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REVIEWS I

Targeting the glycans of glycoproteins:
a novel paradigm for antiviral therapy

Jan Balzarini

bacteria and fungi.

Any attempts to develop an efficient vaccine against
chronic viruses, such as HIV and human hepatitis C
virus (HCV), have so far failed. This is mainly due to
the inventive immunological escape mechanisms of
these viruses'?, as well as a lack of efficient long-term
protective vaccines that can be directed against con-
served epitopes of viruses that are involved in acute
infections (such as the influenza virus)?. Instead, a
broad range of chemotherapeutic agents is available for
the treatment of various viral infections, in particular
for HIV*. However, the appearance of long-term side
effects and, in particular, the eventual emergence of
viral resistance under drug pressure, often weakens the
therapy and makes the drugs useless and even harmful
in the long run. The targets of the currently available
antiviral agents are essential virus-encoded enzymes,
virus-specific structural proteins or cellular proteins
(that is, viral receptors)*, but the sometimes-abundant
presence of glycans on viral-envelope glycoproteins
has never been seriously envisaged as a therapeutic
target.

Glycans on the viral envelope often have a crucial role
in enabling an efficient transmission of the pathogen
and/or entry into its susceptible target cells. Moreover,
it has been shown that the presence of glycans on the
envelope of viruses, such as HIV and HCYV, is also of
crucial importance for the evasion of the immuno-
logical surveillance of the host. Agents that interact
with the viral-envelope glycans may, therefore, com-
promise the efficient entry of the virus into its sus-
ceptible target cells. Such agents do not interfere with
the glycosylation enzymes from the cell, but rather

Abstract | Several chronic viral infections (such as HIV and hepatitis C virus) are highly
prevalent and are a serious health risk. The adaptation of animal viruses to the human host,

as recently exemplified by influenza viruses and the severe acute respiratory syndrome
coronavirus, is also a continuous threat. There is a high demand, therefore, for new antiviral
lead compounds and novel therapeutic concepts. In this Review, an original therapeutic
concept for suppressing enveloped viruses is presented that is based on a specific interaction
of carbohydrate-binding agents (CBAs) with the glycans present on viral-envelope
glycoproteins. This approach may also be extended to other pathogens, including parasites,

act by directly binding to the intact glycans on the
viral envelope. Perhaps more importantly, such car-
bohydrate-binding agents (CBAs) may force the virus
to delete at least part of its glycan shield to escape
drug pressure®; this might result in the initiation of
an immune response against uncovered immunogenic
envelope epitopes.

CBAs may become the first chemotherapeutics with
a dual mechanism of antiviral action: first, through
direct antiviral activity, by binding to the glycans of
the viral envelope and subsequently blocking virus
entry, and second, through indirect (additional) anti-
viral action resulting from the progressive creation of
deletions in the envelope glycan shield, thereby trig-
gering the immune system to act against previously
hidden immunogenic epitopes of the viral envelope
(FIC. 1). In the broader perspective, apart from viruses,
other pathogens such as Mycobacterium tuberculosis,
Helicobacter pylori and some parasites may also be sus-
ceptible to this novel therapeutic approach. This Review
will focus on CBAs and the molecular mechanism of
their antiviral activity (FIC. 1). The escape mechanisms
of HIV in response to CBA pressure and how these
escape mechanisms might involve the immune system
to further combat the viral infection will also be dis-
cussed. The interference of CBAs with the dendritic
cell (DC)-specific intercellular adhesion molecule 3
(ICAM-3)-grabbing non-integrin (DC-SIGN)-directed
capture and transmission of HIV and other pathogens
will also be highlighted, and the unique features of the
CBA therapeutic concept and its potential pitfalls will
be discussed.
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Mannose-binding lectins
(MBLs). A superfamily of
strictly mannose-specific
lectins, all of which consist of
subunits with a similar
sequence and overall three-
dimensional structure.
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Role of glycans on glycoproteins

Glycosylation is a highly diverse co- and post-transla-
tional protein-modification reaction that can be broadly
divided into two categories; O-linked and N-linked gly-
cosylation. In O-linked glycosylation, which probably
occurs in the Golgi apparatus, the carbohydrate moiety
is covalently linked to the hydroxyl oxygen of serine and
threonine, but it can also be bound to tyrosine, or to
5-hydroxylysine and 4-hydroxyproline®. O-glycosylation
has various functions, such as providing ligands for
selectins, resistance to proteolysis of stem regions
of membrane proteins and creating specific recogni-
tion phenomena®. It can also help to mask immuno-
genic epitopes on the protein. O-linked glycosylation
usually has N-acetylgalactosamine (GalNAc) as the
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Figure 1| Overview of the particular antiviral activities of carbohydrate-binding
agents (CBAs). CBAs have been shown to efficiently inhibit the infection of T cells and
macrophages by cell-free HIV particles (a), syncytia formation between HIV-infected
cells and uninfected T cells (b), the capture of HIV particles by dendritic cell (DC)-specific
intercellular adhesion molecule 3 (ICAM-3)-grabbing non-integrin (DC-SIGN)-
expressing cells such as DCs (c), and DC-SIGN-captured HIV transmission to T cells (d).
Exposure of CBAs to the virus in cell culture has also been shown to force the virus to
delete part of the protective glycan shield that is present on its envelope glycoprotein
gp120. Itis assumed that such glycan deletions trigger an enhanced neutralizing
antibody response to the previously hidden immunogenic epitopes of gp120 and
possibly also a cellular immune response. Parts ¢ and d reproduced with permission
from REF. 122 © (2006) University of Amsterdam. CCR5, chemokine receptor 5; LFA-1,
lymphocyte function-associated antigen 1.

binding sugar but can also involve other sugars, such
as fucose, glucose and N-acetylglucosamine (GlcNAc).
Galactose and/or sialic acid are also often found in
O-glycans.

The covalently N-linked glycans (FIC. 2) are added
co-translationally to native polypeptides in the endo-
plasmic reticulum (ER) as blocks of fourteen sugars
(Gle,Man,GIcNAc,). These glycans are then subject to
extensive modification during their transport through
the ER and the Golgi complex before reaching their final
destinations inside or outside the cell’”. In the ER and the
early secretory pathway, the oligosaccharide repertoire
is still small. In the Golgi complex, however, the gly-
cans acquire complex and highly diverse structures by
terminal glycosylation, which results in a tremendous
heterogeneity. Such diversity differs between cell types,
tissues and species, and helps to further increase micro-
heterogeneity in the presence of an identical genetic
polypeptide background. This results in the creation of
new functionalities and specificities®’. The N-glycans
may also have an important role in proper protein
folding and degradation'’, and solubility, by avoiding
the precipitation that is caused by lipophylic amino-
acid stretches in the nascent polypeptide'’. They also
control proper peptidic oligomerization and the sorting
of the peptides, as well as peptide transport and traf-
ficking (by acting as universal ‘tags’ for specific cellular
lectins and modifying enzymes)”*'%. The presence of a
glycan shield on the peptides also enables the efficient
protection of the glycoproteins against degradation by
proteases.

The interactions of carbohydrates with cellular
lectins are also of crucial importance for the efficient
operation of the innate immune system. Examples
include the mannose-binding lectin (MBL)"3, DC-SIGN,
defensins' and macrophage mannose receptors’.
Leukocyte interactions with endothelial cells repre-
sent a well-characterized example of a cell-adhesion
event that depends on glycan-receptor interactions'’.
Cell-surface glycoproteins can, therefore, mediate cell
adhesion and signalling events, as well as intercellular
communication.

As well as mammalian cells, many different pathogens,
including viruses, bacteria, fungi and parasites, also use
glycoproteins extensively for diverse functions, in part
similar to eukaryotic cells. However, as the glycans on
the pathogen (in particular, viral-derived glycoproteins)
are produced by the cellular machinery, they are often
recognized as ‘self’ by the immune system. Therefore,
the glycans on pathogen glycoproteins in the viral enve-
lope or bacterial cell wall help to escape recognition by
the immune system, and the subsequent destruction or
neutralization of the pathogen.

