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The development of an effective prophylactic human immunodeficiency virus (HIV) 

vaccine is a critical global health priority. However, to-date, all efforts to design an 

HIV vaccine have been met with a paucity of success. The design of an effective HIV 

vaccine is challenging, however, the recent isolation of potent broadly neutralizing 

antibodies (bNAbs) capable of neutralization across multiple HIV strains suggests 

that a properly designed HIV immunogen could develop into an effective vaccine. 

The work presented here describes the synthesis of a series of HIV antigens for 

functional studies as well as potential immunogens. Five projects are described 

herein, probing both the role of carbohydrates in defining the epitopes of anti-HIV 

carbohydrate reactive proteins, as well as approaches to reconstitute these 

carbohydrate-based epitopes in a synthetic format. In Chapter 2, a series of 

oligomannose-virus-like particle (VLP) conjugates representing the bNAb 2G12 

epitope were synthesized and used to probe the specific binding preferences of 2G12. 



  

The synthetic glycan-protein conjugates were highly antigenic toward 2G12. Chapter 

3 describes a general method developed to chemoenzymatically synthesize 

differentially glycosylated HIV-related glycopeptides in a site-defined manner. The 

method was used to synthesize of series of glycopeptide antigens of the bNAb PG9. 

The method developed was applied in in Chapter 4 toward the synthesis of 

multivalently displayed glycopeptides on a VLP scaffold as PG9 immunogens. The 

multivalent glycopeptide display significantly enhanced the antigenicity compared to 

monomeric glycopeptides. In Chapter 5 the synthesis of an oligomannose library 

containing all intermediate oligomannose glycans Man1-9GlcNAc2 is described, 

including the associated glycan-protein conjugates. Preliminary binding studies 

against a panel of mannose-reactive lectins and anti-HIV bNAbs revealed binding 

preferences consistent with the given oligomannose display. Similarly, in Chapter 6, a 

library of highly-branched, bisected Galactose/N-acetylglucosamine terminal glycan-

protein conjugates were synthesized. The conjugates were designed to present 

potential cryptic N-glycan HIV epitopes for use in serum screening studies to identify 

novel glycan binding proteins. The work presented has yielded important information 

regarding the reconstitution of HIV glyco-epitopes using synthetic protein conjugates. 

Together, these insights should facilitate the rational design of immunogens that are 

better able to mimic the native gp120 epitopes. 
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Chapter 1: Introduction 

1.1 Human Immunodeficiency Virus (HIV) 

   

         The Human immunodeficiency virus (HIV) remains one of the most tenacious 

infectious diseases confronting modern science. The global HIV pandemic has 

infected over 60 million and claimed the lives of over 25 million people since the 

discovery that HIV is the cause of acquired immunodeficiency syndrome (AIDS) 

over 30 years ago. As of 2014, it is estimated that there are 37 million people globally 

living with HIV infection (Figure 1.1). In addition to the staggering cost of human 

life, recent antiretroviral therapy options that keep the virus in check, also extend the 

lives of those infected, leading to enormous health care costs to care for the secondary 

infections and associated symptoms of the increasing number of people living with 

HIV.  

 

Figure 1.1. The number of individuals living with HIV infection has steadily risen 

over the past 25 years.1 
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        There are two broad epidemiological patterns that are observed in the global 

distribution of HIV-1 infection. In concentrated HIV-1 epidemics, occurring in the 

majority of countries, HIV-1 infection is detected in specific at-risk groups (i.e. sex 

workers and injection drug users). In contrast to concentrated HIV-1 epidemics, the 

epidemics in many sub-Saharan countries are generalized in that they are self-

sustaining in the population (i.e. between married couples and mother to child 

infections). 2 

       One of the major obstacles in treating HIV is its high degree of genetic 

variability. There are two known HIV types that are capable of infecting humans 

HIV-1 and HIV-2. It is widely assumed that HIV-1 arose from a cross-species (i.e. 

zoonotic) transmission of a chimpanzee virus to humans. 3-4 Similarly, HIV-2 is very 

closely related to the simian immunodeficiency virus endemic to sooty mangabeys. 5 

HIV-2 infection is highly localized, especially in comparison to globally prevalent 

HIV-1, infecting individuals in primarily West Africa and India. Additionally, for 

unknown reasons, HIV-2 is far less pathogenic than HIV-1, characterized by a slower 

progression to immune deficiency and lower transmission efficiency between 

individuals.  6 The limited range and slower progression of HIV-2 has driven research 

efforts for focus primarily on HIV-1. HIV-1 is characterized by three distinct groups, 

marked by distinct genomes, labelled M, N, and O, where group M is the most 

common. Group M is further divided into 9 distinct subtypes called clades (A-D, F-H, 

J, and K). The genomes between the clades generally differ by 15-20%. 7 The 

prevalence of a particular HIV-1 clade is regional, with each geographic region 
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dominated by one or more clade. Increasingly, recombinant strains are also being 

detected. 

         

1.2          HIV-1 Infectivity 

 

           Transmission of HIV, irrespective of the route of infection, is predicated on 

two variables, the infectiousness of the ñindex case,ò or the person transmitting the 

virus, and the idiosyncratic susceptibility of the naïve host. 8 There is a direct 

correlation between viral burden in the blood and infectiousness. It has been generally 

observed that the infectiousness of the index case is greatest in the acute stages (first 

3 months after the transmission event), as the immune system is still naïve and can 

offer no resistance, and in late stage infections, due to the effects of attrition on the 

immune system such that the infected host can no longer attempt to clear the virus. 9 

Late stage infections are also a co-indication of low CD4 counts, which similarly 

indicates high viral burden in the host. In contrast to the relative constancy of the 

factors of infectiousness, there is little uniformity in human susceptibility to HIV-1 

infection. The factors impacting HIV-1 susceptibility are diverse and in large part, 

poorly understood. Resistance to infection appears to reflect a combination of genetic 

factors, innate resistance, and potentially even acquired resistance. The best 

characterized example of the impact of genetic factors in conferring resistance to 

infection is the deletion mutation of the gene that encodes the C-C chemokine 

receptor type 5 (CCR5). CCR5 is a co-receptor critical for cell entry in the early 

stages of infection, with majority of HIV-1 clades utilizing CCR5 macrophage-tropic 
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receptors (see section 1.3). 10 People that are homozygous for the CCR5 deletion 

display a profound resistance to HIV-1 infection, presumably due to the inability of 

HIV to enter the target host cells and initiate the infection cycle. Subsequently the 

converse is also true: higher expression of CCR5 co-receptors have been associated 

with higher susceptibility to HIV infection. 11 Individuals homozygous for the 

CXCR4 deletion display a similar resistance to HIV infection. 12  Other mutations 

conferring resistance to HIV-1 have been reported, however, the extent of protection 

is lower and the reasons for resistance are largely unclear. 13  

1.3 HIV Structure and Genome 

           Like all viruses, the structure of HIV is quite simple. HIV-1 relies on the host 

cell for many of its structural requirements, leading to a limited number of requisite 

transcribed biological structures. HIV is a single stranded RNA, enveloped lentivirus. 

Composed of a small number of proteins, the two copies of single stranded RNA are 

the entire viral genome. The genome only encodes three major polypeptide gene 

products, Gag, which provides the structural requirements for HIV (i.e. viral matrix, 

capsid, and the nucleocapsid). 14  Pol contains the information to express viral 

enzymes (including protease, reverse transcriptase and integrase). 15 The final gene 

product, Env, forms the viral spike, a transmembrane protein that decorates the outer 

surface of the virus and is incorporated into the lipid bilayer envelop during viral 

budding (see Scheme 1.1). 14 15 
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Scheme 1.1 Cross section of HIV. The main surface antigen and target of vaccine 

design on HIV-1 is gp120 (gp120 structure adapted with permission from the 

publisher). 16  

 

            The viral spike of HIV, the major antigenic determinant of the virus, is 

composed of a heterodimer of trimers, a membrane-spanning portion, gp41, and 

surface protein gp120. The initial Env protein begins as a single pro-protein gp160, 

and the mature viral spike forms upon furin cleavage. Trimeric gp120 mediates viral 

entry into host cells. 17 
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Scheme 1.2 HIV Life Cycle 

 

          Cluster of differentiation 4 (CD4) is the main receptor for HIV. HIV-1 tropism 

is further defined by two co-receptors C-C cytokine receptor 5 (CCR5) or CXC 

chemokine receptor 4 (CXCR4). 18-20 CD4 is expressed on a number of 

immunological cells including T lymphocytes, dendritic cells, and macrophages. 21 

All three types of cells subsequently contribute to propagating the HIV-1 infection. 

Cell entry by the virus is mediated by the interaction of the gp120 subunits binding to 

CD4 on CD4+ T cells. A significant conformational change in the viral spike is 
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observed during binding. 22 The membrane spanning protein, gp41 initiates fusion of 

the viral and host cell membranes, releasing the viral capsid into the host cell 

cytoplasm. 23 Within the cytoplasm, the viral reverse transcriptase (RT) produces 

double stranded DNA from the viral RNA template. After import of the viral DNA 

into the host cell nucleus, the viral integrase splices the viral DNA into the host-

genome creating a provirus. 23 Upon incorporation of the viral DNA into the host cell 

genome, the host cellôs translational machinery is exploited to produce viral proteins, 

enabling the formation of new virions. 24 The newly packaged virions bud from the 

cell surface, gaining the final envelop, and undergo maturation leading to fully 

functional viruses. 24 Depending on the host conditions, the HIV-1 can persist in 

memory T cells as a provirus for extended periods, avoiding eradication by anti-

retroviral therapy. 25-26 It has been demonstrated that proviral reservoirs are 

preferentially derived from quiescent T cells, rather than active T cells undergoing 

clonal expansion. 27 

1.4 HIV Transmission and Pathogenesis 

         HIV-1 transmission occurs primarily via intravenous exposure and via entry 

through the vaginal or rectal mucosa. The mucosa acts as a barrier stymying HIV-1 

access to host cells susceptible to infection. HIV penetrates the mucosal layer by 

several means, including endocytosis, transcytosis, and migration through epithelial 

junctures. 28 The initial HIV-1 infection is usually established by a single founder 

virus; this creates an immunological bottleneck, and a successful vaccine would 

primarily be required to induce an immune response capable of eliminating the initial 

virus before escape variants arise. 29-30 Subsequent to the initial exposure, HIV 
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infection follows a series of phases with defined characteristics. During the eclipse 

phase of the HIV infection (the first 8-12 days following exposure), there is no 

detectable viral RNA present in the plasma. 31 However, immediately following this 

ostensibly quiescent phase, there is an exponential increase in viral levels, termed the 

acute phase, with the viral load peak between 21-28 days. The acute phase is 

characterized by a pronounced adaptive immune response. 31 CD8+ T cells are 

activated, the humoral immune response ramps up and seroconversion of antibodies 

occurs. There is also a measurable loss of CD4+ T cells during the acute phase. 30 The 

activation of the immune response leads to influenza-like symptoms that assist the 

virus in spreading to the lymph nodes, rich in CXCR4+/CCR5+/CD4+ T lymphocytes. 

