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Abstract

Carbohydrates account for about half of the molecular mass of the envelope
glycoprotein gpl120. This heavy glycosylation constitutes a strong defense
mechanism for viral evasion. Nevertheless, the discovery of more than a dozen
of glycan-dependent broadly HIV-neutralizing antibodies from HIV-infected
individuals suggests that the defensive viral “glycan shield” can also serve
as important targets of vaccines. A major issue in further characterization of
the detailed structures of the neutralizing epitopes and the reconstitution of the
epitopes for vaccine development is the heterogeneity of HIV glycosylation,
which is difficult to control in recombinant glycoprotein production. Synthesis
of defined carbohydrate antigens provides an important approach to epitope
characterization and design of epitope-focused HIV vaccine. This chapter
provides a brief description on the challenges in HIV vaccine development, the
features of HIV glycosylation, and why synthesis of novel carbohydrate antigens
represents a promising approach to HIV vaccine design.
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Introduction

Vaccination is perhaps the most efficient means in controlling the global epidemic
of life-threatening infectious diseases. This was exemplified by the eventual
eradication of polio and smallpox, which once took millions of lives on the earth,
and by the combat of common flu via vaccination. Thus, it was once expected that
an HIV vaccine would follow closely behind upon the identification of the human
immunodeficiency virus (HIV) as the cause of the acquired immunodeficiency
syndrome, AIDS. However, despite tremendous efforts in the past three decades,
an effective HIV vaccine capable of eliciting broadly neutralizing antibodies
remains elusive. HIV is clearly an elegant virus that has evolved a number of
defense mechanisms to evade host immune surveillance, including frequent
mutation of the neutralizing epitopes, formation of oligomeric envelope spikes to
occlude conserved epitopes, change of conformations from static to infectious
states, and heavy glycosylation of the envelope. Each defense mechanism
adds a new level of complexity and challenge for vaccine design (Burton
et al. 2012). HIV has two envelope glycoproteins, gp120 and gp41, which form a
trimeric complex of homodimer on the viral surface (Julien et al. 2013). The outer
envelope glycoprotein gp120 is heavily glycosylated. Since the viral glycans are
biosynthetically produced by the host glycosylation machinery, they resemble
the structures of host cell-surface glycans and are generally viewed as ‘“self.”
Thus the heavy glycosylation protects the viral protein surface from immune
recognition by forming a dense “glycan shield.” Nevertheless, the defense is not
seamless. The discovery of 2G12, a broadly neutralizing antibody that exhibits
its HIV-neutralizing activity by recognizing a novel glycan cluster on gpl120,
implicates that the host immune system can find a way to break the defense.
More recently, a new class of glycan-dependent broadly neutralizing antibodies
from HIV-infected individuals, including PG9, PG16, PGT121, and PGT128,
has been identified, which target conserved glycopeptide epitopes located in
the variable (V1V2 and V3) regions of gpl20 (Walker et al. 2009, 2011).
These novel glycan-active antibodies can neutralize various HIV clades with
remarkable breadth and potency. These discoveries suggest that the defensive
“glycan shield” could also be the Achilles’ heel of the virus and point to an
exciting new direction in vaccine design. For this purpose, an essential first step
is to characterize the glycan-associated neutralizing epitopes, which will serve as
the template for epitope-focused immunogen design. In this pursuit, synthetic
carbohydrate antigens have become an increasingly important tool that enables
the characterization and reconstitution of the neutralizing epitopes to design an
epitope-focused HIV vaccine.
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Viral Carbohydrate Antigens as Unique Targets for Vaccine

A typical gp120 molecule usually carries more than 20 N-glycans, which account
for about half of the molecular mass. This dense “glycan shield” constitutes a major
defense mechanism for immune evasion, reducing the immunogenicity of the envelope
and limiting antibody’s access to the viral protein antigens. The carbohydrates,
particularly the high-mannose-type and the fucosylated complex-type N-glycans,
also play an important role in promoting HIV-1 infection and transmission through
their interactions with respective lectins such as DC-SIGN on dendritic cells or
mannose-binding proteins on macrophages.

A notable feature of HIV glycosylation is the unusually high numbers of
high-mannose-type N-glycans on the envelope glycoprotein gp120. Another important
feature is the tendency for these N-glycans to form novel glycan clusters: the high-
mannose glycans are usually clustering together to form novel oligomannose patches,
while some complex-type N-glycans turn to form a complex-type glycan cluster on
the envelope. Individual viral N-glycans are similar to host glycans, but the dense
high-mannose clusters are rare on normal host glycoproteins and thus can be viewed as
“nonself” for immune discrimination. In contrast to peptide-based neutralizing
epitopes that are subject to frequent mutation and are usually less accessible on viral
surface, the carbohydrate antigens are exposed to the immune system and their global
presentation is well conserved. Moreover, conserved viral N-glycan and peptide
domain can integrate to form unique glycopeptide epitopes. The identification of
broadly neutralizing antibody 2G12, which binds a high-mannose glycan cluster on
gp120, provides the first example of an antibody that exhibits its viral neutralizing
activity by targeting the viral carbohydrate antigens. More recently, a new class of
glycopeptide-dependent HIV-neutralizing antibodies was discovered, which show
broad and potent neutralizing activities against all major primary HIV-1 strains
(Walker et al. 2009, 2011). These include antibodies PG9 and PG16 that recognize
glycopeptide epitopes in the V1V2 region and antibodies PGT121 and PGT128
that target novel glycopeptide epitopes in the V3 region. These new findings have
reinforced the notion that HIV carbohydrate antigens represent novel targets for
vaccine and have stimulated great interests in further characterization and reconstitu-
tion of the fine neutralizing epitopes for immunogen design.

