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Recent strategies targeting HIV glycans in vaccine
design

Satoru Horiya, lain S MacPherson & Isaac J Krauss*

Although efforts to develop a vaccine against HIV have so far met with little success, recent studies of HIV-positive patients
with strongly neutralizing sera have shown that the human immune system is capable of producing potent and broadly neu-
tralizing antibodies (bnAbs), some of which neutralize up to 90% of HIV strains. These antibodies bind conserved vulnerable
sites on the viral envelope glycoprotein gp120, and identification of these sites has provided exciting clues about the design
of potentially effective vaccines. Carbohydrates have a key role in this field, as a large fraction of bnAbs bind carbohydrates or
combinations of carbohydrate and peptide elements on gp120. Additionally, carbohydrates partially mask some peptide sur-
faces recognized by bnAbs. The use of engineered glycoproteins and other glycostructures as vaccines to elicit antibodies with
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broad neutralizing activity is therefore a key area of interest in HIV vaccine design.

Although antiretroviral drugs have greatly improved the survival of
HIV patients, the high cost of these drugs, together with the emer-
gence of resistance, make a preventative vaccine the most attractive
long-term solution to the global pandemic. Most vaccines designed
to elicit a neutralizing antibody response have comprised HIV enve-
lope proteins gp120 and/or gp41 and have fallen short of stimulat-
ing antibodies with either enough potency or breadth to neutralize
the diverse HIV strains present in nature'. However, extensive study
of HIV-positive individuals has recently provided a wealth of data
about potent bnAbs, which naturally arise in some infected indi-
viduals®>'°. It is now increasingly clear that many of these bnAbs
bind epitopes on gp120 partly or exclusively composed of oligosac-
charide moieties (glycans)''-%. Moreover, in the case of bnAbs that
bind purely peptide epitopes, such as the CD4-binding site, there
is evidence that certain glycans sterically mask this region and
impede recognition by germline antibodies necessary for initiation
of a bnAb response??. In this review, we will describe recent HIV
vaccine design strategies that exploit this knowledge, either through
production of glycosylated antigens that mimic the epitopes of
bnAbs or through engineered glycoprotein fragments lacking cer-
tain masking glycans.

BnAbs as templates for vaccine design

The typical antibody response to HIV or to recombinant monomeric
gp120 glycoprotein is unable to neutralize diverse HIV strains for
several reasons”~*. Non-neutralizing antibodies bind surfaces that
are accessible only on monomeric gp120 that has detached from the
viral surface, and thus they cannot bind and neutralize the virus
itself. These same binding surfaces are inaccessible on the intact
gp120 trimers that remain on the viral membrane (Fig. 1a). Other
antibodies can bind trimeric gp120 on the virus but target noncon-
served parts of the glycoprotein; these antibodies are neutralizing
but strain specific. By contrast, each bnAb targets a conserved sur-
face that is accessible on the trimer and provides clues as to which
viral surfaces are vulnerable for neutralization®. If the epitope of a
bnAb (the surface it binds to) can be determined, this information
can serve as the basis for vaccine design. In principle, structures that
precisely mimic the bnAb epitope but lack the other viral glycopro-
tein elements could be useful as vaccines because antibodies gen-
erated against these mimetic constructs should be focused on the
bnAb epitope and thus neutralize in a broad manner, similarly to the

template bnAb. Though this logic is appealing, in practice there are
several challenges. First, for bnAbs that bind carbohydrate epitopes,
the heterogeneity of HIV glycosylation can make it difficult to pre-
cisely define the structures that comprise the epitope. Moreover,
epitopes may be composed of several glycans or peptide fragments
that are not continuous in the HIV polypeptide sequence and are
thus difficult to mimic with small designed peptides or glycopep-
tides. Finally, even if one can design structural mimics of an epitope
that are highly antigenic (recognized as tightly by the bnAb as is the
natural epitope on the viral glycoprotein), they may not be immu-
nogenig, i.e., they may not necessarily elicit an immune response.
Moreover, if they are immunogenic, the resulting antibodies may
still not bind the desired portion of the epitope mimic or to the viral
epitope and may not neutralize the virus. Nevertheless, highly anti-
genic structures are desirable, if not sufficient, in vaccine design.

