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Summary

Despite three decades of intensive research efforts, the development of an effective prophylactic 

vaccine against HIV remains an unrealized goal in the global campaign to contain the HIV/AIDS 

pandemic. Recent characterization of novel epitopes for inducing broadly neutralizing antibodies 

(BnAbs) has fueled research in the design and synthesis of new, well-defined antigenic constructs 

for the development of HIV envelope-directed vaccines. The present review will cover previous 

and recent efforts toward the design of synthetic vaccines based on the HIV viral envelope (Env) 

glycoproteins, with special emphasis on examples from our own laboratories. The biological 

evaluation of some of the most representative vaccine candidates, in terms of their antigenicity and 

immunogenicity, will also be discussed to illustrate the current state-of-the-art toward the 

development of fully synthetic HIV vaccines.

Keywords

AIDS; HIV vaccine design; broadly neutralizing antibody (BnAb); gp120; synthetic antigen; 
carbohydrates; glycopeptides; glycosylation

Correspondence to: Alberto Fernández-Tejada, aftejada@cib.csic.es; Barton F. Haynes, barton.haynes@duke.edu; 
Samuel J. Danishefsky, s-danishefsky@ski.mskcc.org.
†Present Address: Chemical and Physical Biology, CIB-CSIC, Ramiro de Maeztu 9, 28040 Madrid, Spain.

Financial and competing interests disclosure
BF Haynes and SJ Danishefsky were supported by the National Institutes of Health (NIH), National Institute of Allergy and Infectious 
Diseases (NIAID), Division of AIDS grant for the Center for HIV/AIDS Vaccine Immunology. SJ Danishefsky was also supported by 
William and Alice Goodwin and the Commonwealth Foundation for Cancer Research. A Fernández-Tejada thanks the European 
Commission (Marie Curie International Outgoing Fellowship) for funding. The authors have no other relevant affiliations or financial 
involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials 
discussed in the manuscript apart from those disclosed.

HHS Public Access
Author manuscript
Expert Rev Vaccines. Author manuscript; available in PMC 2016 June 01.

Published in final edited form as:
Expert Rev Vaccines. 2015 June ; 14(6): 815–831. doi:10.1586/14760584.2015.1027690.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

More than 60 million people worldwide have been infected by human immunodeficiency 

virus (HIV) since its discovery approximately 30 years ago as the cause of AIDS; over 25 

million have died from the disease [1]. In 2012, an estimated 35.3 million people globally 

were living with HIV, including 2.3 million newly infected individuals, and the number of 

AIDS deaths in that year totaled 1.6 million [2]. Therefore, the development of a safe and 

effective prophylactic vaccine, ideally with elicitation of both T-cell mediated immunity and 

a broadly neutralizing antibody (BnAb) response, is of paramount importance. While HIV-

specific cytotoxic T-lymphocytes (CTL) can recognize and kill infected cells, classic CD8+ 

CTL with recognition of HIV antigens in the context of MHC Class I molecules are not 

sufficient on their own to prevent HIV infection and vaccines designed to elicit CD8+ T cell-

mediated immune responses have provided no protection in efficacy trials [3]. However, 

atypical CD8 CTLs induced by HIV antigens in a cytomegalovirus vector recognize simian 

immunodeficiency virus (SIV) antigens in the context of MHC class II, and have eliminated 

infection in the setting of acute SIV infection in rhesus macaques [4].

In contrast, passive immunization experiments in animal models have demonstrated that 

BnAbs can provide protection against viral challenge when present in sufficient plasma 

levels [5,6]. However, elicitation of such protective BnAbs by active immunization has, so 

far, not been possible with any vaccine candidate in clinical trials. For example, the 

candidate vaccine AIDSVAX, a genetically engineered version of HIV’s surface protein 

gp120, raised only weak neutralizing antibodies and showed no protection in humans in a 

phase III clinical trial [7]. The RV144 HIV trial, involving more than 16,000 healthy 

individuals in Thailand, used a gp120-based ALVAC prime, AIDSVAX B/E boost HIV 

vaccine regime, and resulted in an estimated 31% protective efficacy in HIV transmission 

[8,9]. However, antibodies capable of neutralizing transmitted/founder viruses were not 

produced [10], and the protection induced was neither sufficiently robust for deployment, 

nor of sufficient durability for sustained vaccine efficacy. Thus, the development of a 

successful HIV vaccine has, thus far, remained elusive. In the ideal case, vaccines capable of 

inducing the production of BnAbs as well as cellular immune responses in a synergistic 

manner represent the optimal approach. On this basis, new HIV vaccine design strategies 

should aim at incorporating both virus neutralizing and T-cell determinants, to create 

synthetic polyepitope immunogens that include B- and T-cell epitopes for the stimulation of 

BnAbs along with cytotoxic and T-helper cell responses [11].

The main scientific challenges for the successful development of an HIV-1 vaccine have 

been attributed, in part, to the wide variety of defense mechanisms by which the virus is able 

to evade the host immune system, including a high mutational rate of its genome, the large 

degree of glycosylation of the viral surface proteins and the considerable genetic diversity 

amongst HIV strains globally [12]. In addition, all BnAbs have unusual traits of antibodies 

that are limited by immune tolerance mechanisms [13], and some BnAbs have been shown 

to be deleted in bone marrow due to autoreactivity with host antigens [14]. Vaccine 

formulations utilized to date have been unable to induce potent and sustained immune 

responses with effective levels of neutralization to prevent the onset of HIV infection. Thus, 

eliciting antibodies capable of broadly neutralizing HIV-1 strains (BnAbs) remains a high 
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priority in designing an HIV vaccine [15], especially after the recent failure of the DNA 

prime, recombinant (r) adenovirus type 5 (Ad5) HIV vaccine in human efficacy trials [16].

BnAbs have been isolated from HIV-1 chronically-infected subjects [17] and are directed to 

five general HIV-1 envelope (Env) glycoprotein targets [18,19]: the gp41 membrane 

proximal external region (MPER), the CD4 binding site (CD4bs) on gp120, the gp120 

variable loop 1/2 (V1V2), the gp120 variable loop 3 (V3), and a conformational combined 

gp41-gp120 set of epitopes [20,21,22,23]. The HIV-1 envelope spike, critical for viral 

infectivity, consists of a trimer of the glycoproteins gp41 and gp120 [24]. It undergoes rapid 

evolution in each individual patient, resulting in sequence heterogeneity among individual 

isolates of HIV-1 [25,26]. Moreover, the extensive glycosylation of these envelope 

glycoproteins can mask underlying protein domains, forming a “glycan shield” that renders 

neutralization-sensitive polypeptide epitopes inaccessible to recognition by the immune 

system [27]. As a result, the surface glycans of HIV envelope proteins have become 

interesting targets for the development of synthetic HIV vaccines based on carbohydrates 

and glycopeptides. This idea is supported by several facts: (1) some of the HIV-1 glycans 

are highly conserved, (2) their location on the outer side of the gp120 envelope renders them 

accessible to the immune system, and (3) glycan-dependent BnAbs have been identified 

from HIV-1 infected patients [28,29,30].