Classes of carbohydrate-binding agents
Arbitrarily, two different categories of CBAs can be
distinguished: lectins, which are proteins that specifi-
cally recognize carbohydrate (glycan) structures, and
non-peptidic small-size agents that may have a good
and often specific affinity for monosaccharide and/or
oligosaccharide structures.
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Syncytium

A multinucleated giant cell that
is formed following the fusion
of infected cells expressing
HIV-encoded envelope
glycoproteins and uninfected
cells expressing the CD4
co-receptor. The resulting
syncytium subsequently
undergoes apoptosis.
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Figure 2 | Structures of different N-glycan types. Examples of the structural composition of high-mannose-type
N-glycans. a | Tri-antennary complex-type N-glycans. b | Hybrid-type N-glycans. ¢ | High-mannose-type N-glycans that
are abundantly present on the envelope glycoprotein gp120 of HIV, but are rare on mammalian glycoproteins. Besides
high-mannose-type N-glycans, the complex-type and hybrid-type N-glycans are also present on gp120. Asn, asparagine;
Fuc, fucose; Gal, Galactose; GlcNAc, N-acetylglucosamine; Man, mannose; SA, sialic acid; Ser, serine; Thr, threonine;

X, any amino acid except proline.

Peptidic carbohydrate-binding agents. Several CBAs of
prokaryotic origin have been isolated and characterized
(TABLE 1). The most well-studied CBA is undoubtedly
cyanovirin-N (CV-N), an 11-kDa protein (composed
of 101 amino acids consisting of two sequence repeats)
originally purified from extracts of the cyanobacterium
Nostoc ellipsosporum*®. The elucidation of CV-N crystal
structures revealed the existence of a domain-swapped
dimer, with two primary carbohydrate-binding sites and
two secondary carbohydrate-binding sites on opposite
ends of the dimer'*!. The carbohydrate-recognition
sites have a binding geometry of high-mannose glycans,
in particular o(1,2)-linked mannose oligomers*>%.
A monomeric 13-kDa protein isolated from the uni-
cellular freshwater bloom-forming cyanobacterium
Microcystis viridis NIES-102 strain (Microcystis viridis
lectin (MVL))** was also shown to be composed of two
tandemly repeated homologous domains, with specifi-
city for 0(1,6)- and possibly 0/(1,3)-mannose oligom-
ers. Its smallest target is a Man,GIcNAc, tetrasaccharide
core®. Scytovirin (SVN), a 9.7-kDa peptide, with 95
amino acids, has most recently been isolated from the
cyanobacterium Scytonema varium®® and was shown to
have a pronounced affinity for 0(1,2)-0(1,6)-mannose
trisaccharide units?”. Both CV-N and SVN inhibit HIV
infection in cell culture, at 50% effective concentrations
of 0.1 and 0.3 nM, respectively. MVL, however, is less
inhibitory against HIV?,

A CBA derived from the sea coral Gerardia savaglia
(GSA) was one of the first lectins isolated from a primi-
tive eukaryotic organism®. This b-mannose-specific
CBA is a dimer, with each monomer being 14.8 kDa,
and requiring calcium to preserve full carbohydrate-
binding activity. Actinohivin®, derived from the actino-
mycete Longisporum alba (a 12.5-kDa protein, with
114 amino acids), and Griffithsin (GRFT)?, isolated

from the red alga Griffithsin spp. (a 13-kDa protein,
with 121 amino acids), were also recently shown to
recognize mannose-type glycans. Interestingly, the
calcium-independent GRFT, a dimeric protein with
four 0/(1,2)-mannose carbohydrate-binding domains
(CBDs) separated by short linker sequences, has no
homology to any other primary amino-acid sequence
that has been found so far*'. GSA showed complete
suppression of HIV-1 infection in the H9 cell line at a
concentration of 0.2 uM. At the same concentration,
syncytia formation between H9 and HIV-1-persistently
infected Jurkat cells was blocked??. Actinohivin inhibits
both T-cell and macrophage infection by HIV-1 at 60
to 700 nM concentrations in cell culture®; GRFT is
exquisitely active against CXC-chemokine receptor 4
(CXCR4)-tropic HIV-1 (X4 HIV-1) and CC-chemokine
receptor 5 (CCR5)-tropic HIV-1 (R5 HIV-1) isolates,
with EC_ s ranging from 0.04 to 0.63 nM*".

CBAs that have a broad array of carbohydrate
specificities, including mannose, glucose, galactose,
fucose, sialic acid, GIcNAc and GalNAc oligomers,
are prevalent in many plant families. Monomer and
dimer forms of plant lectins predominate, but trimer,
tetramer and even octamer plant lectins exist that
lead to quaternary protein complexes that have rela-
tively high molecular weights (for an overview, see
REFS 34,35). The crystal structures of a number of
plant lectins in complex with carbohydrate oligomers
have been determined, such as the mannose-specific
lectin from Galanthus nivalis (GNA)?*® and the
GlecNAc-specific lectin from Urtica dioica (UDA)Y.
The anti-HIV activities of plant lectins vary greatly,
depending on the nature of the lectin source. For
GNA and UDA, EC,, values of approximately 0.01
and 0.1 uM, respectively, against HIV-1 in CEM cell
cultures were reported®-*!.,
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Table 1| Carbohydrate-binding proteins of a non-mammalian origin

Species
Cyanobacteria
Nostoc ellipsosporum
Scytonema varium
Microcystis viridis
Sea corals

Gerardia savaglia
Algae

Griffithsia spp.
Fungae

Longispora albida
Annelida
Chaetopterus variopedatus
Laxus oneistus
Plants
Orchidaceae

Listera ovata
Epipactis helleborine
Cymbidium hybrid
Amaryllidaceae
Galanthus nivalis
Hippeastrum hybrid
Narcissus pseudonarcissus
Alliaceae

Allium porrum
Allium ursinum
Moraceae
Artocarpus integrifolia
Fabaceae

Canavalia ensiformis
Pisum sativum

Lens culinaris

Vicia faba

Lathyrus odoratus
Urticaceae

Urtica dioica
Cecropiaceae
Myrianthus holstii
Euphorbiaceae

Hevea brasiliensis

Lectin name
Cyanovirin-N
Scytovirin
None

None
Griffithsin
Actinohivin
None

Mermaid

Twayblade lectin

Broad-leaved helleborine lectin

None
Snowdrop lectin
Amaryllis lectin

Daffodil lectin

Leek lectin

Ramsons lectin

Jacalin, jack fruit lectin

Jack bean lectin

Garden pea lectin

Lentil lectin

Broad bean, faba bean lectin
Sweet pea lectin

Stinging nettle lectin

Myrianthin

Rubber tree lectin, hevein

Abbreviation Carbohydrate specificity

CV-N a(1,2) Man

SVN 0(1,2)-0(1-6)Man
MVL Manf(1,4)GlcNAc
GSL D-Man

GRFT Man, Glc, GlcNAc
AHA Man

CVL B-Gal

None Man

LOA o(1,3)Man

EHA Man

CHA Man

GNA o(1,3)Man

HHA o(1,3)-0(1,6)Man
NPA o(1,6)Man

APA Man

AUA Man

Jacalin Galoy(1,6) or Galf(1,3)GalNAc
ConA Man>Glc>GlcNAc
PSA Man>Glc/GlcNAc
LCA Man>Glc>GlcNAc
VFA Man>Glc/GlcNAc
None Man>Glc>GlcNAc
UDA GlcNAc oligomers
MHA GlcNAC

HBA GlcNAc

The > symbol indicates a higher preference. Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GlcNAc,
N-acetylglucosamine; Man, mannose.

