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HIV-1 establishes persistent infection in part due to its ability to evade host immune 

responses. Occlusion by glycans contributes to masking conserved sites that are targets for some 

broadly neutralizing antibodies (bNAbs). Previous work has shown that removal of a highly 

conserved potential N-linked glycan (PNLG) site at amino acid residue 197 (N7) on the surface 

antigen gp120 of HIV-1 envelope glycoprotein (Env) increases neutralization sensitivity of the 

mutant virus to CD4 binding site (CD4bs)-directed antibodies and enhanced the ability of Env to 

generate cross-reactive neutralizing responses as compared to its WT counterpart. However, it is 

not clear if the role of the N7 glycan is conserved among diverse HIV-1 isolates and if other 

glycans in the conserved regions of HIV-1 envelope glycoprotein (Env) display similar 

functions. In this work, I examined the role of conserved PNLGs on the antigenicity of HIV-1 
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Env, particularly the role of the N7 glycan, in a panel of HIV-1 representing different clades, 

tissue origins, coreceptor usage, and neutralization sensitivity. I demonstrate that the absence of 

the N7 glycan increases the sensitivity of diverse HIV-1 isolates to CD4bs- and V3 loop-directed 

antibodies, indicating that the N7 glycan plays an important and conserved role modulating the 

structure, stability or accessibility of bNAb epitopes in the CD4bs and coreceptor-binding region, 

thus representing a potential target for immunogen design. I also examined if Tier 2 neutralizing 

antibodies and V1/V2 directed non-neutralizing antibodies previously correlated with protection 

in a clinical HIV-1 vaccine could be elicited by a poxvirus prime-gp120 boost strategy in a rabbit 

model using Env with or without the N7 glycan. I demonstrate that immunized rabbits generated 

cross-reactive neutralizing activities against >50% of Tier 2 global HIV-1 isolates tested in 

addition to V1/V2 binding antibodies. These findings demonstrate that antibody responses that 

have been correlated with protection against HIV-1 acquisition in humans can be elicited in a 

preclinical model by a poxvirus prime-gp120 boost strategy. However, the N7 glycan had little 

or no impact on Env immunogenicity in the context of the poxvirus prime-gp120 boost used, 

indicating the need for further improvements in immunization strategy by optimizing variables 

such as the nature of the priming and boosting immunogens. This work helps to define some of 

the parameters that may affect the antigenicity of Env and inform HIV-1 vaccine design.  
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Chapter 1 

Introduction 

Human Immunodeficiency Virus (HIV) 

 HIV, the etiologic agent of acquired immunodeficiency syndrome (AIDS), is a member 

of the Retroviridae family, Lentivirus genus (1-3). HIV-1 emerged in humans through cross-

species transmission on at least seven occasions from apes and monkeys infected with simian 

immunodeficiency virus (SIV), a retrovirus that can infect non-human primates. SIV infections 

in natural hosts are generally non-pathogenic. However, SIV infection in unnatural non-human 

primate hosts can lead to simian AIDS. Virus strains from chimpanzees infected with SIVcpz are 

believed to have crossed the species barrier into humans, resulting in HIV-1, the major pandemic 

form of HIV. HIV-2, a lesser pandemic version of HIV, is believed to have been transmitted 

from sooty mangabeys infected with SIVsm (4-8). At the end of 2014, an estimated 78 million 

people have become infected with HIV and 39 million people have died due to AIDS-related 

illnesses (www.unaids.org, 2014 Global Report). In addition to preventative interventions such 

as male circumcision and vaginal microbicides (9-12), the development of antiretroviral therapy 

(ART) programs averted an estimated 7.6 million deaths between 1995 and 2013. However, only 

41% of all adults living with HIV had access to treatment in 2014 (www.unaids.org, 2014 Global 

Report). Because of the inaccessibility of therapy and the emergence of drug resistant HIV-1 due 

to poor adherence, ART treatment remains a suboptimal and expensive intervention. Given these 

limitations, and the fact that an estimated 2 million people became newly infected with HIV in 

