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Carbohydrates are essential mediators of many processes in health and disease. They regulate self-/

non-self- discrimination, are key elements of cellular communication, cancer, infection and
inflammation, and determine protein folding, function and life-times. Moreover, they are integral to the
cellular envelope for microorganisms and participate in biofilm formation. These diverse functions of
carbohydrates are mediated by carbohydrate-binding proteins, lectins, and the more the knowledge
about the biology of these proteins is advancing, the more interfering with carbohydrate recognition
becomes a viable option for the development of novel therapeutics. In this respect, small molecules
mimicking this recognition process become more and more available either as tools for fostering our
basic understanding of glycobiology or as therapeutics. In this review, we outline the general design
principles of glycomimetic inhibitors (Section 2). This section is then followed by highlighting three
approaches to interfere with lectin function, i.e. with carbohydrate-derived glycomimetics (Section 3.1),
novel glycomimetic scaffolds (Section 3.2) and allosteric modulators (Section 3.3). We summarize recent
advances in design and application of glycomimetics for various classes of lectins of mammalian, viral
and bacterial origin. Besides highlighting design principles in general, we showcase defined cases in
which glycomimetics have been advanced to clinical trials or marketed. Additionally, emerging
applications of glycomimetics for targeted protein degradation and targeted delivery purposes are

reviewed in Section 4.

in ring size and stereochemistry and the synthesis of oligosacchar-
ides leads to linear or branched products as the glycosidic linkage

Carbohydrates are a class of natural products with wide-
ranging functions in nature. As a central energy source they
empower life and serve as an integral constituent of bacterial,
fungal & plant cell walls and of exoskeletons in insects and
crustaceans. Additionally, recognition of carbohydrates plays
an important role in a diverse set of intra- and intercellular
processes in health and disease."

The main characteristic of carbohydrates, especially oligo-
saccharides, is their three-dimensional complexity. Monomers vary
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can occur at one or multiple hydroxy groups of a monomer. The
coding spatial information of carbohydrates is further complicated
by two possible isomers at the glycosidic linkage (anomers) and
possible additional modifications such as sulfation, methylation
or acetylation. Cumulatively, a staggering structural diversity can
be achieved despite only a limited number of monomers being
employed.”

All living cells are decorated with a matrix of glycoproteins and
glycolipids collectively referred to as the ‘glycocalyx, that differs
between tissue and cell types in multicellular organisms.**
Glycoproteins and glycolipids are conjugation products of carbo-
hydrates and proteins or lipids, which can be further divided
based on their linkage. N- and O-glycoproteins are most common,
in which the carbohydrate is linked to the asparagine side chain
and hydroxy groups of serine/threonine, respectively. On the
other hand, phosphate-linked glycans or C-mannosides belong
to the rare glycosylation types.>® As a further form of glycosyla-
tion glycosylphosphatidylinositol (GPI) anchors are used for
extracellular presentation of proteins.”® A GPI anchor consists
of an inositol phospholipid linked to a glucosamine, followed by
a trisaccharide and an ethanolamine phosphate, to which the
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C-terminus of the protein is bound via an amide bond. After
transport, the modified protein is presented extracellularly, being
anchored to the cell via the phospholipid of the GPI. Apart from
the role of carbohydrates as recognition motif, glycosylation of
macromolecules is involved in protein folding, stability and
activity regulation.”"°

As glycosylation, and therefore composition of the glycocalyx,
is a complex, non-templated process sensitive to changes in the
metabolic and biosynthetic microenvironment of cells, diseases
are frequently associated with an altered glycocalyx.'* While the
resulting aberration may aggravate or contribute to the
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progression of the disease, it also presents an opportunity for
diagnosis and therapy at the same time. A prominent example is
cancer, in which abnormal expression of glycans, especially O-
glycans, serves as prognostic marker and plays a role in tumour
growth and metastasis."”>™*

The recognition of glycans by carbohydrate-binding proteins,
the so-called lectins, is a key mechanism in biology. Due to the
abundance of lectins, different classification systems based on
ligand specificity, protein structure and localisation have been
established.” In mammals, inter alia calcium-dependent C-type
lectins (CTLs), calcium-independent I-type lectins, named based
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on their homology to the immunoglobulin superfamily, and
galectins represent lectin families with significant importance
in the context of disease and therapy.

A vital intercellular system that strongly relies on lectin-mediated
processes is the immune system. Of significant importance in the
innate immune response and early stages of an adaptive immune
response is the CTL DC-SIGN (dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin, CD209)."® DC-SIGN is
involved in antigen uptake and presentation in dendritic cells (DCs),
as well as regulation of toll-like receptors in a subpopulation of
macrophages."”” Another calcium-dependent lectin with similar
function of pathogen recognition and antigen presentation is
langerin, found in a subset of epidermal DCs in skin Langerhans
cells.*® Once an immune response has been triggered, another class
of CTLs, the selectins (CD62-E, CD62-L, CD62-P) assist migration of
immune cells to the site of infection'® and they are also crucial for
inflammatory processes and cancer metastasis.”® Furthermore, the
CTLs langerin and the asialoglycoprotein receptor (ASGPR), an
uptake receptor for glycoproteins expressed on hepatocytes,
have attracted growing interest as targets for drug delivery in
recent years.”'

Of outstanding interest among the I-type lectins is the family
of Siglecs (sialic acid-binding immunoglobulin-type lectins), which
mediate regulation of the immune response. Consequently, Siglec-1
(CD169), Siglec-2 (CD22), Siglec-3 (CD33), Siglec-4 (myelin associated
glycoprotein/MAG), Siglec-8, and Siglec-15 have been in the focus of
glycomimetic drug development.

The family of the galectins differs from the previously
mentioned membrane-bound lectins with respect to localization
and function. Besides membrane-bound galectins, there are also
soluble galectins found in the nucleus, cytosol or extracellular
space. Diverse functions such as regulation of the immune
system, pre-mRNA splicing, cell signalling, apoptosis, cell adhe-
sion, wound healing as well as cancer progression and metastasis
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have been reported for members of the galectin family.>* Clini-
cally relevant targets include Gal-1, -3, -8, and -9.

Equally important, the recognition of glycans is also
exploited by pathogens for infection. For example, viruses such
as HIV,?® hepatitis C,>* SARS-CoV-2>* or Ebola”® possess heavily
glycosylated capsids and rely on recognition by host lectins, e.g.
DC-SIGN, to facilitate host cell entry. The clinical relevance of
lectins as drug targets is, however, not limited to mammalian
lectins. Bacteria and viruses frequently employ own lectins for
adhesion to host cells, determining their host cell tropism.>”
Binding to host cell glycans and subsequent cell entry allows
the pathogens to evade the immune system while providing the
machinery or a nutrient rich environment for replication.
Additionally, bacterial lectins are often involved in biofilm
formation, a resistance mechanism shielding bacteria against
the immune response and antibiotics.”® Consequently, these
lectins significantly contribute to the virulence of pathogens
and their inhibition with drugs is a promising approach to anti-
infective drug research.>® The progress of drug development
against the bacterial lectins FimH and FmIH of pathogenic
Escherichia coli, LecA and LecB from Pseudomonas aeruginosa,
BambL, BC2L-A and BC2L-C of Burkholderia species, as well as
recent advances for inhibitors of Influenza A and C hemagglutinins
are covered in this review.

Additionally, many bacterial and plant toxins (including
ricin, cholera toxin, Shiga toxin as well as tetanus and botulinum
neurotoxins) rely on lectin subunits to enter cells, where they exert
their detrimental effects.*®>? Therefore, some of these lectin-
containing toxins have also served as drug targets, e.g Shiga
toxin,**¢

Targeting lectins is therefore a highly promising, yet under-
explored strategy to develop new therapies against a wide array
of pathophysiological conditions ranging from autoimmune
diseases and cancer to infections and neutralization of toxins.
Additional therapeutic value can be gained by exploiting lectins
for targeted delivery of imaging agents, drugs or vaccines.

While there is an undoubted importance of carbohydrate-
lectin interactions in disease, only a limited number of drugs
targeting these processes have been approved so far. One reason
for this are the challenges during drug design posed by lectins
themselves and their native ligands (Fig. 1). In general, lectins
show a low affinity for carbohydrates in a micromolar to milli-
molar range.>”° A major setback to high-affinity binding are the
often shallow and solvent-exposed carbohydrate-binding sites
(CBSs), as well as the hydrophilic natural ligands requiring costly
desolvation upon binding. Cabani et al. estimated that desolva-
tion of a single ligand hydroxy group requires 26 kJ mol ',
although carbohydrates may profit from a reduced desolvation
penalty of vicinal hydroxy groups due to a shared hydrogen bond
network (17 kJ mol™*).*° This cost of free energy is only partially
compensated for by the formation of a single new hydrogen
bond, which yields approximately 18 k] mol ' of free Gibbs
energy.*** Consequently, each hydroxy group of carbohydrates
must engage in more than one H bond with the protein to
contribute positively to binding. Considering the high direction-
ality of hydroxy groups and their interactions, as well as the close
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Fig. 1 Interactions between lectins and carbohydrates represented by
binding of a GalNAc derivative to ASGPR (PDB code 6YAU). Binding of
carbohydrates is governed by H bonds (black), calcium ion complexation
(yellow) and CH-=-interactions (red arrows).

proximity of several OH groups in carbohydrates, these require-
ments for high-affinity binding are rarely met. However, the
defined steric requirements for favourable interactions of the
numerous OH groups also grant selectivity.

An additional feature of CBSs is an increased prevalence of
aromatic amino acids, especially a 9-fold increased presence of
tryptophan.*® Furthermore, it was shown that more electropo-
sitive C-H bonds of pyranosides engage more frequently in CH-
n interactions. Because the electronic properties of specific CH
bonds depend on the general stereochemistry of the mono-
saccharide, CH-r interactions may also contribute to selectivity
of lectins. Nevertheless, the desolvation penalty associated with
the high polarity of carbohydrate ligands offsets the gain of
binding strength by hydrophobic interactions. High-affinity
binding of carbohydrates is further hampered by an entropic
penalty originating from a reduction of conformational free-
dom upon binding. Overall, lectins are generally considered
challenging targets with a low druggability index.**

A further problem of targeting carbohydrate-binding pro-
teins is selectivity. As many different lectins recognize the same
minimal binding motif, e.g. mannose,** a poorly designed
carbohydrate-based drug may bind not only to the intended
target, but also to off-targets. To prevent adverse drug reactions
from the off-target effect, generation of specific lectin-ligand
interactions is key and special attention should be paid to
target selectivity during drug development.

The targeting of lectins is not only demanding because of
the low affinity interactions of lectins and native ligands, but
also due to the binding kinetics and global pharmacokinetic
properties of native ligands. In general, carbohydrate-lectin
interactions suffer from slow association (k,,) and fast disso-
ciation (ko) kinetics. While optimisation of k,, is necessary to
improve binding affinity, optimisation of k. should not be
ignored. High off rates equal to reduced residence times at the
target, contributing to limitation of the effective drug duration
and may result in adverse drug effects due to lower selectivity.*>
A 2018 study by Fernandez-Montalvan showed a significant
discrepancy in the residence time of drugs under development
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and FDA-approved drugs with longer residence times for approved
drugs, highlighting the importance of kg for drug development.*®
Additionally, the unfavourable pharmacokinetic properties of
native carbohydrates are a major obstacle for carbohydrate-based
drugs.*! In accordance with Lipinski’s ‘rule of 5’,*” they often lack
oral bioavailability by passive diffusion across membranes due to
their polarity and active uptake in the small intestine is not
guaranteed. Once systemic availability is achieved via parenteral
routes of administration, degradation by glycosidases or fast renal
elimination can severely limit the circulation half-life of native
carbohydrates.**

In Nature, multivalency is frequently used to overcome the
challenges of low affinity.*®>° Spatial clustering of receptors or
expression of oligomeric lectins allows the simultaneous bind-
ing of multivalent ligands. In particular, the apparent binding
affinity to each single binding site is increased via statistical
rebinding or chelate effects.” A striking example for the benefit
of multivalency is represented by the human lectin DC-SIGN.
While mannose as one of its monomeric ligands binds mono-
meric DC-SIGN in the millimolar range (Kp = 3.5 mM),*?
multivalent binding of the viral glycoprotein gp120 of HIV to
DC-SIGN-expressing cells occurs with nanomolar affinity.>?
Binding of oligo- and polysaccharides may also profit from
interactions with sites adjacent to the carbohydrate-recognition
domain (CRD), leading to improved affinity and specificity, as
demonstrated by a 130-fold affinity increase of the oligosac-
charide ManyGIcNAc, for DC-SIGN compared to monomeric
mannose.>*

Despite the mentioned drawbacks of native carbohydrates as
pharmaceutical agents, a growing number of carbohydrate-
based drugs is receiving approval.’® Fig. 2 shows selected
examples of carbohydrate-based drugs in clinical use. On the
one hand, carbohydrates are common constituents of natural
products. In these, carbohydrates may be encountered as
modification of a large aglycon, e.g. in cardiac glycosides such
as digoxin (1),>° or represent the major component, for example
in aminoglycoside antibiotics, such as tobramycin (2).>” On the
other hand, modification of native carbohydrates during drug
design allows the development of novel carbohydrate-based
drugs. The resulting compounds, referred to as ‘glycomimetics’,
generally show improved drug-like properties such as affinity,
selectivity or bioavailability. A class of glycomimetics with great
importance are nucleoside/nucleotide analogues used in treat-
ment of cancer and viral infections (gemcitabine (3)*® and
remdesivir (4)>° as examples). The diagnostic potential of glyco-
mimetics is exemplified by [*®F]fluorodeoxyglucose (5) frequently
used as probe in positron emission tomography (PET).®® In some
glycomimetics, systemic distribution is not required, such as in
acarbose®" (6) and zanamivir®* (7) due to a desired local effect. In
others, a sufficient therapeutic effect is achieved after parenteral
administration due to improved metabolic stability, for which the
heparin glycomimetic fondaparinux (8) serves as example.®?
However, even oral bioavailability can be achieved for glycomi-
metics, as proven by oseltamivir (9),** topiramate (10),%> miglitol
(11),% and the class of gliflozine antidiabetic drugs (e.g., dapagli-
flozin (12)).*” Although not lectin-binders, these compounds

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Examples of carbohydrate-based drugs in clinical use. These compounds do not interact with lectins as their primary mode of action.

seeing widespread use in therapy nicely illustrate that carbohy-
drates are suitable starting points for drug development. In this
review, we focus on the progress of the development of glycomi-
metics targeting lectins in the last 20 years.

2. Design principles for glycomimetics

Glycomimetics are structural and functional mimics of carbo-
hydrates that can replace native carbohydrates in their inter-
actions with target proteins. They are designed to show enhanced

This journal is © The Royal Society of Chemistry 2023

chemical and enzymatic stability, improved drug-like properties
(bioavailability) and the same or possibly better affinity and
selectivity for the target. The most efficient lectin antagonists
reported to date typically contain a natural carbohydrate or
carbohydrate-like scaffold, which serves as an anchor to direct
the ligand to the lectin CRD. One common modification of the
carbohydrate scaffold is deoxygenation, in which the oxygen atom
or hydroxy groups not essential for binding are removed or
replaced by a different atom or group. These modifications often
lead to changes in polarity, stability, conformation, ring flexibility
and hydrogen bond patterns. Importantly, deoxygenation leads to

Chem. Soc. Rev,, 2023, 52, 3663-3740 | 3667
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a reduction of polar surface area, which may in turn enhance
binding affinity by generation of new hydrophobic interactions
with the protein and reduction of the enthalpic cost of ligand
desolvation. The carbohydrate or carbohydrate-like scaffold is very
often further decorated with other non-carbohydrate moieties that
contribute to additional interactions with the target, thus enhancing
the ligand’s binding affinity and specificity for the target lectin.
Furthermore, these additional scaffolds also decrease ligand polar-
ity, and thus improve its drug-like properties. Another concept
frequently used in the design of glycomimetics is conformational
preorganization of a molecule, which has been shown to signifi-
cantly reduce entropic penalty associated with ligand binding.***

In this section, we will classify glycomimetics according to
their structural features and briefly mention their general
characteristics. Some approaches to the design and synthesis
of glycomimetics have been reviewed recently by Bernardi,””"
Janetka,”> Hevey,”>”* Vidal,”®> and others. While these reviews
focus on selected lectin targets only, in the following sections,
we aim at providing a comprehensive overview of the design
and application of glycomimetics for most known clinically
relevant lectin targets.

2.1 Modification of the O-glycosidic linkage

Since native O-glycosides are prone to chemical and enzymatic
hydrolysis in vivo, a commonly used strategy to improve pharma-
cokinetic properties such as bioavailability and serum half-life is
replacement of oxygen by an atom, which would form a more
stable linkage, such as nitrogen, carbon, sulfur or selenium
(Fig. 3A). Acylated N-glycosides are extensively used in the glyco-
sylation of peptides, both natural and synthetic.”®”® In contrast,
N-glycosidic bonds as an N,0-aminal between two carbohydrate
units are relatively labile and therefore only scarcely described.”®
While C-glycosides® and C-acylglycosides (reviewed in ref. 70) are
hydrolytically stable glycoside mimics, the introduction of the
carbon atom leads to a loss of the exo-anomeric effect and can
induce undesirable conformational changes. Thioglycosides
serve as more stable analogues of O-glycosides owing to the fact
that sulfur is less basic than oxygen and thus, an S-glycosidic
bond is more resistant towards hydrolysis. Apart from showing
various biological activities,®*®* selenoglycosides have been
used as tools for the crystallographic investigation of carbohy-
drate-protein interactions.®®® In addition, both seleno- and
thioglycosides are used as glycosyl donors in the synthesis of
oligosaccharides.?***

2.2 Endocyclic oxygen replacement

Replacement of the endocyclic oxygen atom with nitrogen,
carbon, sulfur, and phosphorus leads to imino-, carba-, thio-,
and phosphorous-based glycomimetics, respectively (Fig. 3B).
Iminosugars are the largest group of monosaccharide
mimics reported so far,”>®* they occur in nature and can be
found in different plants and microorganisms.”>°® Iminosugars can
be divided into two groups: monocyclic (pyrrolidines, piperidines,
azepanes) and bicyclic (pyrrolizidines, indolizidines, nortropanes).
At physiological pH, the endocyclic nitrogen atom is positively
charged; iminosugars can hence mimic the charged oxocarbenium
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transition state of processing enzymes and have found clinical use
as glycosylhydrolase and -transferase inhibitors.””

Carbasugars (cyclitols) lack the typical anomeric reactivity,
which leads to their increased metabolic stability towards glyco-
sidases and glycosyltransferases.”®®® Moreover, replacement of
the endocyclic oxygen with carbon prevents the anomeric effect
and changes the hydrogen-bond pattern, flexibility and confor-
mation of the ring."°® Thiosugars'®"'°* are more hydrophobic in
nature than their oxo-counterparts and can sometimes show
enhanced affinity through hydrophobic interactions with the
protein."®® Phosphorus-based glycomimetics contain a phos-
phorus atom in place of the anomeric carbon or in place of the
endocyclic oxygen.'*"'? Three main classes of such compounds
can be distinguished: phospha-, phosphono- (phostones), and
phosphino-sugars (phostines, 1,2-oxaphosphinanes). The phos-
phinolactone group (O-P—O0) in phostones and phostines serves
as a bioisostere of hemiacetals (O-C-OH) with phosphorus
replacing the anomeric carbon. Fluorinated glycomimetics are
also attracting ever increasing attention. Recently, it has been
shown that replacing the endocyclic oxygen with a CF, group can
imitate the anomeric effect.'**'%”

2.3 Replacement of OH functional groups

Deoxygenation, i.e. OH to H transformation, leads to a
reduction of polar surface area and thus, favours desolvation
and may establish new hydrophobic contacts with the protein.
Additionally, the removal of an electron-withdrawing group
increases electron density of the scaffold and may make other
OH groups more nucleophilic, and even strengthen inter-
actions such as metal coordination or hydrogen bonding.'%®

The OH group can be replaced by its bioisosteres, such as F,
OCHj3;, SH, SeH, and NH,. The high electronegativity of fluorine
results in a high polarization of the C-F bond. The presence of a
fluorine atom can increase lipophilicity,'* decrease pK, values of
neighbouring OH groups, and modulate the hydrogen-bond
donor/acceptor properties.”’ Additionally, fluorine atoms as elec-
tronegative substituents destabilize the oxocarbenium transition
state, which is present in enzymatic glycosidic bond hydro-
lysis.”*"'® Etherification of an OH group is widely used to assess
the binding requirements for ligand interactions and can some-
times even be a requirement for recognition by the lectin."™" Since
sulfur and selenium are larger and more polarizable than oxygen,
their introduction leads to enhanced lipophilicity, weaker H-bond
donor properties and better m-interactions. However, thiol or
selenol replacement is rare due to their challenging synthesis
and redox instability. Finally, the amino group becomes positively
charged at physiological pH, and therefore poorly mimics the
neutral OH group.

2.4 Addition of lipophilic fragments

When designing glycomimetics, targeting peripheral regions of
the binding site with lipophilic fragments has been often suc-
cessfully exploited to generate new hydrophobic interactions with
the protein surface. Representative examples are FimH antago-
nists targeting a tyrosine gate (e.g. 13),"*>""** Siglec-2 inhibitors
binding a hydrophobic area through modification at C-9

This journal is © The Royal Society of Chemistry 2023
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(e.g. 15),"** and Gal-3 inhibitors (e.g. 14) interacting with arginine
residues in the binding site (Fig. 3C)"**""” and will be discussed
in detail below.

To this end, biphenyl moieties have become a popular
scaffold in many glycomimetics following the anticipation that
the biphenyl motif is a replacement for a disaccharide. How-
ever, the biphenyl substituent is frequently deeply buried in a
hydrophobic cleft (e.g. Siglec-1, -2, DC-SIGN and FimH), being
engaged in n-stacking and hydrophobic interactions that
increase binding affinity. Nevertheless, in the case of FimH
the biphenyl residue indeed occupies a binding site in the
tyrosine gate that is normally occupied by mannose residues,
although in a slightly different conformation.'*>''* The bi-
phenyl residue has also found application in FmIH glycomi-
metics, where it extends interactions within the binding pocket,
thereby increasing potency.'*®''° Furthermore, biphenyls have
been introduced into MAG antagonists as scaffolds to position
two Neu5Ac residues in their bioactive conformation."*°

2.5 Other approaches

Non-carbohydrate functional glycomimetics are an interesting
alternative to traditional glycomimetics. These are compounds
that do not contain a carbohydrate scaffold, but still bind to the
carbohydrate binding site and functionally mimic carbohy-
drates. Representative examples include catechols (e.g. 16, 17)
and hydroxamic acids as LecA inhibitors,"*"'**> and shikimic
acid derivatives as DC-SIGN inhibitors (e.g. 18, Fig. 3D)."**

Another strategy to circumvent the drawbacks of carbohydrate-
based drugs is targeting allosteric sites with higher druggability
using a better suited chemical scaffold. Upon binding, these
allosteric ligands modify the CBS, thereby affecting carbo-
hydrate recognition. Recent experimental data suggest existence
of such druggable secondary sites, especially in mammalian
C-type lectins and galectins.">***® Examples of allosteric inhi-
bitors include 4-quinolones'*® as DC-SIGN inhibitors (e.g. 19),
thiazolopyrimidines (e.g. 20)'*® as murine langerin inhibitors
and pyridinylbenzoxazols (e.g. 21) as stabilizers of the prefusion
state of hemagglutinin from Influenza A™*° (Fig. 3E).

A further strategy frequently used, especially in targeting of
bacterial and viral lectins, is multivalency, although mostly
terminal native mono- or oligosaccharides are employed. Multi-
valent glycosides (e.g., glycodendrimers, glycoclusters, glyco-
polymers, glyconanoparticles) contain multiple sugar moieties
and are designed to bind either one lectin at multiple binding
sites or several lectins of the same type, promoting receptor
clustering or aggregation. While these compounds usually
show high affinity,”>**""** they can also suffer from pharma-
cokinetic drawbacks due to their large size, high polarity, lack
of oral bioavailability, and high likelihood of off-target effects
and eliciting an unwanted immune response.'** Consequently,
in this review we focus mainly on monovalent glycomimetics
and only highlight those multivalent ligands that are of interest
for our subjective focus. For details on multivalency, the
reader is further referred to other reviews in this issue and
elsewhere.>>31132
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3. Inhibitors of lectin function

Lectins are attractive targets for chemical biology and medicinal
chemistry and consequently a large number of approaches for
the inhibition and modulation of various animal, bacterial and
viral lectins have been pursued during the last 40 years. The
most common approach is the development of glycomimetics
based on the native carbohydrate ligand of the targeted lectin,
and the more recent advances of the last two decades will be
reviewed in Section 3.1. However, recent research has also led to
the discovery of novel glycomimetic scaffolds devoid of a
carbohydrate motif as direct binders of the carbohydrate recog-
nition site and these are described in Section 3.2. Finally,
allosteric modulators have now also been reported for lectins
and their development is summarized in Section 3.3.

The various lectins of interest from animal, bacterial and
viral sources will be introduced in the following sections when they
are first described. Not surprisingly, a number of lectins are
addressed by multiple approaches. For example, carbohydrate-
derived glycomimetics and novel glycomimetic scaffolds have been
developed for bacterial lectins, and C-type lectin receptors proved
suitable for allosteric modulators in addition to carbohydrate-
derived glycomimetics.

3.1 Progress towards carbohydrate-derived glycomimetic
drugs over the last 20 years

3.1.1 C-type lectins. CTLs are the largest family of carbohy-
drate binding proteins in mammals and are subdivided into 16
groups based on their phylogenetic relationships and domain
structure.”** They mediate many processes, for example cellular
adhesion, self/non-self recognition and glycoprotein turnover."*> %
In particular, their role in immune regulation has led to several
approaches targeting CTLs for the development of anti-
inflammatory or anti-microbial drugs.**'3>138139

All CTLs share the C-type lectin domain (CTLD),"**'* a
looped structure with N- and C-terminal antiparallel B-sheets
connected by two flanking o-helices (Fig. 4). The hydrophobic
centre of this domain is built by a three-stranded antiparallel
B-sheet, stabilized by at least two pairs of highly conserved
disulfide bridges. The core harbours a remarkably high number
of tryptophans, one of them being part of the conserved ‘WIGL’
motif,"**'*" providing stability to the fold."*> The majority of
CTLs bind carbohydrates by coordinating their hydroxy groups
via a name-giving central Ca*>* ion. The ‘WND’ motif, located in
the B-sheet, couples the canonical Ca** cage to a hydrophobic
core of the CTLD."** Besides this central Ca®>" cage, the CTLD
can host up to three additional Ca** ions. Overall, all four Ca**
sites are located in the upper loop and are referred to as Ca**
sites 1 to 4, with Ca®"-2 site being located in the carbohydrate
site. Taken together, these stabilizing elements generate a high
hydrophobicity of the core, while the disulfide bridges and the
Ca”* cages provide remarkable stability to the CTLD. This leads
to a high tolerance for a sequence variation, a necessity for
immune cell receptors coevolving with pathogens."**

CTLs recognize their carbohydrate ligands by coordinating
two vicinal hydroxy groups of a central monosaccharide motif

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00954d

Open Access Article. Published on 26 May 2023. Downloaded on 1/22/2026 10:24:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

Fig. 4 C-type lectin domain fold. Calcium ions are shown as grey spheres and named according to Zelensky and Gready.**? (A) ASGPR in complex with
GalNAc derivative 22 (PDB code 6YAU, see Fig. 43) showing only the resolved part of the trivalent ligand. (B) A complex of DC-SIGN/GlcNAc,Mans
highlights the extended secondary site for larger oligosaccharides. Additional contacts beyond the Ca®* coordination play an important role for
oligosaccharide specificity and affinity (PDB code 1K9I). (C) CLEC-2 in complex with a sialylated glycopeptide revealing a hon-canonical carbohydrate
recognition site (PDB code 3WSR). (D) Complex of PSGL-1 peptide and P-selectin showing the extended binding site (PDB code 1G1S). Disulfide bridges

are highlighted in magenta.