This review highlights past and present design and synthesis strategies toward the gp120 

carbohydrate shield of the HIV-1 virus, undertaken with the goal of gaining access to 

chemically defined constructs for antigenicity and immunogenicity studies. Importantly, 

while a synthetic epitope mimic may show high binding affinity for the antibody 

(antigenicity), this does not necessarily imply that the corresponding immunogen will 

generate the desired antibody response in vivo (immunogenicity). We report herein previous 

attempts and recent progress on the design and synthesis of BnAb-inducing, glycan-

dependent epitopes toward the development of an effective HIV vaccine. These epitope 

definitions have been informed by the knowledge provided by the consecutive discovery of 

potent BnAbs from immune-resistant HIV-infected individuals, and subsequent 

identification of the structures to which these antibodies bind.

Principles and roles of HIV-1 glycan architecture. Implication of glycan-

dependent epitopes for broadly neutralizing antibodies

HIV-1 consists of two envelope glycoproteins, the exterior gp120 and the inner, 

transmembrane gp41, both of them heavily N-glycosylated. The surface glycoprotein gp120 

is characterized by a highly heterogeneous glycosylation pattern, which is dominated by 

oligomannose sugars [31]. Several groups have studied the composition of the glycan shield 

of recombinant and virus-derived gp120, and clear differences in the glycosylation profile 

have been observed [32,33,34,35,31]. Analysis of recombinantly-generated HIV-1SF2 gp120 

expressed in mammalian Chinese hamster ovary (CHO) cells showed the presence of both 

high-mannose and complex-type carbohydrates, which are proposed to exist in distinct 

clusters on the protein surface [32]. Desaire and co-workers compared recombinant 

transmitted/founder and chronic HIV envelope glycosylation (gp120/gp41) expressed in 

human embryonic kidney containing T antigen (293T) cell lines [33], and have recently 
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characterized the glycosylation pattern of recombinant gp120 derived from a transmitted/

founder virus expressed in CHO and 293T cells [34]. The results revealed distinct 

glycosylation profiles between recombinant founder and chronic Envs as well as important 

diversity of high-mannose, hybrid and complex-type glycans for founder Envs, which had 

more high-mannose content than chronic Envs [33]. In addition, CHO and 293T cell-derived 

founder recombinant gp120s were found to display very similar glycosylation pattern with a 

few subtle distinctions [34]. Distinguishing the host-cell specific variations in glycosylation 

is crucial in the design and characterization of the heterogeneity of envelope-based 

immunogens.

In stark contrast to recombinant gp120, which bears both oligomannose and complex-type 

N-glycans, virion-associated gp120 from primary isolates of HIV-1 and from simian 

immunodeficiency virus (SIV) present almost exclusively high-mannose glycans ranging 

from Man5GlcNAc2 to Man9GlcNAc2 [31,35]. Although individual HIV-1 glycans are 

similar to those of the host, the extensive high-mannose clustering on gp120 (and gp41) is a 

hallmark of transmembrane Env on virions [31]. Thus, these oligomannose structures within 

the glycan shield have been viewed as primary targets for HIV vaccine design.

Fully Synthetic Oligosaccharide Clusters as HIV Carbohydrate Antigens 

Based on the 2G12 Broadly Neutralizing Antibody Epitope

2G12 Epitope Definition

The idea of utilizing gp120 carbohydrates as antigens for eliciting broadly neutralizing 

immune responses gained true recognition with the discovery of the 2G12 BnAb [36]. This 

antibody, isolated from an HIV-1 infected patient, was shown to efficiently neutralize a wide 

range of HIV isolates in vitro and in vivo by passive immunization [36,37]. Extensive 

studies on the binding epitope of 2G12 concluded that this antibody recognizes high-

mannose N-glycans at Asn295, Asn332, and Asn392 forming a unique oligomannose cluster 

on gp120, and that a terminal Manα1-2Man disaccharide motif is involved in the binding 

[38,39]. Moreover, additional mutational studies indicated that the peptide domains of 

gp120 are apparently not directly involved in the binding of 2G12, but serve only as a rigid 

scaffold onto which the corresponding N-glycans are closely held to form the cluster 

[38,39]. Subsequently, the crystal structure of 2G12 revealed a unique domain-exchanged 

dimeric structure [40]; the variable regions of the heavy chains (VH) swap over to form an 

extended binding surface that includes a novel VH/VH′ interface in addition to two 

conventional VH/VL combining sites. This novel domain-swapped architecture creates an 

extended multivalent binding surface to accommodate an oligomannose cluster where at 

least two oligosaccharides bind to spatially adjacent pockets on the surface of the antibody, 

greatly enhancing the carbohydrate-antibody affinity to the nanomolar range. This is an 

elegant, unique binding solution to the problem of generally reduced affinities of antibodies 

to carbohydrate antigens. The potential therapeutic value of the 2G12 epitope as an 

attractive HIV-1 vaccine target has been highlighted by the finding that 2G12 can protect 

macaques against simian-human immunodeficiency virus (SHIV) challenge even at low 

serum neutralizing titers [37]. From a vaccine design viewpoint, the dense cluster of high-

mannose sugars contributed by the N-glycans on gp120 (Asn295, Asn332, Asn392) was 
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initially considered to create novel epitopes that could be recognized as foreign by the 

immune system, thus constituting the ultimate target of the domain-exchanged 2G12. This 

valuable structural information revealed a potential vaccine strategy targeting these 

conserved oligomannose clusters as antigens to be probed using 2G12 as an initial 

recognition template. While it is currently known that 2G12 contacts only the outermost 

mannose residues of the interacting glycans centered around the Asn332 site [28], at the 

outset, the precise structure of the high-mannose domains (Man5 to Man9) had not yet been 

defined (Figure 1), and it was unclear which of the oligomannose subunits were critical for 

recognition.

