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Abstract

The last 6 years have witnessed an explosion of discoveries at the interface of glycobiology and im-

munology. Binding of clustered oligosaccharides has turned out to be a very frequentmode bywhich

human antibodies have developed broadly neutralizing activity against HIV. This mini-review will

cover many recent developments in the HIV antibody field, as well as emerging data about Dengue

broadly neutralizing antibodies.
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Introduction

The binding of carbohydrates at biological surfaces is an important
mechanism of recognition and adhesion, either between cells of the
same species, or between host and pathogen. Important examples of
such interactions include recognition of egg by sperm during fertiliza-
tion (Sinowatz et al. 2001), adhesion of cancer cells to vasculature
during metastasis (Kannagi et al. 2004), signaling of stem cell differ-
entiation (Lanctot et al. 2007), adhesion of viruses to antigen-
presenting cells to facilitate infection (Zhang et al. 2014), and binding
of antibodies to viruses to facilitate protection. This review will focus
primarily on carbohydrate-mediated antibody-virus interactions,
about which a great deal has been discovered in the last 5–6 years.

Multivalency

In general, protein–carbohydrate interactions are weak, with Kd’s in
the millimolar to micromolar range. However, much higher affinities,
with Kd’s in the nanomolar or picomolar range, can be achieved by
multivalent interactions, in which clusters of mono- or oligosacchar-
ides interact with proteins (or protein clusters) containing multiple
carbohydrate-binding pockets (Figure 1) (Fasting et al. 2012). This en-
hanced affinity due to multivalency is sometimes referred to as “avid-
ity”. In many cases, carbohydrate clusters are formed dynamically on
membranes, where lateral diffusion of glycolipids or glycoproteins
may bring carbohydrates into proximity. Alternatively, several glycans
in fixed proximity on a single glycoprotein molecule may comprise a

multivalent recognition motif, and polypeptide surfaces may be recog-
nized together with carbohydrates.

Many HIV broadly neutralizing antibodies bind
to carbohydrates

Antibodies which bindmultivalent carbohydrate structures are of high
relevance in the design of vaccines against HIV (Horiya et al. 2014).
To appreciate such antibodies, one must consider the other types of
antibodies which more frequently arise during HIV infection (Burton
and Mascola, 2015). The sole targets of HIV neutralizing antibodies
are the “Env” proteins gp41 and gp120. These are biosynthesized as
gp160, which trimerizes and is then cleaved to gp41 and gp120, which
remain associated as an unstable trimer of heterodimers, with gp41
serving as the membrane anchor. Many HIV antibodies bind only to
dysfunctional Env monomers that have disassembled from each other
or from the virus, but fail to bind trimeric Env or block viral entry
(non-neutralizing Abs). Some antibodies do bind to intact trimeric
Env, and thus neutralize the virus; however, most of these bind to
polypeptide regions of high-sequence variability, and thus neutralize
just a narrow subset of viral strains (strain-specific Abs). In contrast,
broadly neutralizing antibodies (bnAbs), which develop in 20% of
HIV-positive individuals, bind to conserved epitopes on mature tri-
meric Env, with some neutralizing up to 90% of viral strains. The dis-
covery of bnAbs, starting in the 1990s and accelerating since 2009, is
significant because it shows that the human immune system is capable
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of producing a useful antibody response against HIV. Moreover, by
studying bnAbs, we can identify which epitopes on the Env proteins
gp120 or gp41 must be targeted to achieve broad neutralization.

Some bnAbs bind to conserved polypeptide epitopes of HIV Env,
such as the CD4-binding site, which are essential for viral function,
but also sterically recessed, masked by glycans and variable polypep-
tide sequence at the protein surface (Saphire et al. 2001; Zhou et al.
2010; Jardine et al. 2013). The other major class of bnAbs, of interest
in this review, are those which bind to some of the ∼25 N-linked gly-
cans decorating gp120 and gp41. The first such bnAb to be discovered
was 2G12, isolated (Buchacher et al. 1994) as a hybridoma from
patient serum in the 1990s.