(Fig. 5). The canonical Ca®*-2 site is either embedded in an EPN
or QPD amino acid sequence motif, dictating mannose/fucose/
glucose or galactose specificity, respectively.'**'*> This motif is
located in the evolutionary and structurally variable long loop.
The two hydroxy groups of the carbohydrate ligand can be
coordinated by the Ca®" in two orientations of the core scaffold
being 180° flipped. However, the monosaccharide recognition
alone provides neither sufficient affinity nor specificity in a
biological context. Therefore, oligosaccharide specificity arises
from secondary sites close to the canonical carbohydrate bind-
ing site. These sites allow for the recognition of extended
oligosaccharide structures,"*® a principle found in many lectins
that originate from convergent evolution."*” For efficient design
of glycomimetics, this important feature was used during the
design of selectin antagonists. This circumvented the low
carbohydrate affinities coming from high desolvation costs of
the hydrophilic recognition site, and entropic costs originating
from loop rigidification upon binding."*®'*°

For endocytic CTLs, the Ca®" has not only a stabilizing
function for the CTLD, but also provides means for ligand
release in the endosome since it is also the structural element
generating pH sensitivity for release of the cargo.”**"**'>! At low
pH and active Ca®>" export of the endosomal environment, some
CTLs may recycle back to the plasma membrane with a remark-
ably high speed and efficiency.">>"** This is an important
feature of this receptor class making them attractive for targeted
delivery approaches using glycomimetics (see Section 4).

To the best of our knowledge, there are only a few exceptions
of CTL binding carbohydrates in a non-canonical site, in the
absence of Ca®" coordination: dectin-1 and CLEC-2."**">* Some
CTLs provide secondary carbohydrate sites in addition to their
canonical primary site. Examples are SIGN-R1 carrying a binding

This journal is © The Royal Society of Chemistry 2023

site for repetitive microbial polysaccharides and dextran sulfate
on the opposite side of the CRD"*® and langerin recognizing
larger glycosaminoglycans in a remote site.>”'>® With respect to
the development of glycomimetics, these secondary sites might
play an important role as they provide opportunity to target sites
not amenable to traditional medicinal chemistry.**5°7162
Further mammalian lectin targets related to health and dis-
ease include the proinflammatory CLEC9A receptor group'® as
well as DEC205 (CD205), a receptor responsible for self-antigen

uptake, especially in the context of cell apoptosis.®*

3.1.1.1 Selectins. The protein family of CTLs has been focus
of very active drug research for many years, spearheaded by
early attempts to target the subfamily of the selectins, which
has resulted in glycomimetics advancing into Phase III clinical
trials.

Selectins are a subfamily of CTLs consisting of P-, E- and
L-selectin. They are homing receptors involved in cell adhesion
and leukocyte trafficking and are conserved between species.
They have first been identified on epithelia, platelets and
leukocytes, and thus, named E-, P-, and L-selectin or CD62E,
-P, and -L. These proteins are essential for the inflammatory
response and mediate the recruitment of leukocytes and lym-
phocytes into inflamed tissue. Thus, the selectins have been
identified as potential drug targets in all diseases with excessive
inflammatory response.** One indication where glycomimetic
selectin antagonists are under development is sickle cell dis-
ease, with anti-selectin antibodies already in clinical use.'®’
Furthermore, the selectins also mediate cancer metastasis
opening new anti-cancer treatment options.'®®

These type I transmembrane proteins carry a CRD directly
connected to an epidermal growth factor (EGF)-like domain.

Chem. Soc. Rev,, 2023, 52, 3663-3740 | 3671
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Fig. 5 C-type lectin canonical carbohydrate binding site. (A) ASGPR in complex with GalNAc derivative 22 emphasizes the affinity gain by CH-=«
interaction with Trp243 (PDB code 6YAU). (B—E) DC-SIGN in complex with (B) GlcNAc,Mans (PDB code 1K9l), (C) pseudo-trisaccharide 23 (PDB code

2XR6), (D) pseudo disaccharide 24 (PDB code 6GHV), and (E) glycomimetic 25 (PDB code 7NL7). As a common design principle, a significant gain of
affinity and specificity is achieved by interactions with Phe313 and Val351 in close proximity to the carbohydrate recognition site.

3672 | Chem. Soc. Rev,, 2023, 52, 3663-3740 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00954d

Open Access Article. Published on 26 May 2023. Downloaded on 1/22/2026 10:24:58 AM.

Chem Soc Rev

The minimal binding motif of E-, P- and L-selectin is the
tetrasaccharide sialyl LewisX (sLeX, 26, Fig. 6) binding to the
canonical carbohydrate binding site, while a secondary site in
P-selectin binds sulfated tyrosines generating specificity and
affinity for PSGL1 (Fig. 4-D), its natural glycoprotein ligand.
This is supported by a crystal structure of E-selectin with
sialyl LewisX which originated from soaking experiments
(Fig. 7A)."®” Moreover, a PSGL-1 glycopeptide fragment bound
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to P-selectin induced an extended conformation suggesting a
conformational coupling of the secondary and the primary sites
(see Section 3.3.3).'®” However, a co-crystal structure of a four-
domain fragment comprising the CRD, the EGF and two
additional short consensus repeat (SCR) domains in presence
of sialyl LewisX shows the extended conformation with con-
formational stretching of E-selectin (Fig. 7B). This extended
conformation is essential for the catch-bond underlying the
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Fig. 6 Sialyl LewisX (26) and its glycomimetic analogues. While major modifications or replacement of the sialic acid and GlcNAc motifs of sLeX are
viable strategies in the design of selectin antagonists only minor modifications to the fucose and galactose are tolerated. Indicated Kps are for the binding

to E-selectin if not stated otherwise.
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molecular recognition responsible for leukocyte recruitment.**
Strikingly, in the new ligated structure the long loop changes its
conformation, in particular GIn85 is relocated by about 10 A.
Consequently, the low-affinity structure of E-selectin, present in
solution, recognizes the carbohydrate.'*>'®” This recognition
allows the transition to a high affinity, extended state, already
in the absence of flow conditions, suggesting a two-state
model."*’

Because all three proteins share sLeX as minimal binding
epitope, this tetrasaccharide motif has served as a lead for the
development of new glycomimetics as pan-selectin antagonists
(Fig. 6).** sLeX binds to the selectins’ rather flat carbohydrate
binding site through its sialic acid, galactose and fucose
residues.'*®'®” Ernst and co-workers reported that the binding
of sLeX to E-selectin is fully entropy-driven and provided the
concerted displacement of several protein bound water mole-
cules by the ligand’s hydroxy groups as a rationale."®®

Development of selectin-inhibiting glycomimetics started in
the mid-1990s and has flourished owing to the fact that
numerous major pharma companies were active in the field,
e.g. Hoechst/Sanofi, Ciba/Novartis and Wyeth.'®®'”° The essen-
tial pharmacophores of sLeX were identified and it became
evident that its fucose and galactose residues as well as the
carboxylic acid group of sialic acid are essential for selectin
binding, while the rest of the sialic acid and the GlcNAc could
be replaced.** The bioactive conformation of this molecule has
been determined by NMR spectroscopy'”’" and it was reasoned
that inhibitors must have pre-organized pharmacophores in
order to be effectively bound by the selectins under the prevail-
ing flow in blood vessels.®®

In the early lead molecule CGP69669A (27), (S)-cyclohexyllactic
acid was chosen as a sialic acid substitute and the GlcNAc residue
was replaced with cyclohexanediol.’®
10-fold more active than sLeX and showed efficacy on disrupting
leukocyte rolling in vivo."”* The introduction of additional sub-
stituents on the cyclohexanediol adjacent to the fucose moiety
further improved activity, e.g. in compound 28, which was
assigned to an increased steric compression of the molecule
leading to lower entropy costs upon binding.®®"”* The crystal
structure of 28 in complex with E-selectin has recently been
solved and demonstrates the interactions of the cyclohexyllactic
acid with the protein (Fig. 7C). By keeping the 2-hydroxy group of
the galactose residue benzoylated, affinity was further increased
10-fold, resulting in the single digit micromolar selectin antago-
nist 29. Finally, a carboxylate substituent was introduced at the
cyclohexanediol,'”® which allowed the addition of second site
binders resulting in the 30 nM E-selectin inhibitor 30."*°
This development finally led to the synthesis of GMI-1070 (31,
Rivipansel), which possesses an orotamide substituent adjacent
to the fucose and a distant naphthalene trisulfonate.'” The latter
pharmacophore is necessary to target the additional anion
recognition site in P-selectin (Fig. 4D), which efficiently binds
to its native ligand PSGL-1 through the sLeX carbohydrate
epitope and an additional sulfate present in PSGL-1. GMI-1070
was moved to clinical development for the treatment of vaso-
occlusive crises in sickle cell anaemia, but failed at the latest

This molecule was over
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Fig. 7 E-selectin in complex with sLeX (A and B) and glycomimetic 28 (C).
The structures of the tetrasaccharide sLeX soaked into crystals (A, PDB
code 1G1T) or cocrystallised with E-selectin (B, PDB code 4CSY) reveal
drastic conformational differences of protein and ligand highlighted by
relocation of GIn85 shown as stick. Glycomimetic 28 cocrystallised with
E-selectin (C, PDB code 4C16).

stage, in Phase III clinical trials for lack of efficacy to meet its
primary endpoint,’”® although beneficial tendencies were
observed according to Magnani.'”®

Recently, Ernst and co-workers addressed the pharmaco-
kinetic properties of 27 and 28 in a prodrug approach aiming at
oral bioavailability of the active substance."”” To this end, several
linear, branched and cyclic alkyl esters have been synthesized
and evaluated. This modification indeed led to an increase in
permeability through artificial membranes and across Caco-2
cells in vitro, but oral bioavailability could still not be achieved
in mice. On the down side, the authors also noted that the
promising cyclohexylmethyl ester of 28 was rather quickly meta-
bolized by liver microsomes and the resulting hydroxylated

This journal is © The Royal Society of Chemistry 2023
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derivative was a poor substrate for the esterase cleavage.
The latter is however essential to liberate the active selectin
inhibitor 28.

The company Glycomimetics Inc. has two further sialyl
LewisX mimetics in development with distinct traits for specific
indications. The first compound GMI-1687 (structure undisclosed)
is a 2.4 nM E-selectin binding compound with s.c. bioavailability
and efficacy in an animal model of thrombosis at 40 pg kg™*
administered twice daily.'”® This trait improves its route of admin-
istration from the clinics to also outside the hospital and should
help patients at an earlier stage of sickle cell disease. The
compound will enter first in human trials in 2022."”

The second drug candidate is Uproleselan (32, GMI-1271), a
selective E-selectin antagonist (ICs, = 2.4 uM) devoid of binding
to P-selectin up to 10 mM and 5 mM binding to L-selectin. This
compound is designed to address E-selectin function in
cancer."®>'®! The structure is also derived from CGP69669A with
the 2-O-benzoylated galactose residue now replaced by a GalNAc
and the cyclohexanediol residue further conformationally stabi-
lized by an equatorial ethyl group; furthermore, an 11 mer-PEG
chain is attached to the carboxylic acid to improve serum half-life
and reduce plasma protein binding.'®" Presumably, the lack of
P-selectin binding results from loss of the naphthalenetrisulfonate
residue that is present in the pan-selectin inhibitor Rivipansel
(GMI-1070). Uproleselan was active in a mouse model of acute
myeloid leukaemia (AML).'®* GMI-1271 is currently in Phase III
clinical trials for the treatment of AML (NCT05054543) and Phase
I/I trials for COVID-19 pneumonia (NCT05057221).

As an advancement in the field, bifunctional inhibitors of
E-selectin and the chemokine receptor CXCR4 have been devel-
oped to synergistically counteract osteosarcoma and a patent
reports the conjugation of a CGP69669A derivative with
cyclam,'® a tetraaza-crown ether that binds to carboxylates
within CXCR4.'®* GMI-1359 belongs to this class of bifunc-
tional compounds (exact structure undisclosed, general struc-
ture 33) and has proven effective in animal models of bone
metastasis, pancreatic cancer and AML when co-administered
with chemotherapy.'® ™% GMI-1359 has been studied in a
Phase I clinical trial (NCT04197999) for the treatment of breast
cancer and results remain to be disclosed.

Another glycomimetic molecule, bimosiamose (34, TBC-
1269) originating from Texas Biotech Corporation, was under
development as pan-selectin antagonist. This molecule is a
symmetric dimer of a sLeX mimetic where the sialic acid is
replaced by an acetic acid linked to a biphenyl, the latter serving
as a spacer to a mannose residue that mimics the fucose in
sLeX."® Interestingly, this sLeX mimic showed no effect on
leukocyte rolling in vivo suggesting a distinct mechanism of
action.™® TBC-1269 was tested under the lead of Revotar in three
Phase II clinical trials focusing on human allergen challenge
model of asthma,**° reducing inflammation in COPD,*** and on
ozone-induced airway inflammation.'®> However, bimosiamose’s
current development status is unknown and Revotar was termi-
nated in 2017.

Furthermore, the naphthalene carboxylate PSI-697 (35) ori-
ginated from a screening campaign followed by optimisation
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and has been developed as a P-selectin antagonist.'>® This
molecule showed inhibition of P-selectin binding to immobi-
lized PSGL-1 by SPR in vitro (ICs, = 125 puM) and inhibited
leukocyte rolling in murine blood vessels. Interestingly, the mode
of action of PSI-697 with P-selectin is unknown. It remains to be
elucidated if this compound that completely lacks any carbohy-
drate character is a direct competitor to sLeX, acts on the
secondary site bound by the sulfated tyrosine, acts as an allosteric
inhibitor, or has another mode of action. Further, PSI-697
showed some efficacy in mouse models of atherogenesis and
vascular injury'®® as well as in thrombosis.'** The molecule was
then moved to Phase I clinical trials in inflammatory diseases,
and administered per orally in scleritis (NCT00367692) in 2006
and, furthermore, in a 2008 study by Pfizer for platelet aggrega-
tion with monocytes in smokers (NCT03860506). In the latter
study, the results revealed the inactivity of PSI-697 on the inhibi-
tion of platelet aggregation whereas a P-selectin antibody was
effective.’®® These data urge for the structural determination of
the mode of action of PSI-697 with P-selectin and, furthermore,
demonstrate the challenges associated with the development of
glycomimetics.

3.1.1.2 DC-SIGN. One of the most studied members of the
CTL family is DC-SIGN."®*'®” This homotetrameric receptor has
a broad expression profile and can be found on monocytes, dermal
DCs, macrophages and platelets amongst others.'*®'%° The latter
finding renders the in vivo application of high affinity, multivalent
DC-SIGN ligands likely risky for the induction of thrombosis. Since
its discovery as an uptake receptor for HIV allowing the hijacking
of the mucosal DCs for dissemination of the virus and subse-
quently transinfecting CD4" T cells, DC-SIGN became a prime
target for the development of antagonists.***°**°' However, a clear
experiment for target validation in vivo is missing, because of the
absence of a suitable animal model."*® Many pathogens have been
found to be recognized by DC-SIGN such as Mycobacterium tubercu-
losis, Leishmania, Ebola virus, and Candida albicans.*>*** >0
Recently, DC-SIGN has also been identified as a co-receptor for
SARS-CoV-2, together with a number of other CTLs L-SIGN, LSECtin,
ASGPR1, and CLEC10A, recognizing the spike protein.*>*** Lectin
engagement with the virus induces proinflammatory responses and
this early event during infection is correlated with COVID-19
severity. These findings have again spurred interest limiting the
lectin-induced hyperactivation by the application of lectin inhibitors
as a potential target for COVID-19 therapy.

Two routes have been followed to generate glycomimetic
ligands for DC-SIGN. For targeting the primary carbohydrate
binding site, carbohydrate-based ligands were derived starting
from a monosaccharide or disaccharide unit. Alternatively,
there are several reports on non-carbohydrate ligands, likely
targeting secondary sites that may even allosterically modulate
the primary carbohydrate site (see Section 3.3)."%2472°

Carbohydrate-derived glycomimetic inhibitors for DC-SIGN
have been developed showing affinities in the lower two-digit
micromolar range.”°®"? The development highlights the chal-
lenges and opportunities during the process of designing
inhibitors for mammalian lectins due to their shallow and
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hydrophilic binding sites. Moreover, starting from a promiscu-
ous starting point such as a monosaccharide, keeping potential
off-targets in mind is a prime concern. Mannose (36) has low
affinity as monosaccharide (Kp = 3.5 mM) and fucose is only
slightly better,'%7>1->16

One of the most advanced routes for the development
of a carbohydrate-based glycomimetic inhibitor is based on
the ethanolamine modified Mano(1,2)Man disaccharide 37,
recently nicely summarized elsewhere.'*®"*° Briefly, disaccharide
37 does not provide the basis for specific recognition by DC-SIGN
over other CTLs such as langerin, dectin-2, mannose receptor,
and mannose binding lectin. Consequently, additional modifica-
tions were introduced to increase specificity (Fig. 5 and 8). The
substitution of the reducing end mannose substructure with a
cyclohexane in 38a led to improvement of specificity and at the
same time increased affinity with positioning the aliphatic ring

HO
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onto Val351 (Fig. 5C and 8).”°%?'**!” Next, rational design led to
the expansion of the cyclohexane by additional substituents
leading in 38b to a two-fold affinity increase, but strikingly to
even higher selectivity over langerin, one of the potential
off-target receptors (Fig. 8).>'"*'>>'® With additional substituents
at the non-reducing end mannose, an additional affinity and
selectivity gain was achieved (39, 24).>'° Fig. 5D shows 24 in
complex with DC-SIGN. This was a critical step for biophysical
and biochemical data analysis, since additional substitutions at
the mannose core have previously been reported to enhance
protein aggregation in activity assays and consequently mislead
the mode of action analysis of such inhibitors.** This was
accounted for using appropriate controls such as analytical
ultracentrifugation to carefully monitor protein aggregation.”'®
In a similar design approach, Ernst and co-workers explored
the periphery of mannose with a focused library, also making
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Fig. 8 Carbohydrate-based glycomimetic DC-SIGN inhibitors. The ligands are derivatives of mannose (25, 40), mannobiose (24, 37-39) and

mannotriose (23) and fucose (41-43).
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use of the hydrophobic interactions with Vval351, a charge-
assisted hydrogen bond to Glu358 and cation-n contact with
Phe313, as proposed earlier (Fig. 5E and 8).2%*'° Taken together,
this led to 25 with an affinity of 32 uM for DC-SIGN and full
selectivity over langerin.*'® Earlier studies tried to make use of the
hydrophobic environment of Phe313 starting from the anomeric
position of mannose as a scaffold**® and achieved similar affinities
(40, K, = 40 pM). However, clear evidence for the orientation of 40
in the binding site is still missing, in particular taking into account
aggregation effects®'® and secondary sites.’*>'®* Along the same
lines, in an elegant approach using phage display, primary site
binding mannose was used to anchor a secondary site-binding
peptide yielding high specificity and a 15-fold increase in affinity
over the initial monosaccharide.?* Yet, despite the progress made
in the development of carbohydrate-based DC-SIGN inhibitors,
only multivalent display of the presented compounds demon-
strated inhibitory constants sufficient for the successful applica-
tion as anti-infectives in preclinical models, such as inhibition of
trans-infection of ACE2" cells by SARS-CoV-2 spike protein-
expression vesicular stomatitis virus or SARS-CoV-2 isolates.”****!

It is interesting to note that albeit fucose has a higher affinity
for DC-SIGN compared to mannose,*'®***?*? it has less often been
explored for carbohydrate-based glycomimetic design. Chemical
tractability is likely one of the main reasons for this. Building on
the LewisX trisaccharide several fucose-based glycomimetics such
as 41 and later 42 were developed.>***** Capitalizing on statistical
rebinding, a divalent structure 43 was evaluated as potent DC-SIGN
inhibitor among a C-glycoside series of mannose and fucose
derivates.”**

3.1.2 Galectins. Galectins are a family of soluble lectins that
specifically bind B-galactosides, such as lactose (Lac, Gal-p(1,4)-
Glc) or N-acetyllactosamine (LacNAc, Gal-B(1,4)-GlcNAc).>** The
CRD of galectins has ca. 130 amino acids.?*® Out of these,
around 20 amino acids are highly conserved among the galectin
family, including eight residues shown to be involved in glycan
binding. Most galectin CRDs also contain a variable number of
free cysteine residues, which led to the denomination as S-type
lectins. Because of these cysteine residues, some galectins
require a reducing environment for their carbohydrate-binding
activity.??®

To this date, a total of 16 mammalian galectins have been
identified.>”” They are defined by a conserved CRD and a
common structural fold.”*® Galectins are categorized into three
groups according to the organization of their CRD: prototype
galectins (Gal-1, -2, -5, -7, -10, -11, -13, -14, -15, -16) contain one
CRD and form homodimers in solution via noncovalent inter-
action through their CRDs; tandem-repeat galectins (Gal-4, -6, -8,
-9, -12) comprise two distinct CRDs in their N- and C-termini that
are tethered by a linker of variable length (5-50 amino acids), and
the chimera galectin Gal-3 has a CRD at the C-terminus and a short
non-lectin peptide motif at the N-terminus, rich in proline, glycine,
and tyrosine residues through which it can form oligomers.

Galectins play various roles in diverse biological processes,
such as cell-cell adhesion,”®® cell signalling,”*® regulation of
apoptosis®*®?*! or cellular activation and mitosis.”>*** In addition,

This journal is © The Royal Society of Chemistry 2023
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some galectins are involved in pathological processes, such as
inflammation,**>* tumour progression,***>** and cancer cell
migration.”****! The ability of galectins to modulate different
events in tumorigenesis and metastasis makes them attractive
targets for cancer therapy.>*> Two Gal-3 inhibitors are currently in
clinical trials: Olitigaltin (55) is undergoing a Phase IIb trial for
idiopathic pulmonary fibrosis and GB1211 (14) Phase I/Ila trials
for non-alcoholic steatohepatitis (NASH). In addition, Gal-1 inhi-
bitor OTX008 (62) completed a Phase I trial as inhibitor of
angiogenesis.

A number of crystal structures of various galectins in com-
plexes with natural glycan ligands are known, e.g. complexes of
lactose with Gal-1 (PDB code 3M2M), Gal-2 (PDB code 5DG2),
Gal-3 (PDB code 3ZSJ), Gal-4N (PDB code 5DUV), Gal-4C (PDB
code 4YM3), Gal-8N (PDB code 2YXS), Gal-9N (PDB code 3LSE)
and many others. In these structures, the galectin CRD is
arranged in a slightly bent B-sandwich. Its concave side com-
prises six- and the convex side five-stranded antiparallel
B-sheets and the carbohydrate is bound to the concave side.>**
In most dimeric proteins, such as Gal-1 and -2, the subunits are
related by a two-fold rotational axis perpendicular to the plane
of the B-sheets. The glycan binding sites are located at opposite
ends of the dimer (Fig. 9A).

The galectin CRDs can be formally divided into five subsites
A-E (Fig. 9C).>** Subsite C is the galactose binding site and the
neighbouring subsite D accommodates a further carbohydrate
moiety, for example N-acetylglucosamine (GlcNAc) in the case
of LacNAc. The binding of a galactose residue in site C is the
most conserved feature of galectin binding, whereby six out of
eight amino acids interact with the Gal residue via hydrogen
bonds. In addition, van der Waals interactions through ring
stacking between Gal and a highly conserved Trp residue are
key interactions in galectin-ligand recognition and are char-
acteristic for the galectin family.

Because the CRD of mammalian galectins is highly con-
served, with only minor variations between members of the
family, designing selective glycomimetics is particularly chal-
lenging. A common practice is to introduce new moieties into a
carbohydrate scaffold to extend the interactions to other sites
(B or E), thereby increasing affinity and selectivity (Fig. 9C).>*®
The interaction of galectins with B-galactosides involves a CH-nt
stacking of the galactose a-face with a conserved Trp moiety
and hydrogen-bonding interactions through its 4 and 6 OH
groups. Therefore, positions 1, 2 and 3 are available for further
modification.

Considering the numerous functions of galectins, it comes
as no surprise that these proteins have become prominent
targets in drug discovery. Among the 16 known galectins,
Gal-1 and Gal-3 have been studied most.>*”>*° In recent years,
Gal-9 and Gal-8 have also gained attention, since inhibitors of
these galectins have the potential for the treatment of cancer
and fibrosis.

3.1.2.1 Galectin-3. In the galectin family, the pro-
inflammatory Gal-3 is unique in its structure as the only
chimeric galectin in humans, which is typically present as a
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Fig. 9 Galectin-1and -3. (A) Gal-1 in complex with LacNAc (PDB code 4XBL).2** The essential tryptophan of the carbohydrate binding site is shown as
stick. (B) Gal-3 CRD and in complex with a thiodigalactoside (PDB code 4JC1) (see lit.2*°). (C) Complex of Gal-3 with TD139 (55, PDB code 5H9P). While
the carbohydrate core of TD139 interacts with the subsite C and D as seen for native sugar ligands, the hydrophobic substituents interact favourably with

neighbouring subsites, increasing affinity and specificity.

monomer in solution, but assembles into a pentamer in the
presence of multivalent ligands, in a process mediated through
the N-terminal domain.”®® At low concentrations, Gal-3 is
present as monomer and inhibits adhesion, but at high con-
centrations it forms large complexes that promote adhesion.
This makes Gal-3 an attractive therapeutic target. In particular,
there is a tight correlation between Gal-3 expression levels and
various types of fibrosis. Gal-3 is a key mediator of transform-
ing growth factor B (TGF-), a central mediator of fibrogenesis,
through which Gal-3 plays an important role in the fibrosis in
numerous organs, such as liver,”®" kidney,>*> and lungs.>***>*
Gal-3 is thus involved in non-alcoholic fatty liver disease
(NAFLD), non-alcoholic steatohepatitis (NASH), and cirrhosis.
Moreover, Gal-3 is overexpressed in many tumours and sup-
ports tumour proliferation and metastasis. Since many cancers
use Gal-3 to avoid immune recognition, the inhibition of Gal-3
is considered supportive in restoring the immune system’s
ability to fight cancer.>*

With respect to pharmacological intervention, Gal-3 inhibi-
tors can be divided into three categories: peptide-derived
inhibitors, carbohydrate-derived multivalent inhibitors and
carbohydrate-derived monovalent inhibitors. The first two cate-
gories are beyond the scope of this review and have been
reviewed elsewhere.”®” Here, we only mention representative
compounds from both categories and concentrate on the third
category, monovalent glycomimetic antagonists.

3678 | Chem. Soc. Rev., 2023, 52, 3663-3740

Peptides and proteins. G3-C12 is a Gal-3 binding peptide
with an outstanding affinity (Kp = 88 nM).>* Its i.v. administration
significantly reduced metastatic cell deposition in several mice
models.”*® It is also being studied as targeting molecule to deliver
peptide-polymer-drug conjugates to cancer cells.>*”>>

Polysaccharide-based multivalent inhibitors. Some of the
earliest Gal-3 inhibitors are based on the structure of pectin,
a complex plant polysaccharide rich in anhydrogalacturonic
acid, galactose, and arabinose that binds Gal-3 in a multivalent
manner.>®’

GCS-100 (developed by La Jolla) is a modified citrus pectin
derivative that was evaluated in several clinical trials.’**%* In
2009, a Phase II safety study in patients suffering from relapsed
chronic lymphocytic leukaemia was conducted (NCT00514696).2%
A Phase IIb study (NCT02312050) conducted in 2014 in patients
with chronic kidney disease caused by diabetes showed significant
improvement of the kidney function.*®* Although GCS-100 per-
formed well in the studies, its development was discontinued, the
main reason being its chemical composition complexity and
unknown mechanism of action.