CBAs have also been isolated from invertebrates,
such as CVL from Chaetopterus variapedatus* or
Mermaid from Laxus oneistus®®. Whereas CVL has
[3-galactose specificity, Mermaid is a calcium-dependent
mannose-specific CBA. Interestingly, Mermaid was

reported to have a strong structural resemblance to
mammalian DC-SIGN*. The antiviral activity of
CVL against HIV is in the range of 0.004-0.06 pM*;
the anti-HIV activity of Mermaid has not yet been
reported.
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Mammalians also have several types of CBA. MBL
is a calcium-dependent multimeric CBA that is found
in serum'* and contains subunits of approximately
31 kDa. Besides mannose, it also binds GlcNAc and
fucose. MBL is part of the innate immune system and
binds pathogens as the initiating step of the lectin path-
way in order to opsonize the pathogen**. DC-SIGN
is another example of a vertebrate mannose-specific
lectin that is predominantly present on immature
DCs*. It functions in DC recognition and the uptake of
pathogens (such as HIV), leading to antigen presenta-
tion to T cells”. Various other CBAs, apart from MBL
or DC-SIGN, are also part of the innate and/or adap-
tive immune system. Mammalian defensins (o, B and
cyclic @), a family of soluble glycan-binding proteins,
are probably the best-studied lectins of our immune sys-
tem'. Galectins also have a role in cell-cell recognition
and the triggering of intracellular signalling cascades
that lead to apoptosis*.

Finally, the monoclonal antibody 2G12 is one of
the few broadly neutralizing anti-HIV antibodies.
It is directed against an epitope on the HIV enve-
lope glycoprotein gp120, that lies around the C4-V4
region*>®. This epitope contains high-mannose-type
glycans, which are present at several highly conserved
N-glycosylation sites (specifically N295, N332 and
N392 in gp120)**!. The predominant interaction sites
of 2G12 with gp120 are probably the terminal o(1,2)-
mannose oligomers of the high-mannose glycans. It
should be noted, however, that 2G12 specifically rec-
ognizes HIV gp120 glycans, but does not specifically
interact with peptide moieties near the glycan struc-
tures on gp120 (REFS 49-53). The 2G12 antibody was
found to be inhibitory to HIV-1(III,) in different cell
types at an EC,_ of 0.02 to 0.2 ug per ml. However, it
should be noted that 2G12 activity can vary depending
on the nature of the HIV-1 subtype isolates that are
evaluated™.

Non-peptidic carbohydrate-binding agents. In the course
of screening for new antibiotics that are active against
fungi, the actinomycete strain Actinomadura hibisca was
found to produce pradimicin A (PRM-A)>. This antibi-
otic has a unique non-peptidic structure that contains
the amino acid p-Ala and the carbohydrates p-xylose
and 4,6-dideoxy-4-methylamino-D-galactose attached
to a substituted 5,6-dihydrobenzo[a]naphtacenequinone
(FIC. 3a). PRM-A binds to terminal b-mannose pyrano-
side and calcium to yield a ternary complex that consists
of two molecules of PRM-A, four molecules of mannose
and one calcium atom?®. Benanomicin A (BNM-A)
(FIG. 3b), a closely related antibiotic with mannose spe-
cificity that is similar to PRM-A, has also been isolated
from the actinomycete Actinomadura spadix and studied
for antifungal activity®**. PRM-A, BNM-A and semi-
synthetic analogues of these compounds are the only
antibiotics that are formally known to have well-defined
carbohydrate-binding properties and for which the anti-
viral activity in cell culture has been reported (the 50%
effective concentration against HIV-1 ranks in the lower
micromolar range)**-%.
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Figure 3 | Low-size non-peptidic carbohydrate-binding
antigens (CBAs). Structural formulae of the calcium-
dependent mannose-binding pradimicin A (a) and
benanomicin A (b) antibiotic CBAs that are produced

by Actinomadura hibiscus and Actinomadura spadix,
respectively. Red represents the D-alanine moiety; black
represents the dihydrobenzonaphtacenequinone core;
green represents the carbohydrate part of the molecule.

Several research groups focus on the synthesis and
characterization of synthetic CBAs that bind specific oli-
gosaccharide structures. Binuclear copper (II) complexes®’,
acyclic pyridine- and pyrimidine-based compounds®, and
tetrapyrrole (porfyrin) derivatives have all been reported
to have carbohydrate-binding properties. These com-
pounds may have potential benefit as both antiviral and
diagnostic agents. However, for these small-size CBAs,
few, if any, antiviral data are available, and their potential
for cytotoxicity has not been carefully addressed so far. It
would be interesting, therefore, to explore the antiviral
properties of such compounds to identify novel synthetic
low-molecular-weight CBA lead compounds that have
chemotherapeutic potential.

Interactions of CBAs with carbohydrates
A broad range of proteins bind high-mannose-type
glycans of HIV gp120. Several binding modes can be
distinguished®. One group of lectins interact as C-type
lectins via a calcium ion. Two of the best-known exam-
ples of such calcium-dependent carbohydrate-binding
lectins of the innate immune system are DC-SIGN and
serum or liver MBLs. Another group of lectins interacts
with single-terminal carbohydrates or have more intimate
interactions with multiple sugar rings, without the need of
a metal ion. For a third group of lectins, the interactions
have not yet been resolved.

The carbohydrate specificity of MBL is broad. The
MBLs recognize b-mannose, GlcNAc and L-fucose.
A common motif among these sugars is defined by
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the presence of vicinal, equatorial hydroxyl groups in
positions C-3 and C-4 of the sugar ring. Most binding
affinity is derived from direct coordination of calcium
with the C-3 and C-4 hydroxyls of the carbohydrate.
In addition, the NH, groups of two Asn residues further
enable the efficient formation of the intimately linked
ternary complex of protein, calcium and carbohydrate®
(FIG. 4a).

Another example of a C-typelectin is DC-SIGN that has
been crystallized in complex with Man,GIcNAc, (REF. 65)
(Protein Data Bank (PDB) ID 1k9i) (FIG. 4b). Interestingly,

E198

[q]
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UDA-VI-2

UDA-VI-1

the internal 0/(1-3)-mannose (Man)-linked core carbo-
hydrate binds to the principal calcium site. The equato-
rial C-3 and C-4 hydroxyls coordinate the calcium ion
and form hydrogen bonds with the amino acids that
coordinate the calcium.

UDA is an example of a calcium-independent CBA.
A bound GlcNAc, molecule is sandwiched between
the binding sites of the high-affinity CBD of a first
UDA molecule and the low-affinity CBD of a second
UDA molecule. The high-affinity CBD is formed by the
residues Ser19, Trp21, Trp23 and Tyr30. The low-affinity
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Figure 4 | Molecular interactions of carbohydrate-binding agents (CBAs) with carbohydrate oligomers. a| The
terminal mannose (Man) of Manoi1-3Man is complexed to liver MBP—C® (Protein Data Bank (PDB) ID 1kza). Calcium is
depicted as a purple sphere, with coordinating residues in stick representation. The amino-acid residue Val194 (in orange)
participates in van der Waals interactions. The calcium coordination and hydrogen bonds between protein and carbohydrate
(blue) are shown as green spheres. b | Ribbon diagram of dendritic cell (DC)-specific intercellular adhesion molecule 3
(ICAM-3)-grabbing non-integrin (DC-SIGN) complexed with Man3 ~(N-acetylglucosamine), (Man3GlcNAcZ)65 (PDB ID 1k9i).
Calciumis shown as a green sphere, whereas the carbohydrate is shown in a yellow stick representation. The calcium
coordination is shown in detail, with the hydrogen bonds to important coordinating residues shown as dotted spheres. The
gray sphere represents a calcium site of another carbohydrate-recognition domain. ¢ |Hydrogen bonding, van der Waals
interactions and aromatic ring stacking of GlcNAc,, with the GlcNAc-specific lectin from Urtica dioica (UDA)*’ (PDB ID 1ehh).
Two isolectin VImolecules are shown in blue and green. Dotted lines are hydrogen-bonding contacts between UDA and
GlcNAc,. Sugar residues are labelled with A, B, and C from the non-reducing end. d | Hydrogen-bonding pattern and van der
Waals contacts of the Narcissus psuedonarcissus lectin 7 (NPL7) carbohydrate-binding domain complexed to Mano(1-3)Man®®
(PDBID 1npl). The mannose residue in the main binding pocket is shown in bold lines, with the hydrogen bonds depicted as
dotted lines and van der Waals contacts as purple lines. MBP-C, mannose-binding protein C. Panel a reproduced with
permission from REF. 64 © (2005) Elsevier Science. Panel b reproduced with permission from REF. 65 © (2001) American
Association for the Advancement of Science. Panel ¢ reproduced with permission from REF. 37 © (2000) Elsevier Science.
Paneld reproduced with permission from REF. 66 © (1999) Elsevier Science.
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Peptidomimetic

A compound containing non-
peptidic structural elements
that is capable of mimicking or
antagonizing the biological
action(s) of a natural parent
peptide.