The work with 2G12 was the starting point for the design of glycan mimics of gp120 

epitopes. Wang and coworkers prepared three high-mannose oligosaccharides 

(Man9GlcNAc, Man6GlcNAc and Man5GlcNAc) and analyzed their binding affinity to 

2G12 [41]. Competitive enzyme-linked immunosorbent assays (ELISA) against 

immobilized gp120 indicated that Man9GlcNAc is the preferred subunit on gp120 for 2G12 

recognition, providing direct evidence that the terminal Manα1,2Man moiety is essential for 

binding. In another study, Wong et al. synthesized a number of differently-sized, 

Manα1,2Man-containing oligomannose structures with variation at the D1, D2 and D3 arms 

of Man9, and studied their ability to inhibit the interaction between 2G12 and gp120 in an 

ELISA experiment [42]. Interestingly, comparison between the trimannose Man3 and 

tetramannose Man4 suggested that addition of an extra α1,2-linked mannose at the D1 arm 

could greatly increase the binding efficiency to levels comparable to those of the native 

Man9GlcNAc2 glycan. These results were consistent with the X-ray structural study [40], 

which highlighted the central importance of the D1 arm in antibody binding, and revealed 

that this arm in Man4 could serve as an effective minimal building block en route to 

multivalent constructs that mimic the 2G12 epitope. Independently, the Seeberger group 

evaluated the binding of a series of synthetic oligomannose derivatives (from Man3 to 

Man9) to 2G12 in a microarray setting, and also confirmed the structural requirement of a 

Manα1-2Man linkage for recognition by 2G12 [43]. More precise characterization of the 

fine carbohydrate-binding specificity of 2G12 involved X-ray crystal structure studies on the 

complexes of 2G12 with four different synthetic oligomannoses (Man4, Man5, Man7 and 

Man8) [44]. The crystallographic information, combined with solution-binding analysis, 

revealed that 2G12 is capable of binding the Manα1–2Man at the termini of both the D1 and 

D3 arms of the Man9GlcNAc2 moiety, providing more flexibility for the multivalent 

interactions required for high affinity binding. This work further confirmed that 2G12 is 

highly specific for terminal Manα1–2Man, but in the context of an extended oligosaccharide 

structure.

The following sections present design and synthesis approaches that have provided access to 

chemically-defined oligomannose constructs for antigenicity and immunogenicity studies. 

We reiterate that an observed binding affinity between synthetic epitope mimic and antibody 

(antigenicity) may not necessarily translate to the desired in vivo antibody response 

(immunogenicity).
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Multivalent High-mannose Glycan Clusters as 2G12-based Epitope Mimics for Binding and 
Immunization Studies

Danishefsky Constructs—Collectively, the valuable results of these chemical and 

structural studies formed the basis for the design of immunogens to elicit 2G12-like 

neutralizing antibodies. Bearing all these considerations in mind, we set out, more than ten 

years ago to develop fully synthetic constructs mimicking the 2G12 carbohydrate epitope as 

potential antigen candidates for HIV vaccine development. Our first efforts in this regard 

involved the total synthesis of high-mannose and hybrid-type glycans and their 

incorporation into gp120 N-linked glycopeptides (Figure 2a,b) [45,46]. En route to the high-

mannose gp120 fragment, two synthetic strategies involving linear (“the layer approach”) 

and convergent (“the block approach”, shown in Figure 2c) carbohydrate assembly were 

utilized for the efficient preparation of the fully protected Man9GlcNAc2 oligosaccharide. A 

similar method to the convergent block approach was used in the synthesis of the hybrid-

type glycan. Global deprotection consisting of deacetylation, desilylation, and Birch 

reduction provided the free sugars, whose reducing ends were then aminated following the 

Kochetkov procedure [47]. The corresponding glycosylamines were coupled to Cys-

containing gp120 peptide fragments via Lansbury aspartylation [48], to give, following 

deprotection, the homogeneous gp120 N-glycopeptides carrying high-mannose and hybrid-

type glycans (Figure 2a,b). The successful syntheses of these large gp120 fragments 

constituted an important achievement from a synthetic chemistry viewpoint and also enabled 

us to probe these structures as mimics of the epitope of BnAb 2G12. Surface plasmon 

resonance (SPR) binding analyses indicated that the constructs bearing the hybrid-type 

glycan did not bind to 2G12. Interestingly, while the compound carrying a single high-

mannose N-glycan bound to 2G12 only weakly, the dimeric form of this glycopeptide 

(through a disulfide bond) exhibited significantly increased binding [49]. These results 

revealed that hybrid-type N-glycans are not recognized by 2G12, and demonstrated the 

existence of a clustering effect for the bivalent high-mannose glycopeptide antigen, which is 

in agreement with the cocrystal structure of the 2G12/high-mannose sugar complex.

These studies placed us in a favorable position to apply the above information about the 

interaction between 2G12 and its gp120 epitope in a vaccine approach. In our previous 

experiments [49], the gp120 peptide alone had exhibited no affinity for 2G12. This fact, 

together with other systematic studies suggesting that the peptide portions do not directly 

contribute to the binding [38,39] point to a primary structural role of the protein backbone in 

presenting the glycans in the appropriate orientation. On this basis, we rationalized that an 

unnatural peptide would enable greater design flexibility than one relying on the natural 

sequence, and we focused our efforts on the development of fully synthetic immunogens 

wherein the glycans would be presented in a clustered arrangement emulating the 2G12 

epitope on gp120. The unnatural peptide was designed to afford variability in the number of 

carbohydrate chains that can be incorporated, as well as in the distances between glycans, 

approximating those defined from the crystal structure. Thus, we synthesized a modular 

cyclic peptide scaffold bearing aspartic acid residues, to which the previously prepared high-

mannose (Man9GlcNAc2) glycosyl amine was attached via Lansbury aspartylation in a 

maximally convergent manner (Figure 3) [50]. Glycopeptides having from zero to three 

glycans were prepared and then probed for their ability to bind 2G12 by SPR. Interestingly, 
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the non- and monoglycosylated constructs showed no measurable response, and only the 

bivalent and trivalent glycopeptides exhibited strong binding to the antibody. This result 

confirmed the importance of multivalent antigen presentation in recognition by 2G12, and 

suggested homology of the bi- and trivalent target structures to the natural epitope on gp120, 

despite being completely unrelated to the native gp120 peptide sequence. Having confirmed 

the ability of our synthetic glycopeptides to serve as antigenic 2G12 epitope mimics, we 

next sought to attach the selected constructs to the purified outer membrane protein complex 

(OMPC) through a single cysteine residue contained in the cyclic peptide scaffold (Figure 

3). OMPC, derived from Neisseria meningitidis, is a macromolecular lipoprotein complex 

with potent adjuvant activity which serves as an immunostimulatory carrier for poorly 

immunogenic peptide and carbohydrate antigens. In the event, OMPC was derivatized with 

maleimide units on its surface and the activated carrier was reacted with the previous 

bivalent glycopeptide bearing a free cysteine via thiol-maleimide coupling to give the 

OMPC-conjugated construct with incorporation of ~2000 copies of the cyclic glycopeptide.