Targeting specific germline antibodies

Although antigens designed simply to bind a bnAb may fail to re-
elicit that bnAb in immunizations, there has been some specula-
tion that the desired bnAb response is more likely if the antigen can
also bind the germline precursor of the desired bnAb***. Germline
antibodies are the repertoire of lower-affinity, broader-specificity
antibodies already present in an individual before infection that are
direct products of VDJ recombination, with no additional muta-
tions. After germline B cells are activated in response to a patho-
gen, the affinity maturation process leads to evolution of B-cell
mutants bearing higher-affinity ‘mature’ antibodies. During this
process, bnAbs thus acquire many unusual features, such as long
complementarity-determining region loops, framework mutations
and even domain exchange. Putative germline Abs (gl-Abs) cor-
responding to many bnAbs have been predicted through bioinfor-
matic methods, and in most cases they exhibit little or no binding to
HIV envelope proteins®*—*, It is possible that HIV has evolved such
that its conserved epitopes avoid recognition by the human ger-
mline antibody repertoire, which might explain why immunogens
that simply mimic the bnAb epitope do not necessarily stimulate
the desired bnAb response. Carbohydrates apparently have a role
in masking conserved epitopes from gl-bnAb recognition, as it has
been shown that deletion of certain glycans from gp120 rescues its
ability to be recognized by germline antibodies. We will discuss this
‘glycan deletion’ strategy®”*® in further detail later in this review.
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Figure 1| The trimeric structure of HIV Env and implications for antibody neutralization. (a) Non-
neutralizing and strain-specific antibodies and bnAbs. BnAbs only bind conserved epitopes located
on the gp120 trimeric assembly. Immunogens displaying these conserved epitopes may be able to
focus the immune response on these structures and thus elicit antibodies with broadly neutralizing
specificity. (b) Proteolytic processing of Env. In infected cells, the Env is synthesized as the precursor
protein gp160, which undergoes signal peptide cleavage, folding, trimerization and glycosylation

in the endoplasmic reticulum®-¢, The resulting gp160 trimer is transported to the Golgi apparatus

and cleaved into gp120 and gp41 subunits by furin-like proteases®'°°. The mature gp120-gp41
trimer is unstable so that most virions contain ‘junk Env' structures bearing exposed gp41 or gp120
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and their glycosylation pattern may better
mimic viral Env.

HIV N-linked glycosylation. Gpl120 is
extremely unusual in that its polypeptide
sequence contains ~25 potential sites of
N-linked glycosylation**™” (PNGs, amino
acid sequence NXT/S), whereas typical
mammalian lgcoproteins contain no more
than a few®®. The glycans, which com-
prise about 50% the total gp120 mass, confer
two benefits on the virus. First, the man-
nose residues within these glycans bind the
DC-SIGN receptor on dendritic cells, ena-
bling the virus to accumulate on the surface
of these cells and facilitating its presentation
to CD4* T cells for infection®™2 Second,
the dense canopy of glycans sterically masks
the underlying polypeptide surface against
interaction with potentially neutralizing
antibodies and is thus sometimes referred to
as the ‘glycan shield. Because these glycans
are functionally necessary, they are therefore
somewhat conserved, and thus antibodies
that bind them—for example, bnAbs 2G12
(refs. 4,11,12,15,6), PG9/16 (refs. 7,13,24)
and the PGTs''*?1-32>2_may neutralize a
broad range of viral strains, with up to 80%
of circulating strains neutralized by a single
antibody. Most importantly, some of these
antibodies have been shown to exhibit a pro-
tective effect in vivo>> . To design vaccines
that may elicit 2G12-like or PG9-like anti-
bodies, several groups have worked on the
design of carbohydrate clusters that mimic
the epitopes of these bnAbs (described
below)*” 51,

Ideally, the design of glycostructures to
mimic HIV glycopeptide epitopes should
be informed by detailed knowledge about
the glycosylation of gp120. However, precise

monomers*°.

Structure and glycobiology of the HIV envelope

HIV envelope protein structure. The functional envelope spike
protein of HIV (Env) is a C;-symmetric assembly of three gp120
proteins, each noncovalently associated with an underlying trans-
membrane gp41 protein (Fig. 1b)¥*. Gp120 is responsible for rec-
ognition of the CD4 receptor on T cells, and gp41 is responsible for
the mechanics of fusing the viral and host membranes. This trimer
of heterodimers is unstable so that even the native HIV particles
contain junk’ Env proteins that have fallen apart at the gp120-gp120
or gp120-gp41 interfaces*. Monomeric gp41 and gp120 on the viral
surface or in the bloodstream present many highly immunogenic
surfaces that are not exposed in viral trimeric Env; they are thus
problematic as immunogens as they elicit primarily antibodies that
bind monomeric protein but not the functional trimer located on
the virus (Fig. 1a,b). As an alternative, stable and soluble trimeric
envelope constructs have been produced by engineering of gp160,
the biosynthetic precursor protein, which is cleaved to form gp120
and gp41. These trimeric proteins, for example, ‘SOSIP-gp140; have
been produced by truncating the transmembrane domain of the
gp41 sequence, and adding disulfides and other elements to stabi-
lize gp41-gp120 and trimeric interfaces*’. These constructs may be
useful as immunogens because both their exposed peptide surface

