a few examples since our research group has been
working in this field recently.

In brief, our group and Martin’s group reported a straight-
forward strategy based on click reactions (both CuAAC and
SPAAC)'#*7'3 to efficiently attach twelve carbohydrate or glyco-
dendron residues simultaneously to alkyne- or cyclooctyne-
substituted Cg, hexakis-adducts in few steps'*® or to achieve
the preparation of simple glycofullerene oligomers."*® In order
to dramatically increase the valency and the size of these
systems, both tridecafullerene superballs'®” bearing 120 per-
ipheral mannose or galactose (as negative control) ligands and
nanoballs®® grafted with up to 360 o(1,2)mannobioside units,"**
increased by 3-4 fold the antiviral activity in comparison with the
corresponding mannosylated compounds.*****'* 1t is important
to highlight that the giant globular multivalent glycofullerene
with 360 sugar units represents the fastest dendrimeric growth
reported to date.”

All these mannosylated glyconanostructures resulted in
being efficient inhibitors of DC-SIGN-mediated EBOV, ZIKV
and/or DENV infections and showed no cytotoxicity in cell lines
at the concentrations used in the infection experiments. The
results obtained in these experiments revealed the dependence
of the inhibition effect on the sugar residues, suggesting that
an increase of valency of these systems turned out to achieve
improved antiviral activity. Using pseudotyped Ebola viral
particles as infectious agents, glycofullerene, glycodendroful-
lerene and oligomers coated with mannose residues were able
to inhibit the infection of DC-SIGN Jurkat cells with ICs,s from
2000 for the simplest compound to 32 nM for the oligomers
with higher number of sugars (40 mannose units), whereas the
tridecafullerene superball bearing 120 pheripheral mannose
showed an ICs, of 0.7 nM."**> 7 Regarding nanoballs grafted
with o(1,2)mannobioside units, the nanoball bearing 360 dis-
accharides was able to inhibit the viral infection of both Zika
and Dengue viruses with an ICs, in the picomolar range (IC5, of
67 pM for ZIKV and ICs, of 35 pM for DENV).!

This journal is © The Royal Society of Chemistry 2023
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Moreover, glyconanomaterials constituted by a mannose
glycofullerene or a nonavalent glycodendron attached to
SWCNT (single-walled carbon nanotube), MWCNT (multi-
walled carbon nanotube) and SWCNH (single-walled carbon
nanohorn) carbon nanoforms were prepared.'*’ The team
revealed that in addition to the size and morphology of the
carbon nanoplatform used, the number of multivalent ligands
(mannose residues) was also important for the recognition of
DC-SIGN-mediated antiviral binding affinity in a EBOV model.
In particular, the 3D architecture of MWCNTSs decorated with
mannose glycofullerene led to a potent EBOV inhibitor, with no
significant cytotoxicity towards host cells.

These results validate the use of glycosylated carbon
nanoform-based antivirals as multivalent effective probes to
interact with DC-SIGN and inhibit the infection process of
some viruses.

2.4. Metal glyconanoparticles

Gold nanoparticles (AuNPs) are the most stable and studied
metal-based nano-clusters as multivalent platforms for presen-
tation of carbohydrates.®>'*> Among other properties, AuNPs
offer a relative control of the size, the globular disposition of
the carbohydrates on a large surface and the high multivalency,
the facility to attach sugars using terminal thiols as well as an
excellent biocompatibility and low-/non-toxicity.'** In particu-
lar, the globular disposition, similar to that of fullerenes
mentioned above, allows to mimic the presentation of glyco-
sphingolipids at the cell surface as a dense coating covering a
large area, becoming a very popular approach to develop
glycotools to interact with lectins,*** such as DC-SIGN.'*

The group of Penadés has been pioneering the use of AuNPs
as potential scaffolds for targeting DC-SIGN.®>'4*14¢ This
research group showed that these kinds of materials displaying
multiple copies of different oligomannosides, from di- to
heptaoligomannosides, were able to mimic the cluster presen-
tation of oligomannosides in the HIV gp120 virus surface,
which resulted to be efficient inhibitors of DC-SIGN-mediated
trans-infection of human T cells.'*” In a competition model
using Raji-DC-SIGN cells infected with HIV-1 (JR-Renilla R5),
these glycoAuNPs showed ICs, values in the nanomolar range
(IC50 = 2.04 nM for di-, IC5o = 1.58 nM for tri-, IC5, = 0.34 nM for
tetra-, ICso = 0.56 nM for penta- and ICs, = 0.53 nM for hepta-
mannosides)."*® In addition, other carbohydrates, such as
o-fucosyl-B-alanyl amide™® or galactofuranose,”” have been
employed for the decoration of AuNPs targeting this receptor.
However, few examples combine glycodendrons with AuNPs
as powerful structural probes for multivalent lectin-glycan
binding.'*°

Our research group reported the construction of glycoAuNPs
functionalised with zwitterionic ligands and mannosyl trivalent
glycodendrons to create glycodendroAuNPs with diameters
smaller than 2 nm and with an intense red to near infrared
fluorescence.” The uptake mediated by multiple endocytic
pathways of these AuNPs by human dendritic cells (hDCs)
resulted to be 2.5-fold better than that corresponding to non-
sugar decorated AuNPs. In contrast, the use of mannan as a
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mannose receptor (MR) and DC-SIGN inhibitor decreased by
60% the uptake only for the glycodendroAuNP, demonstrating
the relevance of the sugar in facilitating the specific receptor
uptake by hDCs.