Belapectin (44, GR-MD-02, developed by Galectin Therapeutics) is
a 50 kDa galactoarabino-thamnogalacturonan polysaccharide®®>?%
and a good inhibitor of Gal-3 and Gal-1 (K, = 2.8 and 8.0 uM,
respectively).”* It is currently in clinical trials for the treatment
of liver fibrosis and resulting portal hypertension; Phase II was

This journal is © The Royal Society of Chemistry 2023
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successfully completed in 2017 (NCT02462967)*°” and Phase
IIb/III is ongoing (NCT04365868). A Phase Ila study using
belapectin for the treatment of psoriasis was also conducted
(NCT02407041). In parallel, belapectin is currently undergoing
two clinical trials for a combination drug with immune check-
points inhibitors for the treatment of metastatic melanoma: the
anti-PD-1 mAb pembrolizumab (Phase Ib study, NCT02575404)*%
and the anti-CTLA-4 mAD ipilimumab (Phase I, NCT02117362, was
completed in 2018).

Besides pectin derivatives, 3-p-(1,4)-galactomannans have also
been studied for galectin inhibition. Davanat (45, GM-CT-01,
invented by Pro-Pharmaceuticals, developed by Galectin
Therapeutics)**® is a natural galactomannan with an average
molecular weight of up to 60 kDa in which the polymannoside
backbone is branched with galactose residues. It was developed
for co-administration with 5-fluorouracil (5FU) (NCT00110721)
and later on with 5FU, leucovorin (folinic acid) and bevacizu-
mab as third- or fourth-line therapy for metastatic colorectal
cancer (NCT00388700). Its development was discontinued in
2011 due to financial constraints and a decline in the use
of 5FU.

Carbohydrate-derived monovalent inhibitors. In the initial
development of carbohydrate-based monovalent Gal-3 inhibi-
tors, chemical modifications were introduced into the structure
of natural galectin ligands, such as the disaccharides lactose
(Lac) and N-acetyllactosamine (LacNAc). The Nilsson group first
introduced LacNAc derivatives bearing aryl carboxamides at C3
of galactose. The best compound from the series, amide 46, had
an ICs, of 4.4 pM, rendering this compound 50 times more
potent than LacNAc.””® According to the crystal structure of an
inhibitor-Gal-3 complex, the increase in binding affinity resulted
from interactions between the aromatic benzamido moiety and
the Arg144 side chain in the binding site.>”* This interaction is
entropically favourable by the displacement of a water molecule.
Based on this finding, a second generation of LacNAc derivatives
carrying aromatic amides at galactose-C3 was synthesized. The
most potent compound 47, bearing 3-carboxy-2-naphthamide,
showed a Kp, of 320 nM.

Another strategy developed by the Nilsson group was to
modify galactose by the introduction of a benzamido group to
position 3 and an anionic substituent to position 2 (H-phosphonate,
benzyl phosphate, sulfate), both substituents acting as tweezers for
Arg144. These compounds displayed moderate affinities for Gal-3,
with sulfate being superior to the other O2 substituents (compound
48, Ky, = 87 uM).>”* In a follow-up study, the same compound was
studied for affinity for other galectin receptors (Kp = 370 uM for
Gal-1, 1000 pM for Gal-7, 900 uM for Gal-8N, and 370 uM for
Gal-9N, the N-terminal domain of Gal-9).””> Although this
strategy proved successful for target binding, it should be noted
that anionic compounds typically do not possess optimal phar-
macological properties and the design of neutral prodrugs
might be necessary.

Introducing a hydrophobic aromatic moiety to position 2 of
LacNAc (e.g. compound 49)*’**” or Lac (e.g. compound 50)>”°
also led to compounds with low micromolar affinity for Gal-3.

This journal is © The Royal Society of Chemistry 2023
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Molecular modelling showed beneficial interactions between
the aromatic ester/amide moiety and arginine guanidinium
groups present in both Gal-1 and Gal-3. The positively charged
guanidinium and its poor solvation make it an ideal interaction
partner for aromatic systems. Such arene-guanidinium inter-
actions have been intensely studied and it was shown that they
can be as strong as cation-anion interactions.>”” Interestingly,
the modification of galactose C3 with further bulky aromatic
groups led to improved selectivity for Gal-3 over Gal-1 (com-
pound 51).>7°

In 2005, the Nilsson group introduced a non-natural, hydro-
lytically stable thiodigalactoside (TDG) scaffold and its derivatives
as some of the most prominent small-molecule inhibitors of Gal-3
(compound 52).>”® The compounds are C,-symmetric and possess
aromatic amides at C3 of galactose. One of these amides interacts
with Arg144 and the other with Arg186, thereby further increasing
the affinity for Gal-3 through double arginine-arene interactions
(Fig. 9 and 10). Thiodigalactosides bind to subsites C and D, thus
mimicking the interaction with lactosides while being hydrolyti-
cally more stable. Compound 53 was studied also with other
members of the galectin family: while it showed a remarkable
affinity for Gal-3 (Kp = 46 nM) and medium affinities for Gal-1,
Gal-7 and Gal-9N (Kp = 4.7, 17, 0.9 uM, respectively), its affinity for
Gal-8N was very weak (Kp > 1000 uM). This can be explained by
the fact that Gal-7 and Gal-9N both contain arginine residues in
both relevant positions, Gal-1 contains only one arginine corres-
ponding to Arg186 and Gal-8N only the arginine corresponding to
Arg144, while an arginine corresponding to Arg186 is missing.'"”

Next, substituents on C3 were introduced through azide-alkyne
cycloaddition forming a C3-triazole with affinities comparable to
aromatic C3 amides, yet easier to synthesize (e.g. compound 54).>”°
The compounds also showed high selectivity over other studied
galectins (Gal-7, 8N, 9N). Substitution of 4-alkylcarbamoyl groups
on the triazol with 4-aryl further improved affinity for Gal-3 (and
Gal-1) and selectivity over other galectins (Gal-2, 4N, 4C, 7, 8N, 8C,
9N, 9C). The most potent compound from the series, compound
55, bears a 3-fluorophenyl moiety. X-Ray structural analysis of a
complex of compound 55 with Gal-3, as well as a study on Gal-3
mutant, revealed that both the aryltriazolyl moieties and fluoro
substituents are involved in key interactions responsible for

R1v'“ R144

Fig. 10 Cation-n-interaction of 3,3’-diamido-thiodigalactoside deriva-
tives with arginine side chains of Gal-3. See also Fig. 9C where the
positions of the two arginines, Argl44 and Arg186 are highlighted.
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extraordinary affinity for Gal-1 and -3. Compound 55°*° (known
initially under the code TD139 and later renamed GB0139 and
Olitigaltin) has been studied as a potential drug candidate against
idiopathic pulmonary fibrosis (IPF), an irreversible and ultimately
fatal lung disease characterized by progressive decline in lung
function. The compound is now under development by Galecto
Biotech (currently called Galecto Inc., after the merge of Galecto
Biotech and PharmAkea). Phase I/Ila clinical studies, administer-
ing TD139 as dry powder via inhalers, were conducted in 2014 and
2015 and showed that TD139 is safe and well tolerated. Further-
more, it effectively engages with Gal-3 in the alveolar space and
leads to improvement in several markers of inflammation.”*'*%* A
Phase IIb study with GB0139 in individuals with IPF started in
February 2019 (GALACTIC-1: NCT03832946). It is also being
further evaluated in a Phase IIa trial as an experimental medicine
against COVID-19 (NCT04473053).>%

One flaw of GB0139 is that it is not specific for Gal-3 and
binds to Gal-1 with equal potency. Interestingly, the introduc-
tion of 4-phenoxyphenyl as a triazol substituent provided
compound 56 with 230-fold higher affinity for Gal-3 over
Gal-1, though the affinity for Gal-3 was 25 times lower than
that of compound 55.>%*

Since its discovery, the TDG scaffold has been further
decorated with a number of substituents to increase affinity
and selectivity for Gal-3 or other members of the galectin
family. The modifications studied and their effects on affinity
and selectivity have recently been reviewed elsewhere.”*>>%

A different high-affinity scaffold for Gal-3 antagonists is
based on o-p-galactopyranoside as a monosaccharide in compound
14.2% Its high affinity and selectivity for Gal-3 stems from the
utilization of several types of non-covalent interactions: fluorine—
amide, phenyl-arginine, sulfur-n, and halogen bonds, spread across
subsites B, C and D (Fig. 9 and 11). Compound 14 (known as
GB1211, introduced by Galecto Biotech)*® is a substituted pyridinyl
a-p-thiogalactopyranoside which demonstrated an anti-cancer effect
and antifibrotic activity in multiple preclinical models.?%%*%°
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GB1211 is now tested as an orally available drug candidate for
non-alcoholic steatohepatitis (NASH), characterized by inflam-
mation of the liver with concurrent fat accumulation, leading to
liver cirrhosis. In a Phase I trial, GB1211 was well-tolerated and
showed dose-dependent pharmacokinetics (NCT03809052). A
Phase I/Ila clinical trial (GULLIVER-2: NCT05009680) was
initiated in September 2021, with expected end in April 2023.
In 2021, Galecto Biotech announced entering an agreement with
Roche for a Phase IIa trial of GB1211 in combination with a PD-
1/-L1 checkpoint inhibitor atezolizumab for the treatment of
cancer (Tecentriq, start in 2022, GALLANT-1: NCT05240131).>%°

Recently, Bristol Myers Squibb reported novel triazolyl-
substituted monosaccharide derivatives, represented by 57, that
were identified through molecular modelling and optimized by an
in-depth SAR study.”" The binding mode for these Gal-3 ligands
was suggested by molecular modelling and experimentally con-
firmed in an X-ray co-crystal structure with human Gal-3 (PDB code
7XFA). The compounds bind to both mouse and human Gal-3 and
show high selectivity for Gal-3 over Gal-1 and Gal-9. The affinity of
57 is comparable to that of 55 and the compound also has high oral
bioavailability. For an overview of the above-mentioned Gal-3
inhibitors and their binding affinities, see Table 1.

3.1.2.2 Galectin-1. Gal-1 is a prototype galectin that exists as
a dimer with two identical CRDs. It is involved in cell growth,
differentiation, and signalling. Being highly expressed in the
thymus, lymph nodes, as well as in immune cells such as T cells
and activated macrophages, Gal-1 plays a key role in immune
response regulation. Its expression is increased in tumour tissues
as compared to normal healthy tissues.’>® High expression of
Gal-1 favours growth and progression of tumours and metastases
by suppressing the immune response**> and by modulating cell
migration, adhesion and angiogenesis.***° It also plays a key
role in promoting escape from T cell-dependent immunity.>*
Furthermore, Gal-1 can selectively induce apoptosis in activated
Th1 and Th17 cells, thereby turning down the T-cell immunity,
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Fig. 11 Comparison of lactose and GB1211 (14) and depiction of the Gal-3-GB1211 interactions contributing to its high affinity.

3680 | Chem. Soc. Rev,, 2023, 52, 3663-3740

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00954d

Open Access Article. Published on 26 May 2023. Downloaded on 1/22/2026 10:24:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Table 1 Selected Gal-3 inhibitors and their binding affinities to galectins

View Article Online

Review Article

No Name Structure Binding studies Ref.
o
HO
HO m
o}
EAO OMe
M NMR cChan
44  GR-MD-02 Ho Kp = 8.0 uM (Gal-1) of a2
Kp = 2.8 uM (Gal-3) :
o OMe
HO
HO Jx o O
o
HO g
HO
HO
HO
o]
COOH
o]
HO
HO
o
OMe
y
OH
NMR
45 DAVANAT ‘ Kp = 10.0 uM (Gal-1) Ohal
/EW /g\y o7 2o (G |
HO /&Lv l*
E OH
¢ Ho OH
MeO H 0 0 .
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OH NHAc ’
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F
O Ho O OH
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H&/ o o Competitive fluorescence ¢
47 o OMe polarization assay 271
OH et al.
y NHAC Kp = 320 nM
COOH
HO OH
H &0 M Competitive fluorescence
48 © polarization assay Oberg
? Kp = 370 uM (Gal-1) et al.?”?
©  o=s=o Kp = 87 uM (Gal-3)
%
Ho O OH
HoééVOﬁ
on 1O O~ Frontal affinity
49 NH chromatography/ Hindsgaul
0 mass spectrometry et al*”*
Kp = 10.6 pM
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N OH

Competitive fluorescence

polarization assay Cumpstey
Kp = 14 uM (Gal-1) et al.”’®
Kp = 2.5 uM (Gal-3)

Competitive fluorescence
polarization assay

Kp = 280 uM (Gal-1)

Kp = 1.2 uM (Gal-3)

Pieters_
et al.*”®

Competitive fluorescence
polarization assay
Kp =33 nM

Cumpstey
et al.”’®

Competitive fluorescence
polarization assay

Kp = 4.7 uM (Gal-1)

Kp = 46 nM (Gal-3)

Kp = 17 uM (Gal-7)

Kp high (Gal-8N)

Kp = 0.9 uM (Gal-9N)

Cumpstey
et al.™"’

Competitive fluorescence
polarization assay

Kp = 29 nM (Gal-3) Salameh
Kp = 5.4 uM (Gal-7) et al*”®
Kp = 58 UM (Gal-8N)

Kp = 1.1 M (Gal-9N)

Competitive fluorescence
polarization assay
Kp = 12 nM (Gal-1)
Kp > 5 uM (Gal-2)
Kp = 14 nM (Gal-3)

Kp = 0.17 uM (Gal-4N) Delj“g;ﬁ
Kp = 0.14 pM (Gal-4C) et ak
Kp = 1.9 uM (Gal-7)

Kp = 86 uM (Gal-8N)

Kp = 0.68 UM (Gal-9N)

Kp = 0.12 uM (Gal-9C)

Competitive fluorescence
polarization assay Pieters
Kp = 84 pM (Gal-1) et al””®

Kp = 0.36 M (Gal-3)
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Table 1 (continued)
No Name Structure Binding studies Ref.
HO OH
. N::N\ o
N Competitive fluorescence .
s Brimert
14 GB1211 HO polarization assay et al. 2
E | L Kp = 23 nM (Gal-3) :
Pz
F N
Br. ;
E Cl Fluorescence binding
CF assay .
H 3 Liu
o IC50 = 6.9 nM (Gal-3) et a2

57 HO
— o N—N
N\\N/N N\ ﬂ\

which is the basis of its anti-inflammatory activity.>***” Addi-
tionally, HIV-1 exploits the host’s Gal-1 to increase its attachment
to host cells, thus increasing its overall infectivity in susceptible
Cells.229,2987300

Most compounds developed as Gal-3 inhibitors also show
significant affinity for Gal-1 (see Table 1). Although selective
inhibition of Gal-1 was not the prime focus of the above-
mentioned studies, the reported data suggest that thiodigalac-
toside, modified pectins and galactomannans all inhibit Gal-1.
Introducing an aromatic heterocycle to position 4 of C3-triazolo-
thiogalactosides and triazolo-thiodigalactosides provided com-
pounds with single-digit nM Gal-1 affinity and almost 10-fold
Gal-1 selectivity over Gal-3 (compound 58, Table 2). X-Ray crystal-
lography of the complex showed that the heterocycle is posi-
tioned deeper in a pocket between Ser29 and Asp123 of Gal-1
than the six-membered phenyl ring in the non-selective Gal-1/
Gal-3 ligands.>** Various other carbohydrate-based scaffolds
have been studied, out of which 3-deoxy-3-methyl-gulosides®’*
and aryltriazolylmethyl C-galactopyranosides®®® act as selective
Gal-1 inhibitors.

In addition to the carbohydrate-based glycomimetics men-
tioned above, peptides and peptidomimetics have been inten-
sely studied as selective Gal-1 inhibitors to block angiogenesis.
Anginex (59) is a 33-mer synthetic peptide that was originally
designed to resemble the B-sheet structure of antiangiogenic
proteins such as platelet factor 4 (PF4) and interleukin
(IL)-8.3°473°¢ Apart from Gal-1, 59 was reported to bind to some
other galectins, namely Gal-2, -7, -8N, -9N, but not to Gal-3, -4,
and -9C.>*”” Compounds 6DBF7 (60) and DB16 (61) are partial
peptidomimetics of Anginex and have six amino acid residues
at the N-terminus and seven at the C-terminus linked by a
hydrophobic dibenzofuran (DBF) scaffold to achieve a B-sheet
peptide conformation. When compared to Anginex, the com-
pounds exhibit better angiostatic properties.**® However, Anginex
and its partial peptidomimetics are peptides and prone to hydro-
lysis by proteases. In order to overcome this metabolic instability
and maintain the hydrophobic and hydrophilic faces of the
molecule, a non-peptidic topomimetic OTX008 (Calixarene 0118,
PTX008, 62), was designed.*” "H-'>N HSQC NMR spectroscopy

This journal is © The Royal Society of Chemistry 2023

IC5, = 2660 nM (Gal-1)
ICso = 2500 nM (Gal-9)

studies showed that the compound binds at a site different from
the CBS and thus acts as a non-competitive allosteric inhibitor
of Gal-1 (see Section 3.3.2).>'® The compound downregulated
cancer cell proliferation, invasion, and tumour angiogenesis in
a variety of tumour cells.*’* In addition, it has also shown
synergistic effects with the tyrosine kinase inhibitor sunitinib
in human ovarian carcinoma and glioblastoma.*'* In May 2013,
OTX008 was successfully evaluated in a Phase I clinical trial
(OncoEthix, NCT01724320).'® In 2014, OncoEthix was acquired
by Merck & Co. and since then, no further clinical studies have
been performed according to clinicaltrials.gov. For an overview
of the above-mentioned Gal-1 inhibitors and their binding
affinities, see Table 2.

3.1.2.3 Galectin-9. The tandem-repeat galectin Gal-9 has
N- and C-terminal carbohydrate-binding domains connected by a
peptide link. Gal-9 interacts with programmed cell death protein 1
(PD-1, CD279) and T cell immunoglobulin and mucin-domain
containing-3 (TIM-3). While PD-1 is an immune checkpoint that
promotes apoptosis of antigen-specific T-cells in lymph nodes and
reduces apoptosis in regulatory T cells, TIM-3 is a T cell checkpoint
inhibitor. TIM-3 expression on T cells, together with other check-
point molecules, in chronic infections and cancers can hinder
productive immune responses. The interaction of Gal-9 with PD-1
and TIM-3 regulates T cell death, making these promising targets
for cancer immunotherapy.*'* The activity of the TIM-3/Gal-9
checkpoint can be modulated in two ways: (i) blockage of TIM-3
with monoclonal antibodies or small molecules and (ii) blockage
of Gal-9.*"® Three monoclonal antibodies to TIM-3 are already in
clinical trials for the treatment of solid tumours. Each of the
programmes is evaluating the safety and efficacy either as mono-
therapy or in combination with anti-PD-1 antibodies in patients
with advanced solid tumours or hematologic malignancies.>*® In
2016, the Nilsson group reported galactoside-N-sulfonyl amidines
(e.g. compound 63) with good affinities and selectivity towards Gal-
9N over other galectins (Fig. 12A).>'® Later on, they showed an
interesting epimer switch of Gal-9 domain selectivity: while 3-N-
aryl galactosides 64 bind the C-terminal domain, the respective
gulosides 65 bind the N-terminal domain (Fig. 12B).*"

Chem. Soc. Rev., 2023, 52, 3663-3740 | 3683
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Table 2 Gal-1 inhibitors and their binding studies
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Binding studies Ref.

=N
7 N Competitive fluorescence
N AN polarisation assay 301
58 (\ Ui Peterson et al.
s / Ho °H N— /OH Kp = 6.1 nM (Gal-1)
_ N Kp = 59 nM (Gal-3)
N\ 4975
NS
OH OH
HOOC—D—L—S—L—E—R—G\
D
K/W—K—IflfvafoN/ Competitive fluorescence
59 Anginex / polarisation assay Griffionen et al.>*®
L Kp = 25 nM (Gal-1)
H~R—K—F—L—K—M—Q—V—S—L—K—I—N—A—NH,
o
O I—I—V—K—L—N—D—COOH
60 6DBF7 o Mayo et al.>*®
O (LK M—Q-V—S—NH,
H
o
O A—I—V—K—L—N—A—COOH
61 DB16 o) Dings et al.'*®
O (oL TKM—QoV—S—NH,
H
62 KMO0118 OTX008 Dings et al.>*’

3.1.2.4 Galectin-8. Gal-8 is a tandem repeat galectin consisting
of two CRDs, one N-terminal and the other C-terminal. These two
domains share 35% sequence identity and bind differently to the
natural ligands. Recently, Gal-8 has emerged as a potential pharma-
cological target for the treatment of various diseases, including
cancer’™® and inflammation.****?° Unique functions of Gal-8 have
been linked to the specificity of its N-terminal CRD. Therefore, there
is a high demand for selective and high-affinity Gal-8N ligands that
could potentially have anti-tumour and anti-inflammatory properties.
To date, several galactose-based Gal-8N inhibitors have been reported,
but mostly suffer from poor selectivity.”*'*** Recently, p-galactal
derivatives (e.g. compounds 66 and 67, Fig. 13A) have shown not
only high affinity, but also good selectivity over other galectins.>*>?2¢
Other recently developed antagonists include 3-lactoyl-o-p-thiogalacto-
pyranosides (e.g. compound 68, Fig. 13B).>*

3.1.3 Siglecs. Sialic acid-binding immunoglobulin-type lectins
(Siglecs) are a large subfamily of the immunoglobulin superfamily

3684 | Chem. Soc. Rev, 2023, 52, 3663-3740

cell surface receptors that share interaction with sialic acids. Usually,
these nine carbon sugars are present as terminal monosaccharides
on N- and O-glycans and glycolipids.*****° The majority of the
members of the Siglec family are expressed on immune cells
with Siglec-4 being an exception. On these cells, they orchestrate
important immune cell functions by activation or inhibition of
primary immune signals.**°*! As key regulators of self/non-self
recognition, various Siglecs are found central to innate and
adaptive immune cell functions and are involved in inflammation,
cancer, autoimmunity, and infectious diseases.>*’

All Siglecs share a similar overall protein architecture. An
N-terminal V-Ig like domain harbours the ligand binding site
for sialic acid recognition. This domain is extended away from
the cell surface by a series of one to sixteen C1 or C2-Ig like
domains.**??%*? A C-terminal intracellular domain is present in
some Siglecs and contains an immunoreceptor tyrosine-based
inhibition motif (ITIM) for cell signalling inhibition (i.e. CD22).

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Gal-9 inhibitors. (A) Galactoside-N-sulfonyl amidine, (B) selectivity
switch between 3-N-aryl galactosides and 3-N-aryl gulosides.
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\
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66 67
Kp = 48 uM (Gal-8N) Kp =100 £ 17 uM (Gal-8N)
Kp = 690 uM (Gal-3) Ko = n.b. (Gal-3)

Kb = 1300 pM (Gal-1) Kp = 3000 + 530 uM (Gal-1)

HO OH

Q

HO
COOH S\©i0|
68 cl

Kp =12 £ 0.9 uyM (Gal-8N)

Kp=82+7.5 uM (Gal-3)

Kp =580 + 16 pM (Gal-1)
Fig. 13 Gal-8N inhibitors and their binding affinities for Gal-8N, Gal-3 and
Gal-1, highlighting the selectivity for Gal-8N. (A) b-Galactals, (B) 3-lactoyl-
a-D-thiogalactopyranoside. n.b. = no binding.

Alternatively, positively charged amino acids located in the
transmembrane region enable association with Dap12 carrying
an immunoreceptor tyrosine-based activation motif (ITAM) for
cell signalling activation.*** Overall, Siglecs can be divided into
two groups with classic Siglecs being more conserved among

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review Article

species and CD33-related Siglecs having a higher sequence
variability between homologues.**°

Individual Siglecs have a restricted expression pattern on
immune cells, rendering them suitable targets for cell-specific
therapies. Additionally, many, if not all, are endocytic receptors
allowing the delivery of various cargos to immune cells.?*?3>
This concept was successfully followed for several Siglecs: Siglec-8
is expressed on eosinophiles and mast cells and is explored for
therapies of asthma and allergies,**® Siglec-15 is expressed on
osteoclasts and is a target for the treatment of osteoporosis.*>**%”
For myelin associated glycoprotein (MAG/Siglec-4),>*® glycomi-
metics have been developed for the enhancement of neurite
outgrowth, whereas a completely orthogonal approached was
reported recently in which PPSGG (PN-1007, Polyneuron Pharma-
ceuticals), an undisclosed glycomimetic, was claimed to prevent
anti-MAG IgM autoantibodies to deplete MAG expressing cells
(NCT04568174). CD22 (Siglec-2) is highly expressed on B cells and
has been successfully used as a target for the treatment of B cell
lymphoma. The anti-CD22 antibody drug conjugate (ADC)
inotuzumab ozogamicin (Besponsa, Pfizer/UCB) is used for
the treatment of acute lymphoblastic leukaemia.**® The anti-
CD33 (Siglec-3) antibody gemtuzumab ozogamicin (Mylotarg,
Pfizer) has been approved since 2000 for the treatment of acute
myeloid leukaemia.** Moreover, a CD33 glycomimetic might
be an effective therapy against late-onset Alzheimer disease
(AD), which increases the uptake of the toxic amyloid-f (AB)
peptide into microglial cells and thus might promote clearance
of the AB peptide causing AD progression.**° For a summary of
current antibodies against Siglecs the reader is referred to a
more in-depth review.**!

With respect to the development of glycomimetic ligands for
Siglecs, one has to take into account that the sialic acid family is a
large and diverse group of sugars.****** N-Acetyl neuraminic acid
(Neu5Ac) is the most common nine-carbon representative of the
family and can potentially carry a large variety of substitution
patterns, such as sulfation and acetylation.**® Additionally, Neu5Ac
can be further sialylated in the 3-, 6-, 8-, and 9-position. Conse-
quently, the Siglec protein structure provides grounds for a high
level of sialic acid specificity based on the linkage of the sialic acid
or substitution pattern. For carbohydrate-based glycomimetics,
this translates into the basis for many design approaches starting
from extended carbohydrate epitopes, up to trisaccharides to
reduce off-targets within the family. From this, a significant loss
of drug-likeliness and less favourable pharmacological properties
arise. To the best of our knowledge, there are no reports on
replacing the core sialic acid with a drug-like scaffold.

The development of carbohydrate-based glycomimetics for
Siglecs was pioneered by early work reporting on sialic acid
derivatives substituted in position 9 to gain affinity for several
targets.*** The general approach of expanding the core Neu5Ac
using hydrophobic substituents in position 9 was later followed
by attempts to grow this central element into C-2, -4, -5 direction
and finds its justification in a number of distinct structural
features of the Siglec architecture.>*>>*” Firstly, a central arginine
is present in a conserved position of the antiparallel $-sheet
making interactions with the carboxylate of the sialic acid

Chem. Soc. Rev,, 2023, 52, 3663-3740 | 3685
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Siglec-5 Siglec-8

Trp128

Fig. 14 Siglec V-Ig domain fold. (A) Siglec-1, CD22 (Siglec-2), CD33 (Siglec-3), Siglec-4, Siglec-5, Siglec-7, Siglec-8, C'D loop region (green), G strand
(red), CC’ loop (blue), essential arginine shown in stick (PDB codes 1QFP, 5VKM, 6D49, 5FLV, 2ZG2, 2G5R, 2N7B, respectively). (B) (left) Siglec-1 in
complex with 69 showing 5' site stacking of Trp2 and stabilization of the glycerol side chain of the Neu5Ac by Trp106.3%° This pose leads to the extension
of the anti-parallel B-sheet and is further stabilized by a salt bridge to the so-called "essential arginine” (here Arg97). The GG’ loop harbours Vall09 in
Siglec-1 providing affinity for the biphenyl substituent in 69 (PDB code 10DA). (right) CD22 does not have a GG’ loop and is less restricted in this position.
However, compared to Siglec-1, the role of the CC’ loop is much more pronounced. In CD22, Tyr64 located in this loop does a stacking interaction

explaining the strong linkage preference of CD22 for «-2,6 linked sialic acid ligands (PDB code 5VKM).