2G12: the first known carbohydrate-directed bnAb

At the time of its discovery (Buchacher et al. 1994), 2G12 was remark-
able in neutralizing∼30%of HIV strains tested, although breadth was
largely restricted to Clade B viruses (Binley et al. 2004). 2G12 was
soon recognized to bind N-linked glycans, particularly those contain-
ing mannose, based on mutation and glycosidase-digestion studies
(Trkola et al. 1996; Sanders et al. 2002; Scanlan et al. 2002). In
2003, X-ray crystallography showed in atomic detail that 2G12 co-
crystallizes with Man9GlcNAc2 high-mannose glycans with one gly-
can bound to each of four antibody sites (Figure 2A) (Calarese et al.
2003). From these data, it can be seen that 2G12 interacts only with
the Man(α1–2Man) motifs in the non-reducing D1 and D3 termini of

the glycans. This crystal structure did not contain gp120 protein, and
thus did not directly indicate which sites on gp120 bear the glycans
involved in the 2G12 interaction. However, a recent 17-Å cryoEM
structure of the 2G12 in complex with trimeric Env, modeled together
with several gp120 crystal structures, and neutralization data for gly-
can deletion mutants, support a model (Figure 2B) in which the four
glycans bound are at positions N332, N295, N392 and N339,
although the interaction with N339 is less necessary for neutraliza-
tion, and may be less extensive than the others (Murin et al. 2014).
Although isolated Man9 oligosaccharide binds to 2G12 with modest

Fig. 2. 2G12 contacts to gp120 glycans. (A) The co-crystal structure of 2G12 Fab

dimer in complex with four Man9GlcNAc2 glycans (Calarese et al. 2003; PDB

1OP5). (B) A model of the 2G12 Fab dimer interaction with Man9GlcNAc2

glycans on the surface of trimeric HIV envelope. Glycans at N295, 339, 392

and 332 are depicted in red, blue, yellow and forest green, respectively. All

other glycans are deleted for clarity. Although one 2G12 Fab dimer binds to

each of the three gp120 protomers, only one 2G12 is shown, for clarity. This

model was constructed by aligning the 2G12 (PDB 1OP5) and Env (PDB

4NCO) structures as in Murin et al. (2014). This figure is available in black

and white in print and in color at Glycobiology online.

Fig. 1. Multivalent binding enhancement. This figure is available in black and

white in print and in color at Glycobiology online.
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affinity (Kd ∼180 µM) (Wang et al. 2008), gp120 is recognized with
very tight affinity (Kd ∼5 nM), as the result of multivalent binding en-
hancement (Hoorelbeke et al. 2013).

The ability of 2G12 to recognize several glycans simultaneously is
facilitated by an extremely unusual domain-exchanged antibody
architecture (Figure 2A), in which each heavy chain variable (VH) do-
main is paired with the light chain variable domain of the opposite
Fab ðV 0

LÞ, rather than its own VL (Calarese et al. 2003, 2005). The re-
sulting cross-linked Fab dimer contains two “unconventional”
mannose-binding sites at the central VH=V

0
H interface, in addition to

“conventional” binding sites at the VH=V
0
L and VH=V

0
L interfaces.

Numerous laboratories have prepared oligomannose glycan clusters
which are recognized by 2G12, but none of these constructs has yet
proved useful for eliciting 2G12-like antibodies in vivo (Horiya
et al. 2014). The uniqueness of 2G12’s domain-exchanged structure
among antibodies so far characterized raises the questions of whether
domain-exchanged antibodies can be produced in all individuals, and
whether they can be elicited by a vaccine. Like most bnAbs, 2G12 is
the product of extensive affinity maturation, with numerous (38) mu-
tations from its putative germline antibody sequence (Doores, Fulton,
et al. 2010; Huber et al. 2010). Although just five of these mutations
are necessary to initiate significant domain exchange in the context of
this antibody, it is still questionable whether domain exchange will be
found in other antibodies.More important, recently discovered bnAbs
exhibit much broader and more potent neutralization than 2G12,
without domain-exchanged structure, and therefore much of the inter-
est in the field has shifted from 2G12 to the newer bnAbs.