2014, an effective vaccine would be a practical and cost effective strategy to halt the spread of 

the HIV/AIDS pandemic. Of the vaccines that made it to human clinical trials, only one was 

moderately efficacious (~31%, RV144 Trial) (13) and, to date, no vaccine regimen has generated 

broadly neutralizing antibodies (bNAbs) capable of preventing infection in humans. Generating a 
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vaccine capable of eliciting a protective immune response against HIV-1 infection has been 

difficult in part due to the genetic and biological diversity of HIV-1. Because of HIV-1’s 

diversity, it is generally believed that an effective prophylactic HIV-1 vaccine must elicit bNAbs 

against diverse primary isolates of HIV-1. HIV-1 has evolved many protective mechanisms to 

evade host immune responses, including occlusion of potential targets by glycans (14-20), 

rendering it difficult to elicit antibodies targeting bNAb epitopes by vaccination or natural 

infection. The work presented in this dissertation defines a single N-linked glycan on Env that is 

highly conserved among diverse HIV-1 isolates that can modulate the antigenicity of Env to 

known bNAbs. Additionally, we attempt to generate antibody responses that have been 

associated with protection in the RV144 trial in a small animal model. In an attempt to better 

inform HIV-1 vaccine design, we examine how antibody responses may be influenced by the 

specific Env immunogen used and how the presence or absence of the N-linked glycan 

modulates the immunogenicity of Env. 

HIV-1 Infection 

 The majority of HIV infection in adults results from a single virus transmitted via 

mucosal exposure (21, 22). While the risk of infection associated with different mucosal 

exposure routes varies (23), the early events resulting in a productive HIV-1 infection begin 

when the virus crosses the epithelial barrier of mucosal surfaces. CD4+ T cells and Langerhans 

cells are thought to be the first cell types infected by HIV-1, but dendritic cells may help 

facilitate an active infection (24-26). After initial infection, the virus cannot be detected in 

plasma for 7 to 21 days even though HIV-1 is replicating in the mucosa, submucosa, and 

draining lymphoreticular tissues (21, 27-29). At the end of this time frame known as the eclipse 

phase, virus reaches the draining lymph node where they infect CD4+/CCR5+ T cells (Figure 
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1.1). The virus replicates and spreads rapidly throughout the body to other lymphoid tissues, 

particularly the gut-associated lymphoid tissue (GALT) where there are high numbers of 

activated CD4+/CCR5+ memory T cells (30-33). During the acute phase of infection, 

characterized by the sequential appearance of viral markers and antibodies in the blood (34), 

~80% of CD4+ T cells in the GALT are depleted within the first three weeks of HIV-1 infection. 

Once virus is detected, viremia can be suppressed, but not eliminated, by administration of 

antiretroviral treatment (ART). ART can restore normal CD4+ T cell numbers in blood, but not 

in the GALT. Consequently, B cell responses are also impaired because the development of 

 

Figure 1.1: Typical course of HIV infection. After HIV-1 initiates infection at the mucosal 

sites, there is a widespread dissemination of virus and a concomitant burst in plasma viral load, 

which often coincides with a sharp decrease in the number of CD4+ T cells in peripheral blood. 

High viral replication induces HIV-1 specific immune responses, subsequently reducing the 

plasma viral load. A prolonged period of clinical latency where reduced viremia is sustained for 

several years ensues. However during latency, the CD4+ T cell counts continue to decrease to a 

critical level below which opportunistic infections arise, and death may occur. Reproduced with 

permission from reference (35). 
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germinal centers relies on CD4+ T cell responses (36). While virus replicates in lymphoid tissues, 

plasma viremia peaks 21-28 days after initial HIV-1 infection (30, 32).  

 This burst in HIV-1 replication during the acute infection phase induces the adaptive 

immune responses, leading to a more stable viral load known as the viral set point during the 

clinical latency stage. This set point is thought to result from host replenishment of target cells 

and immune clearance of virus and infected cells, generating a balance between virus turnover 

and the immune responses (37, 38). This viral set point stage can be maintained for years without 

any clinical symptoms during the chronic infection phase. Eventually, immune exhaustion, 

disrupted T-cell homeostasis, and chronic immune activation and inflammation contribute to the 

development of AIDS and death occurs if no treatment is administered (39).  

