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Design, Synthesis, and Biomedical Applications of
Glycotripods for Targeting Trimeric Lectins

Vinod Khatri,®® Badri Parshad, Ashok K. Prasad,'™ and Sumati Bhatia*®

In the last decades, various efforts have been made to
synthesize optimal glycotripods for targeting trimeric glycopro-
teins like asialoglycoprotein receptor, hemagglutinin, and
langerin. All these trimeric glycoproteins have sugar binding
pockets which are highly selective for a particular carbohydrate
ligand. Optimized glycotripods are high affinity binders and

1. Introduction

Carbohydrate-protein interactions play an important role in the
binding of pathogens to the host cell surface!l” These
interactions are involved in the development of various
diseases, such as pathogen infection, inflammation, and tumor
metathesis.? In a biological system, carbohydrates are mainly
present in the form of glycoproteins, glycolipids, starch, and
cellulose.” All cell surfaces are covered with glycocalyx which is
made of glycolproteins and glycolipids. The glycocalyx connects
the inner side of the cell with its outer side and is hence
involved in various biological processes including cell-cell
communication. Also, carbohydrate residues of cell surface
glycocalyx interact with other glyco-residues and various lectins
to initiate biological responses.” During these interactions, the
polar hydroxyl groups of carbohydrates bind with the polar
amino acid residue of lectin primarily through hydrogen
bonding and the hydrophobic part of glycoconjugates binds
with the hydrophobic part (aromatic ring) of lectin protein
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have been used for delivering drugs or even applied as drug
candidates. The selection of the tripodal base scaffold together
with the length and flexibility of the linker between the scaffold
and sugar residue, as important design parameters are
discussed in this review.

through hydrophobic-hydrophobic and m-m interactions.”
Monovalent carbohydrate has a weak binding with lectin
protein and therefore, has limited biological significance.
Lectins are in general multivalent, and therefore multivalent
carbohydrate ligands have been proposed and explored as high
affinity binders of various lectins with an increase in binding
affinities from mM to nM or pM range®'" However, a
controlled and specific design of an accurately binding multi-
valent ligand is highly challenging. This requires the selection of
a proper scaffold, linker, and ligand. Differently designed
glycotripods have been materialized to study their binding
effects with trimeric lectins.">"¥ These designs are based on the
spatial orientation of binding pockets on the receptor protein.
Numerous reviews have been published on the topic of
multivalent glycosides which mainly focused on carbohydrate-
proteins interactions,"” multivalent glycoconjugates,™ and
multivalent ligands for targeting hepatocytes." This review
article particularly emphasized on the synthesis of trivalent
architectures for targeting trimeric lectins such as asialoglyco-
protein, hemagglutinin, and langerin. Moreover, other trivalent
glycosides which are targeting plant lectin, such as concanava-
lin A, gram negative bacteria such as E. coli, and adenovirus
(Ad37) have also been summarized in the miscellaneous section
of this review.

2. Asialoglycoprotein Receptor

The asialoglycoprotein receptor (ASGPR), also known as the
Ashwell-Morell receptor is a heterooligomeric C-type (calcium
dependent) hepatic lectin overexpressed on hepatocytes. The
main function of this receptor is to maintain serum glycoprotein
homeostasis by recognition, binding, and endocytosis of
asialoglycoproteins (desialylated glycoproteins with N-acetyl
galactosamine and galactose residues at terminal positions).
ASGPR-mediated endocytosis is a reversible process and the
receptor recycles again on the cell surface in 15 minutes."” The
N-acetyl galactosamine has a higher binding affinity for ASGPR
than galactose. Calcium ion is the prerequisite for proper
recognition and binding of glyco-ligand to the receptor. The
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receptor binding is sensitive to pH and the receptor-ligand
complex dissociates in low pH in endosomes and the receptor
recycles back to the cell surface. The hepatic infections are
mediated by ASGPR because hepatitis A and hepatitis B viruses
bind to this receptor and hence led to infection."® ASGPR has
been widely explored for the targeted delivery of chemically
modified nucleotides, siRNA,"? and drugs to the hepatocytes.”!

The ASGPR has two homologous major and minor subunits
with two distinct genes. In humans, the major subunit is H1
having a molecular weight of 46 kDa and the minor subunit is
H2 having a molecular weight of 50 kDa with 55% sequence
identity. The cell lines expressing only H1 or H2 are unable to
bind with ligand because the expression of both subunits is
required for the endocytosis of ligand.”” The general structure
of human ASGPR can be subdivided into four functional
domains: Cytosolic domain having N-terminal 40 amino acids,
the single-pass transmembrane domain having 20 amino acids,
the extracellular stalk region has 80 amino acids and 140 amino
acids functional calcium dependent carbohydrate recognition
domain (CRD).?" The sugar binding sites of the ASGPR are
estimated to be 15-25 A apart in a triangle spatial geometry. It
has been reported that the galactose cluster with a 20 A spacer
exhibited a 2000-fold higher affinity for ASGPR than the
galactose cluster lacking the spacer.”” The important factors for
the design of multivalent ligands for targeting ASGPR are linker
length, the hydrophilic-hydrophobic balance of the linker, the
nature, and a number of terminal sugar units, and the spatial
geometry of the scaffold (Figure 1). The trivalent glycoconju-
gates are mainly derived from peptide and dendrimeric
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scaffolds. Among various dendrimeric scaffolds, tris(hydroxy-
methyl)aminomethane (Tris) is the most commonly used
scaffold for the design of trivalent glycoconjugates for targeting
ASGPR.

In 1987, Lee and coworkers®” have synthesized glutamic
acid based dimeric and trimeric glycosides with two and three
N-acetyl galactosylamine groups at the terminal position. For
the synthesis of trimeric glycoside, the three carboxyl groups of
y-L-glutamyl-L-glutamic acid (y-EE) were derivatized by cou-
pling of Z-Tyrosine to glutamyl-L-glutamic acid to afford Z-Tyr-
Glu-Glu (ZYEE) followed by the coupling of GalNACAH (6-
aminohexyl-2-acetamido-2-deoxy-f-D-galactopyranoside) and
Lac-AH (6-aminohexyl-$-lactopyranoside) with ZYEE to afford
ZYEE(GalNAc-AH); and ZYEE(Lac-AH);. Removal of the Z-group
by hydrogenolysis led to the synthesis of YEE(GalNAc-AH); and
YEE(Lac-AH); (Figure 2A). Among various synthesized cluster
glycosides, the trimeric glycolconjugate was the most potent in
rat hepatocyte surface binding. The ICs, of trimeric glycol-
conjugate (0.2 nM) was 15 times lower than the corresponding
dimeric glycoconjugate (3 nM) as determined by the inhibition
assay with Asialoorosomucoid ('*I-ASOR) in rat hepatocytes.
Furthermore, The IC, value of YEE(Lac-AH); was 50 nM which is
250 folds higher than the YEE(GalNAc-AH),. It was observed
that the strongest binding can be achieved by long and flexible
arms between the main scaffold and the N-acetyl galactosyl-
amine.

In the solution phase synthesis of YEE(GalNAc-AH);, the
solubility of the intermediates formed was not good. Hence, to
solve the solubility problem of intermediate in the synthesis of
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Figure 1. (A) Binding model for ASGPR ligands in an optimal conformation. Reproduced with permission from Ref. [37]. Copyright (2008), Elsevier; (B) Binding
of GalNAc to the CRD. (C) Crystal structure of H1-CRD; Figures B and C are Reproduced with permission from Ref. [16]. Copyright (2017), American Chemical

Society.