CBD is formed by the residues Ser65, His67, Trp69 and
Tyr76. Of most importance for sugar recognition are the
multiple hydrogen bonds, van der Waals interactions and
aromatic-ring stacking of GIcNAc, with the two UDA
molecules®” (PDB ID 1ehh) (FIG. 4c). Indeed, at least five
hydrogen bonds are formed in the carbohydrate-lectin
complex, as well as several ring stackings between the
individual GIcNAc entities and the Trp21, Trp23, Trp69
and His67 residues of the UDA molecules.

The molecular interaction of the Narcissus pseudonar-
cissus lectin with Manot1-3Man has also been revealed®
(PDB ID 1npl) (FIC. 4d). The Narcissus psuedonarcissus
lectin 7 (NPL7) isolectin contains three CBDs in one
monomer. Each CBD in NPL7 seems to have equal
affinity for the particular carbohydrates and are equally
occupied. In addition to the three conserved CBDs, a
unique fourth (low-affinity) carbohydrate-binding site
has been observed near the tryptophan cluster. Three
residues (Asn30, Asp28 and GIn26) create a polar patch
in the CBD pocket that restricts the carbohydate ligand
to an axial hydroxyl group at C-2.

The multi-alignment of various monocot mannose-
binding lectins revealed a striking sequence identity
among Narcissus pneudonarcissus agglutinin (NPA),
Narcissus hybrid cultivar agglutinin (NHA), Galanthus
nivalis agglutinin (GNA), Lycoris radiata agglutinin
(LRA), Lycoris aurea agglutinin (LAA) and Zephyranthus
grandiflora agglutinin (ZGA), all of which contain three
mannose-binding sites represented by the conserved
QXDXNXVXY motif. This motif binds mannose
through a network of four hydrogen bonds that inter-
connects the hydroxyls of C2, C3 and C4 of mannose
to the four (QDNY) amino-acid residues®*®-%_ A
valine present within this motif also interacts with C3
and C4 of mannose through van der Waals interac-
tions. Interestingly, as also described for NPA, a fourth
mannose-binding site has been found in LAA near the
tryptophane cluster®.

Investigation of the complex molecular interactions
of CBAs with their carbohydrate ligands should enable
the rational design of small-size molecules, including
peptidomimetics. It is obvious that such low-molecular-
weight CBAs will, by necessity, have fewer interactions
with the individual carbohydrates of the gp120 glycans,
and thus may display a lower affinity towards the carbo-
hydrate oligomers. However, the non-peptidic small-size
antibiotics PRM-A and BNM-A (FIC. 3) have shown that
their affinity and specificity for mannose oligomers are
sufficiently high to enable an efficient antiviral activ-
ity. Unfortunately, no crystal structures have yet been
obtained for PRM-A that allow visualization of the
molecular interactions of the antibiotic with its target
0(1,2)-mannose glycan. If such information became
available, further optimization of such CBAs may be
possible.

Antiviral activity of CBAs

Numerous studies have shown that CBAs can prevent
HIV infection of cell cultures. This has been shown
for many virus strains (including laboratory HIV-1
and HIV-2 strains, members of Group O and different
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HIV-1 clades) that infect many different target cells
(including laboratory cell lines, peripheral-blood
mononuclear cells (PBMCs), macrophages and DCs).
Inhibition of HIV infection by CBAs occurs at 50%
effective concentrations that rank between the lower
nanomolar and micromolar ranges. The antiviral activ-
ity will also depend on the nature of the CBA and the
virus strains that are investigated!®26-30-3238-41,58.606369.72.
Although most studies have been performed with
laboratory virus strains that are adapted to growth
in immortalized cell lines (such as MT-4, CEM and
Molt), several other studies have shown the pronounced
activity of CBAs against different virus clade isolates in
PBMC cultures or against the R5-HIV-1 strain Ba-L
in primary macrophage cell cultures* €71,

The size of the CBAs and their carbohydrate spe-
cificity seem to have an important role in their eventual
potency and antiviral efficacy. In general, whereas most
mannose-specific CBAs are inhibitory to HIV, UDA is
the only example of an HIV-1-active GlcNAc-specific
lectin, and poor, if any, anti-HIV activity has been
reported for lectins with other carbohydrate specifici-
ties”. Interestingly, CBAs that are assumed to have a
well-defined glycan specificity may still differ consid-
erably in antiviral potency, although this phenomenon
is not well understood. It is clear, however, that subtle
differences in their three-dimensional conformation,
as well as the proper steric availability of the glycans
that efficiently interact with CBAs and the presence, or
lack, of well-defined glycan conformations on the viral
envelope, have an important role in the eventual antiviral
efficacy of CBAs.

The formation of syncytial giant cells between cells
persistently infected with HIV-1 and uninfected cells can
also be efficiently prevented by CBAs*. Inhibition of
giant-cell formation in HIV-1-infected and non-infected
T-cell co-cultures usually requires CBA concentrations
that are five to tenfold higher than those needed for inhi-
bition of cell-free virus infection of the target cells. Some
CBAs (such as the non-peptidic PRM-A), however, are
equally effective in their inhibitory potential for both
modes of viral transmission®.

Recently, it was shown that CBAs inhibit HIV-1
infection of DCs and DC-directed HIV-1 transfer’'.
It has also been demonstrated that CBAs have a pro-
nounced inhibitory effect on virus capture by cells that
express DC-SIGN and on the subsequent transmis-
sion of the virus to uninfected T cells”. DC-SIGN is a
natural C-type lectin that has a pivotal role in innate
immune defence* (BOX1; FIG. 1). To eliminate the
pathogen from the infected host, DC-SIGN captures
pathogens such as HIV through its envelope glycans,
and subsequently presents the pathogen or pathogen
fragments to appropriate T cells’®. These observations
are potentially important from a microbicide view-
point, as microbicides aim to prevent virus infection
that may occur after the exposure of an individual to
the virus through sexual intercourse. Indeed, DC-SIGN-
mediated virus capture and transmission to T cells is
believed to be among the first events that occur during
the viral infection process through sexual contact”™7
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Box 1 | Dendritic cells, innate immune defence and HIV transmission

Most pathogens that bind to DC-SIGN (dendritic cell (DC)-specific intercellular
adhesion molecule 3 (ICAM-3)-grabbing non-integrin) cause long-lasting and chronic
infections, and often induce tolerance or immune evasion’. DC-SIGN is a C-type
(calcium-dependent) lectin that is predominantly expressed on DCs, but also to some
extent on macrophages, activated B cells, lymphoid tissues, skin dermis, placenta and
the intestinal and genital mucosa. It functions as a tetramer, and consists of a
cytoplasmic domain, a transmembrane domain, an exogenous (hepta) repeat domain
that allows multimerization, and a terminal carbohydrate (high-mannose)-recognition
domain'?’. DCs that are present at the sites of pathogen entry (for example, at the
mucosal barrier underneath the vaginal epithelia) recognize and trap the pathogen.
The activated DCs then migrate to draining lymph nodes, where naive T cells are primed
to eradicate the pathogen (FIG. 1). One of the roles of DC-SIGN is to grab ICAM-3 that is
present on T cells to enable close contact and allow antigen presentation to the T cells.