32 After the virus reaches the lymph nodes, a significant loss of T lymphocytes is 

observed. At the close of the acute phase, viral levels decline until a viral set point is 

reached corresponding to the pressure from the rising adaptive immune response. As 

the infection reaches this final stage, the virus is difficult to detect and only very 

slowly targets CD4+ T lymphocytes, which nearly return to pre-infection levels. 

During the final stage of infection, HIV-1 continually evades immune surveillance by 

developing escape variants. The gradual attrition of CD4+ T lymphocytes eventually 

weakens the immune system, leaving the host vulnerable to opportunistic infections, 

which indicates the progression to AIDS. 32 
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Scheme 1.3 Innate and Adaptive immune responses to HIV-1 infection. 

 

1.5 Host Immune Response to HIV Infection 

          Innate resistance in HIV-1 infection has been a considerable challenge to 

characterize. The degree of resistance to infection during the initial exposure is 

thought to reflect both the native host microbial flora and the immunologic mucosal 

defenses. There are two major cellular contributors to the HIV-1 innate immune 

response, dendritic cells (DCs) and natural killer cells (NK). During the initial 

transmission event, HIV-1 must pass through the mucosa and breach the robust 

epithelial wall to contact the target host cells (CD4+ T cells). 33 The mucosal barrier is 

rich with dendritic cells that capture HIV-1. DCs express pattern recognition 

receptors that act as viral sensors (Scheme 1.3). Viral recognition by DCs leads to the 
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upregulation of chemokine production, inducing inflammation and recruiting 

activated HIV-1 target cells, which leads to local amplification of the infection. 34 

DCs also act as antigen presenting cells, which accelerate the adaptive immune 

response to HIV-1 infection. In rare individuals that are functionally non-infected due 

to immune control over viral production (i.e. exposed uninfected individuals, long-

term non-progressors, and elite-controllers), DCs have decreased pro-inflammatory 

cytokine production, and increased antigen-presenting properties. 35 These anomalous 

features in so-called óelite-controllersô are thought to contribute to the slow or absent 

progression of the HIV-1 infection. Natural killer cells are also found in the sites of 

HIV-1 infection and have been found, in conjunction with DCs, to be a critical 

checkpoint in shaping the adaptive immune response. 36 The interactions between 

NKs and DCs is multidimensional. There is a so-called cross-talk between NKs and 

DCs with the ratio of NKs/DCs determining the nature of the cross-talk. 36 At high 

NKs concentration, NKs kill immature DCs, concentrating the DC response to just 

maturated DCs, therefore only mature DCs fully present HIV-1 antigens to licensed T 

cells, leading to a directed immune response to HIV-1, rather than one that is diluted 

by immature DCs. 37 Conversely, at low NK concentrations, DCs activate NKs, 

priming them to kill HIV-1 infected CD4+ T cells. 37 In this way, even with a weak T 

cell response, the infection can be controlled early and confined to the site of the 

transmission event. In the case of an HIV-1 progressor, the cross-talk between NKs 

and DCs is thought to be lost, resulting in an amplification of inflammation and 

progression of the infection at the site due to high levels of immature DCs (not 

regulated by NK response). 37  Moreover, aberrations in antigen presentation by DCs 
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could lead to ineffective T cell responses, given the failure of NKs to kill immature 

DCs due to inappropriate NK/DC cross-talk. 38 Other smaller contributions by the 

innate immune system have also been implicated in long-term HIV-1 control, 

however, the sources of viral suppression are largely unclear.  

           In addition to the innate response, the adaptive immune system plays a critical 

role in HIV infection. During an effective immune response to a viral infection, both 

neutralizing (NAbs) and non-neutralizing Abs (non-NAbs) are simultaneously 

stimulated. In the context of HIV, a NAb is defined as an Ab that binds specifically to 

a critical feature of HIV-1 Env, preventing viral transmission to its cellular CD4 

receptor. A non-NAb is defined as an Ab that binds specifically to non-critical sites of 

HIV-1 proteins, which is unable to prevent viral binding to CD4. 39 These two classes 

of Abs work synergistically to contribute to antiviral immunity by four major 

pathways. First, the NAbs neutralize free virus particle, preventing cellular uptake. 

Second, both classes of Abs stimulate the complement system leading to 

complement-mediated lysis of both free virus particles and infected host cells. 39 

Third, both classes of Abs are critical for opsinization-mediated phagocytosis by both 

macrophages and other cells. Finally, both NAbs and non-NAbs trigger viral 

destruction via Ab-dependent cellular cytotoxicity (ADCC). 39 HIV-1 is able to 

escape complement-mediated destruction facilitated by NAbs/non-NAbs, by 

harnessing an immunotolerance mechanism, the incorporation of a host derived 

membrane-bound hCD59 receptor during viral budding, which regulates complement 

response against host cells.47 
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        Beyond activation of critical Ab-facilitated antiviral immunity, non-NAbs are 

unable to prevent viral entry into target cells. However, it has been repeatedly 

anomalously observed that the major titers of anti-HIV Abs raised upon viral 

challenge are non-NAbs. 40 This paradoxical observation obfuscates typical anti-viral 

immune rationale, given the obvious superiority of NAbs, which can activate 

extraneous anti-viral pathways while simultaneously blocking viral entry into target 

cells. The key to this unusual observation lies in the heterogeneity of the Env protein 

on the surface of HIV capsid. Successful viral entry into a target cell requires intact 

trimeric gp120. However, it has been well established that gp120 monomers can be 

shed from the HIV capsid, resulting in a heterogeneous presentation to the immune 

system. 40 It was initial thought that only gp120 monomer was sufficiently labile to 

dissociate, leaving trimeric gp41 stumps with varying degrees of gp120 association. 

The presumed stability of the gp41 trimer was based on the strength of the association 

in the pre-fusion state, however, it has been shown that the stability of gp41 trimer 

association decreases in the post-cleavage state. 41 Studies have shown that upon 

gp120 monomer shedding, the gp41 stalks are able to dissociate and move freely 

through the membrane as trimers, dimers, or monomers, with or without an associated 

gp120 monomer (Figure 1.2). The observed heterogeneity present on the viral 

envelop has important implications in the development of the humoral immune 

response. The heterogeneity gives rise to the observed non-NAbs (raised against 

ñjunkò Env proteins) as well as the NAbs (raised against intact trimeric Env protein). 

This observation also explains the source of non-NAbs inability to prevent viral 

transmission. The non-NAbs are raised against the non-neutralizing face of gp120 
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(trimer-associated face) which is normally occluded in the trimeric context. These 

highly antigenic non-neutralizing epitopes are accessible only on monomeric and 

dimeric forms of gp120, which are non-functional and cannot facilitate host-cell 

entry. Conversely, NAbs target the solvent exposed neutralizing face of gp120 and, 

depending on the quaternary preferences (requirements) of a given epitope, are 

largely focused on intact Env proteins (i.e. trimeric gp120). Moreover, the dense 

glycan shield (discussed at length in section 1.8) on the neutralizing face (solvent 

exposed) of gp120 obscures access to the conserved peptide epitopes on the gp120 

surface. The limited access to peptide epitopes focuses the neutralizing humoral 

response against largely carbohydrate-based epitopes. During B-cell priming, there is 

a selection process in which the viral particle is viewed as a single target. Affinity 

selection of germ-line B-cells mandates the amplification of higher-affinity clones in 

preference to those of lower affinity. As a corollary, the development of Ab responses 

toward each of the antigens on the viral capsid surface is contingent on their relative 

accessibility to Ab binding. Therefore, the high accessibility of the non-functional 

ñjunkò forms of Env may explain the ostensible immunodominance. 42 Finally, the 

initial NAb response is strain-specific, and the neutralizing epitopes are subsequently 

lost upon the emergence of viral escape variants. 

1.6 Current therapeutic options (HAART Therapy): Advantages and Limitations 

        Within a few years of the discovery of the virus, the first antiretroviral drug 

against HIV-1, azidothymidine, was approved for therapeutic use. 43 The high rate of 

HIV-1 mutation to overcome anti-retroviral therapy has led to the rapid development 

of a host of drug-resistant HIV strains. The development of drug resistance in HIV 
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has necessitated the coincidental development of a large number of inhibitors. The 

inhibitors can be divided into six basic classes, categorized according to their 

mechanism of action, nucleoside-analog reverse transcriptase (RT) inhibitors, non-

nucleoside RT inhibitors, integrase inhibitors, protease inhibitors, fusion inhibitors, 

and entry inhibitors. 44 HIV is characterized by an error prone reverse transcriptase, 

leading to a high rate of mutation and the selection of drug-resistant escape mutants. 

45-46 The selection of escape mutants (referred to as quasi-species) quickly overcomes 

single therapeutic treatment, and has therefore been replaced by the use of a cocktail 

of at least three inhibitors, called highly active antiretroviral therapy (HAART). 47 

HAART therapy has revolutionized HIV treatment, making a previously fatal disease 

treatable. In certain cases, HAART therapy has increased the life-expectancy to near 

normal levels. 48 

             Unfortunately, despite the successes of HAART therapy, it is far from a cure 

and there are a number of significant limitations. There are a high number of side-

effects associated with HAART therapy that, when combined with the complex daily 

treatment regimens, often lead to patient compliance issues. Discontinuing HAART 

therapy results in an almost immediate relapse to initial viral load levels, as HAART 

therapy is unable to eradicate latent viral reservoirs. 49 Additionally, there are a 

number of chronic health problems associated with long-term HAART therapy. A 

major pathology associated with long-term HAART therapy is chronic liver disease. 

Indeed, end-stage liver disease is a major cause of death in patients receiving long-

term HAART therapy. 49 While HAART-related toxicities are identified as the main 

cause of liver damage, chronic HIV infection, even when suppressed by HAART, has 
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been shown to contribute to the pathogenesis of liver fibrosis via activation by gp120 

of the Toll-like Receptor 4 (TLR4).49 TLR4 is thought to form a co-cluster receptor 

with CCR5, expanding the repertoire of cellular proteins propagating the gp120 

signals. TLR4 activation with CCR5 co-clustering by gp120 signals a cascade event 

leading to proinflammatory and profibrogenic signals. The ability of HIV to maintain 

persistent immune activation and the associated accelerated liver fibrosis progression 

even with the intervention of HAART remains a major obstacle to effective HAART 

therapy. 50 

1.7 Structure and Function of HIV-1 Env Protein 

 

          One of the most effective evasive defenses of HIV-1 is the host-derived lipid 

envelope that assembled virions obtain during viral budding from the host cellôs 

plasma membrane. During the budding process, various glycolipids can be 

incorporated into the viral lipid bilayer, and, as they are host-derived, the ability of B 

cells to respond to these antigens is severely limited due to antigen self-tolerance 

mechanisms. 51-52 In addition to masking the virions, some of the host-derived 

glycolipids can facilitate viral infection. For example, sialylated viral envelope 

glycolipids (gangliosides) have been shown to interact with cellular lectin receptors, 

sialic acid-recognizing Ig superfamily lectins-1 (Siglec-1), on DCs, potentially 

enhancing the infection. 53-54 An interesting exception to the largely protective role of 

host-derived glycans in HIV immune evasion, is the observation that during 

transmission, HIV-1 primary virions can carry non-self ABO blood group antigens 

from the infected individual. 55-56 Therefore, viruses from A or B donors show 

sensitivity to anti-A or anti-B antibodies from donors that were discordant with the 
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recipients blood group. 55 56 Despite this minor exception, the host-derived glycans 

(both glycolipids and glycoproteins) are an extremely effective shield that protects 

HIV.  