HIV-1 Genome and Lifecycle 

HIV-1 has a 9.8kb genome consisting of two copies of single stranded positive-sense 

RNA that encode nine genes. The genes encoded include transcriptional transactivator (tat), 

regulator of virion (rev), viral infectivity factor (vif), viral protein R (vpr), viral protein U (vpu), 

negative factor (nef), group specific antigens (gag), polymerase (pol), and envelope glycoprotein 

(env). After the viral genome enters the host cell cytosol, viral RNA is reverse transcribed to 

double-stranded DNA by Pol encoded reverse transcriptase (RT) (40). The newly synthesized 

viral double stranded DNA is then translocated across the nuclear pore in a pre-integration 

complex catalyzed by Vpr (41). Once in the nucleus, the viral DNA is integrated into the host 

cell chromosomal DNA by Pol encoded integrase (40). Tat activates the transcription initiation 

and elongation of viral DNA (42), and Rev promotes the nuclear export, stabilization, and 

utilization of viral mRNAs in cytoplasm (43). These mRNAs are translated into viral proteins 
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using host cell translation machinery. Viral proteins, including capsid proteins encoded by gag 

that enclose the viral genome, along with two single-stranded copies of viral RNA assemble to 

form new immature virus particles (44, 45). Once immature virus buds from the infected cell, pol 

encoded protease cleaves the Gag and GagPol polyprotein precursors, triggering the conversion 

of the immature virus particle into the mature virion (40). Vif encodes a protein that promotes the 

infectivity of cell-free virus particles and triggers the degradation of antiviral proteins (46). Vpu 

encodes a protein that degrades CD4 in the endoplasmic reticulum and enhances virion release 

from the plasma membrane (47). Nef encodes a protein that downregulates CD4 and major 

histocompatibility complex (MHC) class I molecules (48). Most of these proteins and genes are 

important for viral replication, however, envelope glycoprotein (Env) initiates infection by 

interacting with host cell receptors, thus playing an important role in virus infection and cell-cell 

transmission. Env is the only viral protein exposed on the virus surface, and therefore, the lone 

target of protective antibodies that potentially block infection of target cells (49).  

HIV-1 Envelope Protein Function and Dynamic Properties 

The env gene encodes the viral envelope glycoprotein (Env) gp160, a polyprotein 

precursor that is translated from a singly spliced mRNA (50, 51). Concomitant with translation, 

gp160 is glycosylated with N- and O-linked oligosaccharide side chains in the rough 

endoplasmic reticulum (ER) (52, 53). N-linked glycans are covalently attached to Asn residues 

in the Asn-X-Ser/Thr glycan sequon, where X is any amino acid except Pro, while O-linked 

glycans can attach to an oxygen atom in Ser, Thr, and Cys residues. These glycosylated gp160s 

oligomerize in the ER before being trafficked to the Golgi complex. High-mannose 

oligosaccharide side chains on the glycoproteins undergo further complex modifications along 

the secretory path in the trans-Goldi network (TGN) (54-57). The addition of sugar residues to  
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the core glycan structure gives rise to three major types of N-linked glycans on Env: high 

mannose, complex, or hybrid glycans (58). In the Golgi, gp160 is proteolytically cleaved into the 

mature subunit glycoprotein gp120 and transmembrane glycoprotein gp41 by host cellular furin 

or furin-like proteases at the Lys/Arg-X-Lys/Arg-Arg motif (59, 60). The gp120 and gp41   

subunits associate through noncovalent interactions. Three molecules each of gp120 and gp41  

form a functional heterotrimeric HIV-1 envelope spike on the viral surface (Figure 1.2). Due to 

the relatively weak noncovalent gp120/gp41 bonds, gp120 can shed from the cell surface, 

generating a heterogeneous population of surface Env in the form of gp41 stumps in addition to 

uncleaved gp160 (61, 62). Additionally, the abundance of Env protein on the cell surface is 

highly regulated by an endocytosis signal in the gp41 region. This, in combination with the weak 

Figure 1.2: A representation of different forms of Env on the surface of the viral 

membrane. Three gp120 and gp41 domains linked through non-covalent interactions form the 

functional Env trimer. The gp41 transmembrane unit hooks the Env into the host-derived viral 

membrane. Other forms of Env are expressed on the virus including Env that has shed one or 

more gp120, gp41 stumps, and conformationally rearranged Env. These forms could also be 

expressed on infected cells. Other forms of Env protein may be expressed on HIV-1 virions. 

Adapted with permission from reference (63). 
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noncovalent gp120/gp41 bonds, contributes to the relatively low levels (~14 spikes, on average) 

of mature Env spikes on virus particles (59, 64).  