YEE(GalNAc-AH),, Chen and co-workers®? synthesized the YEE-
(GalNAc-AH); by solid phase method in several steps. This
synthetic procedure permits the conjugation of drugs or
another compound on the N-terminal end of tyrosine. Resin
amine was used as solid support to conjugate the N-acetyl
galactosamine through succinic acid linker 2b. After conjuga-
tion of N-acetylgalactosamine, Fmoc was removed using 20%
piperidine, and compound 2a was coupled twice followed by
Fmoc deprotection. Further, coupling of Fmoc-Tyr-OH, depro-
tection of Fmoc, and removal of resin and acetyl groups of
sugar units was done to obtain the desired product YEE-
(GalNAc-AH); (Figure 2B). As the preparation of YEE(GalNAc-
AH); had some practical problems due to the poor solubility of
the peptide backbone. In 1997, Lee and coworkers® reported
the method for the synthesis of YDD(G-AH-GalNAc); which is a
homologous glycoconjugate of YEE(GalNAc-AH); (Figure 2Q).
The EE peptide backbone was replaced by p-L-aspartyl-L-
aspartic acid (5-DD) peptide and a glycine unit was added
which improves the synthetic protocol and requires no
chromatographic purification. Moreover, the IC5, of the new
trivalent ligand was comparable to the YEE(GalNAc-AH);.

In 1997, van Boom and coworkers® synthesized the lysyl-
lysine dipeptide based cluster galactosides via multistep solid
support synthesis. For this synthesis, sugar building blocks were
prepared in various steps. The 4-(hydroxymethyl)benzoic acid
(HMBA) functionalized resin was used to couple the first amino
acid Fmoc-Lys(Alloc)-OH. Further, after deprotection of amine,
galactose derivative was coupled to afford lysine mono-
saccharide adduct. The lysine monosaccharide adduct was
coupled with another lysine unit to obtain the lys-lys mono-
saccharide adduct. After the deprotection of two amines, lys-lys
monosaccharide was coupled with two galactose derivatives
followed by the removal of solid support to afford the desired
product (Figure 3A). The binding affinity of lysine based
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galactosides 3a-3d for ASGPR was determined by inhibitory
assay with '*I-ASOR. It is clear from the Table in Figure 3A that
galactose terminal glycoconjugate (3a) has many fold less
binding affinity than their corresponding N-acetyl galactos-
amine terminal glycoconjugates (3b). The incorporation of
glycine unit (compound 3c¢) led to a slight decrease in the
binding affinity. Moreover, the incorporation of y-aminobutyric
acid (compound 3d) has a small effect on the binding affinity. It
was concluded that lysine-based N-acetyl galactosamine con-
jugates have no significant effect on spacer length.

In 1995, Biessen et al. synthesized adipic acid based trivalent
galactosides with various spacer lengths between terminal
galactose and the branching point of dendrite.?””” The dendrite
Tris was coupled with glycine and adipic acid to obtain
compound 3e. Compound 3e was further coupled with
galactosides having linkers of different lengths to afford the
desired compounds 3f-3j (Figure 3B). The affinity of synthe-
sized trivalent galactosides with ASGPR was determined by
competitive studies of '*I-ASOR binding. It has been observed
that the binding affinity increases manyfold with an increase in
the spacer length. The binding affinity of trivalent galactoside
3j having the longest spacer is almost 2000 fold higher than
the corresponding galactoside with a small spacer 3f. However,
trivalent galactosides with a medium size spacer (9, 10, and
13 A) show 20-300 fold intermediate binding affinity as
compared to small spacer galactoside. The trivalent galactoside
with 10 A spacer, TG (10 A) shows 10-fold higher affinity than
TG (9 and 13 A) which could arise from the enhanced hydro-
phobicity of 1-propyl unit of the terminal galactose unit as
compared to 1-ethyl unit in TG (9 and 13 A). It is evident that an
increase in hydrophobicity near the galactose unit led to a
significant increase in the binding affinity. Further, it was
concluded that the galactose units of trivalent galactosides are

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1Ie.1D) 3ot [dde aup Ag peusenob ae Sspoile YO ‘@SN JO Se|ni o} Akeid18ul|uQ 8|1 UO (SUOPUO-PUB-SWLBH W00 A8 1M Ake.ql U [UO//:SdnL) SUORIPUOD pue SWe 1 8y} 89S *[£202/S0/T0] Lo Akid)Tauljuo A8|IMW ‘ulleg BelsieAlun 8BiH Aq 09€T02Z02 90/200T 0T/I0p/u0d A8 |1 AR.q Ul [uo'adoune-Alis Iweyo//:sdny wouy papeojumod ‘6 ‘§20Z ‘0690660T



Chemistry
Europe

European Chemical
Societies Publishing

Review

EurJOC . .
doi.org/10.1002/ejoc.202201360

European Journal of Organic Chemistry

A
HO o z RO~ ~_—NH OHOH
HO_  NH o . &/ OH
= o)
0 1. HO o
Oﬂ@w o o ho %
HO  NH Z-Tyr RO~y \H YEE(Lac-AH); ©H
H
o o OHOH
o)
. RO A~~~ =
NH, 2. RO NH, R= Ho i“
HO AH RO~~~ NH  NH, NHAG
e} N YEE(GalNAc-AH);
EE dipeptide 3. Removal of Z group 00 OH
Ligand and Linker Scaffold
EE
HO
B o
AcO PAC  Fmoc-HN
o
o)
onPH . AcO O’HG\NH
HO OH 2 Multiple S1EpS _ yee GaiNAC-AH),
NHAC 6
. s,% (o]
N-Acetyl galactosamine 8 OMNH_O
AcO
o ©
AcO (0] NH-Fmoc
NHAC W
2b
Cc
RO\/\/\/\NH
ro T o
o}
‘(\%6 \H/\NHZ 0
[¢] H O,
2 steps SN
+ —_—
RO TI/\” NH OH
o o]
HOOC O  NH-Tyrz po NH
Hooc, L o N
COOH
RO\/\/\/\NJ\/ o O
H
DD-dipeptide
OHOH Linker Scaffold
DD
0 YDD(G-AH-GalNAc);
R= HoO Y

NHAc

Figure 2. Peptide scaffold based trivalent galactosides. (A) Lactose based glycotripod; (B) Galactosamine based glycotripod; (C) Galactosamine glycine based

glycotripods.

well recognized by ASGPR receptors when the vicinal galactose
units have proper spacing.

In 1994, Biessen et al.”® synthesized trivalent galactoside
with 20 A tetraethyleneglycol spacer between the galactose
unit and main scaffold which was named TG(20 A). The spacing
of 20 A between the galactose and main scaffold made the
galactose units more flexible than the TG(4 A). Further this
trivalent galactoside was conjugated with cholesterol to afford
TG(20 A)C (Figure 4A). The inhibition constant of TG(20 A)C was
200+ 76 nM and it targeted low density lipoprotein (LDL) to
parenchymal cells and thus facilitated the removal of LDL
derived cholesterol from the body. A single intravenous
injection of TG(20 A)C in rats led to a reduction in the serum
cholesterol concentration.