        Beyond the host-derived glycolipids, the major antigenic determinant on the 

surface of HIV is the viral spike, composed of the glycoproteins gp41/gp120. Both 

components of the metastable viral spike in its pre-fusion state are involved in CD4 

receptor binding. Upon CD4 binding, the pre-fusion state undergoes a dramatic 

conformational change that instigates fusion of the viral and host cell membranes. 

Gp120 has a highly variable surface composed of five variable loops (V1-V5) 

dispersed among five constant regions. 19, 57-61 While gp41, responsible for fusion 

mediation, is far more conserved and simple. Gp41 is composed of only four 

components, an ectodomain, which interacts with gp120, a membrane proximal 

external region (MPER), the transmembrane domain, and a cytoplasmic tail. 62 The 

conformationally dynamic nature of Env, together with the high level of N-

glycosylation (carbohydrates comprise ~50% of the total weight gp120, making it one 

of the most highly glycosylated proteins to date) has made elucidating the structure of 

Env a challenge. 59 Nevertheless, Peter Kwongôs group reported the first X-ray crystal 

structure of CD4-complexed monomeric gp120 nearly 20 years ago. 57 Subsequently, 

a number of studies using both X-ray crystallography and cryo-electron microscopy 

(cryo EM) have generated a number of structures of gp120, both free and receptor 

bound, and monomeric and trimeric. 58 59-61, 63-69 The structural studies have yielded 

unprecedented access to the fine-details of gp120 structure and have helped facilitate 

informed antigen design. A major innovation in characterizing the fine-details of the 
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trimeric gp120 structure has been the development of recombinant trimer mimics 

(BG505 SOSIP.664), with mutations introduced that stabilize the structure while 

maintaining the native conformation and antigenic properties. 70-71  

      The structural studies of monomeric gp120 have revealed a common fold 

consisting of an N-terminal inner domain and a C-terminal outer domain. 59 The inner 

and outer domains are connected by a bridging sheet, composed of four-strands 

forming an anti-parallel ɓ-sheet. 59 A number of significant structural changes occur 

to the viral spike, induced by CD4 receptor binding, a process characterized by a 

large unfavorable change in entropy. 72-73 Receptor binding results in the formation 

and stabilization of the co-receptor binding site within the viral spike, triggering the 

insertion of the hydrophobic gp41 N-terminal fusion peptide into the target cells lipid 

membrane. Rearrangement of two gp41 Ŭ-helix proteins into a hairpin-like domain 

within each of the three gp41 subunits creates a six-helical bundle, driving membrane 

fusion. 62 

1.8 Env Glycan Shield 

 

        Env glycosylation plays a dual role in the viral life cycle. The glycan structures 

can contribute to disease transmission by interacting with host cell receptors (i.e. 

lectins on DC-SIGN shuttle the virus to CD4+ T lymphocyte rich lymph nodes). The 

glycan structures also act as a shield to hide the highly antigenic protein surface from 

immune surveillance. The profound ability of HIV to withstand the host humoral 

immune system, despite the presence of high-titer anti-HIV antibodies, is largely 

attributed to an evolving glycan shield, together with the high-rate of mutation, 

characteristic of a small RNA virus. 65 The extraordinary level of N-linked 
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glycosylation, with an average of 93 N-linked glycans on certain trimer strains, makes 

a formidable immunological defense. 74 Indeed, studies have shown that only 19% of 

the gp120 protein surface is solvent-accessible, with only 3% accessible to the Fab 

domain of an IgG Ab, the rest of the surface is occluded by glycans. 69 Each N-glycan 

is encoded by a characteristic tripeptide sequence Asn-X-Ser/Thr (where X can be 

any amino acid except proline), referred to as the N-glycan sequon. 75  

Scheme 1.4 N-glycan processing. Glycan maturation pathway. 

 

HIV glycosylation is derived from host glycosylation machinery, facilitated by en 

bloc transfer of a dolicol-linked Glc3Man9GlcNAc2 precursor glycan onto nascent 

polypeptides by oligosaccharyltransferase as they extrude from the ribosome into the 
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lumen of the endoplasmic reticulum (ER) (Scheme 1.4). During the calnexin 

(CXN)/calreticulin (CRT) folding cycle, the Glc3Man9GlcNAc2 precursor is trimmed 

down to Man9GlcNAc2. 
76 Glycan processing within the ER by Ŭ-mannosidase 

ordinarily yields Man5GlcNAc2; however, the high spatial density of glycans on 

gp120 results in stymied glycan processing, yielding a mix of Man5-9GlcNAc2 

glycans (Scheme 1.4). For non-congested N-glycosylation sites, further glycan 

processing occurs in the Golgi via trimming by glycosidases and modifications by 

glycosyltransferases, resulting in a mixed display of various forms of oligomannose 

glycans, as well as highly processed complex and hybrid-type glycans. 77 Because the 

N-linked glycosylation on Env is host-derived, the glycan shield is largely privileged 

from Ab recognition through immune tolerance mechanisms. For example, Ab cross-

reactivity of viral N-glycans with host N-glycans (self-recognition) would lead to 

anergy or apoptosis of the glycan reactive B cell. 78 Although host-glycans are 

immunologically silent, Abs are capable of recognizing non-self glycosylation (i.e. 

blood-group antigens). 79 HIV gp120 glycosylation is heterogeneous and depends on 

the strain, stage of HIV infection, the type of cell producing the virus, and the 

oligomeric form (i.e. monomer versus trimer). 80 Moreover, there are several unusual 

feature to gp120 glycosylation that enhance the antigenicity and support the notion 

that the glycan shield is a viable target for vaccine design. HIV glycosylation is 

generally divided into three distinct regions. First, in the regions of gp120 that are 

close to the trimeric interface (the interprotomer region), the steric inaccessibility of 

glycans to glycosidase enzymes at the trimer interface results in an enrichment of 

high-mannose-type glycans (referred to as the ótrimer-associated mannose patchô 
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(TAMP)). The second region is related and referred to as the intrinsic high-mannose 

patch (IMP). The spatial distribution of potential N-glycosylation (PNG) sites within 

the IMP is very close, resulting in dense glycosylation, and steric hindrance to glycan 

processing, yielding mostly unprocessed oligomannose glycans. This site is centered 

around the N332, N334, N392, and N295 PNG sites. 81 82 The remaining portions of 

gp120, outside of the protomer interface and regions of dense glycosylation, have 

been shown to bear more highly processed complex or hybrid-type glycans. The 

preponderance of oligomannose glycans on gp120 show a lower structural variation 

when compared to host-cell glycoproteins. Moreover, the oligomannose glycans tend 

to form clusters on the Env surface that are immunologically distinctive from host 

glycosylation. Broadly speaking, the display of the host-derived glycans in a viral 

protein context can yield a modicum of differentiation and serve as the basis for 

targeting the Env glycan shield. 83 84  

1.9 HIV Glycan Role in Immune Escape 

            The Env glycan shield is dynamic and it is constantly evolving in different 

strains to avoid recognition by newly produced NAbs. 85 The degree of PNGS 

plasticity for trimeric spike is limited by the unique glycan structural feature, 

particularly the IMP, TAMP, and the non-glycosylated CD4-binding site. These 

features of the Env architecture, including the relative number of PNGSs, are 

surprisingly maintained in spite of years of viral evolution. Indeed studies have 

indicated that in certain strains up to 60% of N-linked glycans are highly conserved. 

86 Oligomannose-type glycans are the most highly conserved PNGSs, suggesting an 

essential structural role of these glycans in the viral life cycle. Significantly, the 
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escape mutants display non-random mutations in the PNGS, conserving both the 

spatial distribution, and the specific identity of the glycan, suggesting conservation 

within the glycan shield and further supporting the notion of targeting the glycan 

shield for antigen design. 85 The N332 PNGS, the so-called ósuper-site of 

vulnerability,ô bearing almost exclusively a Man9GlcNAc2 glycan, is known to be 

vulnerable to migration. Studies following the pathogenesis of a single infection have 

shown that the virus responds to immunological recognition of this site by shifting the 

position from N332 to N334. After two years of infection, the virus was shown to 

have escaped immune recognition again simply by migrating the N334 position back 

to N332. 87 The persistence of HIV to maintain a spatially consistent glycan shield is 

highly significant and suggests a more fundamental structural role of the glycan 

shield beyond immune evasion. 

1.10 Non-carbohydrate-mediated HIV immune evasion  

           Beyond the ability of HIV to evade immune surveillance by decorating the 

functional Env in a dense carbohydrate shield, HIV has been shown to exhibit the 

ability to induce gp120-mediated immunosuppressive responses from dendritic cells. 

88 The immunosuppressive ability is predicated on gp120 mannose moieties via IL-10 

expression.89 The exact mechanism of IL-10 upregulation by gp120 mannose 

moieties has not been elucidated. 90 IL-10 is a pleiotropic cytokine and suppresses 

immune activation by downregulating the expression of pro-inflammatory cytokines. 

88 This discovery indicates that the glycan shield of HIV promotes pathogenesis, not 

only by preventing recognition by the immune system, but also by actively 

participating in host immune-suppression. 
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Elite controllers (EC) are thought to limit HIV infection in part due to the high 

antibody-dependent cell-mediated cytotoxicity (ADCC) activity that characterizes EC 

individuals. ADCC is therefore expected to be an integral feature in controlling HIV 

infection. It has been recently reported that HIV has developed a mechanism to 

suppress ADCC-mediated immune clearance via the intervention of the accessory 

viral protein Nef. Nef is thought to downregulate CD4, affecting the conformation of 

Env. The epitope required for ADCC-mediated recognition is only exposed in the 

CD4-bound conformation, therefore in the unbound conformation, the site is 

unavailable, and HIV is able to evade recognition by NK cells. 91  

           Subsequent to gp160 cleavage, the heterodimer of homodimers is held intact 

by non-covalent forces. Consequently, the gp120-gp41 complex can dissociate to 

varying extents yielding a mixture of functional (i.e. trimeric) and non-functional Env 

proteins (see Scheme 1.5A). The non-functional Env protein presents a number of  
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Figure 1.2 A) After furin cleavage of gp160, the Env complex exists as a 

hetergeneous mixture of functional and non-functional proteins within the HIV 

milieu. B) Non-neutralizing and strain-specific Abs do not lead to a sustained 

inhibitory response. The conserved epitopes of bNAbs ensure neutralization capacity 

across a wide range of HIV-1 strains. 
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highly antigenic epitopes on the protomer-associated face that is occluded in 

functional trimers. The non-neutralizing epitopes raise a strong non-neutralizing 

immune response, however, as the non-trimeric Env protein cannot mediate cell 

entry, the response is unable to impede HIV pathogenesis. Similarly, the Env protein 

displays a limited number of strain-specific neutralizing epitopes capable of eliciting 

strain-specific NAbs (Scheme 1.5B). However, as the epitope is strain-specific, the 

neutralizing capacity is lost upon the emergence of the first escape variants that arise 

in response to the mounting immune pressure. The ability of broadly neutralizing Abs 

(bNAbs) to recognize conserved epitopes on Env across strains make them attractive 

targets for vaccine design (Scheme 1.5B). 