(Fig. 14). Secondly, there is an interesting feature of the sialic acid
recognition: the monosaccharide is essentially a peptidomimetic.
It extends the anti-parallel B-sheet with its hydrogen-bond
donors and acceptors mimicking the next antiparallel B-strand
(Fig. 14B).>*® Next, this GG’ strand to which the sialic acid aligns
like a peptide has high structural variability amongst the Siglecs
exactly when extending from position 9.*** The biological role of
this variability is not fully described, but it can be speculated to
be involved in generating specificity for substitution patterns of
the 7, 8, and 9 position of the Neu5Ac core. For the carbohydrate-
based glycomimetics, this implies high likelihood for gaining
both affinity and specificity when extending from this position.
Additionally, the same holds true for the CC’ loop which can
extend towards the 9 position of the carbohydrate binding site
(Fig. 14A). Interestingly, the CC’ loop can also dictate the linkage
specificity as evidenced for CD22 and Siglec-7.***?*° Other posi-
tions that have been explored for extending the carbohydrate core
such as the 5 position show lower structural variability compared
to the 9 position. Overall, some Siglecs have preformed binding

3686 | Chem. Soc. Rev,, 2023, 52, 3663-3740

sites devoid of any conformational selection upon ligand binding,
such as CD22 and Siglec-1, while others do have such as Siglec-4
and -7. Capitalizing on these structural features of the protein, and
the advancement of sialic acid synthesis, a number of reports have
shed light on carbohydrate-based glycomimetics for several Siglecs
using focused library screening,>3>3437347,350-356

An additional challenge for the development of inhibitors
for many Siglecs are cis-ligands. These are sialosides present on
the same cell and although the protein structure extends the
active site away from the cell surface, Siglecs are exposed to these
sialic acids, which can block the active site. These cis-ligands are
present in high local concentrations, which are estimated to be in
the 100 mM range, imposing a massive competition for potential
glycomimetics.>****” These ligands can even be present on the
same receptor, leading to the formation of homooligomeric
receptor assemblies on the cell, e.g. CD22.**® Taken together,
the vast majority of glycomimetics for Siglecs are carbohydrate-
based extending of a limited set of substitution vectors benefiting
from the local site variability to gain specificity and lipophilicity

This journal is © The Royal Society of Chemistry 2023
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Table 3 Siglec-1 inhibitors and their binding affinities
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No Structure

Binding affinity Ref.
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HOm 0o

AcHN OMe

HO

HO:
AcHN
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HO

NHAc

71

NHAc

to gain affinity. However, none of these molecules has made it into
the clinics or as monovalent chemical probe into in vivo preclinical
development, likely because of the high affinity necessary. For a
more detailed summary of small molecule inhibitors of Siglecs the
reader is also referred to other excellent reviews,*3*3413%

3.1.3.1 Siglec-1. Siglec-1 (sialoadhesin, CD169) is expressed
on macrophages and is the largest member of the Siglec family,
with 17 Ig repeats extending this protein far into the extra-
cellular space. It was the first Siglec for which the X-ray structure
was solved, teaching us many of the above-mentioned structural
characteristics of the recognition process: the essential arginine,
the extension of the anti-parallel beta sheet.® Later, the
complex between Siglec-1 and 9-N-BPC-Neu5Aca20Me (69,
Table 3) was solved by X-ray crystallography and the affinity
gain through interaction with the GG’ loop became apparent
(Fig. 14B).**° The biphenyl substituent results in a 13-fold
affinity increase over the Neu5Ac monosaccharide.’>**% A clear
specificity gain was seen when included in the trisaccharide
structure 9-N-BPC-Neu5Aco(2,3)GalB(1,4)GlcNAc (70) compared
to the 9-N-BPC-Neu5Aca(2,6)GalP(1,4)GlcNAc (75, Fig. 15) being
a CD22 ligand provided by the «(2,3) over the o(2,6) glycosidic
linkage.?*" However, used in a multivalent display for targeted
delivery on liposomes in vivo the compound failed because of
insufficient specificity.>*> Following up on this work, using rational
design and virtual screening a focused library of substituents in
the 9 position, a thienochromene substituent was identified (71,
Table 3) leading to more than one order of magnitude affinity
increase and importantly sufficient specificity to be applied in
mice as part of a liposomal formation.*>® This affinity and
specificity increase can likely be rationalized by the higher shape
complementarity of the thienochromene group extending into the
GG’ region. This in vivo specificity was later used for the delivery of
aGal ceramide loaded lipid nanoparticles to Siglec-1 expressing
macrophages and activation of iNKT cells through CD1d.***

This journal is © The Royal Society of Chemistry 2023

~OH OH
OH coo
HO:: o
AcHN % N,

Not reported Zaccai et al.**°

IG5 = 4.82 £ 0.14 M Nycholat et al.**?

\V/A\

1353

1Cs50 = 0.38 £ 0.04 uM Nycholat et al.

Furthermore, the model antigen ovalbumin (OVA) was delivered
to Siglec-1" macrophages.***

3.1.3.2 Siglec-2/CD22. CD22 (Siglec-2) is a 140 kDa single
transmembrane protein carrying six C Ig-like domains and one V-
Ig domain that extends CD22 like a tilted rod into the extra-
cellular space.*** This inhibitory immune cell receptor is highly
expressed on B cells, with reported low expression on mast cells
and conventional dendritic cells.**® This restricted expression
pattern has advanced CD22 as an attractive target for immune
therapy, early validated using anti-CD22 antibodies.***

Major advancement in the development of carbohydrate-
based glycomimetics targeting CD22 came from early work of Kelm
et al., and later was followed by Paulson and co-workers reporting a
224-fold increase in affinity for 9-BPC-Neu5Aco2Me (72) for the
human CD22 and a 123-fold increase for 9-BPA-Neu5Aca2Me (73)
for the murine homolog, compared to their unsubstituted parent
monosaccharides, respectively (Fig. 15).*****>*% Since the murine
CD22 has a strong preference for N-glycolyl neuraminic acid
(Neu5Ge), including this moiety in the design led to an over 250-
fold potency gain when combined with this 9’ substitution in the
framework of the trisaccharide 74 compared to 75.**" Compared to
the o(2-6)-sialyllactose core scaffold, with an affinity of 281 + 10 pM
as assessed by isothermal titration calorimetry (ITC), this 9-BPA-
NeuGco(2-6)Galp(1-4)GlcNAcp-spacer (74) achieved more than three
orders increase in affinity.**>*>! Taken together, this advancement
in the 5 and 9 positions provided sufficient affinity and speci-
ficity to target murine CD22 using multivalent display on
nanoparticles in vivo.**’**® For the human homolog, a suitable
ligand with sufficient affinity and specificity came from focused
library screening of the 9 position, being 6‘MBP-5F-Neu5Ac
(15)."" Although CD22 glycomimetic recognition is mediated
by a largely preformed binding site, NMR analysis highlights
that the role of the biphenyl substituent is more complex and
provides room for future improvement.*32-3%°
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Fig. 15 Murine and human CD22 antagonists. A selectivity gain towards human CD22 (hCD22) over murine CD22 (mCD22) is achieved by BPC
substitution of the 9’ position and acetylation of position 5. C4 modification resulted in further improved affinity. 76 here is reported in relative ICsq
compared to 72 (ICso = 3 pM) in the corresponding assay setup with rlCsg = ICso (72)/ICsq (76).3%°

Besides advancement in the 5 and 9 position, further
improvement came from a C-4 modified structure-based design
of 9-BPC-4-mNPC-Neu5Aca2Me (76) with a sub-micromolar
affinity or C-2 modifications (77).>**%*¢

To the best of our knowledge the only non-carbohydrate CD22
ligand is the peptide PV3, which was derived from epratuzumab
Fab and binds CD22 with 9 uM affinity.*”° The peptide binding
site is unrelated to the canonical carbohydrate binding site and
does not have to overcome the cis-ligand challenge. Applied as a
multivalent probe for targeted delivery on a liposome, it allows
for in vivo delivery when high receptor density is available.*”®

3.1.4 Bacterial lectins. Antimicrobial resistance is rapidly
rising, and therefore, complementary new approaches are needed to
fill the antibiotic pipeline.*”* One compelling approach that seeks to
circumvent resistance development is the use of pathoblockers or
anti-virulence drugs. Unlike antibiotics these agents do not kill the
bacteria, but instead prevent pathogenicity by interfering with
virulence factors.*’>*”® To this end, bacterial lectins are attractive
targets for the development of new antibiotic-sparing anti-infective
drugs, some of which are already in clinical development.

One important pathogenicity factor containing lectin
domains are bacterial toxins comprising Shiga toxin, present
in haemorrhagic Enterobacteriaceae. In these AB; toxins, the
pentameric B-domain repeat is a lectin and responsible for
carbohydrate-dependent binding to the cells, followed by inter-
nalisation to exert their intracellular toxicity. Due to their
geometry, these AB; toxins have been successfully inhibited
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with complementary pentavalent ligands, such as STARFISH or DAISY
containing native oligosaccharide epitopes.***”* However, their further
development as antitoxins has stalled for unknown reasons.

Furthermore, in many bacteria, surface exposed lectins serve
as adhesins for host colonization and persistence. Several
lectins of the most problematic Gram-negative bacteria are
therefore currently targeted with glycomimetics.

3.1.4.1 Escherichia coli fimbrial adhesin FimH. One intensively
studied lectin is FimH, an adhesin at the tip of E. coli type 1
fimbriae that is important for tissue binding in urinary tract
infections and inflammatory bowel disease. Thus, clinical candi-
dates that inhibit FimH are being developed for both conditions.

With about 150 million cases annually, urinary tract infections
(UTIs) are among the most frequent bacterial infections.*”**"
Notably, up to 80% of all uncomplicated UTIs are caused by
uropathogenic E. coli (UPEC).>””*’® UPEC utilize type 1 fimbriae
to adhere to urothelial cells which line the host bladder, a pivotal
step to establish an infection.?”® Host cell adhesion allows UPEC to
avoid clearance during micturition and additionally invasion of
host cells is triggered. Once inside of host cells, UPEC again utilize
FimH to form biofilm-like structures, called intracellular bacterial
communities (IBCs), to replicate and hide from the immune system
or antibiotic treatment. In the last step of the bacterial infection
cycle, the bacteria disperse from the IBCs and exfoliate to invade
neighbouring cells.*® Expression of type 1 fimbriae was not only
shown to be essential for cell adhesion, but also for formation of
IBCs.**!

This journal is © The Royal Society of Chemistry 2023
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Furthermore, the increased prevalence of adherent-invasive
E. coli (AIEC) in patients suffering from specific inflammatory
bowel diseases, such as Crohn’s disease (CD), has attracted grow-
ing attention for development of new treatment strategies.***3%3
Like UPEC, AIEC adhere to intestinal epithelial cells via FimH. The
chronic inflammation elicited by the intestinal dysbiosis in CD
leads to tissue damage and progressing organ degradation.

Therefore, the development of high affinity FimH ligands
presents an opportunity to complement antibiotic use and
improve the treatment of Crohn’s disease and UTIs.

Type 1 fimbriae are 0.1-2 pm long filaments on the bacterial
surface.’®**%> They consist of approximately 1000 copies of the
subunit FimA, forming a right-handed helical rod, which attaches
to a single FimF and FimG subunit, and is capped at the tip by the
carbohydrate-binding adhesin, FimH (Fig. 16A).>**%> Notably, the
subunits engage in a donor-strand completion mechanism, in
which the incomplete immunoglobulin-fold of each subunit is
completed by an N-terminal extension of the next subunit.***%”
Structurally, the 30 kDa protein FimH consists of two domains: the
amino-terminal carbohydrate-binding FimH;, (aa 1-158) and the
carboxyl-terminal FimHp (aa 159-279), which connects FimHj, to
the following subunit FimG and therefore to the pilus (Fig. 16B).
Importantly, the domain interaction of FimHj, and FimHjp allows
formation of so-called catch-bonds, characterised by an increased
binding strength under shear stress, e.g. during micturation,***>%
Those catch bonds help UPEC to avoid clearance during urination,
while preserving the ability to migrate and infect new cells in
absence of a tractive force.***

The carbohydrate-binding adhesin domain of FimHj, is
located at the distal end of a B-sheet opposite of the FimHp
domain. In absence of shear stress, three loops of FimH;, contact
FimHp, resulting in distortion of the B-sheets, affecting the CRD.
Consequently, the binding pocket widens, leading to weakened
ligand interactions and therefore reduced ligand affinity and
quicker ligand dissociation. In contrast, tensile force leads to
domain separation of FimH; and FimHp, enabling long-lived
binding events with high affinity.**>*°> This mechanism of allo-
steric regulation by domain interaction is underlined by the work
of the Maier and Glockshuber groups.®® A 3300-fold higher
affinity for n-heptyl o-p-mannoside (HM, 78) was reported for
isolated FimH;, (representing the high affinity conformation)
compared to full length FimH in the low affinity conformation
(Kp = 3.0 £ 0.2 nM vs. 9900 £+ 150 nM). Natural ligands of FimH
are o-p-mannosides of N-glycans, such as the uroepithelial glyco-
protein uroplakin 1a or CEACAM6 (CD66c) in the ileum.?**%*
Importantly, the amino acids of the CRD of FimH are highly
conserved among different E. coli isolates and many further
Enterobacteriaceae, suggesting a reduced risk of resistance
development.****® Studies with deletion mutants of fimH vali-
dated FimH as potential drug target. The fimH mutants lost the
ability to bind to human and murine bladder cells and a lowered
bacterial survival rate in murine kidney and bladder was
reported.****® In addition, the therapeutic value of targeting
FimH was further underlined by vaccination against FimH and
use of antibodies directed against FimH, both resulting in signifi-
cantly reduced colonization of murine bladder cells in vivo.*****!

This journal is © The Royal Society of Chemistry 2023
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Fig. 16 (A) Structure of a type 1 fimbrium: anchored to the membrane
~1000 FimA subunits form a helical rod to which the mannose-binding
subunit FimH is attached via the subunits FimF and FimG.*°® (B) Two-
domain fimbrium subunit FimH (PDB code 4XOE).*®° The binding affinity
of the carbohydrate-binding domain FimH_ (green) is influenced by con-
tacts of the swing loop (blue, aa 23-33), linker loop (yellow, aa 151-158)
and insertion loop (red, aa 112-125) to the fimbrial domain FimHp (pink)
enabling the formation of catch-bonds. Donor strand to complete the Ig-
fold of FimHp shown in grey. (C) Ligand heptyl a-p-mannoside (78) bound
to FimH (PDB code 4XOE).*® The mannose moiety engages in extensive
hydrogen bonding in a deep binding pocket while the alkyl chain interacts
hydrophobically with Tyr48 and Tyrl37 of the tyrosine gate in the in-
docking mode. Water shown in red. (D) Biphenyl ester 79 in complex with
FimH (PDB code 3MCY).*°° Hydrophobic interactions of the aglycon with
the tyrosine gate as well as interaction with the salt-bridge of Glu50-Arg98
significantly contribute to high affinity binding. In contrast to heptyl
a-D-mannoside, 79 interacts with FimH in the out-docking mode.
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Fig. 17 Natural occurring mannosides and early synthetic FimH ligands. Alkyl and aryl mannosides profit from additional hydrophobic interactions with
the tyrosine gate surrounding the CRD compared to b-mannose (36). A small substituent in ortho position of the phenyl aglycon further improves affinity.

The mannose ligand is bound by FimH in a deep, negatively
charged pocket formed by Asn46, Asp47, Asp54, GIn133,
Asn135, Asn138 and Asp140.>°®> An extensive network of direct
and water-mediated hydrogen bonds, is formed between FimH
and mannose (36), resulting in an unusual high affinity (Kp =
2.3 M, determined by SPR)*°* for a monovalent lectin-carbo-
hydrate interaction (Fig. 17).>°® In this complex, every hydroxy
group of mannose establishes direct hydrogen bonding except
for hemiacetal O1, which engages in indirect H bonding via a
water.*?

a-Mannosides are bound with the aglycon pointing out-
wards of the binding pocket towards the protein surface, where
a hydrophobic rim comprised of Phel, Ile13 and Phe142 as well
as the so-called ‘tyrosine gate’ of Tyr48, Ile52 and Tyr137
surround the entry to the deep, hydrophilic CRD.*** In particular,
the tyrosine gate allows for differentiation between different
mannose oligosaccharides and favourable interaction with the
tyrosine gate is a key prerequisite for the development of high-
affinity FimH inhibitors. The extraordinary affinities of the
naturally occurring branched mannosides oligomannose-3 (80)
and oligomannose-5 (81) (Kp = 18 nM and 12 nM, determined by
SPR) highlight the possibility to achieve nanomolar binding to
FimH."® Notably, Tyr48 of the tyrosine gate is conformationally
flexible, resulting in an ‘in-docking’ pose (e.g. oligomannose-3,
PDB code 2VCO*** or HM, PDB code 4XOE, Fig. 16C) and an ‘out-
docking’ mode frequently reported for synthetic FimH inhibitors
(e.g. 3MCY,'" Fig. 16D).*> Replacement of the mannose moiety
by different sugars such as glucose leads to a significant loss of

3690 | Chem. Soc. Rev.,, 2023, 52, 3663-3740

affinity, resulting in millimolar binding.*** Notably, some affinity
is retained for binding of fructose (Kp = 31 pM, determined by
SPR)."°® Further important features of the FimH binding pocket
relevant for drug development are the Arg98-Glu50 salt bridge
and a small hydrophobic pocket next to the CRD.**”

Because of the extraordinary binding specificity of FimH for
a-p-mannosides, the development of FimH antagonists mainly
focused on the introduction of aglycons to mannose to improve
binding by hydrophobic interactions. A notable exception to this
is the report on septanoses to replace the mannose moiety, by
Peczuh and Ernst et al. resulting in compounds with low micro-
molar ICs,.*"° Generally, the potency of compounds reported by
different working groups cannot be directly compared due to a
variety of different in vitro assays and in vivo models. An overview
of the different in vitro and in vivo assays employed as well as a
comprehensive summary of affinity data was published by
Mydock-McGrane et al. in 2017.%

Early glycomimetics. Development of FimH inhibitors
started in 1977, when methyl o-p-mannoside (MexMan, 82) was
reported as inhibitor of E. coli cell adhesion to human mucosal
cells in vitro (Fig. 17).*"" A 1979 study in mice revealed that
MeoMan could prevent and reverse bacterial adhesion to bladder
cells in vivo.*** Thereafter, MeoMan was used as reference for the
potency of new FimH inhibitors. Sharon and Ofek, who conducted
those studies, also postulated the existence of a hydrophobic
region in close proximity to the CRD in 1983. In an aggregation
assay of guinea pig erythrocytes with E. coli p-nitrophenyl

This journal is © The Royal Society of Chemistry 2023
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a-mannoside (pNPaMan, 83) was found 125-fold more potent
than MeaMan.*"® Further investigation of aromatic s-manno-
sides by Sharon et al., led to the key discovery that phenyl ortho-
substituents improve inhibitory potency. Inhibition of adhesion
of E. coli 0128 to guinea pig ileal epithelial cells by o-chloro-p-
nitrophenyl a-mannoside (84) surpassed the inhibitory activity
of MeuMan by a factor of 470, and importantly, the activity of
pNPaMan (without ortho-substituent) almost 7-fold.*** Despite
these early key observations in the structure-activity relation-
ship of FimH inhibitors no significant progress in the develop-
ment of aromatic a-mannosides was made until Lindhorst and
colleagues published a novel scaffold in 2006, in which a
squaric acid moiety was introduced to the para position of the
phenyl aglycon.’™® The resulting antagonist 85 showed further
improved inhibitory activity due to enhanced interaction with
the tyrosine gate. In an ELISA based assay a relative potency
of 6900 (with reference to MeaMan) was achieved, an almost
35-fold increase compared to 84.

The affinity gain achieved by interacting with the hydro-
phobic tyrosine gate also led to the discovery of alkyl manno-
sides as FimH inhibitors. In crystallisation experiments by
Knight and De Greve et al., butyl a-p-mannoside (BM, 86) was
found in the binding pocket of FimH, although no sugar was
added during crystallisation.’®> The Luria-Bertani (LB) medium
used for protein expression was hypothesized as origin of the
high affinity ligand BM (Kp = 151 nM, SPR), and after further
investigation of simple alkyl mannosides, heptyl a-p-mannoside
(HM, 78) was reported as potent binder of FimH (Kp = 5 nM,
SPR)."*> Despite the high affinity for isolated FimH, a concen-
tration of 1 mM HM was needed to completely prevent bacterial
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binding to bladder cells in vitro. Additionally, HM only showed a
significant reduction of bacterial binding and cell invasion in a
murine cystitis model when the uropathogenic E. coli strain
UTI89 was incubated with a high concentration of 5 mM HM
before inoculation.***

FimH inhibitors to treat and prevent UTL A milestone in the
development of FimH antagonists was the introduction of the
biphenyl aglycon to mannosides. Following a structure-based
drug design approach aided by docking experiments, the first
compounds of this new class were reported by Janetka et al. and
Ernst et al. in 2010."">"* The highest affinities were reported
for derivatives carrying the second phenyl ring (B ring) in para
position of the first phenyl ring (A ring). Furthermore, a loss of
affinity was reported for O-glycoside derivatives carrying one to
three methylene units as a spacer between the mannose and
aromatic aglycon, highlighting the close proximity of the CRD
and the tyrosine gate,"'>"'*

Exploration of the substitution pattern on the B ring by
Janetka et al. revealed a preference of meta substituents over
para and ortho, attributed to improved interaction with Tyr48 of
the tyrosine gate and Arg90."'*> To quantify the activity of the
synthesized derivates, the Janetka group determined the 90%
inhibition titers of guinea pig erythrocyte hemagglutination
(HAI titer), of which biphenyl ester 79 and methyl amide 87
were potent inhibitors (HAI titers = 1 uM), an improvement of
more than 1000-fold compared to MeaMan (HAI titer >1 mM),
and 15-fold compared to HM (HAI titer = 15 pM) (Fig. 18). The
co-crystal structure of FimH and ester 79 revealed the basis for
the greatly improved activity. While the mannose residue was
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Fig. 18 Aromatic FimH inhibitors developed by the Janetka (79, 87 to 89) and Ernst (90 to 92) groups. Biphenyl aglycons and their heterocyclic
analogues engage in favourable interactions with the tyrosine gate of FimH, explaining the high affinity and efficacy of the respective mannosides.

This journal is © The Royal Society of Chemistry 2023

Chem. Soc. Rev,, 2023, 52, 3663-3740 | 3691


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00954d

Open Access Article. Published on 26 May 2023. Downloaded on 1/22/2026 10:24:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

bound in the CBS as previously reported,’®® the biphenyl
moiety engaged in m-stacking with Tyr48 and hydrophobic
interactions with Tyr137 of the tyrosine gate. Importantly, the
methyl ester in meta position of the second ring (B ring)
contributed to binding via an interaction with the salt bridge
of Arg9o8 and Glu50 at the outer rim of the binding region
(Fig. 16D)."*?

Methyl amide 87 was chosen as the preferred lead structure
due to a higher metabolic stability than ester 79. Introduction
of a methyl group as ortho-substituent on the A ring resulted in
the orally bioavailable lead compound 88, with improved
affinity (HAI titer 60 nM) (Fig. 18).*" Dosed at 50 mg kg™ " by
peroral administration (p.o.), 88 was able to reduce the bacterial
burden in a murine chronic UTI model by approximately 3 log;,
units 6 h after infection.**®*'” Furthermore, establishment of an
UTI with multidrug-resistant E. coli ST131 was prevented by 88,
an effect not achieved by preventive administration of the anti-
biotic combination trimethoprim/sulfamethoxazole.”’® These
excellent results in the chronic UTI model were further surpassed
by a reduction of 4 log;, units by isoquinolone 89 (HAI titer
31 nM), a cyclic amide analog of 88.'° Notably, derivatives of
isoquinolone 89 showed further improved in vitro activity, in the
low nanomolar range, but lacked significant efficacy in vivo in mice
(50 mg kg ' p.o.).

From a series of para substituted biphenyl mannosides the
Ernst group identified ester 90 as early lead compound. 90
reached an ICs, value of 9 uM in an E. coli disaggregation assay
from guinea pig erythrocytes compared to the ICs, value of
77 uM reported for HM.'™ Importantly, the carboxylate meta-
bolite does not significantly lose activity (IC5, = 10 uM). After
extensive in vitro studies on binding affinity and pharmaco-
kinetic properties, as well as the first in vivo PK study, the
efficacy of lead compound 90 was tested in a murine UTI
model. Dosed at 50 mg kg~ ' p.o. before transurethral infection
with the UPEC strain UTI89, 90 led to a decrease of bacterial
burden in urine by 2 log;, colony forming units (CFU) and in
the bladder by 4 log;, CFU. Importantly, the same reduction was
achieved by intravenous (i.v.) application of the carboxylate
metabolite of ester 90 (50 mg kg™ ") confirming oral bioavailabil-
ity and potency of lead mannoside 90."** Optimisation of the
PK/PD profile, with special focus on the plasma halflife to
prolong the effective duration resulted in the bioisostere nitrile
91, with steady renal excretion over 8 hours.*'® Preventive admin-
istration of 91 (10 mg kg™ ', p.o.) was more effective than
administration of the antibiotic ciprofloxacin (8 mg kg, sub-
cutaneous, s.c.) in reducing the bacterial count in the bladder
(reduction of 2.7 log;, vs. 2.410g; CFU). Further, fluorination of
the B ring led to sub-nanomolar binders to the isolated (high-
affinity) FimH domain, but efficacy data were not reported.**°

To allow binding in the “in-docking” mode, Ernst et al
synthesized a series of phenyl triazole compounds with varying
spacer length and modifications to the anomeric centre.**! No
improvement of the binding affinity compared to HM or
biphenyl aglycons was achieved and, furthermore, triazole
mannosides are not predicted to be orally bioavailable due to
limited membrane permeation.

3692 | Chem. Soc. Rev., 2023, 52, 3663-3740

View Article Online

Chem Soc Rev

Replacement of the B ring phenyl with heterocycles led to
the discovery of 92 as highly potent FimH inhibitor (Fig. 18).*?
Despite dosage limits due to low solubility, the concentration to
prevent 90% of bacterial adhesion by UPEC (ECq,) was exceeded
for more than 8 hours after i.v. administration of 1 mg kg™ " in a
PK mouse study. Efficacy of 92 was proven by preventive admin-
istration in a mouse model. Dosed at 1 mg kg ™" (i.v.), 92 achieved a
10 000-fold reduction of CFU in the bladder of mice, an effect
equally potent to the antibiotic ciprofloxacin (8 mg kg™, s.c.)
commonly used to treat UTIs. Despite higher in vitro potency of the
analogue carrying an additional chloro substituent in ortho posi-
tion of the proximal phenyl ring (ring A), the compound was not
evaluated in vivo due to limited solubility.**>

Due to the plethora of diverse mannose-binding proteins in
humans (e.g. DC-SIGN, mannose binding protein, dectin-2,
langerin), selectivity of glycomimetics for their intended target
is of crucial importance. A selection of compounds, including
HM and biphenyl mannosides, showed a 100 000-fold higher
affinity for FimH compared to the tested human mannose
binding proteins, indicating binding selectivity is not a pro-
blem in the development of monovalent FimH inhibitors.**?