Subsequent ELISA analysis confirmed recognition of the conjugate by 2G12. To test the 

efficacy of this construct as an immunogen capable of inducing a 2G12-like BnAb response, 

the immunogenicity of the glycoconjugate was evaluated in animal vaccination studies. By 

using a differential immunoassay, induction of high levels of carbohydrate-specific 

antibodies was observed in two animal species, guinea pigs and rhesus macaques [51]. 

However, a significant “2G12-like” response was not mounted as these antibodies did not 

specifically recognize recombinant HIV gp160 (the biosynthetic precursor of gp120 and 

gp41). Unfortunately, the immune sera from both animal models also failed to neutralize a 

panel of viral isolates. These results indicate that presentation of Man9GlcNAc2 on this 

particular constrained cyclic scaffold is not sufficient to induce an immune response that 

recognizes the native 2G12 epitope, presumably due to recognition of irrelevant 

conformations of the flexible glycan chains. Overall, these studies suggests that although 

incorporation of these high-mannose clustered glycans provides good binding to 2G12, the 

synthetic mimotopes do not realistically represent the antibody epitope and, therefore, are 

insufficient to function as an effective immunogen. Nonetheless, this work pointed a way 

toward future efforts to improve immunogen design, and signaled the prospect that a 

successful strategy will likely need to comprise a design whereby the optimal 

oligosaccharide conformation can be fixed in a preferred orientation – for instance, by cross-

linking oligomannose chains at positions supported by crystallographic data.

Wang Constructs—Wang et al. have also attempted to mimic the putative epitope of 

2G12 with the design and synthesis of several oligomannose clusters based on a galactoside 

moiety (displaying between 2 and 4 Man9GlcNAc2 units) (Figure 4a) [41], and cholic acid 

(bearing three Man9GlcNAc2 glycans) [52] as cyclic scaffolds. In ELISA assays, the affinity 

for 2G12 of the tetravalent Man9 galactoside and the trivalent Man9 cholic acid cluster was 

70-fold and 46-fold higher, respectively, than that of Man9GlcNAc2Asn, demonstrating a 

clear glycan clustering effect in 2G12 binding. Overall, these studies point to a number of 

factors that are important for tight binding to 2G12, namely: the spatial orientation of the 

oligomannose sugars, the length of the spacers, and the rigidity/configuration of the scaffold. 

To probe the ability of these 2G12 epitope mimics to generate antibody responses, and given 
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the poor immunogenicity of the HIV-1 carbohydrates themselves, the Wang group 

conjugated the galactoside-based, tetravalent Man9GlcNAc2 cluster to keyhole limpet 

hemocyanin (KLH, a strong immune-stimulating carrier protein with abundant T cell-helper 

epitopes), affording the functional immunogen [53]. Rabbit immunization studies with the 

oligomannose-containing glycoconjugates revealed that only modest titers of carbohydrate-

specific antibodies were induced, with most of the antibody responses directed against the 

linker. The anti-sera showed only weak cross-reactivity against gp120 and did not exhibit 

HIV-1 neutralizing activity. Possible solutions to improve the immunogenicity of this 

construct may include the use of appropriate, non-immunogenic linkers, powerful 

immunoadjuvants, or modified immunization protocols.

The much lower affinity of these synthetic oligosaccharide clusters for 2G12 (only in the 

micromolar range) in comparison to that of HIV-1 gp120 (at the nanomolar level), together 

with the failure of the corresponding glycoconjugate immunogens to elicit high levels of 

anti-HIV-1 carbohydrate antibodies, led Wang and coworkers to synthesize a different 

cyclic peptide template onto which four Man4 oligosaccharides (corresponding to the D1 

arm of the entire Man9GlcNAc2) were attached, forming a novel oligomannose cluster [54]. 

In addition, in an attempt to increase the immunogenicity of the oligomannose cluster, a new 

variant of the previous structure containing 4 units of the selectively fluorinated D1 Man4 

glycan on the peptide scaffold, was also synthesized (Figure 4b), With the same objective, 

on the opposite face of this novel template, two T-helper peptides were introduced for T-cell 

activation purposes, affording the synthetic vaccine candidate. Binding studies with these 

template-assembled glycan clusters showed enhanced affinity for 2G12 in comparison to 

both the oligosaccharide subunit alone, and the cluster bearing only four individual mannose 

residues at each position. However, while the fluorinated derivative also exhibited apparent 

affinity for 2G12, it was lower than that observed for the natural D1 arm cluster.

Additional Constructs—To further optimize the design of oligomannose clusters as 

effective 2G12 epitope mimics, Wong et al. designed and synthesized polyvalent glycan 

clusters based on oligomannose dendrimers bearing multiple copies (3, 9 and 27) of the D1 

arm tetrasaccharide (Man4) or the entire high-mannose sugar (Man9) lacking the internal 

GlcNAc units (Figure 5a) [55]. Overall, these dendrimers showed increased binding 

affinities for 2G12; most notably the nine-valent Man9 derivative inhibited the interaction 

between gp120 and 2G12 in the nanomolar range. These high affinity levels, which are 

similar to the native gp120, suggest that these glyco-dendrimers can effectively mimic the 

dense high-mannose clusters on the 2G12 epitope, and point to their potential use as 

immunogens for HIV vaccine development. It should be noted that the great affinity 

obtained is likely due to the elevated density of oligomannose presentation resulting from 

the high multivalency of these glycodendrimers.

In addition to the previously described attempts [51,53], several other immunization studies 

have been carried out with synthetic immunogens. Burton et al. developed several BSA-

glycoconjugates displaying a variable number of copies of the synthetic D1 arm 

tetrasaccharide (Man4), and showed that increased multivalent presentation of the Man4 on 

the BSA scaffold led to higher binding affinity of 2G12 for Man4, though only up to a 

certain point (~10 copies) (Figure 5c). Rabbit immunization with a Man4-BSA conjugate, 
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(BSA-Man4)14, elicited anti-mannose antibodies directed to the Man4 structure; however, 

these antibodies did not recognize the natural high-mannose glycans within gp120. This 

finding suggests that synthetic oligomannoses may possess different disposition and 

accessibility relative to natural versions; this disparity might be addressed through 

modulation of the density and conformational flexibility of the glycans, perhaps by 

presenting them in a branched and more densely clustered display, or controlling the rigidity 

of the linker [56].