The TG(20 A)C was the most potent compound for lowering
the cholesterol level but the rapid exchange of glycolipid
occurred due to the high hydrophilicity of glycolipid and hence

Eur. J. Org. Chem. 2023, 26, €202201360 (4 of 23)

only 20% of liver uptake was achieved. Furthermore, acid labile
acetal linkage in TG(20 A)C reduces the chemical stability of
glycolipid. To address these problems of acetal linkage and
high hydrophilicity, Sliedregt et al.”” synthesized the novel
amphiphilic glycolipid in which acetal linkage was replaced
with a more stable ether linkage (Figure 4B). Hence, ether linked
glycolipids were synthesized by using pentanoic acid conju-
gated galactoside which was earlier used in the solid phase
synthesis. Lipids were conjugated to trivalent galactosides in
multiple steps to obtain the desired glycolipids 4a-4e (Fig-
ure 4B). Trivalent galactoside without lipid unit shows strong
binding affinity with ASGPR (93 nM) which is similar to TG(20 A)
(200 nM). All glycolipids form small micelles of 8-10 nm in size
which can be distinguished from the large size liposomes (27 +
0.3 nm). These glycolipids can associate with liposomes and
have superiority over the earlier synthesized glycolipid in terms
of chemical stability, accessibility, and high affinity for ASGPR. In
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Figure 3. (A) Lysyl-lysine scaffold based galactosides; (B) TRIS scaffold based galactosides.

2007, Hai and coworkers® synthesized cholesterol conjugated
trivalent thiogalactoside (4h). The tetra-antennary mesylated
dendron (4f) was used for the attachment of thiogalactose and
cholesterol. The cholesterol unit was linked to the main scaffold
using a commercially available diethylene glycol unit (4g,
Figure 4C).

Although the above glycolipids (4a-4e) showed stable
interactions with lipidic particles in the blood and effectively
target the liposomes to the ASGPR of hepatocytes, high
glycolipid surface density led to the elimination of liposomes by
galactose particle receptor and hence glycolipid redirected LDL
to the Kupffer cells. To address this problem, in 2004, Rensen
et al.?” synthesized the N-acetylgalactosamine terminated gly-
colipid with high affinity and specificity for ASGPR. Mainly two
changes were done in the synthesis of amphiphilic glycolipid.
The tyrosine moiety was introduced in the glycolipid to allow
trace labeling which enables the kinetic studies invivo. In
addition to this, the galactose moiety was replaced with N-
acetyl galactosamine (Figure 5). These changes in glycolipids

Eur. J. Org. Chem. 2023, 26, €202201360 (5 of 23)

led to 50 fold increase in the binding affinity towards ASGPR.
The synthesized glycolipid 5 can bind the plasma lipoproteins
which induce the uptake of LDL and HDL by hepatocytes.
Injection of this glycolipid resulted in a prolonged lowering of
cholesterol level in the mouse model of hypercholesterolemia.

After optimization of tripodal glycoconjugate with the best
affinity for ASGPR, drug conjugates of tripodal glycoconjugates
were synthesized. In 2018, Petrov etal.?? synthesized the
paclitaxel (PTX) conjugated trivalent N-acetyl galactosamine
conjugates using click chemistry. The azide part of trivalent N-
acetyl galactosamine was coupled with the alkyne part of PTX
to obtain the desired trivalent glycoconjugate tri-GalNAc-
paclitaxel (Figure 6A). In the biological evaluation with ASGPR
expressing HepG2 cell line, it was revealed that the monovalent
conjugate of PTX shows better cytotoxic potency (CCgo=
0.092 pmol) as compared to corresponding trivalent conjugate
(CCso=0.11 umol). Targeted delivery of taxanes for treating
hepatocellular carcinoma using a high molecular weight
delivery system is a well-explored system. However, most of
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Figure 5. Tris scaffold based glycolipids.

these systems rely upon passive transport. In 2021, Petrov
et al.?¥ synthesized the docetaxel (DTX) delivery system based
on conjugation with trivalent N-acetylgalactosamine glycocon-
jugates tri-GalNAc-docetaxel (Figure 6A). The synthesized gly-

Eur. J. Org. Chem. 2023, 26, €202201360 (6 of 23)

coconjugates of docetaxel have better water solubility (21-75
fold increase) than the parental docetaxel and have binding
affinity in the nanomolar range for ASGPR. The docetaxel-based
glycoconjugates facilitate the enhanced generation of ROS in
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Figure 6. Drug loaded trivalent galactosides.

HepG2 cells and thus indicate the potential for targeted
treatment of hepatocellular carcinoma.

In 2021, Wang and coworkers®® synthesized hepatocyte
targeting (-elemene based prodrug using tridentate conju-
gated galactoside (Figure 6A). The synthesized prodrug tri-Gal-
elemene shows good anticancer activity and low cytotoxic
effect. It was demonstrated that prodrug could be released in
presence of GSH (mimic condition of tumor cell) by breaking
the disulfide bond. The prodrug is designed with the targeting
ligand with a reductant-responsive linker which is activated by
the tumor cells, reducing the side effect of the drug. The
hepatocyte targeting capacity of prodrug tri-Gal-elemene and
its parent drug was evaluated invivo in mice. The tri-Gal-

Eur. J. Org. Chem. 2023, 26, €202201360 (7 of 23)

mTOR inhibitor

elemene prodrug selectively recognizes liver tissues through
ASGPR present on the hepatocyte membrane and showed the
highest distribution in the liver. In 2021, Tang and coworkers®!
synthesized the triantennary N-acetylgalactosamine conjugates
for the targeted degradation of extracellular proteins by
exploring the potential of ASGPR. Biotin and antibodies were
conjugated to trivalent N-acetylgalactosamine conjugates to
develop the new class of degraders. The trivalent N-acetyl-
galactosamine-biotin small molecule and antibody labeled
trivalent N-acetylgalactosamine have been explored for deliver-
ing the extracellular protein targets into the lysosome for
degradation (Figure 6B). In 2021, Dutta and coworkers®
synthesized the quinoline based trivalent galactose conjugate
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6. The quinolone moiety preferentially inhibits the mTOR
(mammalian target of rapamycin) pathway and hence decreases
the lipid accumulation in the cultured hepatocytes. The
ethylene glycol based linker was used for connecting galactose
with the main scaffold (Figure 6C). The synthesized trivalent
galactose conjugate 6 shows a 17-fold binding affinity with the
isolated ASGPR-H1-CRD protein receptor (K4 54 uM) compared
to the isolated galactose (K4 900 uM). From the ITC studies, it
was evident that live hepatocytes carrying ASGPR interact with
galactose conjugate whereas no significant thermal response
was observed with non-ASGPR Chang cells. The galactose
conjugate 6 does not show significant mTOR inhibition at
micromolar concentration. The less mTOR inhibition of trivalent
glycoconjugate may be due to the lower potency of the acyclic
quinolone core attached to the galactoconjugate 6.

To test the selective uptake of tripodal glycoconjugates by
hepatic cells, the labeling of tripodal glycoconjugate with the
fluorescent molecule is required for fluorescence microscopy
and flow cytometry study. In 2008, Ernst and coworkers,®”
synthesized the fluorescent trivalent glycoconjugates (7a-7c)

RO N0 "0
RO OO O

RO OO0
HOOH

HOOH
=R,7a =R, 7b
HOA— A Ho !