A general problem of biphenyl mannosides is their low
solubility, limiting the therapeutic dose, and their low bioavail-
ability, at least partially due to the low stability of the O-glycosidic
bond. Janetka and colleagues investigated acetate and phosphate
esters, as well as a glycine derivative as prodrug strategies to
improve oral bioavailability and prolong compound exposure, with
positive results for tetraacetate (93) and 6-phosphate mannoside
prodrugs (Fig. 19).**

In particular, the use of phosphate prodrugs is commonly
applied to drugs suffering from limited solubility. The phos-
phate prodrug lacks membrane permeability and acts as soluble
reservoir for the active agent, which is released by enzymatic
hydrolysis prior to uptake. Thereby, the concentration of free,
poorly soluble drug is limited, but a high dose can be adminis-
tered. Following this strategy, the Ernst group synthesized a
series of mannosides as phosphate esters (94 and 95) reaching
excellent aqueous solubility (125-fold improvement for hetero-
cyclic 92; 15-fold improvement for nitrile 91, >3000 pg mL ™" vs.
192 pg mL™') (Fig. 19)."*

Depending on the position of the phosphate ester, the rate
of hydrolysis varied. Compounds carrying the phosphate at 04
or 06 of mannose displayed a desired longer half-life (¢;,, >
40 min) compared to O2 or O3 derivatives (¢;,, < 15 min). In an
in vivo PK study in mice, a doubling of the urine AUC,, was
achieved by p.o. administration of the O4 phosphate ester
prodrug (94) of lead nitrile 91 (Fig. 18 and 19).

Efforts to improve metabolic stability of the mannosides
included replacement of the glycosidic oxygen by carbon, nitrogen,
and sulfur (96-98).*******?” In a seminal work, Janetka and collea-
gues reported on C-mannosides with an (R)-hydroxy methylene unit
linking the carbohydrate and its biphenyl aglycon.”** This replace-
ment resulted in potent inhibitors of same or higher affinity, with
significantly improved metabolic stability compared to the
O-glycoside. In a murine chronic cystitis model, C-mannoside
99 dosed at 25 mg kg~ * (p.o.) reduced the CFU in the bladder by

This journal is © The Royal Society of Chemistry 2023
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Fig. 19 Strategies to improve oral bioavailability of aromatic FimH inhibitors include prodrugs (top) and modification of the O-glycosidic bond (bottom).

3 logyo units after 12 hours, while O-glycoside analogue 88 did not
result in a significant reduction of bacterial burden. Furthermore,
introduction of the (R)-configured hydroxy methylene unit to
inhibitors bearing an isoquinolone moiety (as 89) resulted in
additional promising preclinical candidates. The pronounced
stereochemical selectivity for the (R)-epimer is due to a water-
mediated hydrogen bond to Asp140 and Asn135 formed by the
(R)-hydroxy group, an interaction that is not possible for the
(S)-epimer, as predicted by docking.

In 2012, Janetka and Hultgren co-founded Fimbrion Ther-
apeutics which further pursues the development of FimH
inhibitors, since 2016 in cooperation with GlaxoSmithKline.
With financial support by CARB-X, the first clinical Phase I
evaluation of the joint lead compound GSK3882347 (undisclosed
structure) in healthy individuals was successfully completed in
May 2021 (NCT04488770). A second Phase I study to investigate
the pharmacokinetics and microbial response in women with
uncomplicated acute UTI was started in May 2022 and is expected
to end in December 2023 (NCT05138822).

FimH inhibitors to treat Crohn’s disease. In the context of
Crohn’s disease (CD), the site of infection is the intestine,
requiring alternative strategies for inhibitor design with regards
to pharmacokinetics: while treating UTIs requires enteral absor-
bance and renal excretion of the parent drug or of an active
metabolite, no systemic bioavailability is required to treat CD in
the gut. Gouin and colleagues investigated thiazolylaminoman-
nosides (TazMan) with heterocyclic aglycons to treat CD.*?
Notably, lead 100 (relative inhibitory concentration compared
to HM, 0.2) engages in more favourable fashion with Tyr48 and
Tyr137 of the tyrosine gate, compared to the phenyl moiety in
biphenyl aglycons (Fig. 20). Variation of the linker length and

This journal is © The Royal Society of Chemistry 2023

replacement of the anomeric nitrogen by carbon or sulfur
improved stability but resulted in less potent compounds.***
Additionally, Gouin et al. investigated further alkyl manno-
sides. They hypothesized unfavourable pharmacokinetic properties
caused by the unmodified alkyl chain in HM as cause for its poor
activity in vivo. By terminal functionalization amide derivative 101
was obtained, which in contrast to HM showed promising results of
reduced gut colonization and inflammation in vivo in a murine
model of Crohn’s disease (Fig. 20).**° Exchanging the anomeric
oxygen for a methylene in 102 increased metabolic stability and
simultaneously lowered systemic bioavailability from 25% to 16%,
as desired for the treatment of Crohn’s disease. Importantly,
compound 102 (10 mg kg™, p.o.) was able to eradicate AIEC from
the ileum of transgenic mice. This observation serves as proof of
concept that patients suffering from Crohn’s disease with increased
prevalence of AIEC can be treated orally with FimH antagonists.**'
A major industrial player in the preclinical development of
FimH inhibitors is Vertex Pharmaceuticals, who filed patents
on a plethora of diverse mannose-based FimH inhibitors,
including disaccharides and divalent ligands, with varying
aglycons, intended for the treatment of UTIs and inflammatory
bowel diseases.****3® The portfolio was licensed to Enterome
in 2016, where Sibofimloc (EB8018/TAK-018, 103), a divalent and
gut-restricted FimH ligand, was identified as lead compound for
the treatment of Crohn’s disease (Fig. 20). In vitro adhesion of
AIEC to primary ileal cells and T84 epithelial cells was blocked by
1 pM Sibofimloc, resulting in reduced inflammation and tissue
damage.® After successful completion of Phase I studies on safety
and tolerability (NCT02998190) as well as pharmacokinetics
(NCT03709628), a Phase IIa study to investigate the preventive
effect of Sibofimloc on the postoperative recurrence of Crohn’s
disease was initiated in cooperation with Takeda Pharmaceutical
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(102). Divalent C-mannoside Sibofimloc has been advanced to Phase lla clinical trials.

in 2020 (NCT03943446). However, problems to recruit suitable
participants led to termination of the study in August 2022.

3.1.4.2 E. coli F9 fimbrial adhesin FmIH. In addition to type 1
fimbriae and the FimH adhesin, E. coli often utilize the related
UPEC F9 fimbriae with the adhesin FmIH to adhere to galactose
and N-acetyl galactosamine conjugates, such as the Thomsen-
Friedenreich (TF) antigen on kidney and bladder tissue in
urinary tract infections.**” F9 fimbriae are homologous to type
1 fimbriae, and as such, FmlH is also related to FimH, although
it displays a different carbohydrate-binding specificity.

Complementary to their FimH research, Janetka and Hultg-
ren have therefore embarked on the synthesis of FmIH
inhibitors."*® To this end, a number of GalNAc glycosides with
varying aglycons have been synthesized and tested for inhibi-
tion of FmIH binding to immobilized TF-antigen, followed by
infection studies in mice. The crystal structures of FmIH in
complex with the TF-antigen or oNP-Gal (104) revealed a tight
coordination of the galactose moiety in both ligands and
demonstrated the possibility of varying the aglycon (Fig. 21).
It was further demonstrated that substitution of galactose
(Kp = 694 uM) with GalNAc (Kp = 189 puM) enhances binding
affinity of FmlIH inhibitors, as determined by bio-layer inter-
ferometry. An extensive synthesis campaign also revealed sub-
stituted biphenyl glycosides as potent binders of FmlIH. The
most potent ligand was the B-GalNAc biphenyl carboxylate 106
with a Kp, of 89 nM, and for its galactose analogue 105, a 50-fold
lower binding of Ky, = 2.1 uM was determined. This selectivity of
FmIH for GalNAc was rationalized by an attractive hydrogen-
bonding interaction of the acetamide with a protein-bound
water molecule in the co-crystal structure with the protein. In a
murine cystitis model, it was demonstrated by transurethral
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Fig. 21 Inhibitors of the F9 fimbrial adhesin FmlH of uropathogenic
E. coli. In contrast to its namesake FimH, the adhesin FmlH shows the
highest affinity for ortho-biphenyl substituted galactosides and GalNAc
glycosides.
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instillation that the potent FmIH inhibitor 106 synergizes with
a FimH inhibitor (mannoside 4Z269) in reducing colonization
of the kidney, while in the bladder no synergy was observed and
the FimH inhibitor dominated (Fig. 21).

The team then further optimised these compounds and
identified a methylsulfonamide as a bioisostere of the carbox-
ylate, as well as a beneficial effect of an additional CF; group in
the proximal phenyl meta to the carbohydrate.’*® The resulting
compound 107 showed an ICs, of 34 nM in a competitive,
ELISA based binding assay, which was 20-fold more potent than
the initial lead 106 (Fig. 21). The co-crystal structure of 107 with
FmIH revealed that both the additional CF; group and the
sulfonamide residue form attractive interactions with the protein,
providing an explanation for the observed activity increase. Impor-
tantly, compound 107 displayed an increased metabolic stability
and an extended plasma half-life, but unfortunately, also a low
bioavailability of only 1% after p.o. administration and only a low
renal clearance were observed, requiring further optimisation of its
PK properties.

3.1.4.3 The soluble lectins LecA and LecB of Pseudomonas
aeruginosa. The Gram-negative bacterium P. aeruginosa is cur-
rently the most critical bacterial pathogen as defined by the WHO
priority pathogen list. This bacterium is difficult to treat due to
excessive development of resistance to antibiotics and its abun-
dant biofilm formation.**® The latter is a major resistance deter-
minant of this pathogen since the biofilm shields embedded
bacteria from chemotherapy and host defence. Therefore, several
approaches to identify new anti-infectives against this bacterium
aim to block biofilm formation.*

P. aeruginosa utilises the two lectins LecA (PA-IL) and LecB
(PA-IIL) for initial adhesion to the host, for biofilm formation and
as virulence factors.***~**? Both proteins have first been identified
by Gilboa-Garber et al. and their carbohydrate binding specificity
was determined.*** In particular, it was shown that both lectins
inhibit ciliary beating,*****> wound healing**®**” and impact on
cell physiology**®**® and immunity.*>***' In addition, LecA was
shown to promote host cell invasion by P. aeruginosa.*>* In first-
in-human studies, aerosols containing the monosaccharides
p-galactose and r-fucose as ligands of LecA and LecB, respectively,
have shown beneficial effects on patients with P. aeruginosa lung
infections after inhalative administration.****** Further, adjunc-
tive therapy in mice with the antibiotics ceftazidine or ciproflox-
acin revealed synergistic effects when galactose, mannose and
fucose were co-administered with the bacterial inoculum to the
murine lung.*>

LecA binds p-galactose (108, Fig. 22) and conjugates thereof
and its native ligand is presumably the glycosphingolipid Gb3
that was identified from a glycan array screen.*>® The structure of
LecA in complex with galactose was solved by X-ray crystallogra-
phy (Fig. 23A).**” This structure reveals the oligomerization of
LecA into a homotetramer with the binding sites on the vertices
of a rectangle and further demonstrates the calcium ion-
mediated recognition of the carbohydrate ligand: the 3- and 4-
hydroxy groups coordinate to the protein-bound calcium ion
whereas the 6-hydroxy group is recognized in a small water-

This journal is © The Royal Society of Chemistry 2023
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occupied pocket and involved in direct hydrogen bonding with
His50 and GIn53, as well as with GIn53 and Pro51 via water-
mediated hydrogen bonds. In addition, the 2-, 3-, and 4-hydroxy
groups form hydrogen bonds with Asn107 and Asp100.

The search for inhibitors of LecA surprisingly identified
B-aryl galactosides (e.g. pNP-Gal 109) as more potent inhibitors
for LecA compared to p-galactose or a-galactosides (Fig. 23B).**®
In a crystallographic study, the molecular basis has been
attributed to a CH-m interaction between the aryl aglycone
and the imidazol side chain of His50 (Fig. 23C),**° and conse-
quently the naphthyl galactoside 110 showed high binding to
LecA (Kp = 4.2 pM), while p-galactose has a Ky, of 87.5 uM. Various
SAR studies on an aromatic aglycone have been reported and in
general, substitution is tolerated on the phenyl ring, but major
additional increase in affinity has not been achieved to
date.****! Recently, the Titz group identified a further druggable
pocket located between two LecA monomers and close to the
carbohydrate binding site and adjacent to the His50-bound
phenyl aglycon.*®® To this end and inspired by a multivalent
system of Winssinger et al.,"®® they systematically elongated the
aglycon with flexible spacers and attached aryl groups for their
ligation to the central pocket as predicted by docking. The crystal
structure of 111 (Kp = 9.4 uM) in complex with LecA indicated the
phenyl pharmacophore close to the entry of the central pocket
(Fig. 23E). Further, a ligand with an increased chain length (112,
Kp = 6.3 uM) showed a high enthalpy of binding (—50 kJ mol )
which was counterbalanced by high entropic costs (20.7 k] mol ™)
indicating a conformationally restricted bound state. However,
further experiments are necessary to validate its binding inside
the central pocket.

Replacing the glycosidic oxygen to increase metabolic stabi-
lity by introducing thioglycosides (see 110) has been pursued
and is well tolerated by LecA.**®**® Another work reports on the
synthesis of B-C-galactosides with positioning of a phenyl ring
further away from the galactose residue which resulted in
significant loss of binding affinity with one of the derivatives
reaching a Kp of 37 uM (compound 113, Fig. 22).***

Giguere and co-workers reported on the systematic single
and multiple exchange of all hydroxy groups with fluorine
atoms in galactosides as tools to assess lectin binding.*®® It
was shown that the 2-deoxy-2-fluoro galactoside 114 resulted in an
approximately 3-fold loss in binding affinity by ITC when compared
to the parent galactoside (e.g. 17 pM vs. 4.8 uM for the thionaphthyl
glycoside 110). The enthalpy of LecA-binding is strongly reduced in
those fluoro-analogues by approx. 7-10 kJ mol *. However, this
work also demonstrates the lower entropic costs by 4-6 k] mol " for
binding of these fluoroderivatives compared to the galactosides
as a result of different desolvation penalties which to some
extent counterbalances the unfavourable enthalpy. For the
6-deoxy-6-fluoro analogue 115, the binding affinity was drasti-
cally reduced and 25-fold lower affinities were reported. A similar
observation of an affinity reduction has been made when the 2-OH
group in p-galactose was replaced by NHAc in GalNAc.***%°

Binding kinetics are often fast for carbohydrate-lectin
interactions and consequently, the binding affinity of a given
ligand is lowered when fast dissociation rates are in place
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Fig. 22 Glycomimetic inhibitors derived from galactose for the bacterial lectin LecA. Notably, (6D)-116 is an irreversible LecA inhibitor as nucleophilic

attack of Cys62 to the epoxide warhead leads to covalent binding.

(lit.**” and references therein). Furthermore, a sufficiently long
residence time of a given inhibitor on a receptor has been
identified as crucial for success in vivo.**® In some cases, the
success of glycomimetic inhibitors resulted from their extended
receptor-residence times, e.g. for the FimH antagonists*®” or
LecB inhibitors.*®>*”® However, for LecA even some of the best
monovalent ligands with Kps <3 pM showed a very fast
dissociation from the protein.*”*

Therefore, the covalent inhibition of a given target can
provide an opportunity to overcome fast dissociation by irrever-
sibly blocking its function. Covalent inhibition is an approach
with increasing success in clinical use for inhibition of unrelated

3696 | Chem. Soc. Rev, 2023, 52, 3663-3740

proteins, e.g. proteases or kinases.*’> Inspection of the crystal
structure of LecA in complex with a galactoside reveals the
presence of a cysteine residue in close proximity to the carbohy-
drate. Cysteines are nucleophiles and therefore often targeted
using electrophilic warheads, for example in covalent inhibitors
of cysteine proteases. In the case of LecA, Cys62 is located in close
proximity to the hydroxymethyl group of galactose, and therefore
this position was selected for the introduction of an electrophile
in LecA inhibitors.””? Since this part of galactose is accommo-
dated in a rather small pocket in LecA, epoxides were chosen as
sterically least demanding electrophiles. To this end, phenyl
galactoside was extended to the diastereomeric heptose epoxides

This journal is © The Royal Society of Chemistry 2023
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116 and 117 (Fig. 22). Biophysical analysis of these molecules
with LecA revealed a weak but selective inhibition of LecA by one
diastereomer (116, ICs, = 64 pM), whereas the other diastereomer
117 was inactive. Protein mass spectrometry then unambiguously
demonstrated the covalent bond formed between Cys62 and the
epoxide in 116 under physiological conditions, providing the
experimental proof for the first-in-class covalent lectin inhibitor.
Surprisingly, crystallographic analysis of LecA in complex with
116 revealed its non-covalent ligation with the epoxide ring intact
(Fig. 23D). This unexpected observation could be explained by the
acidic conditions for LecA crystallisation which lower the cystei-
ne’s nucleophilicity.

In general, numerous attempts to improve binding affinity
for LecA on the monovalent galactoside level have delivered
an in-depth knowledge on the SAR. Unfortunately, all those
studies resulted in only moderate affinity increases and the best
compounds consist of B-galactosides carrying naphthyl (110) or
coumaryl aglycones. These substituents may, however, encoun-
ter problems in further translation due to toxicity.

To overcome this rather moderate affinity of the small
molecules, numerous approaches have exploited the quatern-
ary structure of LecA as target rather than focussing on a single
binding site. To this end, oligo- and multivalent galactosides
presented on a large diversity of scaffolds were developed which
are beyond the scope of this review (the interested reader is
referred to references’>'*"*’* and references of this ChemSoc-
Rev issue). However, most of these multivalent ligands have
been studied for lectin binding only. Only few molecules were
tested further: galactosylated peptide dendrimers have shown
good potency in antibiofilm experiments in vitro"’> and galac-
tosylated calixarenes showed in vivo efficacy to reduce lung
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damage in an acute murine lung infection model in a preven-
tive treatment regime using co-administration of bacteria and
inhibitor.””® Another approach worth mentioning here are
divalent precision ligands containing two terminal galactosides
tailored to match the simultaneous binding to two adjacent
galactose-binding sites in LecA. This approach was pioneered
by the Pieters lab and exploits the close proximity of these two
sites.””*%® One molecule that consists of two galactosides
spaced by a number of triazoles and glucose moities, 118,
could even be cocrystallised with LecA and the chelating bind-
ing mode was proven (Fig. 23F). Non-carbohydrate spacers have
been developed by Titz et al. to enable rapid synthetic access
and implement drug-like properties, yielding a highly potent
divalent LecA inhibitor 119 (Kp = 10.8 nM) that showed a high
selectivity over human Galectin-1 as potential off-target.*”*
Recently, these bisacylhydrazone spacers have been bioisosterically
replaced with amides to overcome the drawbacks of this labile and
potentially toxic linker function.*’® The resulting molecules
showed superior metabolic stability and much higher aqueous
solubility (e.g. for 120 up to >1.5 mM vs. 1.6 pM for the
bisacylhydrazones) and the best derivative 121 bound to LecA with
a Kp of 9.9 nM. More importantly, the increased solubility now
enabled ITC analysis and evaluating the molecules’ antivirulence
properties in cell culture and in vitro infection experiments.

In contrast, LecB binds to i-fucose 122 and p-mannose 36
and their conjugates (Fig. 24). Following a glycan array screening,
the blood group antigen LewisA has been identified as ligand
with the highest affinity.****> The crystal structure of LecB from
P. aeruginosa PAO1 has been solved in complex with its ligands
(Fig. 25)*®%* and a recent neutron diffraction structure of LecB
in complex with r-fucose allowed the analysis of ligand and

Fig. 23 LecA forms a homotetramer with the carbohydrate binding sites arranged on the vertices of a rectangle (A, PDB code 10KO). Binding sites
occupied with various ligands are magnified: Gal-a(1,3)-Gal-B(1,4)-Glc (B, PDB code 2VXJ), 109 (C, PDB code 3ZYF), epoxide (6D)-116 (D, PDB code
5MIH), and central pocket targeting ligand 111 (E, PDB code 7FIO). The divalent ligand 118 bridges two adjacent binding sites in the LecA tetramer (F, PDB
code 4YWA). His50 establishes CH—n contacts with aryl aglycons in (C—E) and forms a hydrogen bond with O6 in LecA ligands. In the crystal structure of
LecA with (6D)-116 obtained at pH 4.6 (D), Cys62 does not form the covalent bond observed in solution at physiological pH and the epoxide remains
intact. Calcium ions are depicted as green spheres, a tightly coordinated water molecule is shown as red sphere.
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Fig. 24 Inhibitors of the P. aeruginosa lectin LecB are derived from L-fucose (122), b-mannose (36) or a hybrid of both (133).

protein protonation states.*®

and despite the unrelated primary protein sequences, LecB also
forms homotetramers albeit with a different orientation of the

3698 | Chem. Soc. Rev.,, 2023, 52, 3663-3740

As observed for galactophilic LecA  binding sites. In LecB, the carbohydrate binding sites are located
on the vertices of a tetrahedron and thus, spatially maximally
apart from each other (Fig. 25A). Surprisingly, the crystal
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structure revealed that two calcium ions are located inside a
single carbohydrate binding pocket and these ions mediate the
binding of the carbohydrate ligand with the protein. The 2-,
3-, and 4-hydroxy groups of fucose are directly coordinated to the
two calcium ions with the 3-hydroxy group simultaneously
serving as a p-bridging ligand to both metal ions. In addition, the
ligand is also heavily involved in hydrogen bonding with the protein.
The presence of the two metal ions as well as an additional
lipophilic contact of the C6 methyl group of fucose served as an
explanation for the unusual high affinity of a monosaccharide for a
lectin (Kp = 2.9 uM).*®* p-Mannose possesses the same relative
orientation of its three ring hydroxy groups as those in r-fucose.
p-Mannose can therefore also bind in a similar orientation to LecB,
but with the absence of the lipophilic interaction of fucose, the
affinity for p-mannose is reduced.

Importantly, despite the fact that P. aeruginosa is a highly
variable organism at the genomic level, the genes encoding for
LecA and LecB are part of the more conserved core genome.*®
Nevertheless, the sequence of LecB varies among clinical and
environmental isolates.*”*®® Interestingly, the sequence of
LecB has been established as correlative marker for the two
major clades in P. aeruginosa phylogeny, one containing the
clinical isolate PAO1 and the other containing the highly
virulent clinical isolate PA14.*®” It was demonstrated by glycan
array analysis and biophysical characterization that the
carbohydrate-specificity in LecB from PA14 is conserved, despite
a high number of amino acid variations, some of which located
in the carbohydrate binding site. Moreover, it was shown that
the binding affinity of LecBpa14 for its ligands is even 3- to 7-fold
higher than the one of LecBpao;. As observed from mammalian
glycan array binding data, LecB from both strains potently binds
to a broad diversity of glycans carrying either fucose residues, or
mannose residues or both, which suggests a decisive role of
LecB for bacterial adhesion to the host.

Due to the high affinity of LecB for r-fucose, the search for
LecB inhibitors focussed on this deoxyhexose as a starting

View Article Online

Review Article
point (Fig. 24).**>*% In eukaryotes, 1-fucose is generally an
a-linked terminal carbohydrate in glycoconjugates. Therefore,
a-linked fucosides have initially been at the centre of attention
and methyl o-i-fucoside 123 revealed a strong affinity for
LecBpao; (Kp = 0.43 uM).*®? In fact, the anomeric isomer methyl
B-1-fucoside 124 is an up to 500-fold weaker ligand for LecB.*®”
Since the trisaccharide LewisA (Fuc-o-1,4-(Gal-p-1,3)-GlcNAc,
Fig. 25-B) showed the highest potency for LecBpso; (Kp = 0.21
uM)**? and its interaction with LecB revealed no contact with
the galactose residue, Fuc-0-1,4-GlcNAc truncates with triazoles
at the reducing end of GlcNAc have been synthesized and their
affinity (e.g. 125, Kp = 0.29-0.31 uM) remained nearly as potent
as the one of LewisA.**° Along these lines, Bernardi, Imberty
et al. reported o-linked fucosyl amides that were predicted by
docking to establish an additional hydrogen bond between their
carbonyl oxygen and Ser23."° The best derivative 126 showed
low micromolar affinity with a Ky, of 1.2 pM. a-C-fucosides have
also been described to implement chemical/metabolic stability
and allow conjugation to peptide dendrimers.*** The affinity of
the tripeptide conjugate cFuc-Lys-Pro-Leu-NH, (127) was equi-
potent to nitrophenyl a-i-fucoside (ICs, = 5.3-5.9 uM), which
was twice better than the reducing i-fucose in the same assay
(Fig. 25C).

Since terminal o-1-fucosides are abundant in humans and
numerous endogenous lectins bind to fucosides," carefully
addressing the selectivity of LecB inhibitors is highly relevant,
especially when used in multivalent systems. To address this
concern, the Titz group has chosen methyl mannoside 128 as a
starting point for derivatization.’®® The methylene-linked 6-OH
group is an equatorial substituent in mannose and therefore
allows contact to LecB, in contrast to the aglycones of a-fucosides
that are axial substituents and point towards the solvent. The
latter could serve as an explanation that no increase in affinity for
a-fucosides has been achieved.

In the first set of molecules, the 6-hydroxy group was
replaced by an azide that yielded a library of triazoles and after

Fig. 25 LecB forms a homotetramer with the carbohydrate binding sites arranged on the vertices of a tetrahedron (A, PDB code 1GZT). Binding sites
occupied with various ligands are magnified: LewisA (B, PDB code 5A6Z), C-fucosyl peptide 127 (C, PDB code 3DCQ), fucose—mannose hybrid 137 (D,
PDB code 5MAZ), B-N-fucoside 139 (E, PDB code 8AlY), and a-N-fucoside 140 (F, PDB code 8AlJ). Calcium ions are depicted as green spheres.
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reduction amides, sulfonamides and amines. Sulfonamides
have been identified as the most potent derivatives and the
binding affinity was increased from 71 puM (Kp for methyl
o-p-mannoside) to a Ky of 3.3 pM for sulfonamide 130 and
cinnamide 129 also showed moderate affinity (Kp = 18.5 uM). It
was demonstrated that the increased binding affinity of sulfo-
namides and cinnamides results from an approx. 10-25-fold
decreased dissociation rates of those derivatives from their
complex with LecB (ko = 0.6-1.8 x 10° s7') compared to
MeoMan (ko = 15.5 x 10° s7').*° In the next step, these
mannosides were homologized to mannoheptoses with two
aims: (i) those mannoheptoses have a free 6-OH that could
engage in hydrogen bonding with Ser23 as observed for mannose
in the crystal structure*®* with LecB and (ii) the (sulfon-) amide
substituent could be moved further towards the identified sub-
pocket in this direction.**> Both diastereomers were synthesized
and analysed for LecB inhibition: although a selectivity for the
(6S)-heptose 131 over its (6R)-diastereomer 132 was demon-
strated, ICs, values remained high (ICs, = 82-217 pM). In another
work, they further analysed the function of this OH group,
originating from Man-O6 which establishes a hydrogen bond to
Ser23 in the crystal, to quantify its contribution to binding in
solution.**® Furthermore, they set out to test the hypothesis of a
possible synergistic effect of the Fuc methyl group and said Man-
06 hydroxy group in LecB inhibitors. To this end, a hybrid of
t-fucose and p-mannose was synthesised, resulting in compound
133 and deoxygenated to 134. Both molecules were tested in a
competitive binding assay and by ITC for LecB binding and
surprisingly, they showed very similar thermodynamic profiles
with comparable Kps of 16-17 uM. These data led to the conclu-
sion that synergism for binding affinity is not obtained and that
the hydrogen bond formed between mannose-6-OH and Ser23 in
the solid state does not contribute to the binding affinity in
solution.