In a further study, Finn, Burton and co-workers explored the use of virus-like particles, such 

as Qβ, as scaffolds to present oligomannose clusters in a more controlled and dense display, 

in the hope of better mimicking the clustering arrangement on gp120 (Figure 5d) [57]. The 

Qβ glycoconjugates displaying Man4 and Man9 structures interacted with 2G12 with 

nanomolar affinity, whereas the Qβ-Man8 derivative showed weak binding. Interestingly, a 

mixed combination of Qβ-Man8/Man9 resulted in the most effective glycoconjugate antigen 

with the highest affinity for 2G12. Immunogenicity studies in rabbits with the Man4 and 

Man9-containing Qβ glycoconjugates showed high levels of mannose-specific antibodies 

that especially recognized each particular structure. However, these antibodies were not able 

to cross-react with native gp120, and did not show any neutralization activity. Since these 

glycoconjugates lacked the inner GlcNAc2 subunit, this immunological discrimination may 

be due to conformational differences in the presentation of these truncated, artificially-

linked oligomannoses compared to the native N-linked high-mannose glycans. Thus, it is 

conceivable that these two GlcNAc2 residues play a role in defining the optimal orientation 

of the N-glycan in the construct. This concept is supported by the finding of Doms and 

coworkers whereby immunization with a yeast mutant expressing the Man8GlcNAc2 glycan 

in its native cluster form was able to induce carbohydrate-specific antibodies that were able 

to recognize monomeric gp120 and to efficiently neutralize HIV-1 virions expressing only 

high-mannose N-glycans, although wild-type HIV was not neutralized [58].

In an elegantly designed strategy aimed at improving the immunogenicity of synthetic sugar 

mimics of the 2G12 epitope, Doores et al. synthesized a series of unnatural, mannose-

derived monosaccharides that were incorporated into the D1 arm of synthetic 

oligomannoses, creating monovalent non-self glycans that bound with high affinity to 2G12 

(Figure 5b) [59]. A unique non-self sugar mimic (a C-6 methylated Man4 glycan) was then 

conjugated to virus-like particle bacteriophage Qβ, and its immunogenicity was studied in 

rabbits. Whereas higher titers of mannose-specific antibodies cross-reactive with the natural 

D1 arm tetrasaccharide were generated in comparison to the self Qβ glycoconjugate, these 

antibodies did not bind to this glycan motif on gp120, and lacked HIV-neutralizing activity. 

These results may be explained by the unique presentation mode of the sugar on the Qβ 

glycoconjugate, but they open the door to further investigations into alternative clustered 

presentations of the nonself glycan in an attempt to better recreate the structural features of 

the carbohydrate shield of gp120.

Despite showing high binding affinities to 2G12, and in some cases being able to generate 

mannose-directed antibody responses, none of the above synthetic constructs has proven to 

be an effective immunogen, capable of inducing 2G12-like antibodies that bind gp120 

and/or neutralize HIV-neutralizing antibodies. While various factors could account for this 
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fact, the most basic is that none of the evaluated constructs properly recapitulated the spacial 

conformation of oligomannose residues in native gp120. It is also conceivable that, given the 

unusual domain-exchanged structure of 2G12, this type of antibody may, by nature, be hard 

to induce. Another possible explanation is that these synthetic glycan antigen mimics may 

be processed and presented to the immune system in a different fashion in comparison to the 

native ones. Overall, these studies strongly suggest that, in order to increase the 

immunogenicity of the 2G12 epitope mimics, further refinements towards more relevant 

epitope presentation of these mimics – for instance, on different carriers or scaffolds – may 

be key for directing the immune system to produce HIV-reactive neutralizing antibodies; 

inclusion of special adjuvants may even prove essential as well. Similarly, a better 

understanding of how the immune system recognizes natural high-mannose glycans on 

gp120 compared to the recognition of oligomannosides on synthetic glycoconjugates is key 

to designing a successful carbohydrate-based HIV vaccine. Finally, the precursors of glycan-

reactive BnAbs may be rare due to reduction in B cell precursor pool size because of 

tolerance mechanisms recognizing HIV glycans as self, thus disfavoring glycan-reactive B 

cell development [13].

Fully Synthetic V1/V2 HIV Glycopeptide Antigens Based on the PG9, PG16 

and CH01–CH04 Broadly Neutralizing Antibody Epitope

PG9, PG16 and CH01–CH04 Epitope Definition

The recent discoveries of new, highly potent human BnAbs represent a significant step 

forward in the design of new targets for HIV vaccine development [18,19]. The BnAbs PG9 

and PG16, recently isolated from an HIV-infected African individual, have been found to 

neutralize ~75% of the circulating HIV-1 isolates and show higher potency than 2G12 in 

neutralization of virus [60]. Initial epitope mapping indicated that PG9 and PG16, and the 

clonal lineage of CH01–CH04 recognize a glycan-dependent region within the first and 

second variable loops (V1/V2) of gp120, distinct from that of 2G12 [61,62]. Subsequent 

crystal structure studies of the complex between PG9 and a scaffolded V1V2 domain 

revealed that the antibody makes contacts with two high-mannose glycans at Asn160 and 

Asn156 and a contiguous V1V2 peptide β-strand [63]. Of the two oligomannose chains, the 

entire Man5GlcNAc2 carbohydrate was evident in the former site, whereas only four 

mannose residues are visible for the Asn156 glycan. Importantly, this recognition site 

involves both the carbohydrate and peptide domains within the V1V2 region, in contrast to 

the binding site of 2G12, which apparently does not include the peptide backbone. This 

valuable structural information has provided an excellent framework for immunogen design 

based on the PG9 and PG16 epitope. However, past work has largely relied on recombinant 

gp120 acquired as heterogeneous mixtures of glycoforms, which seriously complicates the 

precise correlation between glycan composition and immunoactivity.

V1V2 N-glycopeptide Antigens as Epitope Mimics for Binding Studies

On this basis, a series of gp120 V1V2 N-glycopeptides derived from the CRF 01AE A244 

HIV-1 strain and bearing well-defined N-glycans (at Asn160 and Asn156) was designed and 

chemically synthesized, as potential epitope mimics of the PG9 antibody (Figure 6) [64]. 

The peptide sequence comprised 35 amino acids corresponding to positions 148–184 of 
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gp120, the main region of the envelope glycoprotein primarily recognized by PG9. 