More recently, Zhou and co-workers carried out the prepara-
tion of a glycoAuNP coated with the Mana«1,2Man mannobio-
side, as well as the glycodendroAuNP using the corresponding
Mana1,2Man glycodendron."®* The binding affinity to DC-SIGN
was not improved by increasing the AuNP surface glycan
density, showing similar K, for both nanomaterials. The lack
of multivalent effect can be associated with steric congestion
where not all Mana1,2Man are accessible to interact with
DC-SIGN in the case of glycodendroAuNP. Moreover, the gly-
coAuNP was capable of inhibiting DC-SIGN-mediated EBOV
infection in a similar way to that of the corresponding glyco-
dendroAuNP (ICs,s of 95 vs. 150 pM, respectively). Interestingly,
rather than quantify the binding affinity, the authors exploited
AuNPs’outstanding properties (fluorescence quenching, nano-
scale size or high TEM contrast) in order to elucidate the
different binding modes between a pair of closely related
tetrameric lectins, DC-SIGN>*'>* and DC-SIGNR (or L-SIGN)."**

L-SIGN (CD209L), the liver/lymph node-specific homologue
of DC-SIGN, shares 77% sequence homology with DC-SIGN and
both related lectins recognise mannose and fucose, although
they present different specificities for oligosaccharides.'>>'>®
L-SIGN is presented at the cell surface as a tetramer as
DC-SIGN; however, the special arrangement of the four CRDs
in this tetramer is not the same that in the case of DC-SIGN,
adopting a different conformation (Fig. 7). This fact has a
relevant impact on the recognition process of multivalent
carbohydrates species.'™ It is well stablished that both receptors
play a key role in facilitating Ebola, HIV and Zika viral infections,
but they can differentially augment viral infectivity. For instance,
whereas only L-SIGN can effectively drive West Nile virus
infection,’®” DC-SIGN was found to be more effective than
L-SIGN in transmitting infections for some HIV strains.'>®'>°

“closed flower”

“open flower”

Fig. 7 SAXS-derived model of the tetrameric DC-SIGN (left) and X-ray
structure of the tetrameric L-SIGN (right, PDB code 1XAR) and comparison
of both CRD arrangements.
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Using Manad,2Man glycoAuNP, the same group found that
the four CRDs of DC-SIGN tetramer bound simultaneously to
one glycoAuNP, whereas each glycoAuNP bound only to two of
the four binding sites in L-SIGN via intercross-linking mode of
binding. In addition, stronger binding affinity with DC-SIGN
over L-SIGN (x40-fold) was achieved.® In an EBOV model,
they could confirm that glycoAuNP could completely block
DC-SIGN to further binding to virus surface EBOVGPs, required
to initiate cell entry, but only partially block L-SIGN mediated
EBOV infection via an intercross-linking binding mode (Fig. 8(A)).
These results were also in agreement with those reported pre-
viously by Zhou with the cytotoxic CdSe quantum dots (QDs)
grafted with the same glycans,"®* ™% which significantly limited
its potential use as DC-SIGN targeting therapeutic agents, espe-
cially under in vivo conditions.

It is worth mentioning that in many cases, as described
above, an increase of the dendrimer generation no longer
notices affinity changes, playing a dominant role in ligand
presentation. In fact, polydisperse glycoAuNPs required the
optimisation of effective ligand density in order to obtain the

1C5o = 9.62 nM for 540 Man

’32 1C5o = 0.91 nM for 1620 Man
XCéi:&

& o
ggﬂz Z@: %
144
Fig. 8 (A) Schematic representation of the interaction of Manal,2Man
glycoAuNP with the four binding sites of DC-SIGN inhibiting DC-SIGN-
dependent viral infection and cross-linking with some binding sites or
L-SIGN allowing the virus interaction with unblocked L-SIGN binding sites.

(B) General structure of mannosylated glycodendron VLPs functionalised
with 540 and 1620 mannose units and their corresponding ICsq values.
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best potencies, which are reached with an approximately 50%
of epitope occupancy, probably due to steric hindrance factors.

Another type of glyconanoparticles based on magnetite
(Fe304) have been used for highly selective capturing of DC-
SIGN expressing cells (DCs) from complex cell populations*®*
or as dual-modal probes decorated with Le® and Le® oligo-
saccharides for the recognition by and internalisation into
DC-SIGN expressing mammalian cells via endocytosis.'®®
As an alternative to obtain nanoparticles based on metals in a
controlled manner, Kikkeri and co-workers'®® described the
synthesis of Ru(u)-based glyconanoclusters constituted by
chiral Ru(n) complexes and mannose capped B-cyclodextrin
using a supramolecular strategy (host-guest approach) which
enantioselectively bind to specific C-type lectins: DC-SIGN over
ConA and Dectin-1 lectins.

2.5. Virus-like glycoparticles

Virus-like particles (VLPs) are another source of platforms to
obtain large sugar-coated structures based on the capsid pro-
tein of viruses such as the QB bacteriophage. They are
employed as vaccine vehicles that induce cellular immunity
or as a strong inhibitor in viral infections via the DC-SIGN
receptor.’'®” Regarding the latter one, our research group
in collaboration with the group of Prof. Davis reported the
preparation of well-defined VLP coated with 540 and 1620
mannose residues (Fig. 8(B)).”° For this purpose, L-homopro-
pargylglycine (Hpg)-bacteriophage QP coated proteins modified
by directed mutagenesis were functionalised with trivalent and
nonavalent mannosylated dendrons via a CuAAC reaction
(180 covalent bonds formed simultaneously) to yield mono-
disperse virus-like glycodendriparticles. A strong inhibitory
activity with ICs, in the low nanomolar range was found in a
pseudotyped EBOV infection model using Jurkat-DC-SIGN as
well as monocyte-derived DCs. In particular, VLP coated with
1620 mannose residues (ICs, of 0.91 nM) was almost one order
of magnitude more potent than VLP coated with 540 mannose
residues (ICs, of 9.62 nM) at inhibiting the infection process.
Whereas glycoAuNPs require the optimisation of ligand density,
the use of modified VLPs allows the preparation of monodisperse
nanoparticles with an adequate distance and spatial disposition
of glycans to interact efficiently with DC-SIGN.

2.6. Glycoliposomes

In the literature, only one recent example of liposomes coated
with sugars has been reported for targeting human DC-SIGN
lectin by Rademacher and co-workers.'®® They highlighted that
heteromultivalent liposomes coated with natural glycans and
mannosides bearing aromatic aglycones showed cooperative
avidity for DC-SIGN but not for Langerin. For the glycomimetic
moiety, they found a secondary binding pocket located remo-
tely from the DC-SIGN’s CRD and an allosteric activation of
DC-SIGN.

In brief, DC-SIGN is a lectin of tremendous interest and very
active research is ongoing in this area for the design of new
glycodendritic structures targeting this receptor in order to
exploit polyvalent carbohydrate ligands oriented to novel
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immunomodulants and vaccine adjuvants as well as antiviral
ligands.