1.11 The Env glycan shield as an immunological target: bNAbs 

            Glycosylation play a critical dual role in viral pathogenesis. Exposed glycans 

on the viral surface often interact with host cell receptors and mediate disease 

transmission. The densely displayed, dynamic, bulky glycans also prevent access by 

the host immune system to the variable antigenic viral protein surface. The glycan 

shield of HIV is incredibly effective at mediating the multi-step relationship between 

host and virus during the first stages of infection, as well as masking the virus after 

the infection has been established. HIV also uses mutations in the glycan shield to 

create viral escape variants that continually evade host immune surveillance. Despite 

the sophisticated application of the glycan shield by HIV to facilitate viral 

pathogenesis, the discovery of broadly neutralizing Abs (bNAbs) that largely 

incorporate the glycan shield as a critical component of their neutralizing epitope 

suggests that the glycan shield is a viable target for vaccine design. The host immune 
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system is capable of discriminating between host glycans and host-derived viral 

glycans as the HIV glycan shield has several unusual features that deviate from host-

glycosylation patterns. First, the spacing between glycans on gp120 is unusually close 

in comparison to glycan spacing on mammalian proteins, placing a conformational 

constraint on the glycans, increasing the rigid presentation. 92 This rigid presentation 

is bolstered by a network of intermolecular hydrogen bonds, which stabilizes the 

glycans structures, partially locking them in a non-self conformation, forming the 

basis for immunological discrimination. 65  

 

 

Figure 1.3 In the context of quaternary structure, gp120 glycosylation exhibits lower 

glycan processing and therefore less complex-type glycan than recombinant 

monomeric gp120. 

 

Second, the unusually high degree of glycosylation that is characteristic of HIV Env 

protein stymies glycan processing (supra vide) yielding an abundance of under-
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processed oligomannose-type glycans (Scheme 1.6-right). The underprocessed 

oligomannose glycans are primarily concentrated in sterically constrained regions, 

including regions with the highest numbers of PNGSs (i.e. IMP), and the interface 

between gp120 protomers (i.e. TAMP). 93 The under-processed glycans display lower 

structural variation compared to host cellular glycosylation, a distinction that is 

recognized by the innate immune system through mannose-binding lectins (MBLs). 

94-95 Unfortunately, HIV takes advantage of the recognition by dendritic cells (i.e. 

Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin 

[DC-SIGN]) via MBLs, which shuttle the virus from the site of infection (usually 

mucosal tissue) to CD+ T cell-rich lymphoid tissue, thereby propagating the infection. 

94, 96 The regional delineation of oligomannose glycans results in clustered 

arrangements of oligomannose glycans in congested regions, as well as clustered 

arrangements of highly processed complex-type glycans to regions that are more 

accessible to host glycosylation machinery, typically the region near the gp120-gp41 

interface. 16 The predominance of oligomannose glycans on trimeric Env is limited to 

a quaternary context. Recombinant gp120, expressed in a variety of cells, results in a 

significantly different glycosylation profile with considerably higher quantities of 

complex-type glycans (Scheme 1.6-left), although oligomannose glycans are still the 

dominate species. 93 

        Given the paucity of antigenic features on the surface of the HIV, Env is the 

most promising feature of HIV for targeted antigen design. Traditional vaccination 

attempts using monomeric gp120 have been largely unsuccessful. Four approaches to 

vaccination have been tested previously, each incorporating monomeric gp120 with 
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different priming/booster strategies. 97 98 99 100 In all cases, the primary humoral 

immune response was largely limited to non-neutralizing Abs with no discernable 

protection against HIV. The only vaccine trial that has achieved a modicum of 

success, the RV144 trial in Thailand, was found to provide ~30% protection from 

HIV infection. 100 The source of the protection is attributed to a high titer of weakly 

neutralizing V2-directed Abs. As discussed in section 1.5, the expose trimer 

associated face of gp120 is highly antigenic and humoral responses raised against this 

non-neutralizing epitope dominate (Scheme 1.5A). 101  The first NAbs elicited target 

strain-specific epitopes and are unable to subsequent escape variants (Scheme 1.5B). 

102-103 In contrast, several classes of anti-gp120 antibodies targeting diverse strains 

with strong, neutralizing capacity have been recently described. These so-called 

broadly neutralizing Abs (bNAbs) target conserved regions accessible on the gp120 

trimer, providing clues regarding HIVôs vulnerability to neutralization (Scheme 

1.5B). Moreover, an adequate understanding of the bNAb epitope can facilitate 

synthetic antigen/vaccine design targeting a conserved, neutralizing epitope. A 

common feature among the vast majority of anti-gp120 bNAbs is the incorporation of 

the HIV-1 N-glycan shield as a critical component of the individual epitopes. 104 

bNAbs that target self-glycans as an epitope component initially gave rise to concerns 

that many of these bNAbs were self-reactive. Such self-reactivity would render them 

poor targets for vaccine design as self-reactivity would likely lead to their elimination 

from the B cell pool, making them extremely difficult to induce. 105 However, 

subsequent studies have revealed that the induction of bNAbs during HIV-1 infection 

is not as rare as originally thought, as ~30% of HIV-1 patients develop bNAb-like 
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humoral responses within two years of infection, with some bNAb responses arising 

within a year of infection. 106-108 Given the relatively slow development of these 

bNAbs, the patients that develop such NAbs are not protected by them, rather the 

viral load and strain-diversity is too high by the time the mature bNAbs appear. 109 

The slow rate of development of bNAbs is likely due to their development at the edge 

of immune tolerance mechanisms, and their reliance on unusual structural features to 

allow strong antigen binding.  

         There is a characteristic interdependence between HIV-1 changes and bNAb 

sequence variation due to parallel evolution pathways. 110-111 This interdependence 

has far reaching consequences for the affinity maturation ceiling within the germinal 

center (GC). Normally, the GC reaction is limited due to the Ab affinity ceiling. 112-113 

However, the increased pressure on the immune system due to the diversity and swift 

development of HIV-1 escape variants that can escape immune surveillance via 

mutation and selection, results in a continually evolving antigen that produces a 

persistent co-evolving immune response. The persistence of the immune response 

raises the affinity maturation ceiling, resulting in unusual exotic bNAb structures that 

can only arise during chronic infection. 114-115  

          The majority of bNAbs are poly-reactive and display a modicum of 

promiscuity that allows them to accommodate a variety of HIV strains. The 

endogenous promiscuity of bNAbs expands the level of sequence variation tolerated 

from glycan shifts in the PNGSs that often characterize viral escape variants. 

Provided the glycan shift is spatially conserved, the bNAb can often accommodate 

the alteration of the native epitope, albeit with reduced binding affinity. 116 The ability 



 

 

29 

 

of bNAbs to neutralize not only the founder virus, but the subsequent escape variants 

as well, make bNAbs an ideal immunological template for vaccine design. Indeed, 

numerous studies have shown the ability of passive immunization with bNAbs to 

provide complete protection from viral challenge with SHIV (chimeric simian/human 

immunodeficiency virus) in non-human primates. 117-121 The ability of these bNAbs to 

provide protection in passive circulation justifies the efforts to develop a rationally 

designed vaccine to elicit such bNAbs. 

          To date, there have been ~100 bNAbs isolated and characterized. 122 The 

described bNAbs generally target defined, conserved regions of vulnerability on the 

HIV-1 Env glycoprotein, including the IMP, the CD4 binding site, the membrane-

proximal external region (MPER) of gp41, glycopeptide epitopes on the V1/V2 and 

V3 variable loops, and the bridging region at the gp120-gp41 interface (Scheme 1.4). 

123-124 These bNAbs primarily incorporate N-linked glycans as a component of their 

neutralizing epitopes, proving that the dense HIV-1 glycan shield contains 

immunological vulnerabilities that can be used as a basis for discrimination by the 

host humoral immune response. Carbohydrate-reactive bNAbs primarily target either 

the N332 glycan (and the associated V3 loop), the N160 glycan (and the associated 

V1/V2 loop), or the glycans associated with the gp120-gp41 interface. 125 The first 

carbohydrate reactive bNAb described, 2G12, recognizes an exclusively carbohydrate 

epitope composed of a cluster of oligomannose glycans within the IMP, including 

N295, N332, N339, and N392. 84, 126-127 2G12 achieves remarkably high-binding to a 

carbohydrate epitope through an unusual domain-exchanged structure affording high 

avidity binding via the formation of a multivalent surface. 128 Subsequent 
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carbohydrate-reactive bNAbs have not shared the unusual domain-exchange structure 

characteristic of 2G12, but in all cases have a typical Y-type Ab structure, with 

integrated epitopes consisting of both protein and glycan components. 129  Compared 

to 2G12, newer classes of carbohydrate-reactive bNAbs have exhibited higher 

breadths and potencies. For example, while 2G12 has been shown to neutralize 32% 

of viral strains with a median IC50 of 2.38 ɛg/mL, it has been demonstrated that 

PGT128 can neutralize 72% of HIV-1 strains with a median IC50 of 0.02 ɛg/mL. 92, 

130-131 There are two major classes of bNAbs that target an integrated epitope, the 

PGT-series and the PG-series. Members of the PGT-series target several regions of 

the glycan shield, including the gp120-gp41 interface (PGT151), targeting complex-

type glycans on gp41 and a protein epitope on gp120, 132 and the glycan at N160 on 

the V1/V2 loop (PGT145) (Scheme 1.7). 131 Other members of the PGT-series target 

the V3 loop, and specifically incorporate a high-mannose glycan at N332 as a 

component of the epitope (Scheme 1.7). The supersite of vulnerability N332, 

although incorporated in multiple bNAb epitopes (2G12, PGT series) has been shown 

to be non-critical as many of these bNAbs display a modicum of promiscuity 

allowing them to bind to other glycans in the absence of N332 and thereby recover 

the epitope. 116 The other major family, the PG-series, targets the V1/V2 loop at the 

trimer apex and specifically makes contacts with glycans at the N160 and N156/173 

positions. 133 
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Figure 1.4 bNAb epitopes are scattered across the silent face of gp120, and almost 

exclusively incorporate N-glycans as an epitope component (gp120 structure adapted 

with permission from the publisher). 16  

 

            There are five major structural characteristics that define the majority of 

bNAbs that deviate from more traditional IgG Abs, including extended heavy chain 

third complementarity-determining regions (CDRH3), unusual post-translational 

modifications (i.e. tyrosine sulfation), domain-exchange (2G12 only), auto-/poly-

reactivity, and extensive somatic hypermutations. For bNAbs that target an integrated 
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epitope consisting of N-glycans and the underlying protein sequence, long, extended 

CDRH3 regions are common, usually containing charged sequences within the 

CDRH3. For example, while the average length of a typical human B cell CDRH3 is 

14 residues, 134 PG9 and PG16 both contain 30 residues, while PGT145 contains 33 

residues. 135-137 The extended CDRH3 facilitates penetration through the dense glycan 

shield that extends ~20 Å from the protein surface allowing contact with the 

otherwise occluded protein surface. The long CDRH3 in certain cases even provides 

sufficient length to accommodate secondary structure within the loop, allowing this 

feature of the paratope to ñfitò the epitope more closely. An example of this is the 

ñhammerheadò shape of the PG9/PG16 CDRH3, permitting penetration of the glycan 

shield and extensive contact with glycan and protein targets. The high incidence of 

unusual PTMs often works in conjunction with other characteristic structural features 

to enhance binding affinity. For example, tyrosine sulfation has been reported on the 

CDRH3 of certain bNAbs, and is known to interact with cationic residues within the 

protein component of the epitope. 133, 135, 138 A subset of bNAbs have the remarkable 

characteristic of polyreactivity, in which a single Ab can recognize more than one 

antigen. 139-140 Many of these bNAbs recognize two specific binding sites on the Env 

surface, a high-affinity anti-HIV-1 binding site and a low-affinity self-antigen (i.e. 

host-derived N-glycan) that is present on the Env surface. The polyreactivity of these 

bNAbs most likely mediates this bivalent heteroligation, overcoming the low affinity 

of the second binding site and increasing the apparent affinity of the bNAb to HIV-1. 