characterization of HIV glycosylation is very
difficult, both because analytical methods
are insufficient and because samples are het-
erogenous and/or difficult to produce with
native glycosylation patterns. For instance, X-ray crystallography
is hampered by glycosylation heterogeneity and by the difficulty of
crystallizing glycoproteins. Therefore, crystallography is normally
performed on samples that have been produced under non-native
conditions to obtain homogeneous glycoforms and/or with samples
whose glycans have been trimmed by glycosidases.

Gp120 glycosylation not only is heterogeneous but also depends
on the HIV strain, the stage of HIV infection®, the producing cell
type as well as the oligomeric form, i.e., whether the protein is
obtained as recombinant cell-secreted gp120 monomer or gp140
trimer or from pseudovirus or actual viral particles®*. For exam-
ple, MS of the total glycans cleaved off the trimeric gp120 from viral
particles indicates that the majority of glycans are high-mannose-
type glycans (i.e., 62-79% Man; ,GlcNAg,), with only the remaining
21-38% being ‘complex’ or ‘hybrid-type’ glycans (Fig. 2a). By con-
trast, the same analysis of recombinant monomeric gp120 indicates
a much higher percentage (up to 71%) of complex and hybrid-type
glycans. This difference could hypothetically arise from steric effects
in the glycan-processing pathway (Fig. 2b); as gp120 is processed in
the Golgi, glycans located in the most densely glycosylated regions
of gp120 or in regions near the trimer interface are inaccessible to
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the glycosidases responsible for processing the immature high-man-
nose glycoforms into the more mature complex and hybrid types.
Although overall glycan content can be deduced from analysis of
glycans cleaved from whole viral trimeric gp120 protein, determi-
nation of the specific distribution of which glycoforms are present at
each site requires MS analysis of enzymatically digested gp120 (refs.
42-47). Although several studies have reported this type of analy-
sis with samples of recombinant gp120 monomer, the most relevant
glycosylation pattern must be obtained from analysis of gp120 tri-
mers isolated from actual virus samples. It is challenging to obtain
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sufficient quantities of this material for analysis, and no such studies
have yet been reported. Therefore, the identity and position of gly-
cans comprising the various bnAb epitopes has been only partially
deduced from a combination of techniques. These include (i) muta-
tion to delete various PNG sites, followed by observation of reduced
bnAb binding, (ii) observation of antibody binding to specific gly-
cans in glycan array or saturation transfer difference (STD) NMR
studies and (iii) X-ray crystallography of bnAbs crystallized with
glycans or Env constructs. Because of glycan heterogeneity and con-
formational flexibility, crystallographic studies of bnAb-Env com-
plexes have typically used Env constructs treated
with glycosidases and/or those produced under
conditions that yield a simplified glycosylation
profile. In light of data from several studies, an
HIV glycosylation model was proposed in which
gp120 can be divided into three different types of
regions (Fig. 3)°"*%. First, regions of gp120 close
to the trimer interface are sterically accessible to
glycosidases when gpl20 remains monomeric
but are inaccessible to glycosidases in trimeric
gp120. Thus, glycans in this region remain as
high-mannose types in mature gpl20 trimers
from virus-derived samples but are hybrid or
complex types in secreted gp120 monomer iso-
lated from cell cultures. A second important
region of gp120 is the ‘intrinsic high-mannose
patch;, exemplified by glycans in the vicinity of
N332, N334, N392 and N295, in which the spa-
tial density of glycosylation sites within a single
gp120 protomer sterically impedes glycan pro-
cessing even without gpl120 oligomerization.
Glycans in this region are recognized by bnAbs
such as 2G12, PGT128, 121 and 135 (ref. 21).
The remaining regions of gp120, which lie out-
side this densely glycosylated region and away
from the trimer interface, are thought to bear
more diverse and more extensively processed
hybrid- or complex-type glycoforms, which may
still comprise part of bnAb epitopes.