3. Langerin

Langerin (CD207) is another transmembrane CLR mainly
located on the surface of human Langerhans cells, a subset of
immature DCs present in the mucosal and epidermal tissues."®’
This pattern recognition receptor oligomerises to form a homo-
trimer through coiled-coil-o interaction in the neck region for
optimal binding of CRDs to glycan ligands."”® The CRDs are
separated by around 42 A between the corners in an almost
perfect 3-fold symmetry in the trimer (Fig. 9(B))."”" Langerin’s
CRDs recognise a broad range of glycan ligands containing
mannosylated (mainly terminal mannoses and linear small struc-
tures) and fucosylated (such as blood antigens) oligosaccharides.
Sulphated glycosaminoglycans (GAGs) such as keratan sulphate
(KS), chondroitin sulphate (CS), and heparin-related GAGs are
also recognised by Langerin, although these sulphated ligands
interact with this lectin mainly through a positive charged groove
located at the neck region.'”®'7>"'7® Langerin is involved in
the recognition, uptake and clearance of pathogens, such as
Mycobacteria,'”® fungi'’”"”® and virus®®'”® species, including
HIV as well as self-antigens, during the first stages of the
immune response.

A) LANGERIN AFFINITY

View Article Online
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In the particular case of GAG oligosaccharides, the high
structural heterogeneity, particularly in terms of sulphate group
distribution, renders the preparation of multivalent systems
carrying natural GAGs rather a challenging task. In fact, only
two examples, to the best of our knowledge, have been reported
of GAG multivalent systems to interact with Langerin. Both
examples were based on well-defined GAG disaccharides that
allowed access to high-affinity ligands taking advantage of the
multivalent effect in comparison with the corresponding mono-
valent counterparts.'®*>'®! For the synthesis and different pur-
poses of other GAG multivalent systems, the interested reader
is directed to a recently reported review."®?

The first example described the preparation of a discrete
trimeric system and a linear polymer with an average degree of
polymerisation of 33 units of a KS disaccharide with both
6-sulphated positions.'®! A clear increase of the affinity against
Langerin and the multivalent effect of these GAG glycodendri-
mers (ICsq of 2.7 uM and 2.1 nM for the trimer and polymer,
respectively) were observed, displaying over 100 and 1000-fold
higher affinity to Langerin than the monovalent systems.
Moreover, the glycopolymer could efficiently bind to bone
marrow-derived DCs expressing Langerin as well as modulate
Langerin function whereas the monovalent system did not
show detectable binding.

The second one, reported by some of us,'*® involved the
synthesis of a disaccharide displaying the characteristic structural
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(A) General representation of second generation glycodendrimers with 18, 12 and 9 copies of chondroitin sulfate type-E disaccharide and their

corresponding ICsg values. (B) X-ray structure of the trimeric Langerin (PDB code 3KQG) with the interbinding site distance of approximately 42 A and
24 A from the symmetry point and general structure of the best binder glycooligomer. For clarity, only the Ca®* ions of the carbohydrate binding sites are
represented (magenta).
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motif of chondroitin sulphate type-E (CS-E) conveniently functio-
nalised with an azido group at the reducing end.'®® This di-
saccharide and the corresponding trivalent system were anchored
to modified simple commercially available 1,3,5-trihydroxy-
benzene, pentaerythritol and bispentaerythritol cores via CUAAC
coupling to generate first (tri-, tetra- and hexavalent) and second
(nine, twelve and eighteen copies of the CS-E disaccharide)
generation glycodendrimers, respectively (Fig. 9(A))."*° The activity
of second generation CS-E glycodendrimers was tested in compe-
tition experiments using a SPR biosensor with Langerin and
immobilised biotinylated heparin on a Strep-Tactin chip. To
explore the role of the divalent cation on the interaction, the
experiments were performed in the presence of Ca** and in the
absence of this cation with the addition of EDTA. The results
demonstrated a micromolar calcium-independent interaction
between these glycodendrimers and Langerin with binding affi-
nities higher than those observed for the monovalent version.
Moreover, best results were obtained for the glycodendrimer
containing a phenyl aromatic ring as a dendritic core, which
could be exploited for the design of new high-affinity Langerin
ligands. In contrast to glycodendrons depicted in Fig. 3(A), a clear
decrease of the affinity towards Langerin with the increase of
valency was observed for these glycodendrimers (Fig. 9(A)).

As mentioned in Section 2, the rational design of carbohydrate
multivalent systems as potential binders for a lectin should start
from the spatial orientations of the CRDs as well as the geometry
of the targeted lectin, in this particular case, the trimeric
Langerin. In this context, the simplest platform to reach simulta-
neously multiple CRDs directly of the Langerin trimer is a
3-armed branched scaffold. In 2019, Hartmann and co-workers'®
reported the optimisation of asymmetrically branched precision
mannooligomers, shortening or elongating the scaffold, by taking
primary CRD distances (24 A from the symmetry point) known
from the crystal structure (Fig. 9(B)). The smallest oligomer with a
distance of approximately 21 A from the symmetry point showed
the highest avidity (lowest ICs,), whereas a decrease of the affinity
was observed with the increment of the length of the arms through
the incorporation of additional building blocks. These findings
could be associated with a more coiled conformation for the
glycooligomers with a higher size hampering the accessibility of
the Man ligands to the binding sites.

These preliminary results highlighted that the controlled
assembly of trivalent scaffolds decorated with Langerin’s ligands
could be tuned to increase the affinity towards this lectin and
modulated to gain more insight into the selectivity towards
different C-type lectin receptors. Taking into account the excep-
tional dual recognition capacity of Langerin with Ca**-dependent
and independent binding sites and their pivotal role in the defence
mechanism against pathogen infection, such as HIV infection,
more contributions in this area are expected in the coming years.

4. Selectins

Other well-studied members of the C-type lectin family are
selectins.'®> From the structural point of view, selectins are

548 | Chem. Soc. Rev., 2023, 52, 536-572

View Article Online

Review Article

composed of several domains (C-terminal cytoplasmic, trans-
membrane, epidermal growth factor-like (EFG) and N-terminal)
and a variable number of short consensus repeats (SCRs), being
the tetrasaccharide sialyl Lewis™ (sLe*) the natural ligand. There
are three members of the selectin family that are expressed by
different cell types: E-selectins (CD62E) by activated endothelial
cells, P-selectins (CD62P) by platelets and endothelial cells and
L-selectins (CD62L) by leukocytes.'®® Consequently, the target
of E- and P-selectins could be interesting for monitoring
endothelial cells, while focusing on L-selectins would permit
the control of leukocytes. Selectins are involved in the inflam-
matory response by the migration of leukocytes. In diseases
with an inflammatory component, an excess of leukocytes can
be detrimental, so the target of leukocytes trafficking with
selectin antagonists can be postulated as a promising anti-
inflammatory treatment.®”

Since the affinity of selectins for monovalent sLe* carbohydrates
is low, one strategy to target selectins is the development of
multivalent carbohydrate ligands.®**#%%° Selectins have a unique
CRD and appear as monomers (except for the case of
P-selectin, whose dimerization has been proposed'®®), but this
feature does not prevent the use of multivalent systems for
enhancing the binding towards selectins, as other mechanisms
for binding can be proposed, e.g. statistical effect (rebinding) or
clustering effects (that implies the simultaneous interaction of a
multivalent ligand with several lectins presented in close proximity
at the cell surface) responsible for improving the affinity.