Synthesis as a Novel Approach to Epitope Characterization
and HIV Vaccine Design

The discovery of more than a dozen of the glycan-dependent broadly neutralizing
antibodies provides an exciting new template (novel epitope structures) for design-
ing an effective HIV vaccine. However, deciphering the nature of those neutralizing
epitopes, particularly the glycan specificity of the neutralizing antibodies, has been
a challenging task. Mutational, biochemical, and crystal structural approaches have
played essential roles in epitope mapping, which provides useful information on the
residues and glycans that might be involved in antibody recognition, but further
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Fig. 1 Synthesis of defined HIV carbohydrate antigens as an approach to epitope characterization
and vaccine design. The structure of the envelope trimer was modeled and modified on the basis of
the recently solved crystal structure (Julien et al. 2013)

characterization of the glycan specificity has been complicated by the heterogeneity
in glycosylation of gp120, due to the difficulties in controlling the structures of
individual N-glycans at distinct sites. In the case of almost all the X-ray crystallo-
graphic studies related to gpl20 structure and its complexes with antibodies,
one has to truncate the heterogeneous N-glycans to a more unified state in order
to obtain quality crystals, which will unfortunately lose the detailed structural
information of the glycans involved in antibody recognition. To address this
problem, an alternative approach is to design and synthesize structurally well-
defined oligosaccharides and glycopeptides as mimics of the putative neutralizing
epitopes, which are then optimized through antibody binding analysis, immuniza-
tion, and redesign (Fig. 1). In particular, the synthetic approach could lead to
reconstitution of the neutralizing epitopes, which can be directly incorporated in
the design and synthesis of epitope-focused vaccine.

Tremendous work has been carried in the design and synthesis of oligosaccharide
clusters to approach the epitope of neutralizing antibody 2G12 (Wang 2013). These
include the use of small molecule scaffolds such as monosaccharide, cholic acid, and
cyclic peptide as templates to defined oligosaccharide clusters consisting of two to
four high-mannose-type glycans (Fig. 2a—), the use of a dendron core to display
oligosaccharides as dendrimers (Fig. 2d), and the application of viruslike particles as a
platform to have a highly ordered multivalent display (Fig. 2e). The synthetic studies,
together with subsequent antibody binding and immunization analysis, have further
revealed the requirement of a terminal Manal,2Man subunit for 2G12 binding,
the necessity of a well-configured oligomannose cluster for high-affinity antibody
interaction, and the relationship between the immunogenicity and the nature of the
N-glycans. Concurrent with the development of more sophisticated chemical and
chemoenzymatic methods, chemists now can take the challenges of synthesizing
complex glycopeptides and glycoproteins to decipher the nature of the more complex
glycopeptide epitopes. This was exemplified by the synthesis of various homoge-
neous V1V2 glycopeptides related to the neutralizing epitope of antibodies PG9 and
PG16 (Fig. 2f; Alam et al. 2013; Amin et al. 2013). The synthesis of a library of
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Fig. 2 Structures of synthetic oligosaccharide clusters and glycopeptides as epitope mimics of
antibodies 2G12, PG9, and PG16. (a) A galactopyranoside-based oligomannose cluster as 2G12
epitope mimic; (b) a cholic acid-based oligomannose cluster as 2G12 epitope mimic; (c) a cyclic
peptide-based oligomannose cluster as 2G12 epitope mimic; (d) an oligomannose dendrimer as
2G12 epitope mimic; (e) a viruslike particle-based oligomannose cluster as 2G12 epitope mimic;
(f) a synthetic V1V2 glycopeptide as the minimal epitope of antibody PG9

homogeneous V1V2 glycopeptides carrying structurally well-defined N-glycans at
the conserved glycosylation sites, together with binding studies, has revealed a clear
structure-affinity relationship in terms of the nature and site of glycosylation in the
glycopeptide epitope, which was not identified in previous structural and biochemical
studies. Moreover, the synthetic study has also revealed a critical role of cyclization
and/or dimerization of the V1V2 glycopeptides in significantly enhancing the affinity
for the antibodies.

Conclusion

The discovery of a number of glycan-dependent HIV-neutralizing antibodies suggests
that the defensive viral “glycan shield” can also serve as promising targets for HIV
vaccines. In combination with mutagenesis and biochemical studies, synthesis has
played an important role in further characterization and reconstitution of the neutral-
izing epitopes of the prototype antibody 2G12 and the glycopeptide-specific
antibodies PG9 and PG16. It is expected that synthetic carbohydrate antigens will
continue to play an increasingly important role in deciphering the glycopeptide-based
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epitopes of other glycan-dependent neutralizing antibodies such as the PGT121,
PGT135, and PGT128 that appear to target more complex glycopeptide epitopes
located in the V2 and V3 regions of gp120. Taken together, these combined synthetic
and immunological studies will facilitate the design of a truly effective, epitope-
focused HIV vaccine.
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