NHAc

having terminal -galactose and N-acetylgalactosamine units to
bind with ASGPR and tested them on human liver cells. The Tris
scaffold and Alexa Fluor® 488 as a fluorescent probe were used
in the synthesis of trivalent glycoconjugates (Figure 7A). Using
fluorescence microscopy and flow cytometry, it was shown that
fluorescent trivalent glycoconjugates 7a and 7b are selectively
taken up by ASGPR and negligible uptake of glycoconjugate
(7c) was observed on HepG2 cells derived from human
parenchymal liver cells. The negligible uptake of fluorescent
glycoconjugate (7¢) was mainly due to insufficient spacer
length. This result of fluorescent glycoconjugate (7c) further
confirms the general assumption that there should be an
optimal distance between the sugar molecules for better
binding with ASGPR. It was demonstrated that glycoconjugate
with terminal N-acetylgalatosamine has the potential for
targeted delivery of therapeutic agents to the liver.

Maklakova et al.*®¥ synthesized hydrophilic fluorescent dye
conjugated trivalent glycosides (7d-7f). The water soluble
sulfo-Cy5 dye was used for conjugation with glycoside ligand
(Figure 7B). The tracing of fluorescent glycoconjugates was

OH OH OH OH

0 0
HO&“& =Ry,7g HO&O\/\E =Ry, 7h

NHAc NHAc

Figure 7. Fluorescent probe based trivalent glycosides.
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Figure 8. Fluorescent probe based trivalent galactoside.

done with intravital microscopy in real time. Among the three
fluorescent glycoconjugates (7d-7f), GalNAc conjugate (7d)
facilitated rapid and effective penetration of fluorophore into
hepatocytes. On the other hand, fluorescent GIuUNAc (7e) and
Man (7 f) conjugates were unable to enter the parenchymal liver
cells and accumulated in the liver sinusoidal endothelial cells. In
2020, Reshitko et al.*” introduced the new trivalent N-acetyl-
galactosamine conjugates (7g-7i) using a TRIS scaffold (Fig-
ure 7C). The triazolyl glycoconjugates 7g and 7h showed a
binding affinity for ASGPR with K, values 0.98 nM and 2.75 nM,
respectively. Cy5 conjugated trivalent glycoconjugate (7i)
specifically accumulated in the HepG2 cells in comparison to
the PC3 cell line.

In 2017, Mascitti and coworkers™® introduced a bicyclic
bridged ketal as a ligand for ASGPR. The synthesized trivalent
derivative is referred to as “Cargo-Adaptor-Ligand” like Alexa®-
C3-(BC); where Alexa® is cargo, C3 is propyl chain adaptor and
BC is bicyclic bridged ligand (Figure 8). The trivalent conjugates
Alexa®-C3-(BC); and GR—C3-(BC); showed binding affinity of
3045 pM and 71430 pM. The trivalent Alexa®™C5-(BC); glyco-
conjugate mediated predominant delivery to hepatocytes as
compared to Kupffer cells in vivo. The results of biodistribution
of Alexa647-labelled trivalent conjugate showed selective
hepatocyte targeting and prolonged retention as compared to
similar trivalent GalNAc. It was observed that the bicyclic
derivate of GalNAc was superior to parent GalNAc in rate and
extent of cellular uptake in vitro.

Patients with Wilson’s disease have a lack of protein that
pump out the copper ions from the hepatocytes and suffer
from copper overload. In 2012, Delangle and coworkers*" have
devised trivalent N-acetylgalactosamine conjugates (9a-9¢)
which have a dual capacity to bind with Cu(l) and target
hepatocytes. The binding motif was coupled with two cysteine
units because Cu(l) has an affinity for the soft ligand like
cysteine (Figure 9). Due to the S-S bond in the N-acetylgalac-
tosamine conjugate, it can be cleaved in the reducing intra-
cellular environment and hence release the ligand for Cu(l) in

Eur. J. Org. Chem. 2023, 26, €202201360 (9 of 23)
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Figure 9. Chelation domain based trivalent galactosides.

the intracellular environment. The distance between each f-N-
acetylgalactosamine moiety of glycotripods was kept 20 A apart
using an ethylene glycol spacer. The fluorescent analog 1-
TAMRA having a carboxytetramethylrhodamine was also syn-
thesized to visualize the uptake of glycotripod inside the
hepatocytes.

Gene silencing techniques have been widely explored to
treat various diseases including different cancers, viral infec-
tions, and Parkinson'’s diseases. The gene silencing is done by
short interfering RNA (siRNA), an antisense oligonucleotide
(ASO), and peptide nucleic acid (PNA). Although all these
nucleic acids have a high potential to treat these diseases, there
are many challenges to their successful delivery to the target
organs. Tris-GalNAc is the widely used glycoconjugate as a
vehicle to deliver the cargo in the liver. Tris-GalNAc has a high
tendency to bind with asialoglycoprotein receptors which are
abundantly present on the surface of hepatocytes and result in
rapid endocytosis. Therefore, Tris-GalNAc-Nucleic acid conju-
gates have attracted attention for delivering nucleic acid into
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the liver. The receptor binding is mediated by Ca’" and is
sensitive to pH. The nucleic acid can be delivered in the
hepatocytes due to a pH drop in the hepatocytes and ASGPR
got attained its original position on the surface of hepatocytes
(Figure 10). Many GalNAc-siRNA conjugates are underway in
clinical trials to treat wide variety of diseases.

In 2015, Ostergaard etal”? described a solution phase
synthesis of 5-hexylamino modified ASO conjugate trivalent N-
acetylgalactosamine 11a. The conjugation reaction of modified
ASO and trivalent N-acetylgalactosamine was performed in a
multigram scale. The trivalent N-acetylgalactosamine was con-
jugated to the 5’-end of ASO. It was found that the transfer of
trivalent N-acetylgalactosamine from the 3’-end of ASO to the
5’-end led to an increase in the potency of ASO by two folds in
cell culture and 1.5 folds in animals. The drug was extracted
from mice’s liver after 72h of post injection to further
investigate metabolic properties of 3’-GaINAc modified ASO
and 5’-GalNAc modified ASO. The study of extracted mice liver
showed that the 5-GaINAc modified ASO was fully metabolized
to release the parent ASO but in 3’-GalNAc modified ASO
incomplete metabolization was found after 72 h. In 2016,
Prakash etal. synthesized antisense oligonucleotide (ASO)
based N-acetylgalactosamine conjugates to enhance the po-
tency of ASO to the hepatocytes.*¥ Six distinct branched or
amino acid scaffolds were synthesized and coupled with ASO
using simplified solution phase or phosphoramidite based
methods. The detailed structure-activity relationship was
studied for enhancing the potential of ASO by changing the
length and hydrophobicity of the linker attaching GalNAc to the
scaffold. Among these various synthesized ASO-glycoconju-
gates, the tris-hexylamine GalNAc cluster (THA-GN3) (11b,
Figure 11) was identified as the best glycoconjugate for syn-
thesis in terms of cost and simplicity. The THA-GN3-ASO
conjugate targeting apolipoprotein was shown to be 30-fold
more potent than the parent ASO in humans. The measurement
of changes in white blood cell count (WBC) showed no

significant inflammation in animals treated with THA-GN3-ASO
as compared to parent ASO. Seth and coworkers™ synthesized
the ASO-GalNAc conjugate 11 ¢ from the linker of eight carbons
using solid support synthesis. Conjugation of trivalent GalNAc
improves the potency of ASO by 10-fold in mouse models due
to the direct delivery of ASO in hepatocytes. Further, 60-fold
potency was improved for the next generation as compared to
parent second-generation 5-10-5 MOE (2'-O-methoxyethyl RNA)
ASO (11¢, Figure 11). The mice were injected with ASO-GalNAc
conjugate to observe its metabolism. After 72 h post injection,
the extracted liver showed that no portion of GalNac was
attached with ASO which indicates the release of free ASO in
the liver. Ganesh and coworkers® synthesized the peptide
nucleic acid (PNA) conjugated trivalent N-acetylgalactosamine
via solid phase synthesis. The PNA was conjugated with N-
acetylgalactosamine in two different ways: (1)a trivalent
branched N-acetylgalactosamine was linked at the N-terminus
of the PNA through a spacer chain 11d and (2) the three
monovalent N-acetylgalactosamine units were conjugated
sequentially at C, of the backbone on the N-terminal of PNA
residue 11 e. Furthermore, for cell permeability studies, carboxy-
fluorescein was labeled at the N-acetylgalactosamine conjugate
PNA 11f. It was observed that the internalization of sequential
N-acetylgalactosamine conjugates PNA is 13-fold more efficient
than the branched N-acetylgalactosamine conjugates PNA.