Advances in discovery and characterization
of HIV bnAbs

With improved high-throughput neutralization assays (Binley et al.
2004; Seaman et al. 2010), methods of B-cell sorting (Scheid et al.
2009), sequencing and antibody cloning (Tiller et al. 2008), numerous
new carbohydrate-binding bnAbs have now been isolated from co-
horts of HIV-positive patients who exhibit highly neutralizing sera
(Simek et al. 2009). Although X-ray crystallography has played a
major role in their characterization, our understanding of these
antibodies and the glycoproteins they bind to has been enhanced by
advances in chemical glycobiology, such as carbohydrate microarray
technologies (Muthana andGildersleeve, 2014), chemoenzymatic syn-
thesis (Amin et al. 2013) and improvedmass spectrometry of glycopep-
tides (Desaire, 2013). These new bnAbs lack the unusual
domain-exchanged architecture found in 2G12, most exhibit much
greater breadth (70–85%of viruses tested), andmany exhibit extremely
potent neutralization (IC50 ∼0.01–0.1 µg/mL). In all cases, antibody
binding and neutralization is dependent not only on additional glycans
but also on conserved regions of gp120 polypeptide sequence. Although
a great deal of multivalency research has focused on presentations of
multiple copies of a single ligand, these examples highlight the import-
ance in nature of “heteromultivalency” (i.e. clustering of several differ-
ent ligands) (Blanco et al. 2013).

Prior to discussing crystal structures of these antibodies in complex
with HIV Env proteins, it is important to point out that the glycans
seen in a structure may not be those present in native HIV Env.
Viral glycoproteins can be difficult to isolate in quantity from native
virions, contain heterogeneous glycosylation and are difficult to crys-
tallize. To facilitate crystallography, glycoproteins are normally pro-
duced recombinantly, in the presence of inhibitors of glycan
processing pathways, or in GnT I-deficient cells, which results exclu-
sively in high-mannose glycoforms at all sites. Next, glycosidase

treatment of a complex is often used to remove conformationally flex-
ible glycans prior to crystallization. Finally, portions of a glycanwhich
are not conformationally restricted by an interaction with the bnAb
may be disordered and thus not modeled in the crystal structure.

Although the artificially elevated high-mannose content of gp120
constructs derived from GnT I−/− cell lines may be prone to mis-
interpretations, it is likely only a moderate deviation from the true gly-
cosylation of native trimeric HIV Env, which is less heterogeneous
than that of typical glycoproteins. In fact, mass spectrometric analysis
of “native” gp120 (isolated from HIV viral samples produced in
infected human lymphocytes) reveals an unusually high percentage
(60–80%) of high-mannose glycoforms (Doores, Bonomelli, et al.
2010; Bonomelli et al. 2011). This likely results from the high
spatial density of glycosylation sites—∼25 per gp120 monomer, com-
pared with 2–3 in typical mammalian glycoproteins (Apweiler et al.
1999)—which sterically obstructs glycosidase processing. This crowd-
ing is greatly enhanced by the trimeric structure of the envelope
protein, and this trimer is rendered even more compact upon furin-
cleavage (Pritchard, Vasiljevic, et al. 2015). Although many glycan
analysis studies have detected a prevalence of complex-type glycans
in recombinant gp120-related constructs (Leonard et al. 1990;
Go et al. 2011), these analyses have not utilized fully native samples,
i.e. trimeric, furin-cleaved, full-length HIV Env, isolated from virions
produced in human lymphocytes.