The gp120 protein has five relatively constant domains (C1-C5) separated by five 

variable domains (V1-V5) (Figure 1.3A). A number of highly conserved Cys residues form 

intramolecular disulfide bonds crucial to the formation of Env. Some of these disulfide bonds 

border the variable regions, folding the V1-V5 domains into loops (Figure 1.3B) (53, 65, 66). 

Recombination, point mutations, insertions, and deletions contribute to the sequence variability 

in the V1-V5 regions. These domains, particularly the V1/V2 loop, can vary in loop length and 

the number of glycosylation sites (17, 67-71). In contrast, the C1-C5 domains show relatively 

little length variation. These conserved regions of gp120 help define the virus’ CD4-tropism 

because the conserved domains interact with the virus receptor, CD4. The CD4 receptor binding 

site is formed from distal conserved domains, particularly C1, C3, and C4, folded in the Env 

tertiary structure (72-74). HIV-1 infects cells that express CD4 including CD4+ T lymphocytes, 

macrophages & dendritic cells because the virus’ entry process is initiated by the binding of 

surface gp120 to CD4, the primary receptor. Once gp120 binds CD4, the protein undergoes a 

conformational change that exposes the coreceptor binding site (75). The major coreceptors for 

HIV-1 are C-C chemokine receptor type 5 (CCR5) and C-X-C chemokine receptor type 4 

(CXCR4). Viral tropism is, in large part, determined by gp120 binding affinity to these 

coreceptors (76).  HIV-1 that primarily utilizes CCR5, referred to as “R5” viruses, predominantly 

infects monocytes/macrophages while virus that primarily uses CXCR4, referred to as “X4” 

viruses, infects T cell lines and primary T cells (77-80). Dual tropic (R5X4) strains can use either 

CCR5 or CXCR4 coreceptors to enter host cells. Most transmitter/founder (T/F) HIV-1 isolates 

are R5 viruses, but X4 isolates can arise during the late stage of infection. The switch to X4 
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tropism is typically associated with a decline in peripheral blood CD4+ T cells and the onset of 

AIDS symptoms (Figure 1.1) (81, 82). The V3 loop may be critical for membrane fusion and 

coreceptor binding to CCR5 or CDXCR4 (83-85), but it is not directly involved in CD4 binding 

(86, 87).  Mutations in the V3 loop can drive the switch from R5 to X4 tropism (88). The 

coreceptor binding site, including parts of the V3 loop, and CD4 receptor binding sites are highly 

conserved regions that are targeted by some bNAbs (89-92).  

After gp120 binds the coreceptor, further conformational changes trigger a membrane 

fusion reaction mediated by gp41 that delivers the viral core into the host cell’s cytoplasm. The 

gp41 transmembrane subunit of Env attaches to the gp120 subunits through non-covalent bonds 

(Figure 1.2) and mediates fusion between the virus and host cell plasma membrane (93). The 

gp41 subunit has three domains: an extracellular domain, a highly conserved transmembrane 

domain that anchors the Env in the lipid (94), and a C-terminal cytoplasmic domain (Figure 

1.3A). The C-terminal cytosolic domain influences Env endocytosis, virus infectivity, cell-

surface Env expression, gp120 shedding, and Env-induced fusion (95-105). The extracellular N-

terminal domain consists of a fusogenic peptide region, a polar region, a highly conserved Trp-

rich domain that is targeted by several neutralizing antibodies (Nabs) referred to as the 

membrane-proximal external region (MPER) (106-108), and two hydrophobic regions that form 

-helical coiled-coil structured regions referred to as the heptad-repeat regions HR1 and HR2 

(109-118). After gp120 binds to the CD4 and the coreceptor, gp41 undergoes conformation 

changes that expose the fusion peptide. The fusion peptide penetrates into the target cell 

membrane, causing membrane destabilization (119). The HR1 and HR2 motifs form a stable six-

helix bundle that brings the viral and cell membranes into close contact for fusion to occur (110, 