In 2014, Manoharan and coworkers“® designed the syn-
thesis of siRNA based trivalent glycoconjugates 11g using solid
phase oligonucleotide synthesis. Already synthesized trivalent
N-acetylgalatosamine conjugate was functionalized for the
covalent conjugation of siRNAs. A trans-4-hydroxyprolinol
moiety was introduced to enable site specific conjugation of
ligand to any position of oligonucleotide during the solid phase
synthesis. The robust uptake of trivalent GalNAc-siRNA was
observed as compared to the unconjugated siRNA in the freshly
removed mouse hepatocytes. These conjugates inhibit targeted
gene expression in mice with a single dose ED;, value of

= GalNAc-siRNA ASGPR
ASGPR zﬁ/m conjugate
Recycling

Figure 10. Delivery of GalNAc-siRNA conjugate in hepatocytes.
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Figure 11. Nucleic acid conjugated trivalent galactosides.

1 mg/kg. In 2021, Heyes and coworkers™” explored the effect of
linkers on the potency of siRNA. It was shown that there is small
difference in biological performance between bivalent, trivalent,
and tetravalent glycosides conjugates but the other factors are
also affecting the biological performance more significantly

(11h, Figure 11).

In 2017, Seth and coworkers™®

Eur. J. Org. Chem. 2023, 26, €202201360 (11 of 23)

synthesized ASO-conjugated
N-acetylgalactosamine for the enhanced delivery of modified
ASO in the hepatic cells (Figure 12A). The monovalent N-
acetylgalactosamine-ASO conjugate showed a 10-fold reduced
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affinity as compared to the trivalent acetylgalactosamine-ASO
conjugate. The results of this paper also demonstrated that the
backbone charge and chemical composition of oligonucleotide
assist in the binding and internalization of highly polar anionic
single stranded ASO into hepatic cells. In 2015, Rajeev et al.*”
simplify the design of siRNA-GalNAc conjugate by synthesizing
a non-nucleosidic monovalent GalNAc unit which is further
converted into trivalent GalNAc in a sequential manner (Fig-
ure 12B). The 3’-end of siRNA was conjugated by solid phase
oligonucleotide synthesis. The uptake efficiency of sequential
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glycoconjugates was comparable to the parent triantennary
GalNAc for ASGPR.

Derdau and coworkers®™ developed a bifunctional probe to
monitor the expression of ASGPR for the detection of non-
alcoholic steatohepatitis (NASH) progression. The bifunctional
GN (GalNAc-NASH) probe was synthesized by conjugation of
trivalent GalNAc with Gallium (®*Ga) labeled dodecane tetra-
acetic acid (DOTA) to allow positron emission tomography (PET)
imaging and/or with hexamethine cyanine dye (Cy5.5) to allow
infrared optical imaging. The radioisotope ®Ga has strong
chelation with dodecane tetraacetic acid. The Cy5.5 labeled GN
probes were incubated with HepG2 human hepatocytes and
localization and intensity monitored by confocal microscopy. It
has been observed that the intensity of the signal is increasing
with time without affecting the cell viability. The radioactive GN
(GalNAc) probes show stability in plasma and were used in in
vivo studies in rodents. The radiolabelled GN probes were used
for monitoring the progression of NASH and fibrosis over a long
period beyond the need to sacrifice the animal (Figure 13).

3. Hemagglutinin

Hemagglutinin (HA) is a receptor binding membrane glycopro-
tein that is found on the surface of the Paramyxoviridae and
Orthomyxoviridae family viruses. The term “hemagglutinin”
comes from the Greek word: hema, which means “blood” and
the Latin root: agglutinatus, which means “glued or clump
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Figure 12. (A) ASO based trivalent glycoconjugate; (B) siRNA based trivalent
glycoconjugate.

together” and hence represents the ability of the protein to
cause agglutination of red blood cells. The HA glycoprotein is
responsible for the binding of the viruses such as influenza virus
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Figure 13. Radioactive labeled trivalent galactosides.
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to the host cell via various sialic acid (SA) receptors expressed
on the cell plasma membrane. The cell membrane then engulfs
the viral particle through endocytosis and infection is triggered.
Structurally, HA is a highly abundant cylindrical-shaped homo-
trimeric protein with an approximate height of 13.5 nm from
the virus surface™ HA-trimer (HA;), comprised of three
identical monomers, is densely packed on the viral envelope
and two adjacent HA; are 10-12 nm centrally apart from each
other. The crystal structure of the HA; from a human H3 N2
strain (PDB ID: 1hgg) revealed that the planar distance between
two SA-binding sites on a single HA; is around 4-6 nm
(Figure 14) and a typical spherical influenza A virus of diameter
120 nm carries around 400-500 HA; units.?**

Since each monomer of the HA; has a receptor binding site
(RBS) for SA, therefore, scaffolds decorated with SA moieties
thus competing with cell surface virus receptors have been
favorably implemented in several studies to inhibit the activity
of HA and thus influenza virus replication.***® Considering the
trimeric spatial organization of HA, a high affinity tripodal/
trivalent ligand could be designed by choosing an appropriate
trivalent core and a spacer to bring the three HA-binding
moieties in the right geometry that matches the RBSs of HA,.
Several research studies have demonstrated the significance of
1,3,5-trisubstituted benzene scaffold for C; symmetric presenta-
tion of glycosidic ligands to construct trivalent/tripodal glyco-
sides for lectin binding and other biological applications.?
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Meyer and coworkers employed a trimesic acid core to
construct a trivalent SA ligand as a HA binding scaffold
(Figure 15).*¥ For the synthesis of trivalent compounds, com-
pounds 15a and 15b, which were synthesized in several steps
from trimesic acid and sialic acid, respectively, were reacted
together in the presence of coupling reagent TBTU under the
basic condition in DMF to produce compound 15c. The basic
hydrolysis of trivalent sialoside 15c using NaOMe and NaOH in
two steps finally produced compound 15d. The lengths of the
peptide and alkyl chain were varied to assess their binding
energy and subsequently an energetically favored optimized
compound 15e was synthesized. In the optimized compound,
the anomeric center of the SA is spaced by 42 bonds which
bridged the distance of 3 nm from the aromatic core and
ultimately allowed the simultaneous binding of all three SA to
the HA;. A binding constant of 446 nM determined by surface
plasmon resonance (SPR) was obtained with HA; of influenza A
virus type H5 which is 4000-fold higher as compared to
monovalent compound 2-O-methyl-a-D-N-acetylneuraminic
acid.