Polyreactivity, normally deselected from typical B cell lines, plays a critical role in 

overcoming the HIV-1 defenses, which is most clearly evident in the prevalence of 
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specific memory B cells that are polyreactive in HIV-1 infected individuals. Indeed, 

75% of memory B cells in HIV-1 positive individuals are polyreactive, compared to 

just 5% of the B cells in non-infected individuals. 140 The exotic and unusual nature of 

bNAbs necessitates extensive rounds of mutations within the GC, requiring extensive 

somatic hypermutations (SHM) during affinity maturation. 141-143 While non-HIV-1 

Abs typically undergo 5-15% changes in the heavy chain during affinity maturation, 

some bNAbs accumulate up to 36% of changes. 141 The majority of SHMs are limited 

to the CDR regions, however, certain HIV-1 targeting bNAbs have also undergone 

SHMs within the conserved framework region (FWR) of the Ab as well. 144  

1.12 HIV-1 Vaccine Design 

        There have been a number of attempts to vaccinate against HIV infection, 

largely following four major vaccination strategies, protein subunit vaccines, 

recombinant andenovirus vectors, canarypox vector prime, followed by a protein 

subunit boost, and a DNA prime followed by a recombinant andenovirus vector 

boost. 145 Early attempts using recombinant gp120 mixed with the adjuvant alum 

(AIDSVAX), elicited only non-neutralizing Abs, and no protection was observed. 97-

98 Two vaccine attempts, the Step trial and the Phambili trial, investigated three types 

of recombinant, attenuated adenovirus vectors expressing three HIV-1 related 

proteins (i.e. Gag, Pol, and Nef). Both studies observed a stimulated CD8+ T cell 

response to the viral vectors, however, the vaccination yielded no protective benefits, 

and the trials were cut short due to concerns that HIV-1 infection risk was actually 

enhanced post-vaccination. 99, 146-148 The reasons for the enhanced susceptibility to 

HIV-1 infection post-vaccination are not well understood. The most successful trial 
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to-date was the RV144 trial in Thailand (so-called óThai trialô), which incorporated a 

canarypox viral vector that expressed gp120, Gag, and Pol. The recombinant viral 

vector was used as the prime, which was followed by two sequential booster 

injections of the previously reported AIDSVAX preparation. 100 Significantly, the 

combined vaccination strategy provided a small but noteworthy protective effect, 

with 30% fewer infections among vaccinated patients. 100 The source of the protective 

effect is somewhat unclear, but it is thought to be due in part to the elicitation of V2-

directed NAbs. Most recently, a combined DNA/viral vector vaccination strategy has 

been applied, incorporating a DNA prime, composed of plasmids encoding HIV-

related proteins from several strains, and an adenovirus vector boost. 149 This trial 

(referred to as the HVTN 505 trial) resulted in no observable protective effects, and 

was also cut short due to concerns over increased risk of infection among the 

vaccinated. 149     

            A recent alternative vaccination approach is the design of recombinant trimer 

mimics. The design of a stable, soluble gp140 trimer eschews the challenges 

associated with vaccination with gp120 monomer by occlusion of the 

immunodominant non-neutralizing epitopes, solely focusing presentation of the 

neutralizing epitopes as immunological targets. A number of Env constructs have 

been reported, however, the structures correspond to uncleaved trimers (i.e. gp160), 

which are not representative of the native trimeric gp120 conformation. 64  Recently, 

a new recombinant trimeric gp140 Env protein has been developed that incorporates 

subtle modifications that generate a stable and soluble trimer mimic. These óSOSIPô 

Env proteins introduce a single disulfide bond between the ectodomain of a truncated 
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(removal of the MPER and transmembrane domain) gp41 and gp120 (SOS) as well as 

a point mutation (isoleucine to proline-IP). 70 The development of these SOSIP 

trimers has led to a number of strain-specific variants, many of which have 

demonstrated native-like structural properties and antigenicity. 71, 150 Immunization 

studies using these soluble, native-like Env SOSIP trimers have successfully elicited 

Abs against autologous tier 2 virus, 151 however it was later demonstrated in a mouse 

study that there is an immunodominant non-neutralizing epitope near the trimer base 

that limits the utility of these gp140 constructs as immunogens. 152  

         Despite the extensive progress that has been made by the development of 

soluble, native-like trimers, there is a significant possibility that a heavily 

glycosylated recombinant protein will not be sufficiently immunogenic to induce the 

type of strong, sustained Ab response that will be required by an effective vaccine. 

An optimized vaccine will likely require repetitive presentation of the antigen, 

perhaps through particulate presentation, to initiate a sustained immune response. 

Particulate presentation of epitopes improves Ab responses through a variety of 

mechanisms. First, repeated presentation of the epitope allows the immunogen to 

cross-link B cell receptors, improving B cell activation.153-154 Second, circulating 

IgMs are capable of binding to repetitively displayed antigens via high-avidity 

interactions, simultaneously activating the complement system and lowering the 

threshold necessary for B cell receptor activation. 153 Third, the affinity of naïve B 

cell receptors for bNAb epitopes is likely to be low; a repetitive array of low-affinity 

epitopes increases avidity, raising the likelihood that the right B cell will be activated. 

155 This assertion is supported by the observation that nanoparticle-displayed antigens 
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frequently induce Abs against additional epitopes compared to antigen alone, 

increasing the neutralization breadth. 156-159 Fourth, host self-antigens usually donôt 

contain highly repetitive antigenic structures and recurring epitopes are regarded as 

non-self antigens by B cells. 160 The use of repetitive self-derived epitopes may also 

rescue autoreactive B cell progenitors that would otherwise be deleted during Ab 

development expanding the potential repertoire of germline B cells available. In such 

a case, the autoreactive B cell progenitors would be tuned to recognize self-antigens 

only in the context of highly repetitive epitopes. 160 Finally, studies have suggested 

that highly repetitive and recurring epitopes are capable of inducing long-lived Abs. 

154, 157 This is particularly relevant for strategies that are alternatives to Env based 

vaccines, as both monomeric and trimeric gp120 based vaccines usually induce short-

lived Ab responses. 100, 151, 161 

1.13 Challenges of Carbohydrate-based Vaccine Design 

 

        Protein-protein and protein-carbohydrate interactions are both mediated by a 

high degree of hydrogen bonding, hydrophobic interactions, van der Waals forces, 

and electrostatic interactions. Similarly, Ab binding to both carbohydrates and 

proteins results in a favorable enthalpy contribution to the free energy of the 

interaction. 162 However, for carbohydrates, the favorable enthalpy contribution is 

significantly offset due to an entropic penalty incurred during binding. The entropic 

penalty arises from the disruption of the solvation shell and subsequent solvent 

rearrangement upon binding, together with the loss of oligosaccharide conformational 

flexibility upon complex formation. 163 164 The entropic penalty incurred during 

protein-oligosaccharide binding can significantly abrogate Ab affinity for an 
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oligosaccharide epitope. The low-affinity binding interactions necessitate the reliance 

of glycan-protein interactions on avidity effects enabled through multivalent 

interactions. 

         In contrast to protein/peptide antigens, purely carbohydrate antigens are 

thymus-independent type 2 (TI-2) antigens and therefore activate B cell responses in 

the absence of T cell assistance. 165 166 B cell receptor cross-linking through binding 

repetitive motifs (i.e. repetitive carbohydrate antigens) activates antigen specific B 

cells independent of CD4+ helper T cells. 167 The failure to recruit the full 

complement of the immune response necessitates several limitations in the efficacy of 

the response. First, largely low-affinity IgM antibodies are produced by the B cells 

upon stimulation by purely carbohydrate antigens. 168 These low affinity IgM 

antibodies lack both affinity maturation and isotype switching, severely hampering 

the specificity achieved by these Abs for the particular antigen. 169 The generalized 

immune response lacks the necessary features to distinguish the antigens, resulting in 

a short-lived, weak immune response. Finally, Ab responses cannot even be induced 

in newborns and children up to 2 years old when vaccinated with a purely 

carbohydrate antigen. 170 In contrast, proteins typically generate a CD4+ helper T cell-

dependent response, resulting in the generation of high affinity, class-switched Abs. 

171 172  In order to overcome the short-lived immune response typical of the vast 

majority of carbohydrate antigens, and generate long-lived antibody-mediated 

protection, exogenous CD4+ helper T cell epitopes are typically required in the 

vaccine design, usually in the form of a carrier protein. 171 173 An additional challenge 

to targeting carbohydrate epitopes for vaccine design is the inherent heterogeneity 
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endemic to glycoproteins, such heterogeneity can dilute the efficacy of glycan 

specific Ab responses. Therefore, the multivalent display of defined carbohydrate 

epitopes on a protein carrier is necessary for successful carbohydrate-based vaccines. 

 

1.14 Antibody-guided approach to vaccine design 

             The most promising strategy towards a rationally designed HIV-1 

immunogen is the so-called óreverse vaccine engineeringô strategy, also known as the 

óantibody-guidedô strategy. The reverse vaccine engineering strategy uses known 

bNAbs to define neutralizing epitopes that can be used as targets to induce a similarly 

potent and broad B cell response. 174 175 The antibody-guided approach has been 

applied to design several minimal, putative, carbohydrate-based mimics of bNAb 

epitopes. The epitope of 2G12 for example, has been the target of intensive effort. 

2G12 recognizes a cluster of Ŭ1,2-linked mannose within the IMP, many groups have 

designed chemically synthesized multivalent oligomannose antigens on a variety of 

scaffolds, including proteins, peptides, dendrimers, carbohydrates, DNA, steroid, and 

gold nanoparticles. While no construct to date has been capable of stimulating HIV 

neutralizing activity post-vaccination, many of these constructs have reported 

excellent antigenicity results, indicating a close similarity to the native epitope. A 

number of glycopeptide-based mimics of the PG9/PG16 epitope have also been 

reported, exhibiting excellent antigenicity.    