DCs can efficiently capture HIV-1 particles through their C-type lectin (DC-SIGN)
receptors. Following DC contact with T cells, virus particles can be observed at the
cell—cell junctions, which possibly creates an infectious synapse in which the passage of
virions between the two cell types is facilitated. Such a synapse depends on DC-SIGN
expression and strong cell-cell adhesion mediated by the ICAM-1-LFA-1 (lymphocyte
function-associated antigen 1) interaction. It has been shown that, in the case of HIV,
the infectious synapse leads to an efficient transfer of the pathogen to T cells'?’.

(BOX 1). However, its exact role in HIV transmission
remains controversial — Boggiano et al.”” and Wang
et al.”® recently provided evidence showing the enhance-
ment of DC-SIGN-independent trans infection by DCs,
and demonstrated the regulatory role of CD4 during
DC-directed HIV-1 transmission.

Agents that efficiently prevent the first steps of virus
propagation may qualify as promising microbicidal
agents and have the potential to prevent persistent
establishment of infection. The observation that CBAs
might compete directly with DC-SIGN to capture HIV
deserves further investigation in terms of their impact
on the efficiency of virus capture and the subsequent
transmission of the virus to T cells. Interestingly, it was
recently reported that langerin, a C-type lectin that is
present on epithelial Langerhans cells (LCs), prevents
HIV-1 transmission by LCs by internalization of cap-
tured HIV particles and subsequent intracellular degra-
dation”. Although such a mechanism may be efficient
for a first-line inactivation of HIV, CBA-exposed HIV
strains may decrease the efficiency of LCs to eliminate
HIV, but at the same time may compromise the ability of
the virus to be efficiently transmitted by DCs.

Mechanism of the antiviral action of CBAs

The interactions of several CBAs have been extensively
investigated, including: the prokaryotic CV-N and actino-
hivin; a variety of plant lectins, including Hippeastrum
hybrid agglutinin (HHA) and UDA; the non-peptidic
low-molecular-weight antibiotic PRM-A; and the
monoclonal antibody 2G12 with the HIV-envelope
gp120 and/or several glycan structures. Interestingly,
deletion of the N-glycans at amino-acid positions 295,
392 and/or 406 rendered the 2G12 monoclonal antibody
completely incapable of efficiently neutralizing the virus
particle®. The asparagines at positions 295, 332 and 392
were previously shown in crystallographic gp120-2G12
complexes to be indispensable for an efficient interaction

with the 2G12 monoclonal antibody®. The interaction
of the monoclonal antibody 2G12 with the glycans on
a well-defined gp120 epitope has also been revealed in
several studies**"*2,

Alteration of the glycosylation pattern of HIV
gp120 in the ER by inhibiting the glycosidases I and
II prevents proper folding of gp120. Consequently,
the interaction of gp120 with the ER lectin calnexin
is inhibited®! and, as a result, fewer infectious virus
particles are released by the drug-treated cells. In addi-
tion, virus particles from which the glycans had been
stripped became markedly less infectious. Interestingly,
combining CBAs with the mannosidase inhibitor
1-deoxymannojirimycin (DM]) led to the expression
of synergistic antiviral activity®. Exposure of glycan-
deleted mutant HIV-1 strains to DM]J results in an
enhanced suppression of mutant virus-induced cyto-
pathicity in cell culture®. Therefore, the presence of
an intact glycan shield on gp120 has also been proven
to be indispensable for optimal infectivity and for an
efficient interaction of HIV with its target cells.

Studies determining the direct interaction of CBAs
with fixed gp120 molecules have revealed the strong
binding affinity of CV-N, HHA, PRM-A and actinohivin
with gp120. However, for certain CBAs (such as CV-N
and HHA), a low dissociation rate was observed>®,
These results indicate that some of the CBAs exert a
strong and virtually irreversible binding to gp120. This is
in agreement with cellular experiments, which show that
a short pre-incubation of cell-free virus particles with
CBAs before infection of T cells markedly increases the
antiviral activity of the CBAs'*#.

The binding of the CBA to gp120 does not prevent
the initial virus—cell interaction. Indeed, it was found
that, in the presence of CBAs, the virus could still effi-
ciently bind CD4* T cells*. However, one of the next
steps during the entry process (which is binding to the
co-receptor(s) and/or the subsequent exposure of gp41
to the target-cell membrane) becomes blocked in the
presence of the CBA. The exact molecular mechanism
of the blockade of virus entry and/or fusion has not yet
been determined. However, it can be assumed that the
attachment of the CBA to the glycans of gp120 hinders
or prevents the conformational changes and flexibility
of gp120 that are required to properly interact with
the cell-membrane receptor, before or during the
fusion process. In a number of cases, it has even been
observed that the binding of virus particles to their
target cells can be enhanced in the presence of some
CBAs®. This phenomenon may indicate that some sort
of crosslinking between the virus particles and the
cell-membrane glycoproteins occurs. Alternatively,
CBA-induced conformational changes in gp120 may
allow a more optimal interaction of the CD4-binding
site on gp120 with the cellular receptor. It should be
mentioned that the CD4-binding site on gp120 does
not contain N-glycans, and deletion of N-glycans in
the vicinity of the CD4-binding site on gp120 (of
simian immunodeficiency virus strain SIVmac239)
has been reported to increase the binding efficiency
of the mutant gp120 with CD4; it was concluded that
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certain glycans might be particularly important for
the shielding of the CD4-binding site from antibody
recognition®.

Effect of CBA pressure on viral evolution

The exposure of HIV to any antiviral drug will eventu-
ally result in the appearance of phenotypic resistance,
both in cell culture and in HIV-infected individuals.
Antiviral drug resistance is usually due to amino-
acid mutations and/or deletions in the viral target
with which the particular drug directly or indirectly
interacts. In many cases, one amino-acid change is suf-
ficient to provoke a marked degree of drug resistance,
although sometimes several mutations are required
before pronounced phenotypic resistance becomes evi-
dent. Viral fitness or infectivity is often compromised
in the presence of such resistance mutations. However,
compensatory mutations may also occur. These amino-
acid mutations do not contribute to drug resistance,
but rather are meant to restore the fitness of the virus.
For HIV, exposure to CBAs invariably results in the
appearance and accumulation of amino-acid mutations,
predominantly in the putative N-glycosylation motifs of
gp120 (REFS 41,54,60,69,84-86). Either an asparagine, or
a serine or threonine, are mutated, leading to the anni-
hilation of the glycosylation site. No glycan deletions
were observed, however, in the HIV-1 glycoprotein
gp41 of such mutant virus strains.

The HIV-1 gp120 consists of approximately 30-40%
high-mannose-type glycans (approximately 10 out of 24
glycans in HIV-1/II1,)** (FIG. 5a), which are the preferen-
tial sites for glycan deletions that occur under CBA pres-
sure (FIC. 5b). Indeed, up to 80% of high-mannose-type
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Figure 5| The HIV envelope glycoprotein gp120. Ribbon diagrams showing the 24
putative N-glycosylation sites (coloured circles) in the HIV-1(lll,) envelope glycoprotein
gp120 according to Kwong et al.'®® and Leonard et al.¥” a | High-mannose-type (green)
and complex or hybrid-type (yellow) glycans. b | The red circles indicate the deleted
N-glycosylation sites that appear under pressure from carbohydrate-binding agents
(CBAs) (for example, Galanthus nivalis agglutinin (GNA), Hyppeastrum hybrid agglutinin
(HHA), Urtica dioica agglutinin (UDA), cyanovirin-N (CV-N), pradimicin A (PRM-A) and the
monoclonal antibody 2G12) in more than 30 different mutant virus isolates. The green
circles represent glycosylation sites that have not yet been found to be deleted under
CBA pressure'?. Images courtesy of Ir. K. Francois and M. Froeyen, Rega Institute, Leuven,
Belgium.
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glycan sites are affected in HIV-1 gp120 under prolonged
CBA pressure. Interestingly, such a phenomenon consist-
ently occurs regardless of the nature of the CBA, and has
been observed in the presence of the a(1,2)-Man-specific
CV-N¢ and PRM-A®, the a(1,3)- and/or a(1,6)-Man-
specific plant lectins (HHA and GNA )%, the GIcNAc-
specific plantlectin UDA* and the N-glycan-recognizing
monoclonal antibody 2G12 (REF. 54).