Regarding the carbohydrate domain, we decided to target Man5GlcNAc2, based on the 

previous structural analyses. Thus, our primary target was the glycopeptide bearing 

Man5GlcNAc2 glycans at the two N-glycosylation sites, which encompasses the important 

components of the binding epitope of PG9 (Figure 6a). In addition, we pursued other 

simplified glycopeptides with Man3GlcNAc2 and chitobiose (GlcNAc2) units to probe the 

importance of the outer mannose residues for recognition (Figure 6b).

Chemical Synthesis—The chemical synthesis of these homogeneous constructs as single 

glycoforms was very challenging due to the close spacing of large carbohydrate domains 

within the peptide backbone. As described earlier, we followed a convergent chemical 

assembly strategy, wherein the N-glycans were coupled, as unprotected glycosyl amines via 

Lansbury aspartylation reaction, to the free aspartic acid residues of a protected peptide 

backbone bearing pseudoproline functionalities (Figure 6c) [65]. Our synthetic efforts 

started with the preparation of the required oligosaccharides (Man5GlcNAc2 and 

Man3GlcNAc2) employing carefully optimized carbohydrate chemistry. For the construction 

of the target glycopeptides, we pursued a two-fragment approach whereby shorter peptide 

segments were individually glycosylated, and then coupled together in unprotected form via 

Native Chemical Ligation (NCL) (Figure 6c). Despite the considerable challenge imposed 

by the presence of the bulky glycan at the C-terminal, thioester-bearing residue (Asn156) in 

one of the coupling partners, and the close proximity of the two sterically demanding 

carbohydrates around the ligation site, this strategy was successfully executed and enabled 

practical access to the target compounds in good yields.

Binding Studies—To evaluate the ability of our synthetic V1V2 N-glycopeptides to 

recapitulate the PG9 BnAb epitope, SPR analysis was performed to assess the binding of 

these constructs to PG9. Notably, the Man5GlcNAc2 glycopeptide and the simplified 

Man3GlcNAc2-bearing variant both showed considerable affinity for PG9 (KD = 311 and 

119 nM, respectively), whereas the chitobiose-containing construct did not bind to the 

antibody, pointing to an important role of the outer mannose residues for recognition. 

Furthermore, samples of non-glycosylated peptide (“aglycone”), protein-free Man5GlcNAc2 

and Man3GlcNAc2 oligosaccharides, and mixtures of “aglycone” and glycan failed to show 

detectable binding, demonstrating that both peptide and carbohydrate domains are essential 

for recognition by PG9 and that covalent linkage between these domains is required. It is 

conceivable that the high binding affinity observed with these constructs may well have its 

origin in the multivalent interaction of PG9 with both the peptide β-strand and the Asn-

linked glycans. Likewise, N-glycosylation of the peptide backbone could also induce a 

favorable conformational change on the resulting glycopeptide such that the peptide and/or 

sugar residues adopt an optimal orientation for antibody recognition. Further, as 

demonstrated previously [49], we rationalized that the presence of the free cysteine residue 

in the peptide sequence (Cys157) would likely exert also an important conformational effect 

on the glycopeptide structures and, consequently, on their interactions with the antibody. To 

explore this possibility, we examined several different oxidation protocols for dimer 

formation, namely spontaneous air oxidation in phosphate buffer, iodine treatment and 

DMSO co-solubilization. Under air oxidation conditions, variable binding results were 
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obtained on a batch-to-batch basis. Iodine oxidation gave oligomers and aggregates of the 

glycopeptides that only showed weak binding to PG9. Fortunately, solubilization in 20% 

DMSO/phosphate buffer gave Man3 and Man5 glycopeptides that were completely oxidized 

to the disulfide-linked dimers, as assessed by SDS/PAGE analysis and size-exclusion 

chromatography [66]. Importantly, the DMSO-treated glycopeptides bound avidly to PG9, 

and also to CH01 (another glycan-dependent BnAb tested in these experiments, which is 

known to bind well to the V1V2 β-strand epitope in the A244 strain) [62]. In addition, the 

binding to a strain-specific, non-broadly neutralizing V2 monoclonal antibody (mAb CH58) 

[67] was minimal. Analysis of the biophysical properties of the synthetic glycopeptides by 

circular dichroism (CD) showed that the DMSO-oxidized, disulfide-linked dimeric 

constructs adopted a more ordered, β-sheet secondary structure in solution, which is likely to 

be play a role in the selective binding of the V1V2 BnAbs. To probe if the active structure 

responsible for binding was in fact the oxidized glycopeptide dimer, we converted the 

cysteine amino acid (Cys157) into an alanine residue by chemoselective desulfurization of 

the parent Man3GlcNAc2-glycopeptide [68]. The resulting V1V2 mutated (C157A) 

construct presented, mainly, a random-coil conformation by CD; binding of the PG9 and 

CH01 BnAbs was totally abrogated, suggesting that both dimerization and β-sheet secondary 

structure of the glycopeptides are important for recognition. From the antigenicity studies, it 

was concluded that only the β-sheet structured, disulfide-linked V1V2 glycopeptide dimers 

bearing high-mannose glycans (Asn160 and Asn156) were able to selectively bind to both 

BnAbs (PG9 and CH01) with strong affinities, in the nanomolar range (~30–40 nM). It has 

been proposed that a rational approach for inducing BnAbs should also target the unmutated 

common ancestors (UCA), which are predicted to be the receptors of the BnAb naive B-cell 

precursors, and intermediate antibodies of BnAb lineages [69]. Importantly, the Man5 and 

Man3 glycopeptides bound not only to the mature BnAbs but also to their UCAs, which is a 

key feature of an optimal immunogen. Prior to this work, few constructs derived from the 

HIV-1 envelope had been found to bind to the CH01 lineage UCA [70] and none has been 

reported to bind to the PG9 UCA. In particular, the Man5GlcNAc2 glycopeptide showed 

higher affinity than the Man3 construct to the UCA of the subdominant BnAbs (PG9 and 

CH01). In addition, the Man5-derivatized glycopeptide exhibited higher-affinity binding to 

these PG9 and CH01 UCAs than to the UCA of the strain-specific vaccine-induced CH58 

mAb.