However, these molecules are C-glycosides which increases
their chemical and metabolic stability. Furthermore, their combi-
nation with the sulfonamide substituents likely also increases
selectivity since the resulting molecules are neither terminal
a-linked fucosides nor terminal mannosides, the common ligands
for many endogenous lectins. Therefore, the Titz group designed
and synthesized a series of these derivatives as sulfonamides and
amides.””>*”” As observed for the mannosides, especially the
sulfonamide derivatives 135, 136 and 137 showed very potent
binding of LecBpao1 (Kp = 0.83-1.27 pM) and LecBppis (Kp =
290-320 nM). The crystal structure of those molecules in complex
with LecB revealed that the aromatic substituents are ligated to a
subpocket adjacent to the carbohydrate binding site and form
extensive contacts with various hydrophobic amino acids, e.g
Val69, and methyl-substituted derivatives 135 and 137 revealed a
deeper binding in the pocket (Fig. 25D). With regards to binding
kinetics, the ligands’ off-rate could be further reduced to ko =
0.41 x 10 s~ " which results in receptor-residence times of 28 min,
compared to 45 s for MeMan. Importantly, two derivatives were
then assessed for selectivity over the human lectin langerin. While
the thermodynamic affinity of 135 for LecB is 1.27 uM (from PAO1)
or 310 nM (from PA14), the K; for the fucose-binding langerin was
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2.2 mM, defining a selectivity window of a factor 1700-7000. In
addition, 135 and other glycomimetics were also tested more
globally on their effect on the immune response by quantifying
the TNF-o response from primary murine spleen cells upon
addition of various immune stimuli acting via diverse immune
response pathways. No effect of the sulfonamide glycomimetics
130 or 135 (up to 1 mM) on the production of TNF-o. was observed
after stimulation, further supporting their selectivity.

Several glycomimetics were then tested in a biofilm inhibition
assay using P. aeruginosa PA14 constitutively expressing mCherry
and quantification of biofilm mass by confocal fluorescence
microscopy. In 48 h biofilm formation experiments, a dense
biofilm was observed in absence of LecB inhibitor, whereas in
the presence of 100 uM glycomimetics biofilm formation was
inhibited by 50-90%, and C-glycosidic sulfonamides 135 and 136
showed the highest potency of inhibition (80-90%). Importantly,
in presence of MeaMan or even the very potent LecB ligand
MeoFuc (Kp = 202 nM for LecBpai4)*® biofilm mass was only
non-significantly reduced under identical conditions, which
impressively demonstrates the advantages of glycomimetics over
native glycosides.

Because these glycomimetics showed nanomolar inhibition
of LecBpa14, prevention of P. aeruginosa biofilm formation and
excellent in vitro ADME/toxicity properties, 135 and 136 were
then analysed in a murine pharmacokinetics study dosed at
10 mg kg~ " i.v. or p.o. Both molecules were orally bioavailable
and the experiments revealed their renal excretion. However,
large differences after intravenous administration in exposure
(AUC 1.72 pg mL~ " h™" and 7.40 pg mL~" h™" for 135 and 136,
respectively) and half-lives (¢;, = 0.28 h and 0.57 h for 135 and
136, respectively) have been detected with 136 exhibiting a
superior pharmacokinetic profile, also after per oral adminis-
tration. Consequently, these molecules are currently under
investigation in murine models of P. aeruginosa infection.

In the search for new glycomimetics addressing the sub-
pocket adjacent to the anomeric centre of the bound fucose,
Titz et al. have recently reported N-linked B-fucosyl amides as
potent LecB ligands.**® In contrast to the o-linked derivatives
reported by Bernardi before (e.g. 126), these f-anomers revealed
an unexpected high potency for LecB of IC5,s down to 85 nM
and a Kp of 195 nM for B-fucosyl benzamide 138 as determined
by a competitive binding assay and ITC. Thus, these com-
pounds have shown a >10-fold increase in binding affinity
for LecB compared to the isomeric a-fucosyl benzamide 140,
which has a Kp of 2310 nM by ITC. The increased potency
results from an increased entropy of binding of the B-anomer,
while the enthalpy of binding was comparable for both. The
crystal structure of B-amide 139 in complex with LecB revealed
additional interactions of the aglycon with the protein when
compared with the crystal structure of a-amide 140 in complex
with LecB (Fig. 25E and F). Attractive interactions of the aglycon
can only be established for the f-anomer, explaining at least in
part the higher binding affinity while the increased binding
entropy probably results from favourable release of water from
the protein surface. ADME/Tox evaluation of these compounds
revealed good metabolic stability in mouse and human plasma,

This journal is © The Royal Society of Chemistry 2023
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as well as in presence of liver microsomes from both species.
Also, plasma protein binding was generally low and all com-
pounds have been further analysed for cytotoxicity against 3 cell
lines in vitro. Interestingly, a differential picture of cytotoxicity
for some derivatives was found with HepG2 cells (human liver),
while the compounds were generally non-toxic against CHO
(hamster ovaries) and A549 (human lung) cells.

As for LecA, most multivalent LecB-targeting ligands were
analysed for lectin binding only. Some were tested further and the
tetravalent C-fucoside FD2 by Reymond et al. presenting ligand 127
has shown good potency in antibiofilm experiments**> and
restored antibiotic activity in vitro.**® The current development
status of FD2 is unknown. In addition, calixarene-mounted fuco-
sides by Vidal et al. have been tested in an acute lung infection
model with P. aeruginosa in mice and showed efficacy in prevent-
ing lung colonisation and reducing lung injury, their current
development status is also unknown.*”®

3.1.4.4 The lectins from Burkholderia cenocepacia. The Burk-
holderia cepacia complex comprises several species of human patho-
genic bacteria which often cause lung infections, for example in
cystic fibrosis (CF) patients.”® These bacteria express a number of
lectins of which the B-propeller lectin BambL from Burkholderia
ambifaria and two LecB-homologs, BC2L-A and BC2L-C, have been
structurally characterized and inhibitors are being developed.

BambL is a six-bladed beta propeller lectin consisting of a
trimeric repeat of its 87 amino acid polypeptide.”®* The protein
binds fucose with high affinity in two distinct binding sites per
repeat, one within one protomer and one at the interface between
two protomers (Fig. 26). In contrast to LecB, ligated fucose is
deeply buried in BambL with an interaction of its lipophilic
a-face with the side chain indole of Trp74, a recognition motif
commonly observed in galectins. The Ky, for Me-o-.-Fuc (142) is
0.96 pM and the best known ligand of BambL is blood group A
trisaccharide (143, Kp = 0.46 pM) (Fig. 27). Richichi et al. devel-
oped the bicyclic fucose derivative 144 which showed very potent
binding to BambL with a Ky, of 1.54 pM. This compound was also
tested with LecB but no binding was observed. Further, the
compound was also unable to inhibit DC-SIGN, suggesting a
selectivity of this fucomimetic for BambL.’** Extension of the
molecule at its carboxylic acid group to 3-hydroxy propylamide
resulted in 141 with 240 nM affinity for BambL.>? Later, a virtual
screening was performed with BambL and two ligands were
experimentally confirmed.’** One of these was the glycomimetic
2-deoxy-2-fluoro fucose 145 with an ICs, of 19.9 pM (Kp =
18.8 pM) and selectivity over LecB (IC5, > 1 mM).

The bcIBCA gene cluster encodes for three lectins BC2L-A,
BC2L-B and BC2L-C. Their names were chosen due to their
homology to LecB previously called PA-IIL. These three Burkholderia
lectins are adhesins and play a role in biofilm development as
reported by Eberl et al., who demonstrated that a knock-out of this
gene cluster in the CF isolate B. cenocepacia H111 resulted in hollow
biofilm microcolonies when grown under flow conditions.’®
Furthermore, it was shown that reversion of the bcIBCA-deficient
strain’s biofilm phenotype required complementation with all three
genes, while bclA, belB, or bclAC alone were insufficient.

This journal is © The Royal Society of Chemistry 2023
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Fig. 26 Quarternary structure and binding site of BambL. (A) BamblL
forms a homotrimer resulting in a B-propeller fold with two slightly
different types of fucose binding sites per monomer, one site inside one
monomer and one site between two monomers (PDB code 3ZW2).
Magnified binding site within one monomer occupied by (B) blood group
B antigen (PDB code 3ZWE) or (C) glycomimetic 141 (PDB code 6ZFC).

The structure of BC2L-A has been solved as a dimer and it
was shown that this protein preferably binds mannosylated
glycans (Fig. 28).°°°°°” In contrast to its homolog LecB, the
IC5o of Me-a-p-Man 146 with BC2L-A is 18.2 uM, while the
corresponding value for Me-o-L-Fuc 142 is 20.9 mM, indicating
a 1000-fold selectivity of this lectin for mannosides. These
observations can be explained by the crystal structure of the
complex with Me-o-p-Man: the 6-OH of mannose deeply enters
the protein (Fig. 28B) and is fully hydrogen-bonded to Ala30,
Glu31 and Asp110. Since fucosides have no analogous hydroxy
group, the 6-OH group is the main driver of the selectivity of
BC2L-A. In addition, the side chain of His112 could be responsible
for a steric clash with the aglycon in fucosides, further contributing
to selectivity. It was shown by Imberty, Silipio and co-workers that
BC2L-A also binds with good potency to heptoses present in
bacterial lipopolysaccharides.®® The 1-glycero-p-manno-heptose
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Inhibitors of the Burkholderia lectins BambL are derived from fucose, whereas BC2L-A inhibitors derive from mannose. BC2L-C consists of two

domains, the N-terminus binds fucosides and the C-terminus is homologous to LecB and binds to mannosides.

147 binds to BC2L-A with a K, of 137 uM (Fig. 28C) while the
diastereomeric p-glycero-o-manno-heptose 148 is not recognized,
demonstrating the impact of the stereochemistry of the 6-OH
group. A series of synthetic mannose and mannoheptose analo-
gues was analyzed for their BC2L-A inhibition.”® In this study, the
essential role of this OH group was further confirmed by substitu-
tion with the halogens Cl, Br, or I and with an amino group, none
of these derivatives inhibited BC2L-A. Also, when the ring hydroxy
groups were exchanged with fluorine or altered by O-methylation,
a loss of activity was observed. Interestingly, the glycomimetic
(6S)-mannoheptoses with amide and especially sulfonamide sub-
stituents at C7 were superior inhibitors of BC2L-A (IC5, = 13.8-116
UM, e.g. 149) while the (6R)-diastereomers, e.g. 150, were inactive,
consistent with the data for unmodified heptoses by Marchetti
et al.

BC2L-C was also crystallise and this protein consists
of two domains: an N-terminal TNF-like lectin domain and a

510,511
d

C-terminal LecB-domain, which then assemble into hexamers.
Small angle X-ray scattering and transmission electron micro-
scopy data allowed to postulate a model where the hexamer
consists of two trimeric N-terminal domains (Fig. 29A). and
three dimeric C-terminal domains. This complex heterobifunc-
tional superlectin was shown to possess proinflammatory
activity and to stimulate IL-8 expression in cell culture. The
N-terminal domain of BC2L-C binds a diverse set of fucosylated

3702 | Chem. Soc. Rev, 2023, 52, 3663-3740

oligosaccharides with LewisY and H-type 1 antigen as most
potent binders (Kps of 53.9 and 77.2 puM, respectively) and the
Lewis blood group antigens LeA, LeB, and LeX have Kps of 132,
213, and 196 pM. Its affinity for Me-a--Fuc is significantly
lower (Kp = 2.7 mM). In contrast, the C-terminal domain is
homologous to BC2L-A and binds selectively (high)mannose,
mannoheptose and conjugates thereof. Affinities were deter-
mined by ITC for mono-, di-, and trisaccharides and Kps ranged
from 27.6 to 88.1 pM. Because BC2L-A was shown to bind to
B. cenocepacia cells, BC2L-C was postulated to crosslink bacteria
and host cells via C- and N-terminus, respectively.

In the N-terminal domain of BC2L-C, a second site has been
identified in close proximity to the fucose binding site.>'* After
a large virtual screening for this second site, shortlisted frag-
ments have been analysed for binding to BC2L-C N-terminus
by differential scanning fluorometry and STD-NMR. Finally, a
co-crystal structure has been obtained of this domain in
complex with the tetrasaccharide Globo H and one fragment
residing in the second site (Fig. 29B). These results set the stage
for the development of fucose-derived glycomimetics where
fucose and fragments have been linked via different linker
chemistries. Fucosylamide 151 with an attached indole carbox-
amide showed an affinity of 0.76 mM, which is a >3-fold
improvement compared to MeFuc with 2.7 mM.>"* Glycomimetic
152 could be cocrystallized with BC2L-C, demontrating the tight

This journal is © The Royal Society of Chemistry 2023
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Fig. 28 Quarternary structure and binding site of BC2L-A. (A) BC2L-A
forms a homodimer with the carbohydrate binding sites oriented in
opposite directions (PDB code 2VNV). Magnified binding site occupied
with (B) methyl mannoside 146 (PDB code 2VNV) or (C) mannoheptose
147 (PDB code 4A0C). Despite being a LecB ortholog, BC2L-A shows a
pronounced selectivity for mannosides over fucosides explained by hydro-
gen bonding of the mannose 6 OH. Calcium ions are depicted as green
spheres.

binding of the aglycone in the second site (Fig. 29C). Interest-
ingly, these molecules are structurally similar to the very potent
LecB inhibitors 138 and 139 and might therefore constitute a
class of glycomimetics that simultaneously fight two pathogens
which often co-infect patients.

3.1.5 Monovalent influenza virus hemagglutinin inhibi-
tion. Many viruses employ carbohydrate receptors on host
tissue for infection.”'* Since all human and animal tissue is
highly glycosylated and the resulting glycocalyx covering each
cell often carries a high density of glycans, these epitopes serve
as recognition motifs for viral lectins.

Sialic acids are negatively charged carbohydrates based on
9-carbon atom o-ketoacids and N-acetyl neuraminic acid

This journal is © The Royal Society of Chemistry 2023
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Fig. 29 B. cenocepacia BC2L-C is a lectin composed of an N-terminal fucose-
binding domain and a C-terminal LecB-orthologous mannose-binding domain.
(A) The N-terminal domain of BC2L-C trimerizes and binds fucosides at the
interface of two monomers (PDB code 2WQ4), (B) a bound fragment was
identified in a second site of BC2L-C N-terminal domain adjacent to the CRD
ligated with the oligosaccharide Globo H (PDB code 6ZZW), (C) B-fucosylamide
glycomimetic 152 cocrystallized with BC2L-C N-terminal domain (PDB code
70LW). Residues involved in binding to fucose are highlighted: Tyr48 forms CH-
© interactions with Fuc-C6, Arg85 coordinates to Fuc-4-OH and -5-O, Arg11l
binds Fuc-2-OH and -3-OH. The fragment in (B) and the aglycon in (C) is
recognized in a hydrophobic cleft and forms attractive interaction with Tyr58.

(Neu5Ac) is the most abundant sialic acid monosaccharide in
humans that also exists with distinct chemical modifications,
e.g. acetylation.>*® These sialic acids are frequently used as

Chem. Soc. Rev,, 2023, 52, 3663-3740 | 3703


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00954d

Open Access Article. Published on 26 May 2023. Downloaded on 1/22/2026 10:24:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

primary receptors by many viruses for establishing infection,
among them are influenza viruses, some coronaviruses and many
others.>*>'” Therefore, the design of inhibitors of viral aggluti-
nins is a well-studied field, which is however relying almost
exclusively on the multivalent display of native Neu5Ac to exploit
the avidity of the trimerizing influenza hemagglutinin.’**°*° In a
recent example, a large multivalent display of Neu5Ac with addi-
tional neuraminidase inhibitors has been designed to wrap
around the viral particle and hereby block infection.”*® In influ-
enza A, these hemagglutinins differ in their sequence, which
results in numerous serotypes of the influenza virus.>'* These
differences also impact on the recognition of the Neu5Ac moiety in
its natural glycoconjugates, as demonstrated by the selectivity for
a-2,3-linked glycans in avian influenza and for o-2,6-linked Neu5Ac
in human influenza.

An early study on modifying the Neu5Ac residue itself and
probing its interaction with influenza hemagglutinin H3 was
performed by Sauter et al.**" In this important study, it was shown
for the methyl glycoside of Neu5Ac (153) that its non-interacting 7-
OH could be removed in 154 without impact on binding to H3 and
modifying 4-OH by esterification (155) or 9-OH by transforming
into an amine (156) was possible (Fig. 30). Binding of these
modified monosaccharides was in the low mM range and thus
comparably potent to the parent methyl glycoside of Neu5Ac, 153.

OH OH
HO OH COH wfo OH COH
AcHN Q/ Ome o) AcHN L2/ "OR
HO HO
153 157

Kp = 2.8 mM (Influenza H3) influenza C native ligand

OH H  OH
Ho H COLH »/ H OH COLH
AcHN— L2/ ~OMe 0 AcHN— L2/ OR
HO HO
154 158

Kp = 6.5 mM (Influenza H3)

influenza C glycomimetic ligand

o, | oH COH
\/'\5@7‘\@{ oMo COH
AcHN }7/ {
g s MOR
)zo HO
159

155
Kp = 2.1 mM (Influenza H3)

OH
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Fig. 30 Glycomimetics of Neu5Ac as inhibitors of viral hemagglutinins
from influenza A and hemagglutinin-esterase from influenza C.

3704 |

Chem. Soc. Rev,, 2023, 52, 3663-3740

View Article Online

Chem Soc Rev

It was also observed that removal of the hydrogen bond donor in
position 9 by acetylation entirely abolished binding (K, > 100
mM). Further, acetylation of 7-OH or exchange of the acetamide
with an azide also abolished recognition by H3. Thus, this work
provided an early structure-activity relationship for Neu5Ac recog-
nition in one influenza hemagglutinin.

In contrast to influenza A hemagglutinin H3, the influenza C
hemagglutinin-esterase fusion protein recognises 9-O-acetyl Neu5Ac
conjugates 157 as its native ligands and substrates. Paulson and co-
workers have reported the synthetic 9-acetamido 9-deoxy Neu5Ac
derivative 158 that was enzymatically conjugated for display on
erythrocytes. Cells carrying this glycomimetic conjugate then suc-
cessfully agglutinated influenza C,*** while influenza A or B
were not agglutinated. A small structure activity-relationship
study showed that erythrocytes carrying Neu5Ac derivatives with
position 9 modified as azide, amine or hexanoyl amide did not
agglutinate influenza C. This work was further extended by
demonstrating that the 9-deoxy 9-thioacetamido Neu5Ac 159 is
indeed a glycomimetic for influenza C hemagglutinin function
but prevents further processing by the esterase function of the
fusion protein.>??

The knowledge obtained from these SAR studies on glyco-
mimetics of Neu5Ac for hemagglutinins will allow the genera-
tion of receptor/strain specificity of inhibitors. The mandatory
high affinity for efficient viral trapping will be achieved after
multivalent display of those glycomimetics.

3.2 Novel glycomimetic scaffolds for
Ca®*-dependent lectins

In the early 2000s, the Kiessling group designed one of the first
non-carbohydrate glycomimetics for DC-SIGN. The aim was to
mimic the canonical carbohydrate recognition mediated by a
central Ca*" ion using a shikimic acid-derived scaffold.>**>*” This
core structure was supposed to provide a collection of diverse
ligands for targeting a range of C-type lectin receptors. Inter-
estingly, the shikimic acid-derived scaffold targeted the
carbohydrate-binding site of DC-SIGN through the hydroxy
groups at positions 3 and 4 similarly to mannose. Thus, it
has been considered as a good mimetic of mannose for Ca*'-
dependent lectins. Additionally, the carboxylic acid and thiols
offer two potential points of diversification, which were
exploited to introduce different substituents and to synthesize
a library of 192 compounds. Their ability to compete with
immobilized mannan for binding to the fluorophore-labelled
extracellular domain of DC-SIGN was tested in a fluorescence-
based competition assay. The best shikimic acid-based glyco-
mimetic of the library showed only weak affinity for DC-SIGN
(18, Table 4, ICs, = 3.2 mM>>°). However, the potency of the
glycomimetic was later enhanced by three orders of magnitude
following multivalent presentation (ICs, = 2.9 pM>??).

Another class of glycomimetics was discovered for P-selectin
by Revotar.>*® A rational design approach led to the development
of non-carbohydrate P-selectin antagonists mimicking sLe*.
These glycomimetics contain the hydroxy groups in positions 4,

This journal is © The Royal Society of Chemistry 2023
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Table 4 Novel glycomimetic scaffolds for Ca®*-dependent lectins and their binding affinities

No Structure Protein Binding affinity Ref.
o}
N__o
18 Hooe ' '“\S\/\/\S/\©/F DC-SIGN ICs = 3.2 mM Garber et al.*>
HO™ OH
OH
e
N
161 o I O P-selectin ICso = 0.57 pM Kranich et al.>*®
HO 3 l HO OH
N\ OH
CN
HO 121
16 LecA Kp =1.11 £ 0.07 mM Kuhaudomlarp et al.
HO
(0]
160 _OH LecA Kp = 4.6 = 0.9 mM Shanina et al.'*?
N
H
O (o]
HO OH
LecB Kp =12 £ 04 mM . 122
162 DC-SIGN Kp=1.2 4 0.5mM Shanina et al
F
F

3 and 2 of an attached pyrogallol, intended to mimic the hydroxy
groups of fucose. A comprehensive structure-activity relationship
study provided the upper range nM inhibitor of P-selectin 161
(Table 4, ICs, = 0.57 pM), which showed high inhibition values up
to 83% in the HL-60 cell attachment assay.

A further example of targeting a Ca>" dependent lectin using
non-carbohydrate small molecules has been recently reported
for LecA from P. aeruginosa.**" In silico screening of the National
Cancer Institute (NCI) Diversity IV database and validation of
hits by several biophysical assays identified catechols as ligands
taking the canonical coordination of the central Ca** ion in this
lectin. Notably, this compound class is also known as part of the
pan-assay interference substances (PAINS®?°), which are prone
to undergo unspecific interaction with proteins.>*® Despite the
fact that catechols can be oxidized to reactive quinones,
Imberty, Titz and co-workers proved that electron-deficient
catechols are stable under the conditions tested and in their
interaction with LecA. Thus, catechols are not necessarily ‘bad
actors’. A crystal structure in complex with LecA confirms the
catechol 16 as a mimic of carbohydrates in Ca®"-binding.
Similar to the LecA-galactose complex (Fig. 31A), the catechol
coordinates the Ca®" ion through two vicinal hydroxy groups,
which mimic the 3 and 4 hydroxy groups of galactose (Fig. 31B).
In particular, this catechol derivative forms H-bonds with
Asn107 and Asp100 and the backbone oxygen of Tyr36. Even
though this exemplifies that small molecules can coordinate the
ions in the carbohydrate-binding site of a lectin, the Ca®*
coordination alone is not responsible for the binding. The
nitrile group in catechol 16 plays a crucial role and mimics

This journal is © The Royal Society of Chemistry 2023

the hydroxy group of galactose in position 6. It uses a conserved
water molecule (WAT1) to form a H-bond bridge between the
nitrogen atom of the nitrile group in catechol and the oxygen atom
of the carbonyl group of Pro51 in LecA. Its removal or shifting to the
neighbouring carbon atom abrogated or decreased the binding
efficiency measured by SPR and the inhibition in a fluorescence
polarization (FP) assay, respectively. Despite the millimolar range
binding affinities of catechols (16, Table 4), they bind tightly enough
relative to their size (MW of 135-155 g mol ™ *) and number of heavy
atoms (HA).>*" Given the fact that catechols show ligand efficiency
(LE) values of 0.4, they provide a good basis for future compound
growing to increase their binding potency for LecA. Moreover, it was
shown that catechols may target the carbohydrate-binding site of
other Ca*-dependent lectins, such as langerin. However, the
mechanism of action remains to be confirmed for CTLs. Overall,
electron poor catechols challenge the paradigm of ‘undruggable’
lectins as non-carbohydrate glycomimetics and show the potential
of the structure-based design studies with the aim to improve their
potency and drug-like properties as potential antimicrobial agents.

In another attempt to identify non-carbohydrate pharmaco-
phores for Ca*>*-dependent lectins by Rademacher et al., an NMR-
based screening of a chemically diverse library of 1000 fragments
identified a compound with a hydroxamic acid moiety that
coordinates the Ca®> ion in the carbohydrate binding site of LecA
(160, Table 4).>** The structure-activity relationship (SAR) study
revealed a sterically optimal presentation of the hydroxamic acid
group as demonstrated by a crystal structure of LecA in complex
with 160 (Fig. 31C). Similar to galactose and catechols, the
hydroxamic acid moiety coordinates to the Ca>* ion. In particular,
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Fig. 31 Non-carbohydrate glycomimetics for the Ca®*-dependent lectin
LecA. Crystal structures reveal the interactions between LecA and (A)
galactose (PDB code 10KO), (B) catechol 16 (PDB code 6YO3), and (C)
hydroxamic acid 160 (PDB code 7FJH). The non-carbohydrates 16 and
160 bind to LecA via calcium complexation in similar fashion to the native
ligand galactose. Calcium ions depicted as green spheres and tightly
coordinated water molecules as red sphere.

the nitrogen and the two oxygen atoms form H-bonds with His50,
GIn53, Pro51 via a water molecule (WAT2) and Asn107, Asp100
mimicking the hydroxy groups of galactose in positions 6, 4 and
3, respectively. Notably, the phenyl moiety of the hydroxamic acid
compound 160 forms CH-r interaction with Pro38 that is not
present in catechols.

Inspired by the novel scaffolds, Rademacher and co-workers
explored the application of a metal-binding pharmacophore
(MBP) library aiming to improve the targeting of Ca**-dependent
lectins."” A '°F NMR screening was performed to compare the
hit rates of three fragment libraries against four Ca>*-dependent
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lectins (LecA, LecB, langerin and DC-SIGN). Notably, the MBP
library showed superior hit rates compared to previous screening
attempts against these targets. In particular, 1D and 2D NMR
studies demonstrated the potential of a malonic acid scaffold in
targeting the carbohydrate-binding sites of LecA, LecB and
DC-SIGN (162, Kp = 1.2 mM for LecB and DC-SIGN, Table 4).
Even though the group has demonstrated the Ca>*-dependency of
these interactions, the binding mechanism remains to be con-
firmed by crystallography studies.

Altogether, three non-carbohydrate glycomimetic scaffolds
and an MBP library have been proposed to improve the targeting
of the ‘undruggable’ site of the Ca®"-dependent lectins. Since
these molecules are small (MW < 300 Da) and coordinate the
Ca”" ion, they are promising starting structures for the design of
drug-like non-carbohydrate glycomimetics of lectins.