1.15 Long-term Vaccination Strategies 

         There is much speculation regarding the ability of the immune system to 

stimulate de novo bNAbs from a single properly designed immunogen. Evidence 



 

 

39 

 

suggests that the target bNAbs may need to be elicited via stepwise vaccination using 

multiple immunogens. Initial strategies were centered around targeting the inferred 

germ-line (iGL) precursors of the target bNAbs. However, it has been consistently 

demonstrated that iGL precursors have little to no affinity for HIV-1 Env antigens 

and totally lack neutralizing activity. 176-178 This observation suggests that activation 

of specific germline bNAb-expressing B cells will require specific antigens that are 

designed to target an epitope that is considerably different from the mature target 

epitope (i.e. a germline prime). The stochastically dynamic model of the immune 

response to a rapidly evolving viral target makes rational design of a vaccination 

strategy extremely difficult. One proposed method that has been supported by in vivo 

and in silico studies is the combination of different antigen variants containing the 

same neutralizing epitope (Scheme 1.5A). The major benefit of this method is the 

induction of cross-reactive Abs that are focused on the same shared epitope. 179 180-181 

The initial antigen primes the B cell responses to the desired epitope, while the other 

epitope scaffold conjugates, displaying the same epitope as the prime, selectively 

stimulate memory B cells that are specific for the shared antigenic determinant. This 

strategy narrows the response to the antigenic determinant alone, regardless of the 

epitope scaffold.  Another design, proposed by Hayes et al., referred to as the B cell 

lineage immunogen design, targets the unmutated common ancestors (UCAs) of the 

target bNAb. 182 124 183 An immunogen that can stimulate the precursor bNAbs may 

lead the immune system to elicit the target bNAb (see Scheme 1.5B). A major 

challenge associated with this strategy is the observed lack of binding between bNAb 

UCAs and the antigen of the mature bNAb. 144, 184-185 Such a strategy therefore 
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requires the design of sequential serial immunogens with decreasing epitope 

modifications that can target the germline bNAbs, the mature bNAb, as well all 

intermediate species. 186 This method has been tested in the past with limited success. 

187 188 Recently, this strategy has been applied to generate VRC01-like bNAbs, 189 as 

well as the V3-loop-directed PGT121. 190-191 Both studies relied on a reductionist 

sequential immunization strategy in which immunogens were strategically mutated to 

remove selected sites, generating a panel of potential vaccine primes that were tested 

for binding against germline bNAbs. 

 

A) 

B) 
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Scheme 1.5 A) Sequential immunization strategy: same neutralizing epitope 

presented on different scaffolds may promote affinity maturation of cross-reactive 

antibodies that focus on the shared epitope. B) B-cell lineage immunogen design. 

 

        The concentration of the antigen(s) at the time vaccination is another major 

determinant in the efficacy of a vaccine candidate. The dose of the antigen needs 

to be sufficiently high, but not too high. If an Ag dose is too low, B cells within 

the GC are not likely to be selected, and the GC will collapse without the 

production of Abs. 192 If the Ag dose is too high the B cell selection is very rapid, 

however, due to the lack of competition between B cells, the GC is overwhelmed 

by low-affinity clones, rather than the highly specific clones that are desirable. 192 

1.16 Conclusion 

         The significant global health impact of the HIV-1 pandemic necessitates the 

development of a means to eradicate the virus. A prophylactic vaccine capable of 

inducing even modest titers of NAbs could be sufficient to provide circulating 

protection from HIV infection. Despite the tremendous advances in our 

understanding of HIV-1 structure and function, the development of an effective 

protective HIV-1 vaccine continues to present a significant challenge. The series 

of failed vaccination studies do not define the current prognosis. The discovery of 

bNAbs that are potent at concentrations achievable by vaccination regimens, 

provides a basis for optimism that a properly designed immunogen(s) combined 

with a proper vaccine regimen could lead to a functional vaccine. The exotic 

structures that characterize many of these bNAbs are a result of extensive somatic 
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hypermutations, and are, most likely, a result of the length of time required for 

bNAb development, rather than a strict requirement for substantial mutations. 

Recent reports highlighting efforts to ówalkô B cell development from distant 

germline bNAb precursors to bNAb-like phenotypes via sequential immunization 

demonstrate that a direct path to eliciting bNAbs is possible without long-term 

mutations. A successful vaccine will likely need to overcome the self-tolerance 

mechanisms to host-derived glycans in the glycan shield via non-self presentation 

of the epitopes. One of the most promising methods to overcome self-tolerance 

mechanisms, without disrupting the careful immunological balance, is the 

repetitive presentation of the epitopes on antigenic scaffolds. The repetitive 

presentation of host-derived antigens is viewed as foreign by the immune system, 

thus potentially overcoming the ability of HIV to hide from immune recognition. 

One of the most pressing needs for the development of an effective anti-HIV 

vaccine is the design of antigens that present the native-like epitope outside of the 

context of the greater gp120 structure to focus the development of a neutralizing 

response against neutralizing epitopes only. Such a strategy will avoid dilution of 

the immune response by co-presentation of non-neutralizing epitopes. The focus 

of the work presented here is the development of synthetic antigens intended to 

mimic the epitopes of host-generated anti-gp120 proteins. The construction of 

these complex biomolecules relies extensively on the tools of chemical biology. 

          The work presented here seeks to address several of these pressing needs in 

HIV research, including optimized immunogen design and a means to identify 

carbohydrate-reactive proteins that could be used as a template for downstream 
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vaccine design. In chapter 2, I developed a series of immunogens targeting 2G12-

like bNAbs that will probe the exact glycan preference of 2G12 towards 

developing an optimized 2G12 vaccine. In chapter three, I describe the 

development of a general chemoenzymatic method to facilitate site-selective 

addition of two unique N-glycans on a polypeptide. The method was used to 

construct a series of differentially glycosylated glycopeptides that serve as 

minimal putative mimics of the V1/V2 loop of HIV. In chapter 4, the method 

developed in chapter 3 was applied to design and construct a series of 

glycopeptide-VLP protein conjugates that present the bNAb PG9 epitope in a 

multivalent format, thereby enhancing the antigenicity. The second half of my 

dissertation describes the synthesis of two novel N-glycan libraries that can be 

applied to serum screening of HIV+ serum. In chapter 5, the construction of a 

chemoenzymatically derived oligomannose N-glycan library is presented. The 

individual oligomannose glycans were conjugated to a protein carrier and tested 

against a panel of mannose-reactive proteins in a microarray format. Finally, in 

chapter 7, the design and synthesis of a naturally-derived N-glycan library 

containing highly branched, bisected tri-/tetra-/penta-antennary glycans is 

described. The presentation of these unusual Gal/GlcNAc terminal glycans on a 

carrier protein can be used to probe HIV+ serum for proteins that recognize 

clustered, highly branched N-glycans that may be present on the HIV virion itself, 

identifying potentially novel immunological targets. 
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Chapter 2: 2G12-Epitope Vaccine Design: Synthesis of 

Triazole-Linked Oligomannose-Bacteriophage (Qɓ) Conjugates 

to Probe the Specific Contribution of the Chitobiose Core on 

2G12 Vaccine Serum Recognition of gp120. 

 

2.1 Introduction 

 

       Despite over thirty years of intensive HIV research, an effective prophylactic 

vaccine, widely considered the best hope to combat the global HIV-1 pandemic, 

continues to evade all design efforts. To date no vaccine that induces a sustained 

neutralizing antibody (NAb) response across multiple HIV-1 strains has been 

effectively designed. 1-4 The sole target for vaccine design, the unstable heterodimeric 

trimer consisting of the homotrimeric glycoproteins gp120 and gp41 composing the 

viral envelop spike (Env)ðrequired for viral infectivity, is extremely effective at 

masking conserved regions of the immunological target. The viral spike is a very 

dynamic structure with conserved epitopes recessed, transiently exposed, or else 

occluded by both an extremely dense glycan shield and immunodominant loops that 

are characterized by a high level of sequence variability. 5-8 These formidable 

defenses contribute to the difficulties in the elicitation of neutralizing Abs to the 

masked, conserved epitopes located on the Env protein. Traditional vaccine 

approaches incorporating recombinantly expressed monomeric gp120 have been 

consistently unsuccessful, despite extensive efforts 9 10-12 in part due to the formidable 

evasive defenses endogenous to HIV Env protein. A major break-through in HIV 
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vaccine design arose from the observation that certain HIV-infected individuals 

remained asymptomatic in the absence of treatment. Subsequent investigations 

revealed that certain individuals produce rare and unusual Abs that effectively 

neutralize a broad range of HIV-1 isolates. 13 These broadly neutralizing Abs 

(bNAbs) achieve this remarkable ability by targeting conserved epitopes within the 

glycan shield itself. The discovery of these bNAbs suggests that a cross-reactive NAb 

response against HIV-1 is possible. Therefore, the very defenses that HIV employs 

for immune evasion (i.e. the glycan shield) form the basis for immunological 

neutralization. The discovery of monoclonal bNAbs provides exciting tools for 

facilitating informed vaccine design, as elucidation of their neutralizing epitopes 

adumbrates conserved elements within the immunological ñarmorò of Env protein 

that can be exploited to generate a more effective vaccine that targets neutralizing 

HIV-1 epitopes.  

        Within the past five years there has been an explosion in the number of bNAbs 

discovered and characterized. 14-21 22 The vast majority of the described bNAbs 

incorporate components of the gp120 glycan shield as a critical feature of their 

neutralizing epitope. An interesting corollary to this observation is that, though highly 

variable, the pattern and spatial distribution of glycosylation on gp120 is highly 

conserved. 23-25  
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Figure 2.1 Structural differences between 2G12 and typical IgG Abs. 

  

The prototypical carbohydrate-reactive anti-HIV-1 bNAb is 2G12. 2G12 was the 

second bNAb to be described 26 and the first to target HIV glycans. 26 2G12 targets 

the gp120 ñglycan shieldò binding to a cluster of oligomannose glycans located 

within the intrinsic high-mannose patch, specifically, N-linked glycans on N295, 

N332, N339, and N392 (Figure 2.1). 27 28 29  
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Figure 2.2 Model of 2G12 glycan recognition of gp120. 14 

 

         Based on the model of 2G12 co-crystallized with Man9GlcNAc2 and overlaid on 

gp120 (Figure 2.2), three separate oligomannose moieties (shown in red) interact with 

2G12. Two Man9GlcNAc2 glycans interact with the two primary combining sites, and 

a third interacts with the newly created combining site at the VH/VHô interface formed 

by domain-exchange (see Figure 2.2).  Additional oligomannose glycans within the 

cluster are also critical for maintaining the epitope conformation. 27 28 

              The ñglycan shieldò of HIV is composed of host-derived glycans and it is 

therefore difficult to overcome the immunotolerance mechanisms to target these 

glycans. The presentation of the oligomannose glycans within the 2G12 epitope as a 

dense cluster is thought to form the basis of immunological discrimination of this 
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epitope. Clustering of oligomannose glycans on mammalian glycoproteins is 

extremely rare, and therefore viewed as ñnon-selfò by the human immune system. 