In conclusion, while PG9 binds preferentially (though not exclusively [67]) to trimeric 

gp140s, the high nanomolar-affinity binding of these fully synthetic, medium-size, 

homogeneous glycopeptides to both mature V1V2 BnAbs and, importantly, to their UCAs 

as well compares favorably with the antigenicity of the monomeric [60] and trimeric [71] 

native envelope structures, indicating their ability to mimic conformations of the V1V2 

gp120 epitopes. Key to this outcome are the structural features imparted by the dimerization 

in promoting and stabilizing the optimal, desired topology of the glycopeptides, either by 

appropriately mimicking the quaternary features of the PG9 epitope via quaternary structure-

level interactions, or by affording a more orderly presentation of the glycans and/or the 

peptide moiety. Further, while these Man5 and Man3-containing constructs bound poorly to 

the dominant, strain-specific V2 mAb CH58, they showed high, preferential reactivity 

toward the V1V2 BnAbs, which makes them particularly attractive immunogens for the 
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induction of subdominant, unfavored BnAb responses. In addition, as these V1V2 

glycopeptides also contain T-helper epitopes in their peptidic sequence [72], this important 

work represents an encouraging step forward to the development of experimental vaccine 

immunogens to be evaluated in animal models for their ability to produce BnAbs directed to 

the gp120 V1V2 epitope.

V1V2 N-glycopeptide Antigens as PG9-and PG16-based Epitope Mimics for Glycan 
Specificity Characterization and Binding Studies

In another independent study, Wang and coworkers designed and synthesized, by a 

chemoenzymatic method, a library of different homogeneous V1V2 cyclic glycopeptides 

consisting of 24 amino acids (154–177) derived from distinct HIV-1 strains (CAP45 and 

ZM109) [73]. Mutations at Lys155 and Phe176 to Cys allowed for cyclization of the 

constructs via disulfide-bond formation to stabilize the β-hairpin present in the crystal 

structure. Specific high-mannose and/or complex-type glycans were installed 

chemoenzymatically at the two predetermined N-glycosylation sites (Asn160 and 

Asn156/Asn173), and the well-defined glycopeptides were probed for binding with PG9 and 

PG16 antigen-binding fragments (Fabs) by SPR. While the overall binding affinity of these 

glycopeptide constructs was in the micromolar range, these studies have provided important 

insights into the glycan specificity of the PG9 and PG16 BnAbs. Taken together, the results 

confirmed that a Man5GlcNAc2 at Asn160 is critical for recognition, whereas an additional 

sialylated complex-type N-glycan at the secondary glycosylation site was found to enhance 

the binding affinity. This unexpected finding, which was not revealed by the original PG9 

structural study [63], is consistent with a recent crystal structure of a scaffolded V1V2 

domain/PG16 Fab complex [74] showing that PG16 interacts extensively with a sialylated 

hybrid N-glycan present at the secondary site (Asn156 or Asn173). A similar result was 

obtained by Wong and coworkers in a glycan array-based study of the glycan binding 

specificity of PG9 and PG16, wherein PG16 was observed to bind to complex-type multi-

antennary N-oligosaccharides bearing a terminal α-2,6-linked sialic acid unit [75]. 

Collectively, the characterization of the nature and location of the N-glycan for PG9 and 

PG16 recognition, together with the reconstitution of the fine epitopes of these BnAbs 

antibodies enabled by these synthetic glycopeptides provides a valuable framework for 

HIV-1 vaccine design.

Fully Synthetic V3 HIV Glycopeptide Antigens Based on the PGT128 

Broadly Neutralizing Antibody Epitope

PGT128 Epitope Definition

The PGT class of monoclonal antibodies is a new group of glycan-dependent BnAbs 

isolated from HIV-infected elite neutralizers. Most of these antibodies (PGT121–123 and 

125–128) showed exceptional breadth and high potency, being ten- and 100-fold more 

potent than PG9 and 2G12, respectively [76]. In particular, PGT128 neutralizes over 70% of 

globally circulating viruses. The recently disclosed crystal structure of PGT128 Fab in 

complex with a Man9 oligosaccharide and a glycosylated, third variable (V3) loop domain 

of gp120 revealed that the epitope recognized by PGT128 consists of two conserved high-

mannose glycans (at Asn332 and Asn301) and a short β-strand C-terminal peptide fragment of 
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the gp120 V3 region [77]. More recently, structural studies of a number of these novel 

antibodies have shown that they bind to a high-mannose region centered on the Asn332 site 

that is very accessible and conserved across HIV-1 isolates, thereby representing a supersite 

for neutralization [28,29,30]. Considering the breadth and potency of the BnAbs recognizing 

this epitope, this antigenic region constitutes a very attractive vaccine target if appropriate 

immunogens can be designed.

V3 N-glycopeptide Antigens for Studying Conformational Effects of Glycosylation

The V3 domain was once termed “the principal neutralization determinant” [78] and early 

synthetic efforts in the field were focused on the design of N-glycopeptides derived from 

this region to probe the effects of N-glycosylation on the conformation and proteolytic 

stability of V3 peptide domains. Wang et al. synthesized a disulfide-linked, cyclic V3 

glycopeptide incorporating the N-linked core pentasaccharide (Man3GlcNAc2) at two 

conserved sites (Asn332 and Asn295) applying their chemoenzymatic approach (Figure 7) 

[79]. The synthetic glycopeptide showed improved resistance to proteolysis than the naked 

peptide, suggesting that it could be more stable in vivo. Circular dichroism and Fourier 

transform-infrared studies showed that N-glycosylation induced changes in the global 

conformations of the V3 peptide, which might be exploited in the design of HIV 

glycopeptide immunogens with more favorable conformational epitopes for BnAbs. Current 

efforts in the field are being focused on the design and synthesis of homogeneous V3 

glycopeptides to define the role of specific glycan/peptide structures on PGT BnAb 

recognition [80]. Provided that some of these rationally designed, synthetic V3 

glycopeptides are able to effectively mimic the V3 gp120 epitope in antigenicity studies, it is 

expected that they will be further evaluated as immunogens in animal models in the near 

future.

Expert commentary

The viral envelope glycoproteins gp120 and gp41 are attractive targets for HIV vaccine 

development. Extensive efforts have been devoted to the development of a number of 

carbohydrate- and glycopeptide-based HIV experimental vaccines targeting known epitopes 

of broadly neutralizing antibodies. First attempts focused on the design and synthesis of 

template-assembled, high-mannose oligosaccharide clusters as mimics of the 2G12 epitope. 

Despite encouraging binding data of the antigens, immunogenicity studies with the 

corresponding vaccine candidates demonstrated the difficulty in generating 2G12-like 

immune responses. This has been attributed, in part, to the non-optimal presentation mode of 

the sugars on the glycoconjugates and the unique domain-exchanged structure of 2G12, 

which might be formed very rarely in response to vaccine challenge. Thus, only limited 

progress has been made in eliciting gp120 cross-reactive antibodies, and none of these 

2G12-based vaccine approaches has been able to show HIV-neutralizing activity.