bnAbs which bind to the N332 glycan

Among the more recently discovered bnAbs, a major class, exemplified
by PGT128, PGT122 and PGT135 bnAb families (Figure 3A–C, re-
spectively) (Walker et al. 2011), is similar to 2G12 in binding to
two or more glycans, including a Man8/9GlcNAc2 glycan at N332.
It is noteworthy that the glycan at N332 is shifted to N334 in some
HIV strains, and yet is still recognized by PGT128 and 122, exempli-
fying a promiscuity of recognition which occurs with some
PGT-family antibodies (Sok et al. 2014). PGT128 and −122 potently
neutralize∼70%ofHIV strains tested and PGT122 has been shown to
protect macaques from infection at very low doses (Moldt et al. 2012).
Crystal structure data of a gp120 outer domain protein in complex
with PGT128 show that, in addition to the N332 glycan, this bnAb
recognizes a glycan at N301 as well as backbone atoms of the
324GDIR327 peptide residues (a highly conserved motif; Garces et al.
2014) at the base of the V3 loop, and potentially other glycans (Pejchal
et al. 2011). Extensive antibody contacts are observed with the non-
reducing terminal mannose residues and core of the N332 Man8/9-
GlcNAc

2
, consistent with glycan analysis data indicating the high

prevalence of this glycoform at this position (Pritchard, Spencer,
et al. 2015). Interactions with the N301 glycan are focused on the se-
cond GlcNAc and three core mannose residues, compatible with rec-
ognition of either high-mannose or complex glycan at this position,
although PGT128 recognizes only high mannose and not complex-
type glycans on a glycan array.

PGT122-family antibodies, which are derived from a different
human donor than PGT128, bind to a closely related epitope. A crystal
structure of PGT122 in complex with a trimeric form of HIV Env
(Figure 3B) shows that, in addition to the major interaction with the
mannose D3 arm and reducing core of N332 high-mannose glycan,
another major interaction is made with the reducing core of the N137
glycan, and a minor interaction is madewith N301. For the clonally re-
lated PGT121, binding to sialylated biantennary glycan is observed on
arrays (Mouquet et al. 2012; Julien, Sok, et al. 2013) and PGT121 has
crystalized with this glycan in its N137-glycan-binding site, though it is
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possible that high-mannose binds this position in PGT122.
PGT122-family antibodies, like PGT128, also bind to Env V3 loop re-
sidues 324GDIR327, but unlike PGT128, interact with sidechain atoms
rather than the backbone, and therefore binding is quite sensitive tomu-
tation of these residues. Antibody paratope residueswhich recognize the
N332 glycan and 324GDIR327 sequence are present in the putative
germline ancestor of all PGT122-family antibodies, suggesting that
these structures were originally recognized by the germline antibody,
and may be important in a vaccine to prime a PGT122-like response
(Garces et al. 2014).

PGT135-family antibodies are a third major class of bnAbs which
bind to a high-mannose glycan at N332, although PGT135 exhibits
substantially less neutralizing breadth (∼33% of strains tested) than
PGT122 and PGT128. PGT135 (Figure 3C) can be seen making
extensive contacts to a GlcNAc and several Man residues of N332
glycan and also with terminal D1 and D3 mannose residues of a
Man8GlcNAc2 glycan at N392. In contrast to PGT122 and PGT128
antibodies, PGT135 does not contact the 324GDIR327 sequence, but
instead is critically dependent on 330H, and makes additional contacts
to residues of the V4 loop.

Bnabs to Env quaternary interfaces

Additional classes of HIV bnAbs bind to glycans at interfaces between
protein subunits of HIV Env. PG9 and PG16, reported in 2009, were
the first glycan-dependent bnAbs discovered after 2G12 (Walker et al.
2009). Among glycan-dependent antibodies, PG9 exhibits the greatest
neutralizing breadth (77% of strains tested). PG9 and PG16 bind only
to trimeric forms of Env, making contact near the trimer apex (Julien,
Lee, et al. 2013), likely with twoMan5GlcNAc glycans from N160 of
neighboring gp120 monomers, as well as with a sialylated complex or
hybrid glycan (Pancera et al. 2013) at N173 or the spatially close pos-
ition N156 (Figure 4A) (McLellan et al. 2011). Consistent with this,
synthetic glycopeptides exhibit enhanced recognition by PG9 when
they contain both sialylated biantennary- and high-mannose glycans
(Amin et al. 2013), or two glycans attached to N160-like peptide

positions (Alam et al. 2013). In addition to making glycan contacts,
PG9 interacts with a lysine-rich section of the gp120 V1/V2 loop,
using a CDRH3 loop which contains sulfated tyrosines. As was seen
for the N332-glycan-related epitope, this trimer apex epitope is the
target of several clonally unrelated antibody families isolated from dif-
ferent patients (PGT141–145 (Walker et al. 2011) and CH01–04
(Bonsignori et al. 2011)).