3.3 Allosteric modulation of lectins

Allosteric modulators have gained increasing interest in the
development of selective and potent agonists and antagonists
of protein function. While many drug targets share a common
architecture of the primary active site with other members in
their protein family, allosteric sites are less conserved between
members of the same protein family and hence likely offer a
better starting point for the reduction of off-target effects. Addi-
tionally, allosteric drugs can provide novel ways of action, such as
changing protein levels, localization within the cell or even target
activation.”**”>** In this interplay between distal target sites, the
mechanism by which orthosteric and allosteric site are coupled
can be diverse ranging from larger protein rearrangements to
alteration of vibrational modes of amino acid side chains that
promote reciprocal interaction of the two sites.>*® The concept of
allostery in drug design has been widely and successfully
explored for GPCRs and other intrinsically dynamic, allosteric
drug targets and is more and more applied to other targets such
as kinases, phosphatases and other protein classes with low
selectivity.>*”**® For carbohydrate-binding proteins, the concept
of allostery in the design of non-carbohydrate glycomimetics has
been investigated only sparsely, giving rise to new opportunities
for the future. Allosteric sites can offer favourable properties for
the development of functional glycomimetics, such as better
physicochemical properties and the absence of competition with
endogenous ligands, as highlighted for Siglecs (see Section 3.1.3).
Here, we summarize information on allosteric mechanisms, how
they were identified and how, if at all, they were put into the
design process.

3.3.1 Bacterial lectins. In the multidomain protein FimH,
the anchoring (fimbrial) domain connects the lectin FimH
domain to the fimbrium. The interdomain interaction between
the two domains introduces a twist in the sandwich fold of the
mannose-binding lectin domain, which reduces affinity and
locks the adhesin in the low-affinity state. Upon the application
of force, the two domains separate and the twist of the beta
sheet is removed. Consequently, mannose is recognized with
higher affinity.’®® This is an interesting observation since most
receptor-ligand interactions break under force or high flow
conditions, while FimH increases association under increasing

This journal is © The Royal Society of Chemistry 2023
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Fig. 32 FimH allostery. The close-up of the low affinity (light blue) and high affinity (light pink) conformation of FimH at the domain interface (A) reveals
significant conformational differences which affect the carbohydrate binding site (B) via long-range effects. In detail, this results in alterations of amino

acids sidechains, in particular Tyr48 and Tyrl37 (shown as stick), in the carbohydrate binding site. Figure adopted from li

tensile mechanical force. This phenomenon is known as catch
bond and describes in this specific case FimH as a protein that
undergoes larger conformational rearrangements introduced by
force of its natural environment in the bladder (Fig. 32).>%%%
These rearrangements were studied using single point mutations
combined with conformational-state specific antibodies directed
against allosteric sites distal from the mannose recognition
site.'*>*! These antibodies have clearly shown that different
states can be locked, a great utility to study FimH allostery. In
particular, the antibody mab21 stabilizes the tight conformation
by binding a loop away from the orthosteric site, interfering with
the interdomain interaction to unlock the high affinity
state.>*>** This overall allosteric behaviour under mechanical
regulation was further confirmed by the introduction of a dis-
ulfide bridge that converted the high affinity into a low affinity
state.”** Taken together, instead of following the design of high
affinity mannose-based glycomimetics targeting the carbohydrate
binding site, allosteric antagonists stabilizing the low affinity
conformation of FimH lectin domain might be a viable alter-
native for therapy.**>*

Compared to FimH, allostery is less apparent and a less
explored phenomenon for other bacterial lectins. Cholera toxin is
an AB5 toxin with a lectin domain promoting cell tropism and
uptake. This lectin domain is well studied and its recognition of
the ganglioside GM1 has been described in detail. However, a
second carbohydrate binding site has been discovered and this
site is proposed to be allosterically coupled to the primary site.>*’
To the best of our knowledge this has not been followed for the
design of glycomimetics. In contrast, coming from a fragment-
based screening approach, several sub-millimolar inhibitors of
BambL have been recently identified.>*® BambL is a lectin of
B. ambifaria, causing chronic infections.>®" Evidence from bio-
physical analysis and single point mutations introduced into the
protein suggest an allosteric mode of action. A binding site was

This journal is © The Royal Society of Chemistry 2023

t_546

identified distal to the orthosteric fucose recognition site (Fig. 33). In
this study, "H-""N HSQC data are presented showing that changes
of the chemical environment in secondary sites induced either by
weak small molecule binding or by mutation are transferred to
remote sites in the protein."” Higher affinity ligands are necessary
to move these allosteric glycomimetics into further assessment.

CF3

o

(

N
H

163
Ko =300 + 10 M

Fig. 33 Surface representation of BamblL (A, PDB code 3ZWO0) and the
binding region of fragment-like molecules such as 163 (B). The proposed
allosteric pocket is indicated by green spheres. Carbohydrate-binding site
shown in orange *®
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3.3.2 Galectins. For the galectin family, the development of
allosteric glycomimetics initiated not with the existing knowl-
edge on protein flexibility but rather with the discovery of
anginex (59, Table 2), a 33-mer cytokine-like artificial peptide
binding to Gal-1 with three to four orders higher affinity
compared to small carbohydrate ligands.>*>*%” 6DBF7 (60)
and two more potent peptide mimetics DB16 (61) and DB21
followed. For DB16 (61), the binding site was inferred from
'H-'">N HSQC experiments being at the edge of the Gal-1
monomer, strongly suggesting an allosteric inhibition mecha-
nism (Fig. 34)."*® The calixarene PTX008 (62) was identified
from screening a smaller library of topomimetics of anginex
(59) and recruits its anti-angiogenic and antitumor activity from
Gal-1 binding."*”**° Data suggested that this inhibitor binds to
the back face of the B-sandwich, allowing attenuation of lactose
binding.>* For the recently reported small heterocyclic molecule
LLS2 (164, MW = 808 Da, Fig. 35) identified from a one-bead two
compound library screening, a non-confirmed allosteric mecha-
nism was hypothesized for Gal-1 inhibition.>***** Taken together,
the allosteric mechanism underlying Gal-1 inhibition needs
further exploration, but data suggest that common characteristics

Fig. 34 Surface representation of the binding region of allosteric mod-
ulators for Gal-1. Residues undergoing chemical shift perturbation upon
62 binding are shown in red.’?” Yellow indicates amino acids interacting
with DB16 (61) at the edge of the monomer.}?® Carbohydrate ligand
indicated by green spheres. Structures of 61 and 62 are shown in Table 2.
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Fig. 35 LLS2 (164) is a proposed allosteric inhibitor of Gal-1 with a
reported inhibitory constant from an in vitro cell killing assay using SKOV3
cells.>*°

of the galectin fold could be involved, such as the modulation of
the B-sheet or the interference with dimer formation.

The notion that galectins are amenable to allosteric modulation
is further supported by two reported Gal-3 inhibitors, both analo-
gues of tetrahydroisoquinoline natural products (Fig. 36).°>>
DX-52-1 (165) was suggested to covalently bind to Gal-3 and both
compounds bind Gal-3 outside of its B-galactoside-binding site
and inhibit cell migration. The exact binding site is not reported.
In light of these potentially allosteric inhibitors for Gal-1 and -3, it
is not surprising that also for Gal-7 allosteric communication was
described. Longer-range communication of loops 1, 2 and 5
perturbing protein-protein interaction was suggested from protein
engineering and biophysical characterization.’>*

3.3.3 C-type lectins. In contrast to the galectins, for CTLs it
was already reported prior glycomimetic development that this
lectin family harbours intrinsic dynamics in their protein struc-
ture. Carbohydrate recognition is Ca>* dependent, which in turn
is associated with pH sensitivity provided by sensitive amino
acids close to or in the active site as well as concerted loop
mobilities for some receptors.>>™>*° ¢is to trans isomerization of

MeO

165 166
DX-52-1 HUK-921
|C50 =0.14 HM |C50 =325 HM

Fig. 36 Allosteric Gal-3 inhibitors DX-52-1 (165) and HUK-921 (166) with
reported inhibitory constants from epithelial cell migration assays.>%%%*

This journal is © The Royal Society of Chemistry 2023
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the canonical proline of the EPN/QPD motif may prevent cargo
rebinding by slowing down these dynamics'®®>*>°%0762 and
CTL oligomerization modulates the avidity of some of the
receptors — a dynamic process tied to the cell physiological
environment of the CTL. Endocytic pH has been reported to
initiate loss of oligomerization for some CTLs such as DC-SIGN.
Only a minority of the members of the CTL family recognize
carbohydrates’** and of those, two are reported to do so in a
Ca**-independent manner utilizing a secondary site remote
from the canonical site, pointing towards proximal functional
sites being available in this fold."**'>* Hence, it is not surpris-
ing to find functional secondary sites being reported in CTLs as
well 158:167:215,563°565 por E-gelectin, larger multidomain rear-
rangements are coupled to carbohydrate recognition.'*® Even
though the structural biology and dynamics of CTLs are well
documented for individual cases, these insights were rarely lever-
aged for drug discovery. As with many drug targets, allostery came
into the design process by mode of action analysis of an existing
series of compounds rather than a focused search,”*®*®” and
allostery emerged late as a potential route for the modulation of
CTLs.>*®"% In the following paragraphs we will give a few exam-
ples how allostery influenced the glycomimetic design process
targeting CTLs, how it was discovered by unfocused screening and
mode of action analysis.

Selectins are type I membrane proteins that mediate cell
adhesion, assist in leukocyte tethering and rolling, and exhibit a
catch bond behaviour with a shear threshold feature.””*>”* For P-
selectin two states, having a bent or extended EGF orientation,
are reported. These states undergo dynamic conformational
exchange, sampled by forced induced allostery, initially thought
to be limited to the interaction of the CRD and the adjacent EGF-
like domains.>”> Later, these insights were extended into long
scale allostery over the entire protein structure, now including the
consensus repeat (CR) domains.’”® Knowing that such long-range
interactions exist has expanded our view on potential functional
sites for the development of allosteric glycomimetics. This opens
doors for modulation of the carbohydrate recognition process
with new chemical matter.

A good example of how protein dynamics and allostery are
connected to the design of a carbohydrate-based glycomimetic is
sLeX (26) recognition by E-selectin (Fig. 7). These data became
available when the pan-selectin antagonist GMI-1070 (31) was
already in Phase II trials."*® While it was known in the time of
development that the first domain was sufficient to allow
binding,””’” affinity increase with increasing number of CR
domains was also reported similar to P-selectin.’’® The break-
through how long-range force induced allostery can directly relate
to carbohydrate-based glycomimetic recognition came from work
employing an extended protein construct design and a co-
crystallisation approach of 28 rather than soaking of a two-
domain construct.’***®” This resulted in three regions of the
lectin domain being affected upon ligand binding: (1) the long
loop structure (residues 81 to 89) rearranging, (2) the so-called
bridging region mediating the (3) transition motion originating
from the pivot region connected to the EGF-like domain. For the
design of the carbohydrate-based glycomimetic, the alteration of

This journal is © The Royal Society of Chemistry 2023
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the long loop structure by almost 10 A was most obvious (Fig. 7).
While such a large-scale rearrangement is often observed for
CTLs upon Ca®" binding and release,>%>3°*%°75¢2 the remarkable
observation for E-selectin was that the central fucose got covered
by the long loop."*® The fucose occupies the canonical carbohy-
drate site, coordinating the Ca®* with its 3- and 4-hydroxy groups,
now also interacting with the long loop, leading to formation of a
hydrogen bond of the 2-hydroxy group in the extended conforma-
tion of E-selectin. This switch between the open and closed
conformation of the loop is suggested to happen spontaneously
after ligand recognition.””® Moreover, solution state, label-free
small angle X-ray scattering (SAXS) data strongly suggest that the
structural transition to an extended conformation can be
initiated even by small molecule recognition.'*® These data
explained the previously reported, notorious importance of the
fucose 2-hydroxy group for the activity of GMI-1070 (31) series
and other glycomimetics.”*>*®*' In analogy to P-selectin, these
new insights into conformational transitions open the path for
the development of novel allosteric glycomimetics.

A look at the long loop mobility in the CTL langerin comple-
ments the picture that arose from E-selectin. Langerin is a type II
transmembrane receptor that forms homotrimers, promoted by
the neck domain extending it 24 nm from the plasma membrane.
Compared to the type I transmembrane selectins, there is no EGF-
like domain, and instead the long helical neck domain of langerin
renders E-selectin-like long-range conformational transitions unli-
kely. Moreover, interdomain interactions between the langerin
CRDs can be excluded, as no difference for the carbohydrate
affinity of the monomer and the trimer was detected.”®* Such
interdomain interactions have not been reported for other hetero-
or homooligomeric CTLs. However, in analogy to E-selectin for
which the mobility of the long loop structure was reported, micro-
to millisecond dynamics was inferred from NMR studies.’®
Furthermore, a short loop structure of langerin, called the bridging
region for the selectins, is coupled to the long loop mobility.*>>%3
The cleft between the two loops harbours His294, the pH sensor of
this CTL.>***® Combining molecular dynamics simulations, NMR
and mutational scanning of the CRD, a conserved allosteric net-
work of communicating amino acids was identified for human
langerin, which was further substantiated by a Ca®*-independent
activation upon recognition of larger heparin fragments."*® Over-
all, a similar picture of the coupled loop mobilities emerges for
langerin and E-selectin.

Taking the next step, a fragment-based design approach was
conducted against murine langerin and several allosteric mod-
ulators were identified, some such as 20 with two-digit micro-
molar potency as measured in an inhibition assay in which lectin
binding to a modified lipid surface was monitored (Fig. 37)."®* In
recent follow-up on this work, the binding site for this compound
class was determined using NMR and computational methods.>**
The allosteric site of langerin is located in the cleft between the
long and short loop, the so-called bridging region (Fig. 38).
Moreover, this study suggested long loop mobility upon carbohy-
drate recognition (Fig. 38A and B).>®** Whether the inhibition
mechanism of the thiazolopyrimidines is based on the interfer-
ence with the long loop, similar to what has been observed for

Chem. Soc. Rev., 2023, 52, 3663-3740 | 3709


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00954d

Open Access Article. Published on 26 May 2023. Downloaded on 1/22/2026 10:24:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

20
IC59 =50+ 10 pM

Fig. 37 Allosteric inhibitor of murine langerin 20.1%¢

E-selectin, covering the central fucose, remains to be elucidated.
Interestingly, this cleft between the long and the short loop was
previously reported to harbour a short peptide, suggesting it is
amenable to modulation via small molecule inhibitors.”® Addition-
ally, the short loop itself is involved in formation of langerin/
langerin interactions in the endosomal compartment, forming
Birbeck granules, a langerin-specific organelle.*®*® Taken together,
several lines of evidence support the notion that allosteric inhibition
of langerin through intercalation in the bridging region is possible.
The next step will be to develop this lead into higher affinity ligands
to explore their utility in functional, cell-based assays and in vivo
studies.

For DC-SIGN, an orthogonal approach to carbohydrate-
based inhibitor design was pioneered by the Kiessling group
reporting on a high throughput screening over 30000 small
molecules against DC-SIGN.>®” This led to the discovery of quinox-
alinones and thiazoles (167) as drug-like inhibitors in the low
micromolar range (Fig. 39). In a follow-up study by the same
group, these ligands were optimized to overcome the liabilities of
the previous scaffolds such as the oxidation of the quinoxalinones’
thioether functionality resulting in ICs, values of 0.3 pM for
168.°"°% As these compounds lacked functional groups to
complex Ca®* ions, a carbohydrate binding site-independent
mechanism of interaction was suggested.**'**

More insight into the recognition of non-carbohydrate
ligands came from a series of studies describing fragment
screening against DC-SIGN.'%68°897591 One report identified

A
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several secondary sites from a fragment-based screening using
ligand-based NMR, SPR, microarray and an ELLA-type plate-based
assay (Fig. 40) and revealed compound 169.'°° Additionally, a
library coming from diversity-oriented synthesis was screened
using "F NMR and yielded high micromolar ligands (170)
(Fig. 39).°® Orthogonal to that, cell-based fragment screening
led to the identification of low micromolar inhibitors of DC-
SIGN.>*° Several compounds structurally related to the previously
reported quinoxalinones were identified. ICs, values of 39 uM and
80 uM were reported for 171 and 172, respectively (Fig. 39).>%°
Overall, these fragments were of considerably lower molecular
weights than the HTS hits and revealed several interesting starting
scaffolds. These compounds have reasonably high affinities with
respect to their overall molecular weight, the so-called ligand
efficiency (LE)."** Moreover, this led to the discovery of additional
binding sites for small molecules, distal to the primary carbohy-
drate site (Fig. 40)."®° For a compound of 168 series a secondary
site close to the primary site was suggested to inhibit carbohydrate
binding by steric repulsion. However, inspired by the quinoxali-
none scaffold, a series of quinolones such as 19 were explored as
inhibitors for DC-SIGN and close inspection suggested an allos-
teric inhibition, opening the question for a mode of action for the
quinoxalinones again.*** Moreover, one of these secondary sites
was further supported by insights coming from crystal packaging
of carbohydrate-based glycomimetics (24, Fig. 8).>'° The
carbohydrate-based glycomimetic 24 was found to cross-link
two DC-SIGN monomers, one with the mannose, the other one
with the hydroxymethylphenyl substituent as evidenced by
X-ray crystallography. However, cross-linking of a cell surface
receptor should not be excluded as a viable mechanism route to
inhibition as evidenced by dimerization of the Siglec CD22 or
the CTL LOX-1.°%%%

In a recent report, carbohydrate-based glycomimetic 173 was
designed for langerin to benefit from a biphenyl extending of
the anomeric position (Fig. 39). 173 showed high affinity for
langerin (Kp = 250 £ 70 uM); however, excellent binding to DC-
SIGN expressing cells when 173 was presented on liposomal

Fig. 38 Long loop (red) and short loop (blue) structures in E-selectin, langerin and DC-SIGN. (A and B) Short loop, long loop of E-selectin with (A) open
conformation (PBD code 1G1T) and (B) closed conformation (PBD code 4C16). (C) Langerin in complex with a peptide in the cleft (‘bridging region’)
between the two loops (PBD code 3P7H).>®2 Amino acids involved in an allosteric network are highlighted with green spheres.>®? (D) One allosteric site of
DC-SIGN is indicated with green spheres (PBD code 15L4).2%? Calcium ions are shown as grey spheres.
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Fig. 39 Non-carbohydrate-based glycomimetics for DC-SIGN. For 173, the anomeric biphenyl substituent was identified to bind to a secondary site
without significant contributions from the original mannose scaffold.®?

Binding sites

M Site | M Site Il M Site 11l 7 Site IV M site V

Fig. 40 Potential secondary sites available for drug-like molecules to bind to DC-SIGN. The location of the carbohydrate-binding site is indicated by the
orthosteric ligand 23 and the calcium ion (shown as green sphere).*6°

formulations was reported when analysing off-target recognition.’® A site around Met270 binds the biphenyl agylcon of an initially
Closer inspection revealed that this molecule has two functions: the  envisioned carbohydrate-based glycomimetic and this site as well as
primary Ca”* site is engaged by the mannose scaffold and the the mode of action were supported by several biophysical assays,
aromatic substituent is bound to a previously proposed secondary —mutational analysis and molecular dynamics simulation (Fig. 38D).
site (Fig. 40)."® Binding of the biphenyl substituent to the secondary Taken together, DC-SIGN is amenable to allosteric modula-
site led to the allosteric activation of the primary carbohydrate site.  tion and first ligands are explored to make use of it, albeit these
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compounds are still of low affinity and more experiments are
necessary to elucidate the pathways allowing coupling of the
orthosteric and allosteric sites.

3.3.4 Siglecs. For the Siglecs no functional non-carbohydrate
glycomimetics have been reported, likely because no screening of
larger libraries of drug-like molecules has been reported. The only
exception is the peptide PV3 that binds CD22 and since this
binding site is not occupied by cis-ligands the threshold for
biological activity to target CD22 on the cell surface is lower.””°
Consequently, a serendipitous discovery of secondary sites is
lacking and allosteric modulation of Siglecs is not reported.
However, flexible structural elements such as the CC’ loop exist,
and their role has only recently been investigated in more depth
and molecules fixing their position have the potential to serve as
allosteric modulators. For Siglec-7, a second sialic acid binding site
was identified, potentially allosterically coupled to the canonical
site. Further studies will be necessary to elucidate structural details
of the proposed allosteric mechanism and whether the site is
druggable or not.>**

3.3.5 Influenza A virus hemagglutinin. Another carbohydrate-
binding protein for which larger conformational rearrangements
are known to be essential for its function is hemagglutinin (HA)
from influenza A virus. After HA binding to host cell surface sialic
acid terminated oligosaccharides, endocytosis is triggered, and the
acidification of the endosomal vesicle leads to structural transition
of the pre-fusion state of the protein to allow fusion with the
endosomal membrane and consequently endosomal escape of the
virus. Inhibition of the process by stabilizing the prefusion state
has long been envisioned and quite a number of small-molecule
inhibitors have been reported.>*>>* The reader is also referred to
recent reviews covering the subject in-depth.**** Inspired by the
success of neutralizing antibodies as well as peptides and protein-
based therapeutics targeting a conserved region of the HA stem,
several groups identified small-molecule HA ligands fulfilling the
same function (21, 174, 175). However, this binding site is
challenging compared to the carbohydrate binding site. It is a
large and flat site, typically found for protein-protein interaction
sites (Fig. 41). Nevertheless, several inhibitors of the pre- to post-
fusion state transition have been identified, one (21) with oral
bioavailability. Overall, these findings support the notion that
allosteric inhibitors of carbohydrate binding proteins are viable
options to target these challenging proteins.

Taken together, the development of functional glycomimetics
following an allosteric drug design approach remains rarely pur-
sued, yet the number of allosterically modulated lectins accumu-
lates. This is not surprising as also for other drug target classes the
use of allostery as a design principle emerged only within the last
two decades and was often driven by serendipity.>***®” For galec-
tins and CTLs, allosteric sites were identified during a mode of
action analysis following a screening of a library of drug-like
small molecules or peptides. For carbohydrate-binding proteins,
an approach targeting a druggable allosteric site is very attrac-
tive compared to focusing on the orthosteric, hydrophilic, flat
and solvent-exposed carbohydrate binding site.*****%* Finally,
this opens the question for the biological relevance of such sites
in lectins.
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4. Novel applications of
glycomimetics: receptor targeting

4.1 The asialoglycoprotein receptor (ASGPR) as target for drug
delivery

The asialoglycoprotein receptor (ASGPR), also known as the
Ashwell-Morell receptor, was the first mammalian lectin to be
discovered.®®® As a C-type lectin, it requires Ca** ions for the
interaction with carbohydrate ligands. It recognizes galactose and
N-acetylgalactosamine and clears desialylated glycoproteins with
exposed Gal or GalNAc as non-reducing end groups. The mam-
malian ASGPR is composed of two homologous subunits, major
subunit H1 and minor subunit H2, that are encoded by two
distinct genes. In humans, the subunits form homo- and hetero-
oligomers with different receptor configurations, among which a
trimer with two H1 and one H2 is the most abundant.®*>%"*
ASGPR is primarily expressed on hepatocytes and minimally on
extra-hepatic cells. It belongs to the recycling receptors and is
endocytosed and recycled constitutively every ca. 15 min, with or
without the ligands.®®>*°® Thanks to its unique localization and
high expression of up to 500 000 ASGPRs per hepatocyte,®”” it is
an attractive target for receptor-mediated drug delivery to the
liver.269%6% Diseases such as hepatocellular carcinoma,®*® hepa-
titis B®'* and C,°'> and malaria®"® are all associated with hepa-
tocytes. Indeed, infection with HBV or HCV may lead to chronic
hepatitis, which can cause cirrhosis and liver cancer. Therefore,
targeting hepatocytes through the interaction with ASGPR is a
viable strategy to treat these diseases.

Two approaches are currently being used: ligand-anchored
nanocarriers and drug-ligand conjugates. In addition, RNA inter-
ference (RNAi) is becoming increasingly popular to treat a number
of liverrelated diseases. Four commercially available drugs are
currently on the market: givosiran to treat acute hepatic porphyria,
lumasiran for severe primary hyperoxaluria type 1, inclisiran for
hypercholesterolemia, and vutrisiran for transthyretin-mediated
amyloidosis. Targeting these drugs to hepatocytes exploits a
trivalent monosaccharide ligand. This application paved the way
for least 25 other drug candidates currently in clinical develop-
ment, and most importantly, it opened the door for novel strate-
gies based on monovalent ligands.

Natural ligands. Natural monosaccharide ASGPR ligands Gal
and GalNAc bind with low affinity (MeGal, 176 Kp = 880 +
200 uM, GalNAc, 177 Kp = 40.4 & 9.5 uM, Fig. 42).°™ Binding
occurs through hydrogen bonds with the ligand’s 3- and 4-OH
groups. What makes the ASPGR remarkable is the presence of
Trp243 making a CH-n interaction with GalNAc (177) promot-
ing the affinity to 40 pM compared to the millimolar affinities
typical for other CTLs (Fig. 4A). ASGPR cannot discriminate
between Gal and Glc configurations and can bind both with
similar affinity.®’®> In competition assays, ASGPR exhibited
10- to 60-fold higher affinity for GalNAc over Gal.®*®*'®

In contrast to monovalent ligands, multivalent ligands show
a dramatically enhanced binding affinity for ASGPR. The affi-
nity increases in the order mono- < bi- < triantennary ligand,
with ICs, values of 1 mM, 1 uM and 1 nM, respectively.®’® Only
a minor improvement was observed when using more than
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Fig. 41 Allosteric inhibitors 21 (A, PDB code 6CFG), 174 (B, PDB code 6WCR) and 175 (C, PDB code 6VMZ) of influenza A virus hemagglutinin are shown
(top) with their respective binding sites (bottom). Binding of these molecules in an allosteric site inhibits HA transition to the post-fusion state, thereby
preventing endosomal escape of influenza A.
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Fig. 42 Monovalent ASGPR ligands and their binding affinities.

three GalNAc units per ligand.®*>®*° A trivalent ligand is typically

built on the molecule of tris(hydroxymethyl)Jaminomethane (Tris)
to which carbohydrate or glycomimetic ligands are attached
through amide, ester or ether-based linkers. The geometry of the
molecule and the hydrophilic-hydrophobic balance have a great
impact on ligand binding. It has been determined that the
optimum distance between the three carbohydrate moieties to
bind simultaneously to all three CBSs should be between 20 and
30 A.%?' The various structural and spatial aspects of multivalent
ASGPR ligands have recently been reviewed by Huang et al.®*

The glycoproteins asialofetuin (AF, 12 Gal and 3 GalNAc
residues/mol(protein)) and asialoorosomucoid (ASOR, 20 Gal
residues/mol(protein)) are endogenous glycoproteins known to
bind strongly to ASGPR.>' Arabinogalactan and pullulan, a
galactose- and glucose-based polymer, respectively, are polysac-
charides extensively studied for ASGPR-mediated targeting.®>>%**
Pullulan relies on the ASGPR inability to discriminate between
p-Gal and p-Gle.>' However, the uptake of pullulan is lower than
that of arabinogalactan.®*

Synthetic ASGPR ligands. A large amount of SAR data has
been published for ASGPR ligands.?"***%*> As mentioned above,
binding occurs through the interaction with 3- and 4-OH groups
and the remaining positions are available for modification. It
was proved that the anomeric configuration does not play any
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significant role in ligand binding.°*° A trifluoroacetamido group
in position 2 increases the binding affinity 3- to 20-fold
compared to the acetamido group (178 vs. 179).°* C6 azido-
and triazolo-derivatives were also stronger binders than the
parent 6-OH compounds (180, 181).°'* In 2017, Finn and
Mascitti (Pfizer)®*”°*® published the bridged ketal structure
182 (substituted 6,8-dioxabicyclo[3.2.1]octane-2,3-diol) which
was proposed based on the published crystal structure of the
ASGPR binding domain (PDB code 1DV8).*>%° 1Its locked
conformation allows for the interaction between the hydrophobic
a-face of the pyranose and the tryptophan residue Trp243. The
compound showed almost 6-fold better affinity than GalNAc (Kp, =
7.2 vs. 40 pM) and an excellent LE of 0.45.°*® The binding mode
was confirmed by crystal structure analysis with ASGPR (PDB code
5JQ1). In line with previous studies, the introduction of the
trifluoroacetamido group at C2 (183) improved binding affinity
fourfold. However, the non-fluorinated derivative 182 was used for
in vivo studies because of an uncertain long-term metabolic
stability of the trifluoroacetamido group. A trivalent ligand deriva-
tive of 182 labelled with the fluorophore AlexaFluor647 showed an
impressive affinity with a Ky, of 30 pM. Internalization of the cargo
attached to such a triantennary ligand was also confirmed.