There is a close correlation between the number of
glycan deletions in the envelope of a particular HIV
strain and the degree of phenotypic drug resistance and,
in general, the greater the number of glycan deletions in
HIV gpl20, the greater the degree of CBA resist-
ance***_ However, when the first glycosylation-site
deletions occur under CBA pressure in HIV-infected
cell cultures, phenotypic resistance is rarely observed.
For example, mutant virus strains have been isolated that
contain at least three or more glycosylation-site mutations
in gp120 without the appearance of visible phenotypic
resistance to the GlcNAc-specific UDA*, Therefore,
there seems to be a threshold for the number of glycan
deletions below which no significant phenotypic CBA
resistance is evident.

So far, many mutant HIV-1 strains containing up to
nine glycan deletions in gp120 have been isolated under
escalating CBA pressure* and such mutant virus strains
can be up to 100-fold less sensitive to some CBAs.
Interestingly, several of these mutant virus strains are
less infective, resulting in a lower viral fitness compared
with the wild-type virus®. However, in a few cases,
mutant virus strains have been isolated that contain 4
to 5 glycan deletions in gp120, yet have an increased
infectivity and fitness®. It is unclear what structural
requirements the mutant gp120 must fulfill to have an
increased infectivity. However, such virus strains have
never been observed to emerge when more than five
glycans were concomitantly affected in gp120. In fact,
among more than fifty independent mutant virus iso-
lates that emerged under CBA pressure, only three were
demonstrated to have an increased infectivity.

Mutant gp120 antibody susceptibility

There is much evidence indicating that the glycan shield
of HIV-1 prevents the immune system from efficiently
neutralizing the virus. HIV-1 strains lacking the highly
conserved N-linked glycan at position 306 (designated
as 301 in Fig. 5 owing to a different numbering of the
amino acids) within the V3 loop of gp120 are highly
sensitive to neutralization. Bolmstedt and co-workers®
also showed that glycosylation at this amino-acid posi-
tion shields HIV-1 from neutralizing antibodies. Kang
and colleagues™ recently reported that HIV env-encoded
proteins, with deleted glycans in the gp120 domains sur-
rounding the CD4 binding site, or in the gp120 variable
loop, expose immunogenic epitopes at much higher
levels than wild-type virus does, which may provide a
tool for novel vaccine immunogens. Specific N-linked
glycosylation modifications in the envelope V1 domain
of SIV or in a SIV-HIV hybrid variant have also been
shown to evolve in the host and alter recognition by
neutralizing antibodies®*.
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Table 2 | Pathogens that interact with DC- or L-SIGN for transmission or immune suppression

Pathogens

Viruses

HIV

HCV

Dengue virus

Marburg virus

Ebola virus

West Nile encephalitis virus

Cytomegalovirus

Herpes virus type 8

Corona (SARS) virus

Measles virus

Bacteria

Mycobacterium tuberculosis
Mycobacterium leprae
Mycobacterium bovis
Streptococcus pneumoniae serotype 3 and 14
Helicobacter pilori
Lactobacillus spp.

Parasites

Leishmania infantum
Leishmania pifanoi
Leishmania mexicana
Schistosoma mansoni parasite
Fungi

Aspergillus fumigatus

Candida albicans

Associated disease References
AIDS 47
Hepatitis 101,124
Haemorrhagic fever 199,125
Haemorrhagic fever 103
Haemorrhagic fever 126
Encephalitis 125
Congenital infection; general infection 100
(for example, retinitis, hepatitis, colitis)

Kaposi's sarcoma 127
SARS 103
Measles 128
Tuberculosis 104
Lepra 129
Tuberculosis 104
Pneumonia 107
Gastric pathogen (ulcers) 110
Vaginal commensals 106
Visceral leishmaniasis 130
Cutaneous leishmaniasis 1
Leishmaniasis 1
Bilharziosis 111
Aspergillosis 131
Fungalinfection (candidiasis) 132

AIDS, acquired immunodeficiency syndrome; DC-SIGN, dendritic-cell-specific intercellular adhesion molecule 3-grabbing
non-integrin; HCV, human hepatitis C virus; L-SIGN, liver/lymph node-SIGN ; SARS, severe acute respiratory syndrome.

Studies with SIVmac239, which is highly resistant to
neutralization by polyclonal antisera or monoclonal anti-
bodies, have shown that elimination of N-glycan attach-
ment sites in the envelope gp120 results in a dramatically
increased sensitivity to neutralization by monoclonal
antibodies®. Importantly, removal of specific N-glycans
from V1 and V2 led to an increase in sensitivity to neu-
tralization by antibodies recognizing epitopes from both
within and outside the V1-V2 sequence. Indeed, muta-
tions in V1 not only resulted in an increased antibody
recognition to epitopes in V1, but also in a redirection
of antibody responses to the V3 loop, which is distant in
the linear polypeptide sequence®’. When Rhesus monkeys
were infected with mutant SIV strains that were lacking in
combinations of the two N-glycosylation sites in gp120, a
marked increase in antibody binding to specific peptides
derived from the glycan-deleted regions was observed,
which resulted in an increased neutralizing activity. These
results convincingly demonstrated that the presence of
N-glycans limits the neutralizing antibody response to
SIV, and helps shield the virus from immune recognition®.

These results also illustrate that deletion of as few as two
glycosylation sites in the viral env gene is sufficient to
trigger a significant neutralizing antibody response.
Blay et al.* showed that a significant divergence in the
Env proteins occurs over time in macaques infected with
the SIV strain SHIV-89.6P (containing HIV env subtype
B in a SIV background). Importantly, the total number
of potential N-glycosylation sites did not increase over
time, and there was a remarkable degree of conservation
in patterns of change in Env glycans. These findings sug-
gest that the configuration of the glycan shield is under
considerable constraints, which is in agreement with the
findings of Poon et al.”, who showed that negative (exclu-
sive) interactions occur more often between co-localized
glycans, whereas positive (inclusive) interactions are
restricted to more distant glycans. These data imply
that the adaptive repertoire of alternative configura-
tions in the HIV-1 glycan shield is limited by functional
interactions between the N-glycans”. Therefore, it seems
likely that CBA exposure to SIV or HIV strains would
seriously compromise these constraints, by forcing the
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virus to progressively delete envelope glycans and
allowing the immune system to become actively involved
in inhibiting the virus infection. In conclusion, much data
are currently available to show that glycan deletions in the
viral envelope uncover immunogenic epitopes that result
in an increased neutralization of the mutant virus.

Pathogen susceptibility to CBA therapy

It has been shown that DC-SIGN can recognize and
internalize numerous other viruses, bacteria and proto-
zoa in addition to HIV* (TABLE 2). In this way, DC-SIGN
can be considered to be a universal pathogen receptor.
Indeed, the recent identification of the carbohydrate spe-
cificity of the SIGN molecules for high-mannose- and/or
fucose-containing glycans has led to the identification of
various pathogens that are recognized by these receptors
(TABLE 1). DC-SIGN binds and internalizes Dengue virus®,
human cytomegalovirus'®, HCV'"* and Ebola virus'”* to
allow efficient trans infection of the target cells. It is also
well documented that HCV closely interacts with both
DC-SIGN and liver/lymph node (L)-SIGN, a close homo-
logue of DC-SIGN that is expressed on specialized liver and
lymph-node endothelial cells that have antigen-presenting
capacity®. The capture of HCV by the SIGN-positive cells,
through the highly glycosylated (high-mannose type)
envelope glycoprotein E2, facilitates HCV transmission
to proximal hepatocytes'®. DC-SIGN and L-SIGN were
also shown to enhance infection mediated by the Marburg
virus glycoprotein GP and the S protein of severe acute
respiratory syndrome coronavirus (SARS-CoV) through
pH-dependent endocytosis, and might promote virus
dissemination'®.