Based on earlier studies demonstrating the inhibition of HA;
by trimesic acid-based tripodal glycoconjugates, tripodal fucoi-
dan derivatives were synthesized using trimesic acid and found
to be reasonably active in binding HA;. Kosono et al. chemically
synthesized a series of fucoidan derivatives to inhibit the
activity of viral HA® The docking simulation studies showed

o 3k
_
>

Figure 14. (A) Diagram showing the HA proteins on the surface of influenza virus and their interactions with SA residues of host cells which lead to
endocytosis and infection. Reproduced from Ref. [7]. Published by the Royal Society of Chemistry under the terms of a CC BY-NC 3.0 license; (B) cryo-TEM
image of influenza A virus showing the abundance of surface hemagglutinin (HA) protein. Reproduced with permission from Ref. [6]. Copyright (2016),
American Chemical Society; (C) Representation of a single HA spike which has an average length of 13.5 nm from the virus surface and on the top 3 sialic acid
binding pockets which are around 4 nm from each other. Reproduced with permission from Ref. [51]. Copyright (2010), Wiley-VCH; (D) Top view of HA;-region
where bound SAs are highlighted in green. Reproduced from Ref. [68]. Published by Wiley-VCH under the terms of a CC-BY-NC 4.0 license.
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Figure 15. Key steps for the synthesis of SA-functionalized peptide-linked trivalent compounds and the structure of the most active compound.

that one of the synthesized fucoidan derivatives bound to viral
HA at the same site as the native sialylated ligand with an
affinity similar to that of the natural ligand. An optimized
tripodal compound 16a (Figure 16A) exhibited 65 and 70-fold
higher binding activity towards H1 HA and H3 HA, respectively
as compared to its monomeric analog as determined by avidin-
biotin-peroxidase complex (ABC) assay. Moreover, the sulfated
fucoidan moiety was found to be inert towards enzymatic
hydrolysis by viral NA protein.

Recently, Lu etal. also reported on the synthesis of SA
functionalized trivalent inhibitors where optimized compound
showed more than a 400-fold increase in affinity against HA

0
07 © o
0S03Na
0 OSOzNa O _NH
R= o
Q7 0s0;Na
Na03S0 9 N N 0
30 R’ \/‘60/\’} R
0SO;Na 2 ) HN
5 0S0sNa T
Q7 0s0;Na
0S0;3Na
0S0;Na HN.

16a

compared to the monovalent ligand.®™ The IAV inhibition
potential of the compound was evaluated by testing against
the H3-containing WU95 virus. The number of infected cells
determined at 7 h post infection corresponded to the IC;, value
in the micromolar range. Feng etal. synthesized tripodal
sialyllactosides (16b and 16c) using trisphenol and trisaniline
core and extended the length of the spacer using triethylene
glycol, glutamine, and C6 alkyl chain (Figure 16B).®® Trisphenol
and trisaniline cores were chosen as both have a relatively rigid
conformation and a symmetric sp® carbon so that three
branches spread out evenly. Glutamine residue was introduced
in the spacer as a linker between the aglycon part and

HO OH

Figure 16. (A) Molecular structure of the active trimeric fucoidan compound and (B) trivalent compounds based on symmetrical trisphenol and trisaniline core.
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sialyllactose to induce an additional interaction with the GIn189
residue of HA in addition to the interaction of sialyllactose with
the HA receptor site. The modeling studies suggested that the
position of the glutamine residue and the length of the linkers
were appropriate and the designed tripodal compound bound
efficiently with HA as per the computer simulation study but
unexpectedly both the synthesized compounds did not show
any HA binding activity in an inhibition assay.

In another significant contribution, authors synthesized a
series of cyclic peptides (17a-17c) presenting one, two, and
three sialotrisaccharides in tripodal conformation (Figure 17).”
For the synthesis, a cyclic peptide containing glutamine (GlIn)
residues was coupled with 6-aminohexyl lactoside using trans-
glutaminase to afford the mixture of mono-, di- and tri-
substituted lactose derivatives. Sialic acid was then introduced
on lactose units by using CMP-Neu5Ac in the presence of a-2,3-
(N)-sialyltransferase to afford final products (17d-171). Molec-
ular modeling studies indicated that the maximum distance
between sialic acid residues is 5-7 nm for the tripodal
glycopeptides. Since the binding sites within the HA; are
separated by 4-5nm, all the tripodal ligands can simultane-
ously occupy the HA; binding sites. However, the hemaggluti-
nin assay showed that biological activity is strongly determined
by the amino acid sequence of the cyclic peptide, regardless of
the similarity in their circular sizes. These studies demonstrated
that the design of the tripodal scaffold is still challenging and
there are several parameters to fine-tune the tripodal glyco-
conjugate for optimum interaction with HA.

The relevance of the rigidity of the trivalent core and length
of the spacer carrying the sialoside ligands was investigated by

OYNH2 Oy NH2
GIn—™ “GIn
NH,

NS

OH R=
OH Hooc OH
OH 0 o
o)
HO

OH
HO o

RO

17d-f

G
17g-i

Kiran et al® Compounds were synthesized by employing
carboxylic acid functionalized trivalent adamantane and tris-
propionic acid cores as the starting materials. Due to the
different degrees of rotational freedom on the functionalizable
points on the two different scaffolds, adamantane was consid-
ered to be more rigid as compared to the tris-propionic acid
core. Both the rigid and flexible scaffolds were coupled with
propargyl amine in the presence of carbodiimide coupling
reagent to afford propargyl derivatives which were converted
into azide functionality in two steps. The propargylated sialic
acid was then coupled to afford desired sialic acid functional-
ized tripodal compounds. The authors systematically varied the
spacer length on two structurally different trivalent cores to
fine-tune the ligand spacing to match the binding sites on HA,.
The synthesis and molecular structures of the two representa-
tive compounds (18d and 18e) are shown in Figure 18. Based
on the crystal structure of the single HA;, it was found that the
projected distance between the receptor binding pockets and
the HA; midpoint is around 2.6 nm. Moreover, the binding site
was found ~0.9 nm below the top of the HA surface, which
lead to an effective distance of 3.5nm. The part of the
synthesized tripod had a length of ~1.2 nm from the core to
the functional group thus spacer had to bridge a distance of
~2 nm which was coved by the PEG containing 6-14 ethylene
glycol units as suggested by molecular dynamic simulation
studies.™ Furthermore, the flexible tris-propionic acid core-
based tripodal compound showed a binding constant in the
millimolar range and the rigid adamantane core-based com-
pound outperformed the tris-propionic acid-based compound

17a: L(Ser-GIy-GIy-GIn-Ser-His-Asp)s_]

17b3L(GIy-Ser-Ser-GIn-Ser-Ser-GIy)3_]

17c: L(GIy-Ser-GIn-Ser-Ser-GIy)3J

Transglutaminase
OHOH

OH
Q HO O/\/\/\/NHz
HO ) d
OH OH

o-2,3-(N)-sialyltransferase

RO, RO RO
% RO % RO
OYNH OYNH O 'NH OYNH OxNH, OxyNH2
GIn Gin E/In/_\em GIn Gin
QYND QYND \OYND
Gin In Gin

17j1

Figure 17. Enzymatic synthesis of mono-, di- and tri-valent cyclic peptide-based sialyllactosides.
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Figure 18. General synthesis of the trivalent compound and the molecular structures of representative compounds with flexible tris-propionic acid and rigid

adamantane core.

with micromolar binding constant as determined by microscale
thermophoresis (MST) technique.