This research field have been extensively revised else-
where,'”»*> but in the last 10 years very few examples of
multivalent derivatives as potential selectin ligands have been
described. The Reissig’s group contributed to this field with the
preparation of aminopyran-derived divalent and trivalent com-
pounds with free OH or the O-sulphated version. Unfortunately,
only a small part of the prepared library could be tested in SPR
experiments as selectin inhibitors due to solubility issues.
Some of these compounds demonstrated inhibitory activity in
the low micromolar range towards L-selectin (IC5, = 2 uM for
the aminopyran-derived trivalent compound in its O-sulphated
version)." More recently, these authors have extended their
methodology by employing azidopyran derivatives for the
preparation of multivalent carbohydrate mimics by the CuAAC
reaction. Among the O-sulphated derivatives tested, they
observed inhibitory activity towards L- and P-selectins also
in the micromolar range (ICs, = 0.6-100 puM for L-selectin and
IC50 = 1.1-30 pM for P-selectin).’®*'> Aminopyrans have also
been recently employed by Tavernaro et al.'°® in the develop-
ment of gold, silver and iron oxide nanospheres and quantum
dots for selectin targeting. Competitive SPR experiments
pointed out that Au-based nanospheres containing sulphated
aminopyrans behaved as L-selectin inhibitors in the low nano-
molar range (ICs, = 0.35-1.9 nM). These results indicate that a
higher valency achieved by preparing nanoparticles lead to
more active compounds if they are compared with the deriva-
tives of lower valence prepared by the group of Reissig.'®*"
In brief, the 5-10 nm sized multivalent nanoparticles inhibited
leukocyte migration and supported the importance of the
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application of nanocarriers in the design of systems with
improved selectin-binding properties.

Other cores employed to anchoring carbohydrate motifs to
study selectin binding included DNA complexes,'®” lipo-
somes'?®'%° and polymeric materials.?®° As it will be discussed
in the case of galectins (see Section 5), the N-(2-hydroxypropyl)-
methacrylamide (HPMA) polymer represents an interesting
backbone for the development of biocompatible systems with
applications in lectin targeting. Multivalent presentation of
sLe® tetrasaccharides onto HPMA scaffolds was reported by
Zentel and co-workers,?®" who synthesised homo- and hetero-
polymers by incorporating an additional O-sulphated tyramine
side chain. SPR experiments indicated good inhibitory activi-
ties of both types of polymers towards E-, P- and L-selectin, the
heteropolymeric architecture being the one with the most
interesting inhibitory profile in the low micromolar to the
nanomolar range against the three selectins (ICs, = 11 uM for
E-selectin, IC5o = 0.9 uM for L-selectin and IC5, = 70 nM for
P-selectin). The same year, Bartneck et al.>** studied the potential
of these glycopolymers to bind to different types of living cells.

The research made in this field highlights the potential
of mimicking the carbohydrates displayed on the cell surfaces
for achieving biocompatible drugs with application in the
treatment of lectin-related diseases.

5. Galectins

Galectins (Gals) are soluble lectins implicated in a wide variety of
biological processes.”***** They play an important role in cellular
adhesion and signalling®® and are divided into several families
based on their topology, but all of them have a CRD with specificity
for B-galactosides.'®® Fifteen members of this family (Gal-1-15)***
have been described and they can be classified into three sub-
groups depending on their architecture: (i) prototypic galectins
containing one CRD (Gal-1, 2, 5, 7, 10, 11, 13, 14 and 15); (ii) the
tandem-repeat group presenting two CRDs connected by an amino
acid linker (Gal-4, 6, 8, 9 and 12); and (iii) the chimera-type galectin
3 (Gal-3), which is the only member of this subgroup and
possesses a single CRD and an N-terminal collagen-like tail**®
Some of these galectins seems to be specific of some species,
ie. galectin-5 and galectin-6 are found in rodents, galectin-11
reported in sheep and galectin-15 in sheep and goat.>**

Selective galectin targeting is necessary for a better under-
standing of the mechanisms involved in the biological pro-
cesses in which these lectins are implicated. As commented in
Section 2, the development of lectin binders with an effective
selectivity/avidity ratio would provide more efficient inhibitors
in the environment of the less specific cell surface glycans and
abundant serum glycoproteins. In this section, an overview
of multivalent glycosystems targeting galectins is presented,
organized by their multimeric architecture.

5.1. Low-valency glycosystems

Galectin-1 (Gal-1) represents an important biological target of
the galectin family. This lectin, that belongs to the proto-type

This journal is © The Royal Society of Chemistry 2023
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subgroup, may associate as a non-covalent homodimer®®” >
and is implicated in the multivalent interactions with the
glycoconjugates that are present on the cell surface.*'**"3
Some low-valency glycoclusters have been explored as galectin
inhibitors.>'**' Taking into account that Gal-1 is implicated in
HIV-1 binding and infectivity of CD4'T cells,”*®>'® St-Pierre
et al.*"® developed a trivalent lactoside derivative that supressed
efficiently the Gal-1 mediated HIV-1 infection of host cells. The
group of Vidal also explored the avidity of low-valency glyco-
clusters for Gal-1 by using more sophisticated tetravalent cores,
i.e. porphyrin and calixarenes of different topologies.?*° The
binding between the tetravalent derivatives and Gal-1 was
studied by haemagglutination inhibition assays (HIA) and
SPR. The results obtained by HIA demonstrated a clear pre-
ference of Gal-1 for the porphyrin and the cone conformer of
calixarene glycoclusters. The data obtained by HIA indicated
that these tetramers inhibited haemagglutination in the micro-
molar range (minimum inhibitory concentration of 2-5 uM,
which were lower values than the 1.25 mM obtained for the
monovalent reference). However, the SPR results were not in
accordance with the conclusions obtained by HIA and these
derivatives displayed ICs, values in the same range (ICso =
36-351 pM for the tetravalent compounds and ICs, = 229 uM
for the monovalent counterpart). These different trends high-
light the need of using distinct analytical techniques in the
study of the multivalent carbohydrate—protein interactions.