The ability of 2G12 to bind with neutralizing capacity to a solely carbohydrate 

epitope is thought to be a result of the extremely unusual domain-exchanged 

architecture of the 2G12 Fab (see Figure 2.1). 14 30 The variable heavy chain subunit 

(VH) of each antibody arm is exchanged with the VL domain on the opposite branch 

creating a compact multivalent binding surface, providing a means to bind the solely 

carbohydrate epitope with high affinity, an affinity that is unachievable by a typical 

Y-shaped Ab. Indeed, mutagenesis studies that eliminate the domain-exchanged 

structure, abrogates 2G12 binding to gp120. 31 32 The large antigen recognition 

surface is capable of high avidity interactions with multiple tightly packed mannose 

residues. For several years, 2G12 was the only known carbohydrate-reactive bNAb, 

in addition, the relatively straight-forward nature of the 2G12 epitope (i.e. 2-4 tightly 

clustered oligomannose glycans) has made reconstitution of the epitope an attractive 

target. Initial attempts at 2G12 antigen design centered around constructing densely 

clustered oligomannose glycans. The strategies can be loosely grouped into two 

categories: immunogens which incorporated natural oligomannose glycans containing 

the chitobiose core, and immunogens that utilized synthetic, mannose-only glycans. 
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Figure 2.3 Selected multivalent high-mannose glycan cluster antigens. A) 

Tetravalent Man9GlcNAc2 on a galactoside scaffold conjugated to KLH. 33 34 35 B) 

Divalent cyclic peptide conjugated to OMPC. 36-37C) Recombinant yeast proteins 

bearing Man8GlcNAc2 glycans. 38-39 40 41 D) Man4-conjugated to BSA carrier. 42 43 E) 

Man9 dendrimers on a CRM-197 carrier. 44 45 F) Heterogeneous multivalent display 

of Man9 and Man8 on a Qɓ phage particle. 
46 

 

             The Wang group was the first to report a synthetic 2G12 antigen 35 

constructed from a cluster of Man9GlcNAc2 glycans on a galactoside scaffold (Figure 

2.3A). 2G12 exhibited markedly higher affinity for the tetra-valent cluster versus the 

individual Man9GlcNAc2 subunits. This initial design was modified by utilizing a 

rigid cholic acid scaffold with tri-valent display of Man9GlcNAc2. 
33 The rigid 



 

 

68 

 

scaffold reduces the entropic penalty that is incurred upon 2G12 binding to a 

dynamic, heavily solvated epitope. The cholic acid cluster again demonstrated higher 

affinity for 2G12. Both studies highlighted the importance of glycan clustering in 

2G12 binding. In an alternative design, Danishefsky and co-workers utilized a 

functionalized cyclized peptide as a scaffold to construct oligomannose glycan 

clusters to further characterize the 2G12 epitope (Figure 2.3B). 36 The cyclic peptide 

scaffolds displayed up to three Man9GlcNAc2 glycans and again showed enhanced 

recognition by 2G12 as compared to individual Man9GlcNAc2 glycans. The 

limitations of antigenicity toward host-derived ñself-glycansò were considered in the 

design of oligomannose glycan clusters that incorporated synthetic non-self sugars 

within the cluster. A design by Wang and co-workers utilized a similar cyclic peptide 

scaffold strategy to that reported by Danishefsky, however, the glycan clusters 

attached to one face of the cyclic peptide were composed of non-natural fluorinated 

Man4 glycans that mimic the D1 arm of Man9 while remaining non-self due to the 

fluorination. 47 The other face of the cyclic peptide was used to attach two T-helper 

peptides. Surface plasmon resonance indicated the enhanced affinity of these glycan 

clusters over individual glycan subunits.  

          Despite the clear enhancement in 2G12 affinity of multivalent glycan display 

exhibited by the reported clusters. The highest affinity of the synthetic glycan clusters 

(ɛM level) was still far lower than the affinity of 2G12 for gp120 (low nM level), its 

native epitope. It was speculated that the level of multivalent display was still too low 

to properly mimic the 2G12 epitope on gp120. In order to reach the required 

threshold for oligomannose display, Wong and co-workers devised a strategy using a 
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dendrimeric skeleton scaffold to attach multiple copies of synthetic Man4 or Man9 

glycans. The dendrimers were found to bind 2G12 with extremely high affinity, 

comparable with gp120 itself. 44 The promise of the strategy instigated the 

development of glycodendrimers as candidate vaccines using diverse carriers, 

including polyamidoamine (PAMAM) 45 and gold nanoparticles allowing measurable 

changes in the density of loading (Figure 2.3E). 48 An elegant approach reported by 

Krauss and co-workers, used a directed evolution approach using a DNA scaffold 

with random insertions of alkyne-modified base-pairs followed by click-chemistry 

with synthetic Man9 glycan. 49 The DNA-scaffold glycoconjugates were screened 

using a 2G12-affinity column, and the most promising candidates were sequenced 

and multiplied by PCR selection with modified aptamers (SELMA). 50 A second 

generation of the directed evolution SELMA approach uses RNA-DNA duplex. The 

associated peptide was translated and tagged with oligomannose glycans via click 

chemistry yielding a peptide screened to bind to 2G12. 51-52 Despite excellent 

antigenicity results, no immunization data has been reported. 

        The antigenicity studies focusing on the design of multivalent oligomannose 

display indicated that clustered synthetic oligomannose antigens are capable of 

binding 2G12 with neutralizing affinity. However, given the poor immunogenicity of 

carbohydrates antigens, an effective carbohydrate-based immunogen usually requires 

conjugation of the antigen to a T-cell helper epitope (i.e. a carrier protein). Such a 

conjugate is more effective at triggering the T cell-dependent immune response 

capable of eliciting IgG Abs that is usually required for a successful vaccine 

candidate. Many of the oligomannose clusters that yielded promising antigenicity 
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results were reformulated with a carrier protein and tested as possible HIV 

immunogens for raising anti-mannose Abs with a shared epitope with 2G12. The 

galactoside-based tetravalent Man9GlcNAc2 cluster reported by Wang and co-workers 

was conjugated to a key-hole limpet hemocyanin (KLH) carrier protein via maleimide 

linkages (Figure 2.3A). 34 Rabbits were immunized with the glycoconjugates and 

analysis of the antisera revealed moderate anti-carbohydrate Abs that were weakly 

cross-reactive with gp120. Unfortunately, the Abs raised were unable to neutralize 

HIV. Similarly, Danishefsky and co-workers conjugated their previously described 

Man9GlcNAc2 clusters on a cyclic peptide scaffold to the protein outer membrane 

protein complex (OMPC) isolated from Neisseria meningitis (Figure 2.3B). 37 

Analysis of the antisera from the associated immunogenicity study, obtained from 

both guinea pigs and rhesus macaques, indicated that the glycoconjugate was capable 

of eliciting high-titers of anti-carbohydrate Abs. The Abs were weakly cross-reactive 

with recombinant gp160, but were unable to neutralize viral isolates. In a more recent 

study, Angrawal-Gamse and co-workers expressed a library of recombinant yeast 

proteins produced in the presence of kinfunisine, which blocked the glycan 

processing pathway resulting in proteins bearing Man8GlcNAc2 glycans alone. 

(Figure 2.3C). Screening of the expressed proteins (via a 2G12 affinity column) 

isolated a single candidate that was recognized by 2G12 with high affinity. The 

candidate was sequenced and cloned (via PCR). Immunization with the yeast-derived 

glycoproteins elicited carbohydrate-reactive Abs that were cross-reactive with gp120 

and capable of neutralizing a panel of virions. 39 41 However, it should be noted that 
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only virions expressing exclusively high-mannose glycans were vulnerable to 

neutralization. 

       

 

Figure 2.4. Immunogens incorporating natural Man9GlcNAc2 glycans elicit gp120-

cross-reactive Abs. Abs raised by immunogens that use synthetic (mannose-only) 

glycans are not cross-reactive with gp120. 

 

        A number of immunogens incorporating synthetic (mannose-only) oligomannose 

glycans have been reported, also largely constructed from previously described 

antigenicity studies. The dendrimer-based oligomannose clusters bearing either Man4 

or Man9 glycans were conjugated to a non-toxic mutant protein derived from 

diphtheria toxin (Figure 2.3E). 45 In a similar study, a conjugate bearing Man4 glycans 
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on a bovine serum albumin (BSA) scaffold was tested as an immunogen (Figure 

2.3D). 42 In both studies, while capable of raising anti-mannose Abs, the antisera 

derived from either of these glycoconjugates was unable to recognize high-mannose 

glycans in the context of gp120, indicating that the immune response was directed 

against a different mannose-only epitope on the immunogens. Several groups have 

explored virus-like particles (VLPs) as carrier proteins for glycoconjugate vaccines. 

Finn, Burton, and co-workers tested a side-by-side comparison of two VLPs (Cowpea 

Mosaic Virus [CPMV] and bacteriophage Qɓ) by construction of glycoconjugate 

immunogens using click-chemistry to attach synthetic Man4, Man8, and/or Man9 

glycans (Figure 2.3F). The Qɓ scaffold was found to be superior, displaying multiple 

copies of high-mannose glycans in a highly organized presentation. 46 The researchers 

incorporated alkyne groups in a two-step process (i.e. during protein expression and 

acylation of the exposed surface lysine groups) allowing two-step glycosylation, 

providing greater control in investigating the effects of varying the number, identity, 

and geometry of oligomannose display. The strategy allowed for manipulation of 

individual parameters to fine-tune the glycan presentation. The Qɓ conjugates 

carrying Man4 and Man9 glycans were found to bind 2G12 with high affinity, and a 

heterogeneous mixed conjugate containing Man8 and Man9 showed the highest 2G12 

recognition. Despite the promising antigenicity results, the antisera from the 

associated immunogenicity studies yielded high-titers of anti-Man4 and anti-Man9 

IgG Abs, however, none of the Abs isolated from the antisera could cross-react with 

gp120. In addition, the antisera displayed no HIV neutralization activity. In a similar 

design strategy, Davis and co-workers conjugated (via click-chemistry) methylated 
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Man4 to a Qɓ scaffold. The use of methylated Man4 glycans provided a non-self sugar 

mimic, intended to have enhanced antigenicity and overcome immune tolerance 

mechanisms. 53 The associated immunogenicity studies produced antisera that was 

not cross-reactive with gp120. Moreover, the antisera totally lacked HIV 

neutralization activity. Interestingly, glycan microarray analysis of the antisera 

indicated a higher antigenicity toward 2G12 when compared to unmodified Man4, 

supporting the notion that non-self sugar mimics are capable of improving 

immunogenicity. A similar rationale was utilized by Pantophlet and co-workers, who 

incorporated a bacterial lipooligosaccharide as a non-self oligomannose analog. The 

study utilized heat-killed bacteria displaying the lipooligosaccharide as an 

immunogen. Interestingly, the antisera obtained from the immunization studies was 

found to interact moderately with monomeric gp120, however, the antisera was 

unable to neutralize HIV virions. 54 

         In spite of enormous effort, to date, no effective 2G12-targeted vaccine has 

proven successful. However, the results of these studies have yielded interesting and 

important observations. Without exception, glycoconjugates containing natural, full-

length, chitobiose core containing oligomannose N-glycans (i.e. Man9GlcNAc2) have 

been capable of raising Abs that are moderately cross-reactive with HIV-1 gp120 

(Figure 2.4). The inability of glycoconjugates containing synthetic mannose-only 

oligomannose glycans to elicit Abs capable of cross-reactivity with gp120 may be 

due, in part, to the lack of a chitobiose core. Importantly, these synthetic mannose 

glycoconjugates are capable of eliciting carbohydrate-reactive Abs, however, this 

reactivity is lost in the context of gp120. It is clear that the synthetic glycoconjugates 
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are not able, thus far, to mimic the orientation of the glycans on gp120. Taken 

together, the observations suggest that the chitobiose core may contribute to 

modulating the orientation of the oligomannose glycans. The orientation of the 

glycans appears to be critical for enhancing the antigenicity and especially the 

immunogenicity of the glycoconjugates, and may be required for a faithful 

reconstitution of the 2G12 epitope in a glycoconjugate context. In order to determine 

the specific role of the chitobiose core in defining the immunogenicity of a given 

glycoconjugate, it is necessary to compare two conjugates side-by-side (i.e.one 

containing the chitobiose core and the other lacking the chitobiose core). The 

subsequent differences in the immunogenicity of the antisera will directly indicate the 

specific requirement of the core GlcNAc. Herein we designed several 

glycoconjugates using a Qɓ scaffold that display oligomannose clusters intended to 

represent the principal epitope of 2G12. The oligomannose clusters each incorporate 

an alternative glycan presentation intended to yield information regarding the specific 

glycan preferences of 2G12, including a side-by-side comparison of high-mannose 

Man9 glycans with and without the chitobiose core. Utilizing different glycan 

presentations on the glycoconjugates provided a means to fine-tune the presentation 

of oligomannose glycans to maximize the binding affinity to 2G12.  