Nonetheless, the recent isolation of classes of broadly neutralizing antibodies, including 

PG9, PG16, CH01–CH04, which target V1V2 glycans, and antibodies that target V3-

glycans such as PGT 128, as well as the recent understanding of host controls of HIV Env 

BnAbs [13], have brought some hope for the development of a glycopeptide-based HIV 

vaccine. Structural elucidation and characterization of the fine specificities of these 
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neutralizing epitopes are enabling the design and chemical synthesis of novel homogeneous 

glycopeptide antigens that show nanomolar-affinity binding, and can therefore be considered 

as effective mimics of the native gp120 structures. Finally, design of glycopeptide-based 

immunogens that target the unmutated ancestor antibodies of BnAbs provides a strategy for 

overcoming host tolerance controls and for driving otherwise unfavored BnAb B cell 

lineages [13,81]. These promising strategies provide new directions for the prospect of 

designing improved immunogens capable of inducing broadly neutralizing responses and 

thus the development of an effective HIV vaccine.

Five-year view

Following the encouraging data of the RV144 clinical trial in 2009, and the subsequent 

correlates studies, it is expected that more results from follow-up investigations of this trial 

will bring more detailed information to guide the design of novel HIV vaccine candidates. In 

the meanwhile, innovative strategies for immunogen design will be increasingly pursued 

based on promising results obtained from antigenicity studies between recently identified 

BnAbs, such as PG9, and several glycopeptide constructs. Evaluation of their 

immunogenicity in animal models in search of broadly neutralizing responses will hopefully 

lead to the development of novel vaccine approaches using synthetic glycoconjugates. 

However, it is important to acknowledge the formidable challenge that such an undertaking 

represents. In addition, it is also likely within this timescale that access to detailed structural 

information of the complexes between some of the recently identified BnAbs and these 

synthetic constructs can be gained, which will further aid in the design of better 

immunogens. Similarly, immunological results from such Phase I studies could provide 

important information in the structure and activity correlation that would be extremely 

valuable to optimize immunogen design. Alternatively, isolation of novel BnAbs from HIV-

infected donors and identification of their corresponding epitopes can also be achieved in a 

five-year time, rendering new relevant targets for vaccine design. Likewise, it is certain that 

within the next years the power of chemical synthesis in the preparation of additional 

homogeneous glycopeptides derived from other gp120 regions will continue to play an 

important role in the characterization and reconstitution of existing and new neutralizing 

epitopes for HIV vaccine development. Undoubtedly, it is the multidisciplinary combination 

of efforts within the entire research and clinical community that will be a key enabler in the 

design and, ultimately, successful development of an effective HIV vaccine.
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Key issues

• Broadly neutralizing antibodies (BnAbs) able to neutralize multiple, diverse 

HIV-1 strains are only produced by ~20% of infected subjects after years of 

infection, but have not been successfully induced by current vaccines.

• It is generally agreed that a key feature of an effective HIV-1 vaccine would be 

its ability to elicit BnAbs, which have been shown to target conserved HIV-1 

envelope regions, such as glycans and glycopeptides fragments on the gp120 

glycoprotein.

• A number of BnAbs and their respective epitopes on the HIV-1 envelope have 

been isolated and identified, enabling the design and synthesis of carbohydrate 

and glycopeptide epitope mimics and their glycoconjugate immunogens for HIV 

vaccine development.

• Attempts to induce 2G12-like broadly neutralizing responses by using synthetic 

oligomannose clusters as mimics of the 2G12 epitope have been largely 

unsuccessful.

• Current efforts are focused on the characterization and reconstitution of the 

epitopes of recently identified BnAbs (PG9, PG16 and the PGT class) by 

designing and synthesizing homogeneous glycopeptides.

• Fully synthetic homogeneous glycopeptides corresponding to the V1V2 region 

of gp120 have been able to effectively mimic the PG9 epitope, showing 

nanomolar-affinity binding, comparable to native gp120 itself.

• These rationally designed, synthetic constructs are being evaluated in animal 

models for their potential as immunogens to elicit BnAbs, and may be useful 

targets for the development of HIV-1 vaccines.

• Chemical synthesis of additional glycopeptide structures as mimics of other 

BnAb epitopes provides a powerful means to access homogeneous constructs 

for future antigenicity and immunogenicity studies. The structural-activity 

relationships made possible by these synthetic compounds will also enable 

exploration of the impact of glycosylation in promoting induction of BnAb-like 

specificities in a vaccination setting. Overall, this information will further direct 

the design of effective immunogens for HIV vaccine development.
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Figure 1. 
Typical structures of HIV-1 high-mannose type oligosaccharides.

Fernández-Tejada et al. Page 22

Expert Rev Vaccines. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
N-glycopeptide fragments derived from gp120331–335 bearing (a) high-mannose and (b) 

hybrid-type glycans. (c) Total synthesis of Man9GlcNAc2 glycan using the convergent 

“block approach”.
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Figure 3. 
Synthesis of scaffolded, bivalent high mannose (Man9GlcNAc2) cluster as a 2G12 epitope-

based immunogen.
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Figure 4. 
Immunogen design based on template-assembled oligomannose clusters as epitopes mimics 

for 2G12 antibody. (a) Galactose-based tetravalent Man9GlcNAc2 cluster conjugated to 

KLH (b) Cyclic peptide scaffold bearing clusters of the D1 Man4 oligosaccharide (its 

fluorinated derivative) and T-helper epitopes.
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Figure 5. 
(a) Dendrimer-based multivalent Man9 cluster as 2G12-epitope mimic. (b) D1-arm 

tetramannose conjugated to BSA for immunization studies. (c) Qβ glycoconjugates 

displaying oligomannose structures (Man9 and Man4) as 2G12 epitope-associated 

immunogens. (d) Virus-like particle (Qβ) conjugate containing a non-self D1-arm 

tetrasaccharide mimic as 2G12 epitope-based immunogen.
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Figure 6. 
(a) Chemical structure of the primary gp120 V1V2 glycopeptide target bearing two closely 

spaced Man5GlcNAc2 N-linked glycans (Asn160 and Asn156) as epitope mimic of PG9 

BnAb. (b) Stucture of simplified N-linked glycans (Man3GlcNAc2 and GlcNAc2) also 

incorporated into the V1V2 peptide backbone to gain access to additional simpler 

glycoforms. (c) Chemical synthesis of Man5GlcNAc2-bearing V1V2 glycopeptide via 

Native Chemical Ligation (pseudoproline dipeptide used to prevent aspartamide formation 

shown in red).
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Figure 7. 
Chemical structure of the gp120 V3 cyclic glycopeptide target carrying two Man3GlcNAc2 

N-linked glycans (Asn295 and Asn332).
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