Nagao et al. reported the topological design of sialyllac-
tose-based star polymers for targeting HA protein (Fig-
ure 19)."% The star structures were designed to be tripodal to
allow for multiple binding to trimeric sugar-binding pockets of
HA. The precise arrangement of sialyllactose units towards the
binding pockets of HA was achieved by controlling the length
of the arms of star polymer, the maximum interaction was
found when the diameter of the polymer was comparable to
the distance between the sugar binding pockets of HA.
Depending upon the length of the polymeric arm, around 1.8-
2.7 binding sites were accessible to bind with three arm star
polymers out of total 3 binding sites, and the average
inhibition constant of 21, 140, and 830 uM were observed for
SD,,Gio, SD4Gy and SDgsG,q, respectively. In particular, the
interaction of SD,,G;, was found to be maximum among all
polymers.

A similar type of strategy to bind the trimeric pocket of HA
was used to inhibit IAV infection by employing sialyllactose-
modified three-way junction DNA (Figure 20).”" Since DNA
offers advantages that allow the design of a well-ordered
structure and control of the number, density, and spatial

Eur. J. Org. Chem. 2023, 26, €202201360 (16 of 23)

distribution of the carbohydrate ligands. Keeping the core DNA
scaffold sequence the same, several silayllactose residues were
presented onto each DNA terminal to optimize the three
simultaneous binding to SA binding pockets. The distance
between the two adjacent terminal sialyllactose residues was
kept around 6 nm which was slightly higher than the two
adjacent HA pockets of 4-5 nm. The slightly higher distance
was maintained to overcome the effect of a slightly convex HA
surface. This rigid three-way junction DNA scaffold with S3
substituents (as shown in Figure 20A) on all three arms was
found to maintain appropriate conformation in the process of
binding to HA by providing sialyllactose residues a similar
arrangement of three SA binding pockets on HA, thus showed
the maximum inhibition of influenza. In a further study, authors
replaced the O-sialosides with S-sialosides to exclude any
degradation due to enzymatic cleavage of O-sialoside from
DNA scaffold by the viral neuraminidase as the S-sialosides are
hydrolytically stable.”>’® The synthesized neuraminidase resist-
ant sialosides that contain unnatural S-glycosidic bonds were
equally effective for the recognition of HA on the virus surface.
The authors further employed a triangular DNA (Figure 20B) as
another tripodal DNA scaffold for the symmetric trivalent
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of binding sites for each polymer). Polymers of hydrodynamic diameter ~6.65 nm showed maximum interaction because of matched topology with HA trimer
binding pockets. Reproduced with permission from Ref. [70]. Copyright (2019), American Chemical Society.
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Figure 20. (A) Structural representation of HA trimer and its complex with 2,3-sialyllactose-modified three-way junction DNA. Reproduced with permission
from Ref. [71]. Copyright (2018), American Chemical Society; (B) Triangular DNA synthesized by the hybridization of three inverted DNAs. Reproduced with

permission from Ref. [74]. Copyright (2019), Elsevier.

presentation of sialyllactose moieties.”” The scaffold size of the
triangular DNA was reduced to 5 nm from 6 nm for a three-way
junction and thus ligand presentation of the triangular scaffold
matched closely to SA binding sites of HA; (~4.2 nm). However,
the binding affinity of the triangular scaffold was similar to that
of the three-way junction which concluded that a more
moderate scaffold size may be needed to achieve binding with
convex HA;. Moreover, fully unfunctionalized and sialyllactose
functionalization on one of the three arms did not show any HA
inhibition. These results confirmed that there are no unspecific
interactions between bare DNA scaffold and HA. Sialyllactose
on two and all three arms inhibited HA at 2.0x107° M and 5.0x
1077 M, respectively as determined by hemagglutination assay.

4. Langerin
Langerin is a C-type transmembrane lectin protein expressed
on the Langerhans cells, which are immune cells and function

more like dendritic cells in antigen recognition. The main

Eur. J. Org. Chem. 2023, 26, €202201360 (17 of 23)

function of langerin is to recognize and internalize the
pathogen in the Langerhans cells which further stimulates
T-cells response through antigen presentation. Langerin con-
sists of an extracellular domain which comprises of a neck
region and a carbohydrate recognition domain (CRD) as shown
in Figure 21.”7" The neck region of langerin consists of alpha-
helices and mediates the formation of langerin homotrimeric
structure through coiled-coil interactions. The trimeric structure
is essential for the optimal binding to carbohydrate ligands."®
The crystal structure of the truncated trimeric langerin showed
that the multiple interactions between the CRDs and neck
region make the trimeric langerin a rigid unit with the three
CRDs in fixed positions. The primary sugar binding sites are
separated by a distance of around 42 A" Ligand recognition
studies of langerin showed that it binds to highly mannosylated
compounds either through terminal non-reducing mannose
units or internal Mana.1,2-Man units. The binding mode of the
non-reducing mannose is similar to the monosaccharide
mannose, except that it is 180 degrees flipped by the axis
perpendicular to the C3—C4 bond. The binding sites of langerin
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Neck domain

Figure 21. (A) Structure of truncated langerin where sheets are shown in
yellow, helices in red, loops in green, and Ca" is shown as a blue ball;

(B) Top view of the trimeric structure; (C) Side view of the trimeric structure.
Reproduced from Ref. [75], published by Elsevier under a CC-BY license.

are a little extended and can interact with other sugar residues
in mannose oligosaccharides.

Langerin was found to be unique among C-type CRDs since
it could also interact with N-acetylglucosamine and galactose-
based saccharides apart from mannose/fucose units. Several
research studies showed that langerin exhibits an unusual
binding affinity towards 6-sulfated galactose, a moiety found in
keratan sulfate.”” Ota et al. observed that a disaccharide named
as L4, a keratan sulfate component that contains 6-sulfated
galactose, and its related compounds are effective ligands for
langerin.”® They chemically synthesized several oligomeric
(trimeric and polymeric) derivatives of the L4 ligand to create a
new high-affinity binding ligand of langerin. The enzyme-linked
immunosorbent assay (ELISA) revealed that the synthesized
trivalent (IC5,=2.7 uM) and polymeric (IC;,=2.1 nM) L4 deriva-

"o Match for
high avidity

OH

L
< "OH
o

tives found to display over 1000-fold affinity towards langerin
as compared to monomeric L4 with IC;, of 3.5 mM.

Neuhaus et al. recently reported the synthesis of linear and
three-arm branched glycol oligomers and studied their binding
with langerin.” The chain length of all three ligand-carrying
branches was varied independently (symmetrically and unsym-
metrically) to obtain an optimized system and a correlation
between scaffold size and inhibitory potential against langerin
was developed. Binding studies demonstrated that the smallest
three-arm scaffold shown in Figure 22 had the highest binding
and the stepwise elongation of one, two, or all three arms
resulted in decreased binding. Overall, these results suggested
that a very high affinity towards langerin can be achieved using
an optimized carbohydrate-functionalized trivalent scaffold.