Low-valency compounds can also target other lectins than
Gal-1. Galectin-4 (Gal-4) is a tandem-repeat lectin highly
expressed in gastrointestinal tissues and is responsible for
epithelial glycoprotein transport. This protein is quite sensible
to the clustered presentation of glycans.””! Murphy and co-
workers®**??* reported different di-, tri- and tetravalent lacto-
sides that displayed micromolar inhibition of Gal-3 (ICs, =
13-140 uM) and Gal-4 (IC5, = 8-120 uM) binding to asialofetuin
(ASF). Some of them also proved to be effective in cell-binding
assays using human pancreatic carcinoma cells. Moreover, in
order to make this kind of assays more similar to the physio-
logical situation, the authors tested some of these glycoclusters
in histochemical experiments to study galectin interactions in
cellular tissues.”®" The multivalent interactions established
between synthetic multimers (decorated with three and six
carbohydrate residues) with the prototypic human Gal-7 have
been mapped by X-ray crystallography and DLS experiments.
In brief, the results indicated the formation of cross-linked
systems with the protein in all cases.**®

5.2. Glycodendrimers

Gal-3 plays a crucial role in cancerogenesis.**® For this reason,
it has been considered a target for promising alternatives in
cancer diagnosis and therapy. Moreover, extracellular Gal-3 is
implicated in the adhesion, invasion and migration of cancer
cells and can promote the apoptosis of immune cells.*?”">3°
The survival of cancer cells is mediated by intracellular Gal-
3.3 1n this sense, the in vivo inhibition of Gal-3 binding
would directly intervene in cancerous events. Multivalent pre-
sentations of Gal-3 inhibitors are adequate to enhance Gal-3
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binding as this human lectin forms a pentamer or higher
oligomers when is in its natural environment.”*** In fact,
it has been proposed that Gal-3 oligomerizes through its
N-terminal domain and this structure controls its extracellular
functions.?**?*3

As described in the previous sections, glycodendrimers are
versatile architectures for studying lectin binding, and have
also been explored in the case of galectins. Based on the high
affinity of Gal-3 for lactose-derived PAMAM dendrimers
described previously,”®” the Cloninger’s group contributed to
this field with the preparation of four generations of lactose-
PAMAM dendrimers containing from 15 to 100 carbohydrate
residues.”®® They studied the effect of these glycosystems on
Gal-3 mediated cellular aggregation on three cancer cell lines
(A-549 lung carcinoma cells, DU-145 prostate cancer cells, and
HT-1080 fibrosarcoma cancer cells). The authors demonstrated
that cellular aggregation mediated by Gal-3/MUC-1 in cancer
cells can be modulated by the size of the glycodendrimers. The
smallest dendrimer with 15 carbohydrate residues appeared as
the most effective compound to avoid cellular aggregation,
which means that there existed a competitive binding of
this glycodendrimer to Gal-3, diverting Gal-3 binding to the
Thomsen-Friedenreich (TF)-antigen on MUC-1 (Fig. 10(A)).

Gal-1

Gal-3

Fig. 10
copolymers for Gal-1 or Gal-3 depending on LacNAc presentation.

550 | Chem. Soc. Rev., 2023, 52, 536-572

View Article Online

Review Article

In contrast, the biggest dendrimer with 100 disaccharide units
promoted cellular aggregation by cross-linking (Fig. 10(A)).
Later on, LacNAc functionalised PAMAM dendrimers coated
with disaccharide units (between 10 and 95) prepared by
chemoenzymatic synthesis were reported taking advantage of
the interest of LacNAc-based materials in the investigation of
galectin-mediated tumour processes. The sugar density effect
of these dendrimers on cellular aggregation was studied in the
same cancer cell lines (A-549, DU-145 and HT-1080). Again,
glycodendrimers with a smaller number of sugar units inhib-
ited the cellular aggregation induced by Gal-3 in the three cell
lines. Larger dendrimers (with an average of 41 and 95 sugar
units) induced some cellular aggregation, which could mean
that larger dendrimers were capable of binding Gal-3 to form
bigger Gal-3/glycodendrimer aggregates that would cross-link
cells.?*® In comparison with the aforementioned lactose-based
dendrimers,>*®
aggregation more effectively than the lactose analogues, even
if the binding affinity of each disaccharide differs only by 3-fold
potency in favour of LacNAc. This research group has also
explored dendritic polyglycerols as another type of low toxic
and biocompatible cores for the preparation of lactose-
functionalised glycodendrimers to study Gal-3 mediated cellular

LacNAc-based dendrimers inhibited cellular

ICs, = 24 — 86 nM

ICs = 0.9 — 9 M

(A) Effect of PAMAM glycodendrimers on Gal-3 mediated cellular aggregation on cancer cells. (B) Binding preferences of LacNAc-HPMA
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aggregation with DU-145 prostate cancer cells.”*® The authors
observed that a higher micromolar concentration of glycoden-
drimer promoted cellular aggregation in analogy to the effect
observed in the case of bigger lactose-PAMAM dendrimers pre-
viously reported.”*® On the contrary, a lower concentration resulted
in the inhibition of the formation of cellular aggregates.>*’

Taking into account that PAMAM glycodendrimers pro-
moted Gal-3 aggregation,”" Cousin and Cloninger extended
this methodology to target Gal-1.>**> These authors prepared a
family of lactose-functionalised glycodendrimers using a
PAMAM scaffold similar to those previously prepared.”*® The
glycodendrimers promoted Gal-1 aggregation into nano-
particles and were assayed in DU-145 cancer cells to understand
the role of Gal-1 in cellular aggregation and tumour formation.
The competitive binding of the glycodendrimers for Gal-1
avoided the Gal-1 mediated cellular aggregation of DU-145
cells, especially in the cases of dendrimers bearing 15 and 20
glycan residues.>*?