Although M. tuberculosis primarily infects macro-
phages, it also binds to DCs through the interaction
of its cell-wall component ManLAM (mannosylated
lipoarabinomannan) with DC-SIGN'**!%, The binding
of ManLAM to DC-SIGN on DCs blocks DC matura-
tion and induces the expression of immunosuppressive
interleukin-10 (IL-10)'*. As a result, M. tuberculosis
enables the suppression of immune activation signals,
which allows immune escape. Probiotic bacteria, such as
Lactobacillus spp., also exert immune suppression through
DC-SIGN by the induction of IL-10-producing regulatory
T cells'®. It has recently been shown that serotypes 3 and
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14 of Streptococcus pneumoniae specifically interact with
DC-SIGN through the capsular polysaccharide, but the
immunological consequences are unclear'”. H. pylori
and the parasite (protozoa) Schistosoma mansoni were
shown to bind to DC-SIGN through non-sialylated Lewis
antigens that are expressed on lipopolysaccharides of the
bacterium and the cell-wall glycolipids of the parasite,
respectively'®®'®. This results in immune regulation that
is to the advantage of the pathogen''®!!'. Leishmania
mexicana has also been shown to express glycoconjugates
that are recognized by DC-SIGN'®.

It is clear that the often-indispensable interactions of
various pathogens with DC-SIGN are required to allow
efficient pathogen transmission to its eventual target
cells and/or immune escape and successful persistence
in the host. It is therefore likely that CBAs, by binding
to the pathogens’ glycoconjugates, directly compete
with the lectins of the innate immune system. The CBA
may prevent efficient capture and transmission of the
pathogen and/or suppression of an efficient immune
response against the pathogen. Therefore, it can be
predicted that CBAs may have a more general role in
abrogating successful pathogen infection and persist-
ence. CBAs should, therefore, be put in a broader micro-
bial therapeutic context, and not be explored solely for
HIV therapy.

Unique features of the CBA concept

It has been unambiguously shown that CBAs efficiently
inhibit virus entry by inhibiting the fusion of cell-free
HIV particles with susceptible cells, and forming
syncytia between persistently infected and uninfected
cells™. CBAs also prevent the capture of virus particles
by DC-SIGN, and the subsequent transmission of the
virus to T cells”’. CBA treatment of virus-infected
cells provokes drug pressure on the virus, resulting in
predominant deletions of N-glycans in the HIV gp120
envelope'?'. Such glycan deletions uncover previously
hidden immunogenic epitopes on gp120, which may
give the immune system the opportunity to produce a
humoral and/or cellular response (FIG. 1). What are the
unique features of the CBA concept that differentiate
this therapeutic approach from those that are currently
available (BOX 2)?

Box 2 | Unique features of carbohydrate-binding agents as therapeutic agents

* The direct interaction of carbohydrate-binding agents (CBAs) with the glycans of the viral envelope glycoproteins.

* CBA pressure forces HIV to delete N-glycans in the envelope glycoprotein gp120.

* Multiple CBAs bind to one envelope gp120 target molecule.

* A high genetic barrier.

* No cross-resistance of CBA-resistant mutant virus strains to other antivirals.

e Altered interaction of mutant (glycan-deleted) viruses with target cells.

* The CBA-induced glycan deletions compromise the protective role of the intact glycan shield on HIV gp120.

* The eventual antiviral CBA activity may combine a direct drug-mediated virus suppression and an indirect (delayed)
induction of a specific antiviral immune response against the mutant gp120 envelope.

* The CBA concept may also apply to other chronic enveloped virus infections, such as the human hepatitis C virus.

* Other pathogens such as dendritic-cell-specific intercellular adhesion molecule 3-grabbing non-integrin
(DC-SIGN)-recognizing bacteria, fungi or parasites may also be susceptible to the CBA approach.
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In contrast to the existing drugs for the treatment of
HIV, which interact with specific amino-acid configura-
tions on their target proteins, CBAs directly interact with
the glycans that are present on the envelope gp120 of
HIV. It is important to realize that CBAs do not need
to be taken up by the virus-infected cell in order to
exert their antiviral activity and do not interfere with
the synthesis of the glycans on glycoproteins per se. In
this respect, this concept differs entirely from inhibi-
tors of cellular glycosylation, such as DMJ and castano-
spermine, which aim to disturb the glycan formation in
viral glycoproteins, but at the same time may also disturb
the formation of glycans on cellular glycoproteins.

CBA pressure progressively forces the virus to delete
N-glycans in gp120. This mutational pattern is unique
and does not consistently occur in the presence of other
anti-HIV drugs, nor in any other known antiviral.
A relatively high number of N-glycans are present on
each HIV-1 gp120 molecule (approximately 20 to 30 gly-
cans, depending on the nature of the virus clade and the
individual virus strain)¥. It can be reasonably assumed
that multiple individual CBAs simultaneously bind to
every HIV-1 gp120 molecule. By contrast, HIVHIV-1
inhibitors other than CBAs stoichiometrically bind to
their target — one drug molecule interacts with one
target protein molecule.

The multiple bindings of CBAs to single gp120 mol-
ecules results in the CBAs having a high genetic barrier.
This means that several mutations (owing to glycan dele-
tions) need to accumulate in gp120 before significant
phenotypic drug resistance becomes evident. With the
‘traditional’” current drugs, the appearance of a single
mutation, or at least two or three mutations in the target
protein, is usually sufficient to produce a significant drop
in sensitivity of the virus to the particular drug.

As CBAs selectively target N-glycans on gp120,
CBA-mutated virus strains are not likely to show cross-
resistance to drugs that act against other targets (such as
protease, integrase and reverse transcriptase). The excep-
tion to this rule may be drugs that target the HIV-1 trans-
membrane gp41. Indeed, preliminary findings indicate that
some mutant virus strains that contain various N-glycan
deletions in gp120 show some diminished sensitivity to
the fusion gp41 inhibitor enfuvirtide (also known as T20
or Fuzeon). It remains to be seen, however, whether this
is a consistent behaviour of these mutant virus strains or
whether the particular glycan-deleted virus strains have an
intrinsically low sensitivity to enfuvirtide that is unrelated
to the absence of some of the N-glycans of gp120.

Certain glycans may have an instrumental role in the
correct folding of the protein immediately after the native
peptide has been formed on the ribosomes of the ER’.
Therefore, it can be expected that correct folding can
become hampered if glycans are lacking on the viral
envelope after amino-acid mutation of the glycosyla-
tion motif. Such compromised (or altered) gp120 fold-
ing may affect the efficient interaction of the mutated
gp120 envelope with the co-receptor molecules,
virus fusion efficacy and the eventual fitness of the
mutant virus strains. As the transmission of HIV is
believed to be mediated by carbohydrate-recognizing

DC-SIGN-expressing cells (that is, immature DCs) that
are present in the vaginal-uterine mucosa-epithelial
border®, it can be assumed that the mode of interaction
of cells with mutated glycan-deficient HIV particles is
altered owing to a changed glycan landscape on the gp120
envelope.

The protective role of the glycan shield in hiding
immunogenic epitopes on gp120 from the immune
system may get lost, or at least compromised, on dele-
tion of the particular glycans''?. Such glycan deletions
may trigger the production of neutralizing antibodies
that are specific for those gp120 peptide epitopes that
were previously shielded by the glycans. Whether this
phenomenon will occur in CBA-treated HIV-1-infected
individuals remains to be determined, but it seems likely.
Itis also currently unknown how strong and efficient the
neutralizing antibody response will be on the mutant
virus strains that emerge under CBA pressure and
whether the virus can use other immunological subver-
sions to circumvent CBA drug pressure. It would also
be interesting to see whether, and to what extent, a cel-
lular immune response would be triggered under such
conditions, and what contribution a provoked cellular
immune response might make in the eventual inhibition
of the virus infection in CBA-treated individuals.