Complex

\( ; Golgi a-mannosidase Il \( i

¢¢ Further processing to ‘complex’ glycans

5o

Figure 2 | N-glycan processing. (a) Classes of mammalian N-glycans. All mammalian N-glycans
contain the common Man,GIcNAC, core structure at the reducing terminus (proximal to the
protein backbone). The nonreducing branches of the Man, structure contain further mannose
units either (i) on both sides (high-mannose glycans), (ii) on one side (hybrid-type glycans) or
(iii) on neither side (complex-type glycans), (b) Glycan maturation pathway. N-linked glycans
are installed en bloc onto the nascent peptide as it emerges from the ribosome. The immature
high-mannose structure is trimmed by glycosidases and subsequently elaborated to hybrid- and
complex-type glycans. The high spatial density of glycans on gp120 results in incomplete glycan
processing and thus elevated high mannose content. Production of proteins in GnTl-deficient
cells also results in stalling of glycan processing at the Man.GIcNAc, structure. ER, endoplasmic

reticulum; DPP, dolichol diphosphate.
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2G12-targeted vaccine design

2G12, isolated from the serum of an HIV-
positive individual®, was the second antibody
reported to have broad neutralization activ-
ity (half-maximum effective concentration
<50 ug ml™ for ~32% of HIV isolates tested)
and the first reported to bind carbohydrates on

GnTI

@ Mannose gp120. Alanine scanning mutagenesis of gp120

B N-acetylglycosamine to delete PNG sites, together with glycosi-

@ Glucose dase digestion experiments, showed that 2G12
binds a cluster of two to four high-mannose

O Galactose

L 4

(ManyGlcNAc, and/or Man,GlcNAg,) glycans,
most likely at a subset of positions N295, N339,
N332 and N392''6, X-ray crystallography of
2G12 cocrystallized with Man,GIcNAc, directly
showed 2G12 interacting with three crystallo-
graphically unique copies of the glycan. These
data were combined with a crystal structure of
deglycosylated gp120 to create a model of the
2G12-gp120 interaction (Fig. 4)'"*2. The primary
binding contacts involve the nonreducing termi-
nal four mannose units of the D1 arm, and Man,
or Man, fragment glycans therefore bind 2G12
with affinity similar to that of Man,GlcNAc,.
Moreover, this structure revealed that 2G12 has
a unique domain-exchanged structure in which
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Figure 3 | Glycosylation profile of monomeric versus trimeric gp120.
The glycosylation of monomeric recombinant gp120 differs from that of
trimeric gp120 on the viral membrane, with the latter containing a much
higher percentage of high-mannose glycans. It has been proposed®# that
high mannose content is greatest in the most sterically congested areas,
including the interfaces between gp120 protomers in the trimer, and an
intrinsic high-mannose patch within the monomer, where the density of
PNG sites is particularly high. Glycans pictured in this figure (Consortium
for Functional Genomics notation) are meant to represent classes of
glycoforms found in each region rather than specific glycans located at
each position.

the Vy; subunit of each antibody arm is paired with the V; domain of
the other, bringing the two antibody arms together to form a single,
large antigen recognition surface. 2G12 is thus capable of binding
many tightly packed mannose residues together, resulting in a high
avidity interaction. Whereas Man,GlcNAcg, itself binds 2G12 with
a K of 180 uM, its multivalent presentation on gp120 results in a
Ky of ~5 nM, a 36,000-fold enhancement of recognition. Moreover,
the special structure of 2G12 is essential: mutagenesis of 2G12 to
eliminate the domain exchange feature virtually eliminates binding
to gp120 (refs. 86,87).

On the basis of this information, many groups have worked to
design multivalent oligomannose clusters that might mimic the
2G12 epitope for use as vaccines to stimulate a 2G12-like antibody
response. These oligomannose constructs can be evaluated in terms
of two criteria: (i) antigenicity, i.e., their binding affinity for 2G12,
and (ii) immunogenicity, i.e., their ability to stimulate a 2G12-like
antibody response in vivo. Although high antigenicity is desirable

e . 2p120

N33
Man,GlcNAc, o P
glycans

Figure 4 | Model of 2G12 glycan recognition of gp120. Image was taken
from ref. 12, with permission. This model was created on the basis of the
crystal structure of 2G12 Fab dimer with four Man,GIcNAc, moieties and
alanine-scanning mutagenesis of gp120 to determine which PNG sites
were required for 2G12 recognition®. The reducing termini of three glycans
from the 2G12-Man,GIcNAc, cocrystal structure were conformationally
modeled to match Asn residues at positions N332, N339 and N392 in a
separate, deglycosylated gp120 crystal structure.
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Figure 5 | Selected multivalent high-mannose glycan cluster antigens.
(a) Divalent cyclic peptide bearing two Man,GIcNAc, glycans, connected
by short natural Asn linkages, conjugated (~2,000 copies) to outer
membrane protein complex (OMPC) of Nesseiria meningitides carrier
protein®8. (b) Tetravalent Man,GIcNAc, clustered via a flexible linker on
galactose scaffold, conjugated to keyhole limpet hemocyanin (KLH) carrier
protein®. (¢) Man,-conjugated (14 copies) via short linker to BSA carrier
protein’®. (d) Heteromultivalent clustering of Mang or Man, on Qpf phage
particles”. (e) PAMAMg-Man, dendrimers conjugated (two copies) to
CRM-197 carrier protein (Diphtheria toxoid)®e. (f) Highly multivalent Man,
dendrimers®. In general, 2G12 K, values are not reported, but constructs
in a-e exhibit 2G12 affinities generally 50- to 1,000-fold weaker than that
of gp120. Immunogenicity studies of constructs shown in a, b, d and e all
reported mannose-binding antibody responses, though gp120 binding
activity was weak or absent in animal sera. In contrast to the constructs in
a-e, construct fis reported to be highly antigenic, with a 2G12 K, of ~3 nM,
similar to that of gp120; however, no immunogenicity data have been
reported for this construct.