        The well-characterized icosahedral viral particle bacteriophage Qɓ capsid was 

chosen as the platform for presentation. Qɓ self-assembles into a virus-like particle 

engulfing random cellular RNA upon recombinant expression in Escherichia coli. Qɓ 

is pathogenic to E. coli, and presents no risk of infectivity in mammalian cells. Qɓ 

has been extensively studied and found to be safe and immunogenic, as well as an 
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excellent polyvalent scaffold for the display of various macromolecules. 55 56-59 60 Qɓ 

capsid particles self-assemble from 180 small (14 kDa) subunits. The assembly from 

multiple small subunits results in a VLP with a smooth capsid surface, and regular, 

geometrically displayed reactive amines (lysine residues and the N-termini of the Qɓ 

subunit) on the surface of the capsid. 61 The reactive surface amines that act as the 

attachment sites for the oligomannose glycans are spaced at distances roughly 

correspondent with those required for 2G12 recognition. 56, 60  

          Several glycoconjugates displaying Man9GlcNAc2, Man9, Man5-9GlcNAc2, and 

Man5GlcNAc2 on a Qɓ scaffold were synthesized, allowing us to probe the specific 

glycan preferences of 2G12, as well as the specific impact of the chitobiose core on 

glycan orientation. The linkers and method of conjugation to the protein are shared 

among the glycoconjugates, and therefore any differences in 2G12 affinity can be 

attributed to differences in the glycan preference of 2G12. The immunogenicity 

studies are ongoing, and will be informative as to the specific role of the chitobiose 

core on defining the 2G12 epitope. 

 

2.2 Results and Discussion 

 

         In the design of these novel oligomannose glycan clusters, we were seeking to 

probe several aspects regarding the specific glycan preferences of 2G12. The major 

question that we are seeking to answer, namely, what is the specific contribution of 

the chitobiose core in defining the immunogenicity of oligomannose clusters, 

informed the initial design of the project. This specific question was addressed by a 

side-by-side comparison of two classes of Man9 glycan, one that incorporates the 
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chitobiose core, and one lacking the chitobiose core. The subsequent questions were 

related to optimizing glycan presentation to mimic the native epitope with the highest 

possible fidelity. Specifically, sufficient latitude must be extended to the 

heterogeneity of gp120 glycosylation. Given recent reports, 23, 62-64 65 the traditional 

picture of the 2G12 epitope consisting of 2-3 homogeneous Man9GlcNAc2 glycans is 

clearly an artifice and doesnôt accurately represent the complicated pattern of 

glycosylation on gp120. It is probable that the actual 2G12 epitope on native gp120 

consists of a heterogeneous mixture of oligomannose glycans at varying stages of 

glycan processing, likely consisting of a mixture of Man5-9GlcNAc2 glycans. We 

therefore chose to incorporate a mixed building block that consists of a heterogeneous 

mixture of Man5-9GlcNAc2 glycans within the ensemble of oligomannose building 

blocks. The mixed oligomannose glycan presentation by this building block will 

hopefully mirror the actual native epitope. The final building block chosen to 

complete the ensemble consists of Man5GlcNAc2. 2G12 has been shown in previous 

studies to be unable to recognize Man5GlcNAc2 
35  presumably due to the lack of 

distal Ŭ1, 2-Man-Man linkages that ostensibly make up the 2G12 epitope. Supporting 

this was the finding that treating gp120 with Ŭ1, 2-mannosidase abrogates 2G12 

binding to g120. 28 We speculated that the incorporation of a Man5GlcNAc2 building 

block will yield interesting results regarding the linkage specificity of the Abs raised 

by the immunogen. Specifically, it will indicate whether the Abs raised by the 

immunogens are mannose-reactive only, or share a similar linkage preference to 

2G12, suggesting degeneracy in the mode of oligomannose recognition.  
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          The synthesis of the alkyne tagged sugar building blocks containing the 

chitobiose core was achieved via a top-down method utilizing naturally derived 

Man9GlcNAc2Asn as the common starting material. All subsequent final compounds 

were derived by a chemoenzymatic synthetic strategy.  

 
Scheme 2.1 Top-down chemoenzymatic synthesis of alkyne-tagged chitobiose-core 

containing oligomannose glycan building blocks. 

 

          The precursor of the chitobiose core containing N-linked oligomannose glycans 

bearing an alkyne group 1 (Man9GlcNAc2Asn) was isolated from soybean agglutinin 

(SBA) by a modified method recently reported by our group. 35, 66-67 Compound 3 

(Man9GlcNAc2) was prepared by acylating the amino-terminus of asparagine of 1 

using a large excess of 4-pentynoic acid succinimidyl ester (2).  The other two 

chitobiose-containing alkyne-sugar precursors were prepared by enzymatic digestion 

subsequent to acylation. Compounds 4 and 5 were subjected to different degrees of 
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digestion by Ŭ1, 2-mannosidase. While all Ŭ1, 2-mannose linkages in compound 5 

(Man5) were hydrolyzed by the enzyme, 4 (Man5-9) was digested in a controlled 

manner, affording access to a mixture of high-mannose glycans particularly enriched 

with Man7GlcNAc2 (see Appendix Figure A.2.1). Compound 1 (Man9Asn) served as 

the common starting material for both types of precursor oligomannose building 

blocks, with and without the chitobiose core. 

 

Scheme 2.2  Top-down chemoenzymatic synthesis of an alkyne-tagged oligomannose 

building block lacking the chitobiose core. 

 

          The second class of alkyne-sugar building block lacking the chitobiose core (9) 

was prepared by digestion of 1 with Endo A (WT) yielding the reducing sugar 6. A 

reductive amination strategy was employed which both installed a reactive amine 

group at the reducing terminus, while simultaneously breaking the ring yielding the 
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acyclic glycan which served functionally as a linker (Scheme 2.6). An amine group 

was added at the reducing terminus using a modified benzylamination strategy similar 

to that reported previously by Y.C. Lee et al. 68 We chose to use a masked, benzyl-

protected amine, given the reported superiority of the method over the direct 

installation of an amine to prevent the formation of dimers. Initially, we tested the 

reported reducing conditions (i.e. BH3-Pyridine), however, we discovered the 

formation of a side-product corresponding to dehydration of the target compound, 

leading us to test alternative, more mild reducing strategies. We found an optimized 

condition incorporating sodium cyanoborohydride (NaCNBH3) in DMSO to be a 

more effective method, as the mild reducing agent eschewed the formation of the 

dehydration product. The conditions used are identical to those used for the well-

established 2-aminobenzamide (2-AB)/2-aminobenzoic acid (2-AA) method for 

glycan labelling. 69-72 
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Figure 2.5 1H-NMR comparison of Man9GlcNAc (6) and Man9(Acyclic-GlcNAc)-

Benzylamine (7) clearly demonstrates loss of the anomeric GlcNAc proton signal at 
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~5.15 ppm, indicating acyclic structure. Anomeric proton signals for protons 3ô and 2 

from 7 are hidden under the HOD peak. 

4.6The open-ring form of the reducing GlcNAc was confirmed by 1H-NMR. The 

anomeric proton signal from the terminal GlcNAc was clearly lost upon the 

acyclization/reduction of Man9GlcNAc (Figure 2.5). In comparison to the starting 

material, which had a doublet corresponding to the anomeric GlcNAc proton at 5.1 

ppm, the benzyl-tagged Man9 with an acyclic GlcNAc lost the signal at 5.1 ppm 

(Figure 2.5). In addition, two-dimensional NMR spectra, Heteronuclear single 

quantum coherence spectroscopy-distortionless enhancement by polarization transfer 

(1H-13C-HSQC-DEPT) and proton-proton correlation spectroscopy (1H-1H-COSY) 

was used to analyze the samples. Through HSQC-DEPT, the other two anomeric 

proton signals of two Man residues, obscured by the water peak in the 1H-NMR, were 

clearly observed and assigned for 7 (see appendix for 2D-NMR data).  The result was 

further confirmed using high-resolution mass spectrometry (MALDI-FTICR). 

Subsequent to the reductive amination reaction with benzylamine, the benzyl group 

was removed using palladium-catalyzed hydrogenation. De-N-benzylation by low-

pressure hydrogenation proved ineffective, as the N-benzyl group was obdurate to 

removal. Complete unmasking of the amine group required the use of a catalytic 

hydrogenator apparatus under high pressure (35 psi) hydrogen atmosphere. The 

unmasked amine-bearing oligomannose sugar, lacking the chitobiose core (8) was 

tagged with an alkyne group by direct acylation with 2 in a single step, yielding the 

target compound 9.  
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         Subsequent to the synthesis of the oligomannose building blocks, careful 

consideration was given to the type of carrier protein scaffold that would be most 

appropriate for the given application. Multivalent display of oligomannose clusters is 

requisite for the proper reconstitution of the 2G12 epitope, and the chosen scaffold 

needed to accomodate dense loading of oligomannose glycans while incorporating 

proper spacing. The scaffold needed to display oligomannose glycans in a rigid 

manner so that the binding interaction between 2G12 and the immunogen is not 

stymied by the flexibility of the antigenic glycans. The spacing between the antigenic 

oligomannose glycans in the 2G12 epitope have been reported as 5.8 Å (N295-N332), 

20.3 Å (N332-N392), and 23.6 Å (N295-N392). The presentation of the 

oligomannose glycans on the synthetic immunogen should, at least roughly, 

approximate these distances. Bacteriophage Qɓ has spacing of the solvent-exposed 

surface reactive amine groups that roughly approximate the spacing estimated 

between the oligomannose glycans on gp120. 

Scheme 2.3 Copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) synthesis of 

viral glycoconjugates. 














































































































































































































































































































































































































