None of the existing antiviral chemotherapeutics has
been shown to have the potential to act in concert with
the immune system to further increase the therapeutic
pressure on the mutated virus. Therefore, treatment of
HIV with CBAs may become the first strategy to com-
bine drug-mediated virus suppression and induction
of a specific antiviral immunological response’. Such
a phenomenon may result in ‘self-vaccination’ of the
CBA-exposed HIV-infected individuals by means of
a chemotherapeutic agent. If this principle of a com-
bined concerted action between chemotherapy and the
immune response proves valid, it may also be applied to
other chronic infections by viruses with a highly glyco-
sylated envelope, such as HCV'*!*, Also, more acute
virus infections (for example, influenza virus, SARS-
CoV and Ebola virus) may be highly sensitive to the
inhibitory action of CBAs, as has been shown for certain
CBAs against feline and human coronaviruses'>''¢ and
for CV-N against Ebola virus'” in cell culture.

Besides viruses, other pathogens, such as the
DC-SIGN-recognizing M. tuberculosis and H. pylori
or fungi that contain a glycan-rich cell wall (such as
Aspergillus spp., Cryptococcus spp. and Candida spp.),
and even parasites, may become ideal candidate micro-
organisms to explore their susceptibility to the inhibi-
tory action of CBAs. Therefore, the potential of CBAs
to selectively target some enveloped viruses may also
be extended to other pathogens of an entirely different
nature. If the glycans on these pathogens are sufficiently
different from those of the host, an acceptable thera-
peutic window may be achieved. Considering CBAs in
the larger context, beyond that of the therapeutic field
of virus infections, may reveal an unprecedented thera-
peutic potential, and should trigger extensive efforts by
both chemists and microbiologists to explore this novel
therapeutic avenue in the broadest possible sense.
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Potential pitfalls of the CBA concept

Virtually all known CBAs that are inhibitory to HIV
infection (with the exception of the low-molecular-weight
non-peptidic antibiotic PRM-A and BMN-A analogues
(FIC. 3)) are proteins. Such agents are expensive to produce,
scale-up and purify. There may also be storage and stabil-
ity problems, although some plant lectins are remarkably
temperature- and pH-stable***’. Bioavailability is also
expected to be low for peptidic CBAs and, therefore, their
pharmacokinetics and pharmacodynamics could be
unfavourable, particularly for chronic therapeutic admin-
istration. Besides a sometimes pronounced mitogenic
and red-blood-cell-agglutinating activity, lectins might
also be endowed with inflammatory activity and cellular
toxicity*. Also, lectins such as CV-N have the capacity to
stimulate various differentiation markers (such as CD25,
CD69 and human leukocyte antigen (HLA-DR))®.

Again, it must be emphasized that, although these
properties are unfavourable and undesirable from a thera-
peutic viewpoint, the number and intensity of biological
side effects is highly dependent on the nature of the CBA.
For example, whereas CV-N was shown to display a broad
variety of side effects®, other CBAs such as GNA and
HHA showed much fewer, if any, side effects''®. Moreover,
some of the side effects that were observed for CV-N were
shown to be independent of its carbohydrate-binding
properties®. Therefore, the proper selection of CBAs
that have a high selectivity for viral glycans and minimal
cellular side effects must be an achievable goal.

Given the proteinaceous nature of lectins, it could
be assumed that repeated systemic administration of
CBAs will eventually elicit a specific antibody response.
Such a reaction by the immune system may hamper
and attenuate the activity of the CBA against the viral
carbohydrates (making them less antivirally active). It
may also provoke hyperreactivity of the immune system,
which would necessitate premature abrogation of the
continued administration of the CBA. Obviously, low-
molecular-weight non-peptidic CBAs will not suffer from
this potential drawback.

The greatest concern, for both protein and non-peptidic
CBAs, is the degree of selectivity they may eventually show
for the viral glycoproteins — that is, their potential to dis-
criminate between pathogen (non-self) glycoproteins and
cellular (self) glycoproteins. However, the HIV envelope
gp120 carries a higher proportion of high-mannose-
type glycans than do mammalian glycoproteins®. The
three-dimensional configuration of the glycans that are
displayed on the glycoproteins of the pathogen has been
shown to be important, which may help the CBA to dis-
tinguish between ‘non-self” glycans of the pathogen and
‘self” glycans of the host. High-mannose-type glycans con-
tain terminal o(1,2)-mannose oligomers that are rare on
glycans of mammalian glycoproteins. In fact, MBL and
DC-SIGN can distinguish between pathogen-derived
glycoproteins and cellular glycoproteins, enabling a
selective elimination of the pathogen through specific
interaction with its carbohydrate configuration®>'". It is
also important that the CBA can discriminate between
the glycans present on commensal bacteria and the
glycans that must be targeted on the viral-envelope

REVIEWS

glycoproteins. It will be a challenging goal, but one, I
believe, which is achievable, to discover or design CBAs
that show a marked degree of discriminating selectivity
between pathogen glycans and the glycans of the host,
including the glycans of commensal bacteria.

Future perspectives
Although most CBAs are proteins (such as prokaryotic and
plant-lectin CBAs), the demonstration that small-size non-
peptidic CBAs (that is, those with a molecular weight of
less than 1-2 kDa) (FIC. 3) can efficiently suppress viral and
fungal infections makes this class of compounds a feasible
and realistic tool for pathogen inhibition in the clinical set-
ting. However, much work still has to be done, and more
synthetic low-molecular-weight compounds need to be
designed or discovered to enable the efficient exploration
of this novel functional class of antivirals. This is the only
way to enable a careful and rational selection of CBAs that
have a high specificity and selectivity for the pathogen and
few, if any; side effects in the host, especially when included
in long-term treatment modalities. Several synthetic CBA
lead compounds are already available® 2, which should
trigger the synthesis of structurally related compounds, by
organic and medicinal chemists, to allow extensive struc-
ture-activity relationship studies. Such investigations could
indicate which CBAs are likely to be the most potent and
selective candidates for further pre-clinical investigations.
Glycans on the envelope or cell wall of pathogens often
seem to have similar functional roles, such as escape from
recognition by the immune system or recognition by
lectins from the innate immune system, that allow efficient
transmission of the pathogen. The concept of interfering
with and/or abrogating these protective mechanisms
should, therefore, be put into a broader context than solely
antiviral therapeutic intervention. Many different micro-
organisms other than viruses (such as certain bacteria,
fungi, yeasts and parasites) should be thoroughly investi-
gated for their potential interactions with CBAs. However,
care should be taken to ensure that those microorganisms
that have a pivotal role in maintaining the homeostasis
of human functions, such as non-pathogenic lactobacilli
in the vaginal environment or commensal bacteria in the
intestine, are not negatively affected by the CBA. Including
such bacterial strains in the screening of CBAs may allow
selection of the highest-possible pathogen-selective and
specific CBAs in the early stages of drug development.
CBAs should be considered to be valuable agents in their
own right, directly suppressing or preventing pathogen
infection in the host (FIC. 1). However, as they can force the
pathogen to mutate (or delete) its protective glycan shield
to escape CBA pressure this adds an exciting new dimen-
sion to CBAs as a novel conceptual class of antimicrobial
agents. They may indeed represent the first agents that
combine direct chemotherapeutic activity and an indirect,
active involvement of the immune system by triggering a
humoral response (by producing neutralizing antibod-
ies) and/or a cellular response (T-cell-based immunity).
Although the triggering of a cellular immune response by
CBAs is still to be confirmed in vivo, indirect information
suggests that an immune response is to be expected after
prolonged treatment of the pathogen with CBAs.
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