As previously mentioned, the search for ligands with higher
avidity and selectivity towards galectins is of high interest to
study the interactions established between these lectins and
glycodendrimers. The group of Cloninger has taken advantage
of the versatility of PAMAM glycodendrimers for targeting Gal-1
and Gal-3 and has developed analytical tools to study the
lectin-glycodendrimer interactions. The authors developed
an ELISA method by the adsorption of carbohydrate-
functionalised PAMAM dendrimers on polystyrene surfaces.
By incorporating low affinity (galactose) or high affinity
(lactose) carbohydrates into the dendrimers, the protein-
carbohydrate interactions depended on the number of sugar
ligands anchored to the PAMAM carrier.>*®> Moreover, this
concept has also been exploded by Gade et al. for the prepara-
tion of heterogeneous microarrays of glycodendrons with the
purpose of discriminating not only between galectins, but also
for other C-type lectins.>**

In order to study a distinct core for the preparation of
glycodendrimers, Roy’s group developed a series of glycoden-
drimers with an increasing number of attached lactose units by
using a cyclotriphosphazene core as a branching point. The
glycodendrimers containing up to 90 lactosyl moieties were
evaluated as inhibitors of the proteolytically processed version
of human Gal-3 (trGal-3) in a SPR assay and displayed ICs,
values in the low micromolar range (ICs, = 0.16-0.55 pM).
Although the inhibitory activity was better with the increase
of valency, in terms of multivalent effect, the best results were
obtained for dendrimers presenting 6, 10 and 15 lactose units
(rp/n = 37, 53 and 28, respectively), higher valences being
detrimental for the multivalent potency of the system.***

In summary, all the findings reported in the literature point
out that galectin targeting by glycodendrimers may afford
valuable tools for the tuning of cancerous events, leading to
the development of useful systems to target cancer cells.

5.3. Polymeric glycosystems

Considering that glycopolymers have a tunable capacity to
target galectins,>**>*® and based on the versatility of polymeric
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materials that permit the creation of multivalent systems by
anchoring a repeating unit in a polymeric backbone, some
methacrylamide-type copolymers presenting lactose units have
been reported as strong binders of Gal-3.>*° The HPMA
copolymer is an interesting scaffold due to its biocompatibility
and water solubility.>>® Chytil and co-workers®>" reported that
LacNAc-HPMA copolymers were able to discriminate (up to 300-
fold) in a competitive ELISA assay between Gal-1 and Gal-3
based on the saccharidic architecture anchored to the poly-
meric HPMA carrier. An individual presentation of LacNAc
afforded higher avidities for Gal-1 in the nanomolar range
(ICso = 24-86 nM for Gal-1), whereas a clustered bi- or trivalent
presentation was preferred for Gal-3 (ICs, = 0.9-9 uM for Gal-3),
(Fig. 10(B)). LacNAc-based tetrasaccharides anchored to the
same scaffold resulted to be more potent Gal-3 inhibitors
than the corresponding disaccharidic analogues (ICso
0.023-0.51 uM vs. IC5o = 1.7-10 uM) and demonstrated effec-
tiveness in the inhibition of Gal-3 mediated processes such as
T-lymphocyte apoptosis and the migration of human colorectal
(DLD-1) and prostate (PC3) human cancer cells.”®* The inter-
actions of some of these LacNAc-based glycopolymers and their
monovalent analogues with Gal-1 and Gal-3 have been recently
studied by STD-NMR spectroscopy, cryo-electron microscopy
(cryo-EM) and dynamic light scattering (DLS) to gain insight
into the interaction framework with galectins. Unfortunately,
NMR experiments were not able to determine accurately the
interactions of these galectins with the glycopolymers due to
their large molecular weight that was beyond the experimental
limits. To solve this limitation, the authors carried out titration
experiments, and the results obtained together with the con-
clusions raised in the study using the single building blocks
indicated the formation of cross-linked systems in the case of
Gal-1. Regarding Gal-3, the formation of such systems could
not be determined, suggesting that the interaction would
proceed through statistical effects. Cryo-EM and DLS experi-
ments further supported that the presence of cross-linked
systems was more pronounced in the case of Gal-1.>>
Multivalent architectures composed of thiodigalactosides
(TDGs) have been previously reported as effective Gal-3
binders.>®* In this context, Vrbata et al®*® have recently
extended the use of TDGs to prepare HPMA-based glycopoly-
mers. The ELISA and biolayer interferometry studies performed
by the authors demonstrated that a higher glycomimetic con-
tent in the polymer was synonym of a higher affinity for Gal-3 in
the low micromolar range (ICs, = 0.48-6.2 pM). The TDGs were
differently substituted at the C-3 position of the terminal
galactose, and although none of the tested glycopolymers
displayed not more than 4-times better selectivity towards
Gal-3 over Gal-1, they behaved as anticancer agents, especially
the derivative functionalised at C-3 with a 4-cyanophenyl group
attached through a triazole moiety (IC5, = 0.59 uM), which was
the most interesting candidate as an immunoprotective agent
thanks to its antimigratory, antiproliferative and antiangiogenic
properties. In brief, these results postulate water-soluble glyco-
polymers as potential therapeutics in Gal-3 mediated cancerous
events. Due to the similar binding preferences of Gal-1 and
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Gal-3, the research made in the preparation of glycoderived
systems that are able to discriminate between both galectins is
of great interest to unveil the specific parameters that govern
the mechanisms of action of these lectins.

As previously mentioned, Gal-1 targeting by arrays of carbo-
hydrates represents an interesting alternative to enhance the
binding affinity.>*>**” In particular, it has been observed that
multivalent ligands are capable of binding Gal-1 by the for-
mation of aggregates through cross-linking and clustering
effects.>?”2582%9 For instance, Belardi et al studied Gal-1-
mediated cross-linking in cell membranes by using fluores-
cently labelled lactose-derived glycopolymers prepared by rever-
sible fragmentation chain transfer (RAFT) polymerisation. The
glycopolymers were inserted into live cell membranes through a
lipid tail incorporated in their structure that allowed at the
same time a controlled orientation at the cell surface. With
this methodology, these authors observed evidence for cell
cross-linking mediated by Gal-1 and provided a new approach
to explore the galectin interaction framework.?®

Polypeptides represent another type of biodegradable poly-
meric materials that resemble the peptidic component of
natural occurring glycoproteins.*®" In this context, Heise
and co-workers developed block-sequenced glycopolypeptides
(octablock, tetrablock, diblock and statistical-composed) and
studied their binding properties towards several lectins by SPR
and turbidity experiments. These authors observed that the
galactose disposition along the polypeptide backbone affected
the lectin binding, and regarding Gal-3, the most favoured
architecture was the tetrablock presentation, which showed
the highest affinity constant (K, = 6.81 x 10° M ') of the

series.?®?