in an epitope mimic, it is not necessarily sufficient to guarantee the
desired immunogenicity; one does not really know whether an anti-
gen is a good immunogen until it has been tested in animal immu-
nogenicity studies.

Figure 5 summarizes the antigenicity and immunogenicity of
representative 2G12 epitope mimics, which will only be only briefly
discussed here, as they have been reviewed in detail elsewhere®.
Diverse studies have reported multivalent clusters of high-man-
nose glycans attached to rationally designed peptide®*!, carbohy-
drate®>®, steroid®, peptide nucleic acid®, dendrimer®*® and gold
nanoparticle® backbones as well as on biomacromolecules such as
BSA protein” and QP phage particles’”2. In most cases, the reported
2G12 affinity of these constructs has been 50- to 1,000-fold weaker
than that of gp120, suggesting that a very particular arrangement
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of high-mannose oligosaccharides is necessary to accurately mimic
the epitope of 2G12. Very high 2G12 affinity (K; ~3 nM) was
observed for some glycodendrimer constructs (Fig. 5f)%, which is
most likely due to a combination of very high multivalency (9 or
27 copies of oligomannose glycan) and/or the resultant high density
of presentation.

Despite binding to 2G12, none of the above constructs has been
reported to elicit antibodies which can bind gp120 or neutralize
HIV, although in some cases robust mannose-binding antibody
responses were detected*”*>¢7%7! Among several possible explana-
tions, the simplest is that none of the tested constructs truly reca-
pitulated a gp120-like presentation of oligomannose residues. In all
cases, 2G12 affinities were at least 50-fold weaker than that of the
natural gp120-2G12 interaction, or else strong binding was achieved
only with a much higher number of glycans than the three or four
involved in the 2G12-gp120 interaction. Another possible explana-
tion is that 2G12-like antibodies may be inherently difficult to elicit
because the domain-exchanged structure of 2G12 is exceptionally
rare; thus, special adjuvants and carriers or other completely new
strategies may be required to achieve the high degree of somatic
hypermutation necessary for domain exchange.

Aside from the chemically defined immunogens described
above, microbially derived oligomannose constructs deserve special
mention. It has been reported that some bacterial surface lipooligo-
saccharides contain the Man, motif sufficient for 2G12 recognition,
and the immunogenicity of the heat-killed bacteria has been tested
in mice”. Anti-mannose and anti-gp120 antibodies were elicited,
although HIV neutralization was not detected. In another approach,
immunogenicity studies were reported with whole yeast cells engi-
neered to express only high-mannose (ManyGlcNAc,) glycans on
their surface proteins’”. The resulting antibody response bound to
mannose glycans and to gp120 protein. In this case, neutralization
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Figure 6 | Directed evolution of DNA-supported
glycoclusters antigenic for bnAb 2G12.

(a) Summary of SELMA767779 A library of ~10"
multivalent Man, presentations is created by
using click chemistry to attach glycans to ~10™
alkyne-containing DNA scaffolds. After incubation
of the library with 2G12, sequences that bind are
amplified by PCR and subjected to further rounds
of click glycosylation and selection until the library
converges on highly antigenic structures. EdU,
5-ethynyl-2'-deoxyuridine. (b) A representative
glycoDNA obtained from selection, which binds
2G12 as tightly as does gp120, with a K, of 1.7 nM7°.
Yellow highlights show the consensus sequence
observed in selected clones.

DNA-scaffolded glycan
clusters as ‘phenotype’
was detected for HIV virus that had been
engineered to contain only high-mannose
glycans; however, wild-type HIV was not
neutralized. It is likely that these antibodies
specifically bound to alternative arrange-
ments of high-mannose glycans present only
on the artificially overmannosylated virus
but not present in the 2G12 epitope on wild-
type virus.