Drug delivery strategies. Galactosylation of polymers and
lipids allows for the design of drug-loaded carriers for hepatocyte-
specific targeting. A detailed review on Gal-modified polymers and
lipids was published in 2015.>" In recent years, polymer-drug
conjugates have been studied for the delivery of anticancer drugs
to hepatocytes to treat hepatocellular carcinoma (for a detailed
review on doxorubicin-based nanotherapeutics, see ref. 631). Poly-
mers with a positive charge, such as poly--lysine (PLL) are
delivered to hepatocytes thanks to the interaction with the anionic
groups of the ASGPR binding site.**63*

PK2 (FCE28069) is a copolymer based on N-(2-hydroxy-
propyl)methacrylamide (HPMA) with N-linked galactosamine
and doxorubicin (DOX). In a preclinical study, the copolymer
displayed a 5-fold reduction in cardiotoxicity relative to free DOX.5*®
A Phase I clinical trial study in patients with primary or metastatic
liver cancer proved that liver-specific doxorubicin delivery utilizing a
galactosamine-modified polymer is achievable.*****” A biodistribu-
tion study showed that 24 h after administration, 17% of the
administered dose of doxorubicin targeted to the liver while a
doxorubicin-polymer conjugate without galactosamine showed no
targeting. Although the dosage for Phase II trials was recommended,
to the best of our knowledge, there was no further development
of PK2.

Targeted nanoparticles take advantage of receptor-mediated
endocytosis to deliver a high payload of a drug to the liver. In
addition, they protect the drug from degradation and enable the
transport of both hydrophobic and hydrophilic drugs. Biodegrad-
ability of nanocarriers to non-toxic components is important to
preclude toxicity. Hydrophobic nanoparticles are readily cleared
off by reticuloendothelial system (RES), and therefore, hydrophi-
lic or stealth particles are preferentially used, with PEG being the
most popular stealth agent. While liposomes®® are the most
widely tested type of nanoparticles, other types are tested, too, e.g.
micelles,***** or dendrimers.®*"**> Another strategy is the direct
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synthesis of covalent drug-ligand conjugates. This strategy is
studied for example for the delivery of radiopharmaceuticals to
the liver (for a review, see ref. 21).

Delivery of therapeutic nucleic acids to the liver. A hot topic
in clinical application of ASGPR-mediated targeting is gene
silencing. The aim is to inhibit mRNA translation with short
complementary RNA fragments. Antisense oligonucleotides
(ASOs), which are single stranded RNA fragments, and small-
interfering RNAs (siRNAs), composed of two short RNA frag-
ments assembled in a double strand, are used to apply this
concept. While ASOs bind to the complementary RNA directly
and target its degradation by RNase, siRNA fragments are
loaded into the RNA-induced silencing complex which then
targets the mRNA for degradation. Ultimately, both approaches
interrupt the production of the corresponding protein by
triggering the degradation of the targeted mRNA.®*® This
approach has become very popular in the last decade since
virtually any gene can be targeted by RNAI.

GalNAc-siRNA conjugates. Two 2014 pilot studies by Nair
et al. and Prakash et al proved that multivalent GalNAc-
conjugated (22) siRNA localizes in hepatocytes and elicits
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robust RNAi-mediated gene silencing.
protect the siRNA with chemical modifications against extra- and
intracellular nucleases encountered en route from the site of
administration (typically subcutaneous) to the cytosol of
hepatocytes. Introducing extensive chemical modifications at the
2/ position of the nucleotides (2’-deoxy-2/-fluoro- or 2'-O-methyl)
and replacing phosphodiester bonds with phosphorothioate (PS)
bonds allows for achieving higher potency and longer duration of
action.®***"” These modifications are referred to as enhanced
stabilization chemistry (ESC). Such double stranded RNAs are
stable enough to reach the liver via the ASGPR after intravenous
or subcutaneous injection. The increased potency and durability
achieved by the modified siRNA means a lower dose can be used,
which decreases the chance of off-target toxicity. Alnylam has
introduced another approach to off-target seed interaction -
incorporation of a glycol nucleic acid (GNA).****° This new siRNA
design is called ESC+ (Fig. 43).°>® Arrowhead Pharmaceuticals uses
the TRiM (Targeted RNAi Molecule) delivery platform, with GalNAc
as hepatocyte targeting moiety that is directly conjugated to siRNA.
In a 2020 paper, Weingértner et al. from Silence Therapeutics
introduced a novel design based on serinol-attached GalNAc
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chemistry plus, Silence platform-single GalNAc positioned at opposite sides of the sense strand. The top strand is the sense strand and bottom the
antisense strand. (B) Structure of triantennary GalNAc ligand 22 built on a Tris scaffold. (C) Structure of monovalent GalNAc ligand 184 built on a serinol
scaffold.
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leading to degradation of the respective complementary mRNA. The
mechanism for endosomal escape of the siRNA is still unknown.%°
Reproduced from ref. 653 with permission from The American Society
of Gene and Cell Therapy/Elsevier, copyright 2017.

unit(s) (184) either in a series (2-4 units) or two single GalNAc
units positioned at opposite ends of the sense strand. This system
showed improved stability, in vivo activity and duration of action
compared with a traditional triantennary design.®**

GalNAc-siRNA conjugates bind to the ASGPR and are taken
up in endosomes where the conjugate dissociates from the
receptor. Additionally, the sugar moieties and branches are very
quickly lysed from the oligonucleotide®®® and then the oligo-
nucleotide translocates to the cytoplasm by endosomal escape
(Fig. 44).5%°

As of September 2022, four GalNAc-siRNA drugs are on the
market (Table 5), five in the late stage of development (Phase
IIT) and at least 20 in the early stages of development in Phase I
or II (sources: clinicaltrials.gov and the pipeline data on the
websites of the companies Alnylam, Dicerna, Novo Nordisk,
Arrowhead Pharmaceuticals, Silence Therapeutics, and Arbutus
Biopharma).®>*%%%

Table 5 Marketed GalNAc-siRNA-based drugs
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4.2 Targeted protein degradation

Targeted protein degradation (TPD) has opened many avenues
for the treatment of various diseases and provided multiple routes
to study fundamental biology.®”>*”" Proteolysis-targeting chimeras
(PROTACS) are amongst the best understood applications of TPD,
now on their way through clinical trials.®”> Briefly, the approach is
based on the application of a heterobifunctional small molecule
comprising a ligand for an E3 ligase of the ubiquitin proteasome
system and a ligand for the protein of interest, connected by a
linker modality. Cross-linking the two proteins then induces
covalent tagging of the protein of interest with ubiquitin and
consequently leads to its degradation in the proteasome. One
major advantage of this technology is the catalytic elimination of
the target, compared to blocking the target occupancy. However,
this approach is limited to cytosolic proteins while omitting about
40% of the proteome being extracellular or membrane-associated
targets. Lysosome-targeting chimeras (LYTACs) make use of lyso-
some shuttling receptors taking over the E3 ligase function and set
the protein of interest en route to the lysosome for degradation. It
is not surprising to find carbohydrate-binding receptors to be the
first to be explored for such an application: the 300 kDa multi-
domain cation-independent mannose-6-phosphate receptor
(CI-M6PR, Fig. 45A and B)**°”* and the 100 kDa heterotrivalent
C-type lectin ASGPR.*>%7®

The first-generation LYTACs, developed by Bertozzi, targeted
the CI-M6PR to exploit receptor-mediated endocytosis of extra-
cellular proteins into the lysosome (Fig. 45C).®”*> The CI-M6PR
is a P-type lectin that recognizes mannose-6-phosphate (M6P)
residue caps on N-glycans of endogenous proteins with a
micromolar affinity to transport them from the extracellular space
into the lysosome, a system that has been used for treatment of
lysosomal storage diseases for a long time.*””°”® At lower pH in the
endosomal compartment prior to the arrival in the lysosome, the
cargo is released and CI-M6PR recycles back to the surface
resembling an efficient system for cargo uptake. Mimicking the
multivalent display of M6P on a glycoprotein cargo for the CI-
MG6PR, Bertozzi and colleagues used a known multivalent, bio-
compatible, phosphatase-inert mannose-6-phosphonate (M6Pn) to
showcase efficient and constant uptake via CI-M6PR in absence of
receptor degradation.®”® These polymers were conjugated to anti-
bodies specific for soluble components of the extracellular space as
well as for membrane bound receptors and led to their targeted
degradation. The CI-M6PR is amongst a number of potential

No Name Company Indication Target Ref.

185 Givosiran (GIVLAARI), Alnylam Acute hepatic porphyria 5-Aminolevulinic acid NCT03338816%%97°0
ALN-AS1 synthase 1 (ALAS1)

186 Lumasiran (OXLUMO), Alnylam Primary hyperoxaluria type 1 (PH1) Glycolate oxidase 1 (GO) NCT03681184°%0%7%¢
ALN-GO1

187 Inclisiran (LEQVIO), Alnylam/ Hypercholesterolemia Proprotein convertase NCT03397121,
AIN-PCSsc Novartis (heterozygous familial and subtilisin-kexin type 9 NCT03399370,

non-familial) or mixed dyslipidaemia (PCSK9) NCT03400800°%¢7%¢8

188 Vutrisiran (AMVUTTRA), Alnylam Transthyretin-mediated Transthyretin (TTR) NCT03759379,
ALN-TTRsc02 amyloidosis (ATTR) NCT04153149°%°
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degradation target, MoDE-As utilise small molecules.

lysosome trafficking receptors that could potentially be used for the
LYTAC approach. Other receptors might provide tissue specificity.
In 2021, the research groups of Bertozzi, Spiegel and Tang
independently reported chimeric molecules with triantennary
GalNAc for targeted protein degradation in the liver via the
ASGPR (Fig. 45C).°”>%”%%7® This CTL is not ubiquitously
expressed as the CI-M6PR and is found primarily on hepatocytes
with minimal expression on other cells (see Section 4.1). As a proof
of concept, Bertozzi introduced a second-generation LYTAC consist-
ing of a 3.4 kDa peptide binder linked to a trivalent GalNAc ligand
that degraded integrins and reduced cancer cell proliferation.®”®
Spiegel, in contrast, focused on small molecule-based lysosome-
targeting degraders. He called the heterobifunctional molecules
MoODE-As (molecular degraders of extracellular proteins through
the asialoglycoprotein receptor, Fig. 45C) and proved the concept by
inducing depletion of an antibody and a proinflammatory
cytokine.®®® Tang further confirmed that lysosomal degradation of
protein targets through ASGPR is possible by both small molecule-
and antibody-based lysosome-targeting degraders. In addition, he

This journal is © The Royal Society of Chemistry 2023

showed that molecular size plays an important role and that
internalization through ASGPR is more efficient for smaller degra-
der-target protein complexes.®”

Avilar Therapeutics focused on extracellular protein degra-
dation and recently introduced the ATAC platform, designed to
target diverse pathological proteins and exploit the natural
ASGPR protein degradation pathway. ATACs (ASGPR-targeting
chimeras) are bifunctional molecules composed of a ligand that
binds to ASGPR, linked to a second ligand which binds to a
disease-causing extracellular protein. The chemical nature of the
ASGPR ligand used in ATACs has not been disclosed, and the
company has synthesized hundreds of monosaccharide-based
ASGPR ligands, out of which over 100 had a Kp < 1000 nM and
around 40 had a Kp < 100 nM. In addition, they have over 20
X-ray structures of ASGPR-ligand complexes.®® The chosen
ASGPR ligand has approximately 2000-fold higher affinity than
GalNAc and >60-fold increase in affinity over bicyclic bridged
182. Compared to the previous generation of compounds®®
which contained trivalent GalNAc ligands attached to an
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antibody, ATACs are based on bi- and mono-dentate ligands
attached to a peptide or small molecule.®® For initial proof-of-
concept studies, ATACs were designed to target two extracellular
proteins with different concentration and kinetic properties: IgG
(high plasma concentration and long half-life) and TNF-o (low
plasma concentration and short half-life). The in vitro studies
demonstrated ligand binding, ternary complex formation, cellu-
lar uptake, and degradation of the target proteins, IgG and TNF-o.

Taken together, glycomimetics with a proper design to take
advantage of specific receptor recognition, but also excellent
endosomal release properties to allow receptor recycling and
cargo release, will certainly be opening the way for many other
lysosome shuttling receptors to be explored.

4.3 CD22 targeting - Siglec-engaging tolerance-inducing
antigenic liposomes (STALSs)

The limited expression of CD22 on B cells and its role as an
inhibitory receptor for B cell receptor (BCR) signalling made
this Siglec an attractive target for the treatment of various B cell-
associated diseases. The carbohydrate-based glycomimetics 6'-
MBP-5F-Neu5Ac (15) and 9-BPA-NeuGeo(2-6)GalP(1-4)GlcNAcB-
spacer (74) developed for human and murine CD22, respectively,
were the door openers.""®® As a first application, 9-BPA-
NeuGeo(2-6)Gal(1-4)GlcNAcB-spacer (74) co-presented with nitro-
phenol as a model antigen on a polymer backbone was used to
enforce colocalization of the BCR and CD22 leading not only to
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shutdown of BCR signalling and reduced anti-nitrophenol anti-
body secretion, but also to B cell apoptosis.®®® In the next step,
9-BPC-NeuAca(2-6)Galp(1-4)GlcNAcp-spacer (75), a ligand still
lacking sufficient specificity for human CD22, was successfully
applied to kill human B cell lymphoma cells in a mouse;
however, still suffering from the unwanted Siglec-1 off-target
effect in the animals.®®*® Conceptually, this work was key, since
the delivery of doxorubicin encapsulated in liposomes allowed
to draw important conclusions about the endocytic properties,
alternative particles to overcome cis-ligands and the general
principle of B cell killing through toxin delivery.

These findings were brought to a new level by implementing
Siglec-engaging tolerance-inducing antigenic liposomes (STALs):
co-display of an antigen with the 9-BPA-NeuGco(2-6)Galf(1-
4)GIcNAcB-spacer (74) ligand for murine CD22 induced B cells
apoptosis in mice (Fig. 46A).>**” Using a haemophilia model in
which autoantibody production against factor VII would lead to
severe bleeding in mice, Paulson and co-workers showed signifi-
cantly reduced phenotype by antigen specific B cell ablation.*®”
Similarly efficient, the application of STALs showed great utility of
this approach to reduce citrulline-specific B cells in vivo. Anti-
citrulline autoantibodies are a hallmark of rheumatoid arthritis,
an autoimmune disease for which the glycomimetic-based STALs
showed applicability.*®”

In a recent follow-up, Macauley and colleagues have shown
that changing the carrier from a liposome to red blood cells by
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direct insertion of the glycomimetic lipid conjugate, similar effects
on B cells could be induced. Inhibition of cellular activation,
reduction of cytokine secretion and cellular proliferation were
achieved.®® To even further enhance the peripheral tolerance
induction, STALs were co-formulated with rapamycin and using
the model antigen ovalbumin it was shown that the anti-OVA
antibody production was even more reduced compared to the
common STAL formulation.®® To expand the application to human
disease, the glycomimetic 6’'-MBP-5F-Neu5Ac (15) was applied in a
human CD22 transgenic mouse in a peanut allergy oral sensitiza-
tion model.®”® Together with previous data supporting the coformu-
lation of rapamycin,®® the co-administration of STALs with
poly(lactic-co-glycolic ~ acid)-rapamycin nanoparticles (PLGA-R)
induced robust peripheral tolerance compared to PLGA-R particles
alone in a model of spontaneous autoimmune arthritis to the self-
antigen glucose-6-phosphate-isomerase (GPI).*"

Overall, CD22 glycomimetics have been successfully applied
in vivo in various systems to showcase utility and applicability for
the delivery of various cargo to B cells, not limited to toxins,®%¢%%*
model antigens,**>** immunosuppressants,®*>*** antibodies,***
and RNA therapeutics (Fig. 46B and C).*** These molecules gave
important insights into the role of B cells and the potential
treatment of haemophilia,*®” B cell lymphoma,®®*>°*® rheumatoid
arthritis,*®” and allergies,**®*°*%91:%% Jately also their application
for cellular reengineering to allow natural killer cells to achieve
tumour-specific CD22 targeting.®*°

4.4 Langerin targeting

Langerin (CD207) is a CTL expressed on Langerhans cells (LCs),
the major antigen presenting cells in the epidermis of the human
skin. LCs are sentinels in the skin, protecting us against incoming
threats,®”” and central for the induction of an appropriate
immune response.®®® As an innate immune cell receptor, langerin
is uniquely expressed by LCs and is involved in pathogen recogni-
tion promoting the uptake of several viruses such as HIV,**
measles,’” and influenza virus™' as well as fungi’® and
mycobacteria.”®® Langerin is very efficient in pathogen uptake
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since it is a fast recycling receptor, similar to the ASGPR and
hence holds promise to be of similar utility for cell-specific
delivery of therapeutics."®>”%* The utility of langerin-based deliv-
ery has been explored previously using antibodies and has
revealed that langerin mediated cargo uptake leads to cross-
presentation of exogenous antigens, important for anti-viral and
anti-cancer therapeutics.”””'° In this respect, the recent devel-
opment of the carbohydrate-based glycomimetic 189 for human
langerin was reported.”"* The N-tosylated glucosamine 189 makes
use of the Ca®-mediated canonical hydroxy group coordination of
the 3- and 4-OH groups. It was suggested that the tosyl group is
involved in a T-stack interaction with Phe315 in the langerin
binding site, resulting in an overall affinity of 230 uM including
additional effects coming from the linker at the anomeric
position (Fig. 47).”'* Overall, these interactions add up to an
overall 100-fold affinity gain over the parent glucose (K; = 21 +
4 mM). Remarkable affinity gains of the N-tosylated glucosa-
mine could already be achieved by bivalent display on a DNA/
PNA backbone with optimized ligand spacing’** and multivalent
display on liposomes or proteins leading to highly specific
delivery to LCs.”""7'*7!" When a protein antigen was directly
conjugated to multiple glycomimetic ligands, LC specific delivery
could also be shown ex vivo in intact human skin samples,
unlocking new potentials for therapeutical exploring LC targeting
and modulating the immune system.”*

4.5 Selectin-targeting

Following the success of glycomimetics in various indications, they
have consequently also found use as delivery agents. Besides the
clinically used ASGPR ligands, the use of carbohydrates as target-
ing ligands has been widely studied in numerous applications
using nanoparticles, e.g. for the imaging of inflammation in the
brain via sialyl LewisX-decorated MRI active nanoparticles”*® or
galactosides as mono- or oligosaccharides for the targeting of
galectins.””” Using the above-mentioned advantages of glycomi-
metics over natural glycosides, this concept has also been imple-

mented for the targeting of the selectins.

Fig. 47 Carbohydrate-based glycomimetic 189 is a ligand for human langerin. (A) Chemical structure of 189.”*! (B) Computational modelling of the
complex between 189 and human langerin was supported by NMR data and shows interaction of Lys313 with the sulfonamide linker and a T-stacking

interaction between Phe315 and the tosyl group. Adopted from lit.”*!

This journal is © The Royal Society of Chemistry 2023
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Sialyl LewisX glycomimetics have been developed for the
production of E-selectin targeting liposomes.”*® To this end, 33
(Fig. 6) bearing an N-acetyl group in position 2 of the galactose
residue was modified at its carboxylic acid and coupled to the
lipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE).
Then, liposomes have been produced and were analysed for their
E-selectin binding and targeting efficacy in vitro and in vivo.
Targeted liposomes were shown to bind to E-selectin in an SPR
experiment while untargeted liposomes were devoid of binding.
Similar results were observed when fluorescent liposomes were
assessed by FACS for binding to TNF-o-activated HUVEC cells
where specificity was obtained upon E-selectin expression,
further demonstrating the targeting efficacy in a cellular context.
Last, the imaging of subcutaneously implanted non small cell
lung carcinoma tumours in mice was successfully achieved with
those glycomimetic liposomes, suggesting future applications for
the delivery of loaded drug cargo.

4.6 Delivery of antibiotics via lectin targeting for P.
aeruginosa

Bacterial infections are increasingly difficult to treat due rising
antimicrobial resistance of the infectious agents and their addi-
tional defense within biofilms, eg for P. aeruginosa.**® Simply
increasing the antibiotic concentration to break resistance and
achieve effective antibacterial affinity is, however, not a tractable
approach in the patient due to the toxicity of the drugs. Thus, one
way to overcome this drawback is to conjugate antibiotics to
targeting moieties for the selective enrichment at the pathogen
inside the patient, either via siderophore-mediated uptake into the
bacteria”*®”* or through binding to their surface via antibodies”**
and thereby increase the drug’s local concentration for efficient
killing. As a proof-of-concept, it was demonstrated that the LecA-
targeted glycomimetic 116 conjugated to a fluorescent probe can
bind and image P. aeruginosa biofilms.*”* To implement the target-
ing, glycomimetics developed for the inhibition of P. aeruginosa
lectins have been exploited as targeting units in three approaches
(Fig. 48).

First, the conjugation of LecA- and LecB-targeting moieties
to the clinically used antibiotic ciprofloxacin, that suffers from
rare but severe side effects, was reported.”®* In this work, the
targeting units were covalently attached to -ciprofloxacin
through a triazole ring and varying linker lengths resulting in
conjugates 190 and 191. While the lectin binding of these
conjugates was effective in the low pM range, the antimicrobial
efficacy of the conjugates was reduced probably due to a
reduced uptake to reach their intrabacterial targets, topoisome-
rase and gyrase. However, an enrichment of the conjugates at
the P. aeruginosa biofilm and a reduced cytotoxicity of the
conjugates compared to the free drug was achieved.

In a follow-up report, the linker was varied and the tetra-
peptide sequence Gly-Ala-Leu-Ala was implemented as a scis-
sion motif for pathogen-specific activation by the secreted
bacterial protease LasB to liberate the free drug at the infection
site.”?® The resulting conjugates 192-195 have been analysed
for their degradation kinetics in various matrices and their
antimicrobial activity. While all conjugates were stable in
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human blood plasma in vitro, they were rapidly cleaved in the
presence of a P. aeruginosa culture supernatant containing the
activating enzyme LasB. The degradation products from initial
LasB scission were the lectin targeting moiety, available for
blocking the respective lectin to weaken the biofilm, and a
dipeptidyl antibiotic, which was further processed by plasma
peptidases to liberate the free drug. Interestingly, the ciproflox-
acin conjugates 192 and 193 were not fully cleaved into the free
drug as a result of the tertiary amide at its piperazine moiety,
resulting in reduced antimicrobial activity of the cleavage
product. To overcome this drawback, fluoroquinolone deriva-
tives with primary amides were used instead and a full proteo-
Iytic processing of conjugates 194 and 195 was observed and
active drugs were liberated.

In a third approach by Titz and co-workers,”*" the same
LecA- and LecB-targeting ligands were attached to diacyl glycerol
lipids (196 and 197) for incorporation into liposomes aiming at
the delivery of unmodified antibiotics loaded into the nano-
particles. In an artificial biofilm model where the lectins LecA or
LecB have been immobilized on an abiotic surface, it was shown
that the targeted liposomes are specifically retained under flow
conditions in a carbohydrate-dependent manner. Importantly,
the binding was very tight as a result of the liposomes’ multi-
valency which was demonstrated by the facts that for the LecA-
targeted liposomes, 100 mM galactose in the buffer was
required for displacement from the LecA surface, while for the
LecB-targeted liposomes, even 250 mM fucose only partially
displaced the glycomimetic liposomes and required the addi-
tion of EDTA to remove the calcium ions from LecB for full
dissociation of the liposome from the lectin surface. Further-
more, it was demonstrated by SPR that the LecA-targeted lipo-
some binding affinity is so strong due to the multivalency within
the liposome that the dissociation of the liposomes from
immobilised lectin is virtually absent. Thus, these glycomimetic
liposomes constitute a promising delivery device for the target-
ing of antibiotics, which requires further research.

724

5. Conclusions and outlook

The more we learn about the biology of lectins, the more this
exciting target class will move into the focus of drug discovery.
As of now, lectins have slowly emerged as targets for pharma-
ceutical treatment of a number of diseases, either validated by
the use of therapeutic antibodies or the persistent work of the
community to develop small-molecule mimetics of their nat-
ural carbohydrate substrates.

Carbohydrates as natural ligands themselves have been
challenging to promote into a pharmaceutical active ingredi-
ent. However, they are stereochemically rich starting structures
with good ligand efficiencies, relating the low molecular weight
of a monosaccharide and the affinity resulting from the high
number of directed interactions. These often enthalpy-driven
interactions provide specificity with respect to the many off-
targets other than lectins themselves. Glycomimetics are not
reported to have significant unwanted targets other than

This journal is © The Royal Society of Chemistry 2023
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lectins. Still, within the lectins as a target group, specificity can
be generated through the monosaccharide, by modification of
the original scaffold only. Advancements in carbohydrate chem-
istry have made this compound class more accessible while still
being challenging compared to other scaffolds. Additionally,
while a growing number of glycomimetics has been developed
into orally available drug candidates, several applications of
glycomimetics are independent of oral application routes,
similar to the treatment with therapeutic antibodies.

To overcome the limitations of maintaining the original
carbohydrate scaffold, alternative approaches have emerged
by replacing the sugar core by keeping only the most relevant
pharmacophores to establish affinity and specificity leading to
non-carbohydrate based, functional glycomimetics. Another
approach that might lead to a modulation of lectins for ther-
apeutic intervention are allosteric modulators as functional
glycomimetics. These molecules might serve as antagonists or
even agonists, via binding to allosteric sites, remote from the
carbohydrate recognition site, rendering the necessity to resem-
ble a carbohydrate obsolete. Our enthusiasm over this promising
route to tackle lectins is fuelled by the advancement it brought to
other challenging drug target classes such as kinases and
phosphatases.

Infection processes are inherently linked to carbohydrate-
lectin interactions. This fact therefore provides a valuable
starting point for the development of new antiinfectives. To
this end, the rich field of glycomimetics in the discovery phase
has already led to numerous compounds in (pre-)clinical devel-
opment, especially for bacterial infections by E. coli in urinary
tract infections and inflammatory bowel disease.

Besides the intriguing biological functions of lectins in
inflammation, cancer and infection, mammalian lectins are
typically limited in their expression profile for defined cells,
which makes them attractive targets for targeted delivery pur-
poses. The ASGPR as an accessible hepatic receptor has spear-
headed this development. The trivalent GalNAc ligand 22 has
assisted to bring four drugs onto the market and led to
numerous new therapeutics in clinical trials. Similarly, the
CI-M6PR has been proposed as target protein for the develop-
ment of LYTACs, based on simple mannose-6-phosphonate
polymers that allow targeted degradation of extracellular pro-
teins. For the future clinical application of this concept it will
be helpful to identify more tissue specific, endocytic receptors
with high expression profiles. These will be key towards the
specific degradation of targeted membrane receptors.

Taken together, we anticipate a prosperous future for glyco-
mimetics to modulate biological processes in chemical biology
research but also as drugs in a large diversity of indications.
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