5.4. Glyconanoparticles, glyconanorods and glyconanofibers

In analogy with DC-SIGN (see Section 2), nanomaterials repre-
sent versatile scaffolds that offer a wide variety of possibilities
in the preparation of multivalent systems for galectin targeting.
Among them, nanoparticles (Fig. 11) have been exploded by
several research groups and interesting results have been
reported. Pei’s group developed nanospheres with numerous
alkynyl and azido groups on their surface. This dual function-
ality allowed the incorporation of lactosyl moieties to prepare
glyconanoparticles (GNPs) and subsequently a fluorescent
agent to obtain fluoroglyconanoparticles (FGNPs). The GNPs
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exhibited specific binding for Gal-3, and the FGNPs were
internalised by Jurkat cells, opening a new frontier in the
development of cell imaging and drug delivery systems.>** In
this context, CuAAC was also exploded in the preparation of
biocompatible iron oxide GNPs. By using protein and cell chips,
the galactose-functionalised glyconanoparticles showed binding
affinity for Gal-9 (which is a member of the tandem-repeat
subgroup and has been suggested to be implicated in the regula-
tion of the immune system>**) and an effective internalisation by
human HepGz2 cancer cells.*®> Apart from iron, gold nanoparticles
(AuNPs) decorated with lactosyl units to target Gal-3 and incor-
porating B-cyclodextrins moieties in order to study their drug
delivery properties by the encapsulation of the anticancer drug
methotrexate (MTX) have also been described. The UV-Vis studies
suggested an enhanced load of MTX due to the presence of
B-cyclodextrins on the surface of AuNPs.>*® Other examples of
AuNPs were reported by Liu et al,”® who prepared lactose-
modified chitosan (termed CTL or Chitlac) AuNPs to investigate
the interactions between CTL and Gal-1 by SPR. The analysis of
the interaction between Gal-1 and CTL-PEGylated AuGNPs
showed the formation of agglomerates due to the high binding
affinity observed (with a calculated affinity constant of
1 x 10° M ', which was higher than that observed for
lactose®®®). Finally, fluorescent quantum-dots coated with Lac-
NAc moieties also demonstrated effectiveness in Gal-3 binding,
improving the affinity up to 184-fold with respect to that of the
monovalent LacNAc counterpart.>®®

Moving from spherical to other nanoarchitecture geo-
metries, the preparation of lactose-functionalised gold nano-
rods (Fig. 11) with selective binding for Gal-3 in DLD-1 cancer
cells has also been reported.>”® The exploitation of this kind of
interaction could be useful for the development of nanocarriers
that would monitor the lectin. Moreover, self-assembled glyco-
nanofibers (Fig. 11) decorated with LacNAc moieties along the
peptidic backbone of the nanofiber displayed higher binding
affinity for Gal-1 compared to Gal-3 in a qualitative SDS-PAGE
analysis, and were effective in the inhibition of the Jurkat T cell
apoptosis mediated by Gal-1.>”" This research group further
explored the effect of the nanofiber sugar composition in
galectin affinity by anchoring LacdiNAc units and observed a
change in the biological activity towards the selective recognition
of Gal-3 in the presence of Gal-1,>”> which was in accordance
with the selectivity observed for this disaccharide for Gal-3.>”*

Fig. 11 Representative structures (from left to right) of glyconanoparticles, glyconanorods and glyconanofibers.
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Surprisingly, this new generation of nanofibers did not inhibit
Gal-3 mediated apoptosis of Jurkat T cells in serum media.
However, when the serum content was reduced, the LacdiNAc
nanofibers effectively inhibited cell death, so it was demon-
strated that the serum glycoproteins competed with the nano-
fibers in the binding process.

In summary, this class of multivalent compounds represents
an interesting alternative for the development of water-soluble
bioactive systems with a tunable galectin selectivity depending
on the carbohydrate content. The research made in this area
further highlights the importance of the glycan presentation on
the scaffolds to modulate binding events with lectins.

5.5. Glycoproteins

In contrast to the aforementioned glycopolymers (see Section
5.3), the development of neo-glycoproteins using biocompatible
albumins as scaffolds permits the 3D presentation of glycans
thanks to the presence of free lysine residues that are chemi-
cally modifiable.>”*"2”® Based on previous findings that postu-
lated LacdiNAc and LacNAc-LacNAc as ligands of Gal-3,>7727%
the conjugation of tetrasaccharides composed of LacNAc-Lac-
NAc and LacdiNAc-LacNAc units to BSA afforded multivalent
neo-glycoproteins (Fig. 12(A)) whose potential to act as ligands
of Gal-1 and Gal-3 was studied in an ELISA-type assay. The
results showed higher affinity of the glycoproteins for Gal-3
over Gal-1, and this trend was more pronounced in the case of
the LacdiNAc-LacNAc-BSA glycoproteins, which showed up to
60-fold higher binding for Gal-3 over Gal-1 when low conjuga-
tion degrees (up to 8.8 conjugated lysine residues) were
used. Regarding Gal-3 binding, the ELISA assay revealed that
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LacdiNAc-LacNAc conjugates showed lower Ky, values than the
LacNAc-LacNAc analogues (Kp = 0.03-0.46 uM vs. Kp = 0.11-
0.97 pM, Fig. 12(A)), which means better binding to Gal-3.>”°
Further Molecular Dynamics (MD) simulations corroborated
the high affinity of the LacdiNAc-LacNAc-tetrasaccharide for
the binding site of Gal-3 over the LacNAc-LacNAc analogue due
to the establishment of additional interactions between Gal-3
and the extra N-acetamido moiety present in the LacdiNAc
moiety.”®® Moreover, these authors extended this methodology
for the biotinylation of the tetrasaccharide unit of the pre-
viously prepared neo-glycoproteins, and observed that at low
BSA glycosylation degrees (up to an average number of 9
modified lysine residues), the new generation of glycoproteins
showed a higher binding affinity for Gal-3 (Kp = 0.05-0.63 uM)
than the corresponding non-biotinylated counterparts (Kp =
0.23-0.97 uM, data from ref. 279) and displayed an improved
higher selectivity for Gal-3 over Gal-1. Nevertheless, the role of
the biotin moiety in galectin binding remains unclear and more
research would be needed in this aspect.*®* Further studies
reported a neo-glycoprotein containing LacdiNAc-LacNAc-
LacNAc-based hexasaccharides as an interesting alternative
to capture Gal-3 from human blood serum samples from
gastrointestinal carcinoma patients.”®* The truncated version
of Gal-3, lacking N-terminal amino acids (1-62) due to matrix-
metalloproteinase cleavage in tumour progression, has also
been a subject of study.>**?%