Directed evolution of 2G12 epitope
mimics

The most antigenic ‘rationally designed’
2G12 epitope mimics to date achieve 2G12
recognition only with a highly multiva-
lent glycan presentation (9-300 copies)®””".
Because 2G12 binds a cluster of just a few
(3-4) glycans in its natural target, gp120 (refs.
12,15,16), we have been interested in achieving a native-strength
interaction with constructs bearing a similarly small number of gly-
cans. Our strategy has been to allow highly antigenic oligomannose
clusters evolve from very diverse populations of random multivalent
arrangements. We have developed two systems for glycocluster evo-
lution in which glycans are positioned on evolving scaffolds com-
posed of either DNAs’7”7 or peptides” (Figs. 6 and 7).

In our DNA-based system (Fig. 6), termed SELMA (selection
with modified aptamers)’, libraries of ~10" DNA scaffolds are gen-
erated, in which thymidine is replaced by an alkyne-containing base,
ethynyl deoxyuridine. Glycan azides are then used to chemically gly-
cosylate all of the alkynes in the DNA library using copper-assisted
alkyne azide cycloaddition (CuAAAC) or ‘click’ chemistry®*’. The
glycosylated libraries are incubated with 2G12 to select for the most
antigenic clusterings of the glycan, and the bound fraction is ampli-
fied by PCR and reglycosylated to produce the next-generation
library for selection. The first selections from Man,-decorated’® and
Man,-decorated”” DNA libraries afforded 150- to 500-nM binders of
2G12 containing five to ten glycans and having neither the desired
low nanomolar affinity nor the desired low multivalency to match
that of the native gpl20-2G12 interaction. However, markedly
improved results were obtained when the temperature of the 2G12
selection step was increased to 37 °C”. High temperature favored
selection of structures that not only had gp120-like (1-15 nM)
affinity for 2G12 but also contained just 3-4 glycans.

In further studies™, we developed a system for multivalent gly-
copeptide evolution, combining mRNA display technology with
CuAAAC glycosylation (Fig. 7). In mRNA display, a library of pep-
tides is generated by ribosomal translation of mRNA that has been
modified so that each peptide is covalently tagged by its encoding
mRNA sequence®’. Translation is done with an unnatural alkynyl
amino acid to produce alkynyl peptides, and CuAAAC glycosylation
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converts these to a library of glycopeptides®™. The most antigenic
species are selected for binding to 2G12, their mRNA tags are ampli-
fied by RT-PCR, and the library can then be retranslated for the next
round of selection. Consistent with our results from the DNA-based
SELMA selection method, we found that glycopeptides with low mul-
tivalency (3-4 glycans) and very tight 2G12 binding affinity (~1 nM)
were obtained only after high-temperature selection. Although
immunogenicity studies have not yet been conducted with these
evolved constructs, these directed evolution methods seem to be
useful for generating highly antigenic structures and may also be
useful for targeting the newer and more broadly neutralizing PG
and PGT antibodies, which bind a combination of peptide and
glycan elements.

PG9- and PG16-targeted vaccine design

Until 2009, 2G12 was the only HIV bnAb reported to bind a car-
bohydrate epitope, and its unique domain-exchanged structure has
presented a challenge to vaccine development. Although it has been
shown that relatively few substitutions in the germline sequence are
necessarytobringaboutthedomainexchangefeatureof2G12 (ref.87),
there is still no evidence that domain-exchanged antibodies can
be elicited by vaccination. However, since 2009, high-through-
put screening of B-cell clones from ‘elite neutralizer’ patients has
yielded reports of dozens of new glycan-binding monoclonal anti-
bodies, which, unlike 2G12, are not domain exchanged and have
the conventional Y/T antibody topology'*'*19222%, The first new
antibodies in this class, PG9 and its close relative PG16, neutralize
HIV with much more breadth and potency than 2G12 (ref. 7). For
instance, PG9 was shown to neutralize up to 77% of strains in a
162-pseudovirus panel (versus 32% for 2G12), with a median half-
maximum inhibitory concentration of 0.23 ug ml™ (versus 2.4 ug
ml! for 2G12). These newer bnAbs are thus regarded as substan-
tially improved templates for vaccine design.