A very recently discovered class of antibodies binds glycans and
peptide at the interface of gp120 and gp41. For the PGT151–158 fam-
ily, glycan array studies show that these antibodies bind to tri- and tet-
raantennary complex-type glycans, and similar array signals are
obtained for fucosylated and non-fucosylated versions of these glycans
(Blattner et al. 2014; Falkowska et al. 2014). For the tetraantennary
glycan, non-sialylated and α3-sialylated versions are both recognized,
but only a weak signal is detected for the α6-sialylated glycan. Al-
though no crystal structure is available for PGT151 antibodies in com-
plex with HIV Env, a cryoEM structure and neutralization data of
glycan deletion mutants are consistent with binding to glycans at posi-
tions N611, N637, to peptide residues at the interface between gp41
and gp120, and to additional glycans in a strain-dependent manner.
Gp41 glycosylation is highly heterogeneous, which leads to incom-
plete neutralization by antibodies dependent on gp41 glycans. In the
case of PGT151–158, neutralization plateaus at <80% among 26%of
viral strains tested; this may complicate efforts to design vaccines
based on mimicry of this epitope. Another gp41–gp120 interface anti-
body with distinct specificity, 35O22, was recently described (Huang
et al. 2014); this antibody binds to the N88, N230 and N241 glycans.

bnAbs to dengue viruses

Dengue Virus (DENV) is a mosquito-borne pathogen which infects
50–100 million people annually, causing 500,000 cases of Dengue
Hemorrhagic Fever (DHF). This severe form of the disease results in
22,000 deaths annually, mostly in children. There are four distinct ser-
otypes of the virus (DENV1–4), and antibodies against each serotype
typically do not neutralize the other three. Although a first infection

Fig. 3. N332-dependent bnAbs. (A) Crystal structure of PGT122 Fab bound to BG505 SOSIP.664 gp140 trimer, a native-like, cleaved trimeric HIV Env construct (PDB

ID: 4NCO). N301, 322 and 137 glycans are shown in forest green, orange and magenta, respectively, with all other glycans removed for clarity. Identically bound

PGT122 Fabs on the other two gp120 protomers are also not shown. (B) A model of the PGT128-HIV Env interaction, created by aligning a gp120 chain from the

BG505 Env structure (PDB ID: 4NCO) with the gp120 chain of a PGT128-eODmV3 gp120 co-crystal structure (PDB ID: 3TYG). N332 and 301 glycans depicted (forest

green and orange, respectively) are from the PGT128 structure and N137 glycan (magenta) is from the BG505 structure. (C) A model of the PGT135-HIV Env

interaction, created in a manner analogous to (B). PGT135 and the N332 and 392 glycans (forest green and pink, respectively) are from a structure of the

quaternary complex PGT135 + gp120 core + CD4 + 17b Fab (PDB ID: 4JM2). All glycans outside the bnAb epitopes are omitted for clarity, as are the two Fabs

binding other gp120 protomers. This figure is available in black and white in print and in color at Glycobiology online.
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tends to be mild, antibodies against the first serotype fail to protect
against the other serotypes, and actually enhance subsequent infec-
tions, leading to DHF. As in the case of HIV, it would be desirable
to design vaccines which could elicit broadly neutralizing Dengue anti-
bodies, and, as in the case of HIV, such antibodies have been isolated
from DHF patients and were recently structurally characterized (Dej-
nirattisai et al. 2015; Rouvinski et al. 2015).