Not only lactose-based glycans have been anchored to the
BSA carrier, thiodigalactosides (TDGs)*®® and the TF antigen
(Gal(B1-3)GalNAca)?®® have also been explored for the prepara-
tion of neo-glycoproteins. Regarding TDGs, the corresponding
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Fig. 12

(A) Representative structures of LacNAc—-LacNAc and LacdiNAc—LacNAc-based BSA neo-glycoproteins. (B) Different topologies (from left to

right: one carbohydrate head group, two carbohydrate head groups and one carbohydrate head group combined with a hydrophilic arm of non-
carbohydrate nature) used for the preparation of Janus glycodendrimers (JGDs) that self-assemble into glycodendrimersomes (GDSs).
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glycoproteins displayed ICs, values in the low nanomolar range
(ICso = 1.88-19.4 nM)*** and ranked among the most potent
Gal-3 inhibitors when compared with the LacNAc-based glyco-
proteins previously described (ICs, = 60-90 nM).>”® In contrast,
the multivalent presentation of an azido-functionalised version
of the TF antigen onto the BSA scaffold did not afford enhanced
binding affinity, but resulted effective in the inhibition of Gal-3
binding to asialofetuin (ICso = 11-17 pM).>8°

The human analogue of BSA, the human serum albumin
(HSA), is another adequate multivalent scaffold to prepare neo-
glycoproteins that may target Gal-3. In this context, Wang
et al.”® reported the construction of glycoproteins by the click
chemistry reaction between an azido-functionalised HSA and
an alkynyl-glycan. SPR and cell-based assays indicated that the
obtained glycoprotein bound human Gal-3 selectively and
inhibited the attachment of Gal-3 to human prostate and lung
cancer cell lines. This study suggests that HSA-linked glyco-
ligands may have potential in blocking the functions of Gal-3 in
cancerous events. In this sense, a chemoenzymatic method
combined with click chemistry reactions to develop a new
family of multivalent C-3-modified LacdiNAc-based glycomi-
metics anchored to HSA has been recently reported.”®® The
corresponding multivalent glycoproteins had an inhibitory
activity in the nanomolar range (ICs, = 6.5-55.8 nM) and
displayed up to a 4209-fold increased inhibitory potency per
glycan respect with the monovalent lactose counterpart towards
Gal-3. The authors concluded that a higher degree of occupancy
than five glycans per molecule of serum albumin did not afford
a higher inhibitory potency and instead of that, a “plateau” is
reached. These glycoproteins also rank among the most potent
multivalent ligands for Gal-3 as they have ICs, values in the low
nanomolar range and demonstrated to protect T-lymphocytes
against Gal-3-induced apoptosis in Jurkat cells. However, when
tested on colorectal adenocarcinoma DLD-1 cells, although the
neo-glycoproteins demonstrated potential in targeting Gal-3,
the presence of the glycomimetic moiety did not show specific
binding to Gal-3 and maybe this issue needs to be further
explored in order to find out the factors that control the binding
process. Nevertheless, this class of glycoproteins can be of high
interest as theranostic agents in biomedical research.”®®

5.6. Amphiphilic glycosystems

Programmable amphiphilic systems that would mimic biological
membranes are versatile tools of high interest in biomedical
applications and in this context, the creation of these systems
has also been explored in galectin targeting. Bonduelle et al.**°
contributed to this field with the development of nanoparticles
composed of amphiphilic glycopolypeptides that incorporated
galactose, lactose or galactan. When tested towards Gal-1 and
Gal-3 in haemagglutination assays, which are based on the
capacity to agglutinate red blood cells by their affinity for glycans
on their surface, the nanoparticles presenting galactan displayed a
binding affinity two orders of magnitude higher than the corres-
ponding galactose or lactose counterparts did.

Later on, the group of Hartmann studied the Gal-3 binding
of multivalent lactose-functionalised glycomacromolecules
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whose valency was further augmented by lipid-conjugation
and the subsequent formation of liposomes. These authors
observed that the higher is the valency of the system, the better
is the inhibitory potency towards Gal-3 as showed in ELISA
assays to determine the inhibition of Gal-3 binding to ASF,
ranging from ICs, values of 37-123 uM for the glycomacro-
molecules to ICs, values of 12 uM and even to the nanomolar
range for the liposomes (ICso = 300 nM).>*° Further ELISA and
SPR studies on the glycomacromolecules interactions with Gal-
3 revealed that the additional insertion of non-glycosidic aro-
matic moieties, creating heteromultivalent glycomacromole-
cules, enhanced Gal-3 binding from 1.5 to 3-fold, probably
due to the establishment of additional hydrophobic inter-
actions with the lectin.>*!

The construction of higher amphiphilic systems can be
assessed by the self-assembling of Janus dendrimers (JDs) into
vesicles known as dendrimersomes (DSs).”*> The decoration of
these dendrimers with carbohydrates taking advantage of the
positive features of these molecules in lectin targeting can
afford glycodendrimersomes (GDSs) that have potential appli-
cations on lectin binding.*** Percec and co-workers>®* explored
this methodology to prepare a series of Janus glycodendrimers
with three types of topologies: (a) one carbohydrate head group;
(b) two carbohydrate head groups; and (c) one carbohydrate
head group combined with a hydrophilic arm of a non-
carbohydrate nature, in order to study whether a higher carbo-
hydrate excess is needed to biological targeting (Fig. 12(B)).
Among them, mixed-type GDSs (c) (Fig. 12(B)) displayed the
most efficient binding to human Gal-7 in agglutination assays,
indicating that a diluted presentation of ligands, less sterically
hindered, enhanced lectin binding. Later on, the authors
performed agglutination assays with several variants of the
tandem-type human Gal-8 (that differed in the amino acid
linker between both CRDs) to further understand how glycan
presentation on GDSs can affect their selectivity.>***?® More-
over, they have extended this methodology to study GDS inter-
actions with other members of the galectin family such as
Gal-1, Gal-2, Gal-3 and Gal-4 as well as some engineered human
lectins derived from them.*®”*°* Other applications of GDSs
involved the preparation of fluorescent hybrid vesicles by the
use of bacterial membranes.’*> Altogether, these results further