Design of immunogens that might elicit PG9- or PG16-like anti-
bodies must be informed by knowledge of what structures these
bnAbs bind to. PG9 and PG16 bind preferentially to trimeric gp120,
and mutation studies show that a PNG site at N160 is required for
binding. Moreover, X-ray crystallographic studies of PG9 (ref. 13)
in complex with a segment of the gp120 V1/V2 region engrafted
onto a scaffold protein showed that PG9 makes extensive contacts
with a Man;GIcNAc, high-mannose gly-
can at N160, and lesser contacts with a
second glycan at either of two spatially a
close positions, N156 or N173 (Fig. 8a).
Because this V1/V2 construct was

Figure 7 | Directed evolution of glycopeptides
antigenic for bnAb 2G12. (a) Scheme of
glycopeptide selection by mRNA display?®.

A library of ~10™ glycopeptides is created by
using click chemistry to attach Man, glycans
to ~10" alkyne-containing peptides, each of
which is ‘barcoded’ by covalent attachment
to its encoding mMRNA using the mRNA
display method”'. The resulting library of
~10" glycopeptides is incubated with 2G12,
and the bound glycopeptides are amplified
by PCR of their attached mRNAs, followed
by retranslation of the PCR product and click
glycosylation. Selection and amplification

is repeated until strong 2G12 binders are
obtained. HPG, homopropargylglycine. (b) A
representative selected glycopeptide, which
contains four glycans, exhibits a 2G12 K, of
0.97 nM, comparable to the affinity observed
for gp120 itself.
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produced in N-acetylglucosaminyltransferase I (GnTI)-negative
cells, yielding homogenous glycosylation with Man,GlcNAc,, the
X-ray structure does not clarify the glycoform bound at N156 or
N173, although the precise observed fit of this N160 glycan into the
antibody points to a high likelihood that Man;GlcNAc, is the glyco-
form recognized by PG at that position in the native viral trimer. In
addition to the interaction with glycans, extensive contacts could be
observed with the gp120 V1/V2 polypeptide sequence. Subsequent
electron microscopy studies showed that PG9 binds trimeric gp140
at the interface between protomers, near the trimer apex, and pro-
vides evidence that a second N160 glycan on a neighboring gp120
protomer may also be involved in PG9 recognition®.

Synthetic studies have provided insight into the nature of the
glycans recognized by PG9. Recently, chemoenzymatic synthesis
methods were used to prepare a panel of divalent V1/V2 glycopep-
tides to explore this question (Fig. 8b)®. Glycopeptides containing
Man,GlcNAc, at position N160 and a sialylated biantennary glycan
at N156 or N173 were recognized by PG9 with 20-fold stronger
affinity than glycopeptides containing Man,GlcNAc, at both posi-
tions. Although the observed recognition was in the micromo-
lar range, these studies provided evidence that the PG9 epitope
involves a complex glycan at N156 or N173. Additional evidence
for the importance of a complex- or hybrid-type glycan came from
STD-NMR and crystallographic studies of PG16, showing binding
contacts to the sialic acid moiety of both complex- and hybrid-type
glycans.

In another study of the PG9 epitope glycopeptides, dimers of
synthetic V1/V2 glycopeptides were synthesized, bearing only
high-mannose (Man,GIcNAc,) glycans at both N160 and N156
positions (four glycans total) and exhibited relatively tight (30 nM)
recognition by PG9 (Fig. 8b)*'. Although the tighter apparent bind-
ing of these constructs to PG9 may be partly due to avidity effects
(PGY IgG was used in these binding studies, whereas PG9 Fab was
used with the chemoenzymatically synthesized glycopeptides®) it
is also possibly due to the dimeric construct’s mimicry of the qua-
ternary features of the PG9 epitope, where a Man,GlcNAc, glycan
on each half of the peptide dimer may play the part of the N160
of each gp120 protomer. Alternatively, the increased binding of the
dimer may be due to stabilization of its $-sheet secondary structure,
affording a more orderly presentation of either the glycans or the
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AcCNH-ITDEV NCSFNMTTE\
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Figure 8 | PG9 epitope elements and antigenic glycopeptides. (a) Model of PG9 epitope elements on gp120 trimer. Gp120 protomers shown in red, blue
and green, with corresponding N160 glycans for each protomer shown in the same colors near the trimer apex. N156 or N173 glycan on one protomer

is depicted in yellow. All other glycans are omitted for clarity. PG9 most likely interacts with high-mannose glycans at N160 of two adjacent gp120
protomers, a sialylated complex or a hybrid glycan at N156 or N173 on one protomer and a positively charged stretch of the V1/V2 loop, KQK(K/R)D, near
the trimer interface. This figure was generated by matching the V1/V2 loop peptide and glycans from a PG9-CAP45-V1/V2 crystal structure (Protein Data
Bank (PDB) code 3U4E) onto the BG505-SOSIP-gp140 trimer crystal structure (PDB code 4NCO). (b) Synthetic glycopeptides containing PG9 epitope
elements (Consortium for Functional Genomics notation for glycans; PG9 contact residues are in purple)8®®. The combination of a high-mannose glycan at
N160 and a sialylated complex glycan at N156 is most antigenic for monomeric peptide constructs, although dimerization to mimic the quaternary nature
of the PG9 epitope and/or stabilize the peptide conformation appears to produce a more antigenic structure even without the complex glycan at N156.