As is the case with the HIV bnAbs described in this review, Dengue
bnAbs bind to epitopes comprising one ormore glycans and conserved

polypeptide residues in the Dengue envelope (E glycoprotein). These
bnAbs can be divided into two classes: the EDE2 family, which neu-
tralizes only viruses which are glycosylated at N153, and the EDE1
family, which can neutralize virus without N153. Both types of anti-
body can be seen binding toN67 andN153 glycans in co-crystal struc-
tures with a soluble form of E glycoprotein (Figure 5). Antibody
interactions with glycans are focused on the core Man3GlcNAc2 resi-
dues. Although the reducing terminal GlcNAc residue is fucosylated
in these structures, the fucose makes no contact with the antibody.
Crystallographic data contain electron density for further glycan resi-
dues at the non-reducing ends, but disorder and/or heterogeneity pre-
vents assignment, and there is no evidence that these residues make
further contacts with the antibodies. Insight about the glycoforms pre-
sent on the virus comes from mass spectrometric analysis of virus-
derived glycoprotein E; this shows that the glycans are heterogeneous,
including both high-mannose and non-sialylated hybrid- and
complex-type glycans, and this is consistent with binding of virus to
DC-SIGN (Tassaneetrithep et al. 2003) and galactose-binding lectins
(Lei et al. 2015). In addition to contacts with glycans, antibody con-
tacts to the polypeptide surface of the E glycoprotein are extensive. For
both EDE1 and EDE2 antibodies, this includes two discontinuous
strips of 5–8 peptide residues, one of which is the fusion loop neces-
sary for viral fusion to the host membrane, and further peptide regions
on both sides of the protein dimer interface are recognized by individ-
ual members of the EDE1 and EDE2 antibody families.

Conclusion and outlook

The frequent targeting of carbohydrate or glycopeptide epitopes by
broadly neutralizing antibodies is now clear. Multivalent recognition
of clustered glycans, or the recognition of a peptide motif together
with a glycan, may be the key to achieving specificity despite the pos-
sible presence of the glycan in other contexts on “self” proteins. The
importance of glycopeptide recognition is unlikely to be limited to

Fig. 4.Quaternary structure-dependent bnAbs. (A) Amodel of the PG9-HIV Env

interaction, created by aligning V1/V2 loops of the BG505 trimeric Env

structure (PDB ID: 4NCO) with the V1/V2 loop of PG9 Fab-CAP45-V1/V2

structure (PDB ID: 3U4E). Glycans (dark gray for N160 and light grey for

N156/173) are from the PG9 structure. All glycans outside the PG9 epitope

are omitted for clarity. Only one PG9 Fab binds to the trimer. (B) A model of

the PGT151-HIV Env interaction, created as in Blattner et al. (2014), by

alignment of an unliganded PGT151 Fab crystal structure (PDB ID: 4NUG)

and the trimeric Env crystal structure (PDB ID: 4NCO) with a cryo-EM

reconstruction of trimeric Env (EMD 5919). The Env crystal structure was

obtained with EndoH-treated protein, and thus lacks most glycans. This

figure is available in black and white in print and in color at Glycobiology
online.

Fig. 5. Dengue glycoprotein recognition by bnAb EDE2 B7. A crystal structure

of dimeric sE glycoprotein in complex with a Fab fragment of bnAb EDE2 B7

(PDB ID: 4UT6). N153 and N67 glycans are shown as charcoal and yellow

surfaces, respectively, and peptide components of the epitope are colored

purple in both sE glycoprotein chains. The other half of this complex (not

shown) is related by C2 symmetry and contains a second Fab fragment

making identical contacts to the glycoprotein. This figure is available in black

and white in print and in color at Glycobiology online.
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HIV and Dengue antibodies; rather it is likely that studies to date have
only scratched the surface of this phenomenon. Other important
pathogens such as Hepatitis C and Ebola viruses have glycosylated en-
velope proteins, and recent improvements in technologies for analysis
of the human antibody repertoire are likely to uncover many addition-
al epitopes of use in vaccine design.
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