Since langerin binds to a variety of carbohydrates such as
fucose, mannose and sulfated sugars. Given this rather broad
ligand range and taking into consideration the multitude of the
other common lectins such as Mannose Binding Protein, dectin-
2, and DC-SIGN binding similar saccharides, it has been
challenging to selectively target langerin expressing cells.
Recently, Bachem etal. tried to address this challenge by
introducing a glycomimetic 2-N-tosyl-aminoglucose (GIc2NTs)
moiety as a selective ligand for langerin and demonstrated that
the attachment of GIc2NTs to various scaffolds such as lip-
osomes, polymers, and DNA resulted into improved affinity
towards langerin.®®" In one of their studies, a rationally
designed well-defined molecular system was constructed by
the hybridization of 39 nucleotide long DNA template strands
with three different 13 nucleotide peptide nucleic acid (PNA)
strands to obtain DNA-PNA complex as shown in Figure 23C.
Among three PNA strands, two were functionalized by GIc2NTs
or TriGIc2NTs (trivalent derivative of GIc2NTs) via 1,4-addition of
thiolated PNA to maleimide functionality of these ligands. The
bivalent functionalization of TriGIc2NTs ligand displaced a
remarkable affinity enhancement and the IC;, value decreased
to ~0.3 uM for the bivalent presentation of TriGIc2NTs from
~347 mM for the monovalent GIc2NTs as demonstrated by SPR
assay. Moreover, the complex Biv-TriGIc2NTs-13 (i.e, doubly
functionalized with TriGIc2NTs) provided 100 and 1000-fold

Figure 22. Molecular structure of the trivalent glycooligomer which showed highest binding to langerin extracellular domain (EDC) with interbinding site
distance of around 42 A. Reproduced with permission from Ref. [79]. Copyright (2019), American Chemical Society.
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Figure 23. (A) Molecular structure of GIc2NTs ligand and its PNA conjugate; (B) Molecular structure of TriGIc2NTs ligand and its PNA conjugate;
(C) Hybridization of unmodified (black) and modified (red, orange) PNA oligomers with DNA template strands to obtain PNA-DNA complexes having ligands
(yellow) at varied distances. Reproduced from Ref. [81], published by Wiley-VCH under the terms of a CC-BY 4.0 license.

higher affinity than TriGIc2NTs and GIc2NTs ligands, respec-
tively.

5. Miscellaneous

Concanavalin A (ConA) is a plant lectin which specifically binds
to the various sugars and glycoproteins mainly internal and
non-reducing terminal of a-D-mannosyl and a-D-glucosyl
groups. ConA is a D, symmetric homotetramer and each
subunit binds to metal ions (Ca>* and Mn?™). In 2004, Lehn and
coworkers® prepared a dynamic carbohydrate library from a
pool of carbohydrate aldehydes, hydrazine linkers, and scaf-
folds. The synthesized compounds were used to study the
interaction of carbohydrates and lectin with ConA as a target.
Among various synthesized glycoconjugates, a more flexible
scaffold (24 ¢ and 24d) shows higher activity for ConA than the
glycoconjugates of rigid scaffold (24 e, Figure 24A). The man-
nose was found as the most active carbohydrate. The IC;, value
of trivalent mannoside (24 b) was found 22 uM as compared to
the methyl-a-D-mannoside (IC;,=0.8 mM).

In 1998, Lindhorst and coworkers® synthesized the triva-
lent mannosides and explore their ability to inhibit the
mannose dependent binding of E. coli HB 101(pPK14). The
trivalent O-mannosides 24h and 24i were found potent
inhibitors for E. coli inhibition with 1C;, 11 and 39 uM,
respectively (Figure 24B). However, thiourea linker based triva-
lent mannosides 24f and 24g shows very less inhibition with
ICso 5333 UM and 429 uM, respectively. After having the lead
trivalent mannoside 24h in hand, Lindhorst etal® further
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explored the structure modification in the aglycone part and
the length of the linker. The spacer modified trivalent manno-
sides 24j, 24k and 241 shows inhibition with 1Cs, value 238,
222, and 134 uM. These results suggest that the positioning of
mannose in trivalent mannoside 24 h is better than the trivalent
mannosides 24j, 24k, and 241. The length of the spacer is
disrupting the receptor binding with the trivalent mannosides.
The most potent trivalent mannoside 24 h with better inhibition
capacity was conjugated with biotin to afford biotin conjugated
trivalent mannoside 24 m for biological testing.

Adenoviruses belong to the Adenoviridae family of viruses
which spread infection worldwide in humans as well as other
animals. Adenoviruses of serotypes 8, 9, and 37 majorly
contribute to severe eye infection EKC (epidemic keratocon-
junctivitis). The interactions of adenoviruses with cellular
receptors are through homotrimeric fiber proteins. Adenovirus
type 37 tends to bind and infect the human corneal cells
through sialic acid. Kihlberg and coworkers® synthesized the
3'-sialyllactose based multivalent inhibitor of EKC causing
adenovirus of serotype 37 (Ad37). 3'-Sialyllactose was conju-
gated with human serum albumin (HSA) through squaric decyl
ester glycoside 25a (Figure 25A). The binding efficiency of
trivalent sialyllactose was not studied for Ad37. In 2017,
Elofsson and coworkers® synthesized trivalent sialic acid based
inhibitors of Ad37 (Figure 25B). The trivalent sialic acid glycotri-
pod 25 e was the most potent and equivalent to 17-valent sialic
acid-HSA conjugate. The cell based infection assay was done to
evaluate the anti-adenoviral potential and glycotripod 25e
inhibited the infection of HCE cells by Ad37 virions with an I1Cg,
value of 0.38 uM. The trivalent compound 25 e was found more
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Figure 24. (A) Trivalent mannoside and different kinds of scaffolds for targeting plant lectin ConA; (B) Trivalent mannosides for inhibiting E. coli.

potent than sialic acid, 3'-sialyllactose-HSA, and sialic acid-HSA
! synthesized the
trivalent sialic acid derivatives (Figure 25C) and explored their
inhibitory activity against Adenovirus type 37 (Ad37) infections

conjugates. In 2015, Elofsson and coworkers®

of human corneal epithelial (HCE) cells.
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6. Conclusion and Outlook

This review describes efforts to optimize efficient glycotripods
for a significantly high binding with trimeric lectins. Various
modification methods have been reported on trivalent scaffolds
to broaden its applications as a favorable lectin binder. These
useful modifications have been utilized for the construction of
tripodal inhibitors for various trivalent lectins. It has been
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concluded that till now ASGPR is highly specific for N-
acetylgalactosamine and the optimal spacer length between
the main scaffold (branching point) and the sugar residue is
found to be 20 A. This spacer length and sugar led to an
increase in the binding affinity of the ligand towards ASGPR.
Furthermore, trivalent bicyclic N-acetylgalactosamine conju-
gates show binding affinity in the picomolar range. Hence there
is still scope to explore bicyclic sugar as ligands for trivalent
glycoconjugates. HA is highly specific for binding with sialic
acid while langerin shows selectivity for binding with mannose
and sulfated N-acetyl galactosamine. In comparison to other
multivalent systems, the target specific design and easy
modification make them potential candidates as trimeric lectin
binders/inhibitors. Much progress has also been accomplished
in the last decade to deliver the cargo (genetic material, drugs,

Eur. J. Org. Chem. 2023, 26, €202201360 (21 of 23)

and lipids) with the help of trivalent glycoconjugates. Moreover,
the design of tripodal inhibitors has not been fully explored yet.
There are still several other possibilities to use new scaffolds
and incorporate new functionalities to enhance binding affinity
and target specificity so that these controlled systems can be
utilized in clinical applications.
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