NB*, no binding up to 8 uM; NB**, no binding up to 100 uM.

positively charged peptide epitope component (KQKKD). To show
that dimerization was essential for antigenicity, the authors demon-
strated that a similar Man, V1/V2 glycopeptide bound PG9 only in
the oxidized cysteine-dimerized form. Notably, the dimeric Man;
construct also exhibited 90 nM affinity for the germline precursor of
PGY (gl-PGY). This is important because nearly all gp120 and gp140
constructs so far have failed to bind gl-bnAbs**>*7*$%2_ By initially
stimulating germline PG9 B cells, this immunogen may be able to
begin the antibody maturation pathway from a point that could
eventually mature into a PG9-like response.

Deglycosylated immunogens to target germline bnAbs

Whereas the above approaches aim to elicit antibodies that bind
the glycan shield, alternative approaches are directed at the con-
served peptide epitopes underneath that shield. One such epitope,
the CD4-binding site (CD4 BS), is functionally essential for infec-
tion and is therefore the most conserved neutralization epitope
within gp120. BnAbs that target this epitope, such as VRC01 and
the related NIH45-46, exhibit ~90% neutralization breadth®'.
However, potent VRCO1-like antibodies rarely and slowly arise in

natural infection, perhaps because the CD4 BS is a recessed epitope
or because it is poorly immunogenic. There has been interest in
overcoming this problem by tailoring immunogens specifically to
bind the germline precursor of VRCO1 (gl-VRCO1), thereby spe-
cifically targeting the antibody development pathway that originally
led to VRCO1 in the patient from which this antibody was isolated.
Interestingly, unmodified Env proteins fail to bind gl-VRCO1 (refs.
9,37); however, engineering of deglycosylated Env constructs is a
promising approach to address this problem. In one study of trim-
eric gp140 mutants, it was found that removal the glycan at N276,
and to a lesser extent glycans at N460 and N463, restored nanomo-
lar recognition by gl-VRCO01 and gl-NIH45-46 (ref. 28). It was
shown that the effect of glycan deletion is primarily to increase the
on rate in the antibody-protein interaction, as opposed to decreas-
ing the off rate, consistent with removal of a steric obstacle to bind-
ing rather than an alteration in the epitope structure. In a related
study, N276 deglycosylation, followed by a combination of compu-
tational design and directed library screening, identified variants
of the highly truncated gp120 fragment ‘engineered outer domain’
eOD with affinities for gl-VRCO01 and gl-NIH45-46 of 44 nM and
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410 nM, respectively”. Although these constructs show encour-
aging antigenicity for gl-bnAbs, animal germline antibodies differ
from those of humans, and immunogenicity studies must therefore
be conducted either in humans or in mice engineered to express
the targeted human germline B cells. Moreover, even if the desired
gl-VRCO1 response can be initiated, additional strategies may be
necessary to bring about affinity maturation toward mature VRCO01
specificity. This may include boosting with immunogens designed
to stimulate B cells at intermediate stages along the maturation
pathway, mimicking the coevolution of virus and antibody that has
been observed in nature®.

Conclusion and outlook

2G12, with its unique domain-exchanged structure, was for a long
time the only HIV bnAb known to bind carbohydrates, and there
was therefore some concern that the glycan shield was too unusual
a target to be relevant for HIV vaccine design. With the discovery
of more than a dozen additional antibodies of the PG and PGT
families, it is now clear not only that glycan epitopes are commonly
targeted by the immune system but also that this occurs in most
‘elite-neutralizer’ patients. Although the newly discovered anti-
bodies, unlike 2G12, all have a conventional Y/T topology, they
are nevertheless highly mutated from their germline ancestors. To
elicit such unusual antibodies, it may be necessary to target spe-
cific germline antibodies and also to use adjuvants or vaccine regi-
mens that maximally drive affinity maturation. Although many of
the newer bnAbs exhibit above 70% neutralization breadth, it will
most likely be necessary to design multivalent vaccines targeting
several bnAb specificities to achieve a useful breadth of protection.
Fortunately, carbohydrate vaccine efforts are supported by continu-
ously improving tools for glycan analysis, glycoengineering of pro-
teins, chemoenzymatic and chemical synthesis and computational
and evolution-based glycostructure design.
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