113). 
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Figure 1.3: Primary structure of HIV-1 Env indicating the disulfide bonds and 

glycosylation sites: (A) Linear segments of Env are designated as follows: C1-C5, conserved 

regions 1-5; and V1-V5, variable regions 1-5; FP, fusion peptide; HR1, heptad repeat 1; HR2, 

heptad repeat 2; M, membrane proximal ectodomain region (MPER); TM, transmembrane 

domain; CD, cytoplasmic domain. Glycans are represented by tree-like symbols. Adapted with 

permission from reference (120). (B) The gp120 showing predicted disulfide bonds and the 

location of variable regions marked in boxes (V1-V5) is shown. The glycosylation sites 

containing high mannose-type and/or hybrid-type oligosaccharide structures are indicated by the 

branched structures, and glycosylation sites containing complex-type oligosaccharide structures 

are indicated by the U-shaped branches. Epitopes targeted by bNAbs are highlighted as follows: 

CD4-binding domain (yellow highlight), the CD4-induced epitope (green highlight), an epitope 

composed of high mannose residues (purple highlight), the V2 loop (orange highlight), and the 

V3 loop (blue highlight). Reproduced with permission from reference (121). 
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Antibody Response to HIV-1 Infection 

The initial antibody response to Env usually appears 1 week after infection and typically 

consists of non-neutralizing antibodies (non-Nabs) that target sites on the gp41 stalk that do not 

select for viral escape (122) (Figure 1.4). These non-Nabs normally target nonnative forms of  

Env, thus limiting virus spread and infection through the action of its fragment crystallizable (Fc) 

region initiating destruction of the virus or infected cell by the innate immune system. Non-

neutralizing antibody Fc effector activities include antibody-dependent cellular phagocytosis 

(ADCP), antibody-dependent cell-mediated virus inhibition (ADCVI), or antibody-dependent 

cellular cytotoxicity (ADCC) (123). It is not known why the initial HIV-1 antibody response is 

directed against non-neutralizing epitopes, but it may be related in part to the immunodominance 

of denatured or non-functional Env on the virus surface compared to the relatively rare frequency 

of native trimers (62).  These non-Nabs are insufficient to suppress viremia (122). By the time 

antibodies that neutralize the transmitted founder (T/F) virus are detected three months after 

initial infection, the virus has established latency in the host (15). The Nabs that target functional 

trimers prevent infection through the fragment antigen-binding (Fab) region recognizing Env and 

blocking functions that mediate virus entry into cells. The early Nabs typically neutralize the 

infecting virus strain (autologous virus) only and cannot neutralize more divergent viruses 

(heterologous viruses). These Nabs can be highly potent  against the autologous virus, exerting 

selective pressure on the virus to generate escape mutants that are less sensitive to host-generated 

Nabs (15, 124). These escape variants arise rapidly and easily because the majority of autologous 

Nabs target epitopes on the variable loops of Env (15, 125). This results in an arms race between 

antibodies generated against new HIV-1 mutants and HIV-1 rapidly mutating, generating viral 

quasi-species to evade these antibodies. Mutations that arise in HIV-1 Env may result in the 
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exposure of more conserved regions, which may stimulate the production of Nabs that target 

these conserved regions of Env. Antibodies that target conserved epitopes on Env can neutralize 

heterologous viruses.  

 Neutralization breadth may arise by a gradual maturation or focusing of the Env-specific 

B cell response to a conserved epitope, or it may be due to the accumulation of Nabs directed 

against several distinct epitopes (126-128). The development of cross-reactive Nabs capable of 

neutralizing multiple heterologous viruses generally takes 2-4 years after serconversion (129). 

Approximately 20% of HIV-1 infected individuals develop cross-reactive sera antibodies capable 

of neutralizing different isolates. Among HIV-1 infected individuals, approximately 1% known 

as “elite neutralizers” develop bNAbs capable of neutralizing many different HIV-1 isolates 

(128). The characterized bNAbs recognize one of five conserved epitopes on the HIV-1 Env 

 

Figure 1.4: Typical B cell response to HIV-1 during the course of infection. Binding and 

non-Nabs are the earliest to be elicited after HIV-1 infection (green line) followed by a decline in 

viral loads (orange line) and a rebound in peripheral CD4+ T cells (blue line). Several months 

later, strain specific autologous Nabs develop (purple line). About 2-4 years after 

seroconversion, heterologous antibodies (dark red) capable of neutralizing a broad range of 

circulating strains are generated in a subset of infected individuals (~20%). Even fewer infected 

individuals (~1%) develop “elite” cross-reactive bNAbs (bright red). HIV-1 variants that are 

more resistant to these host-generated Nabs are rapidly selected for and the host’s viral set point 

is maintained. Modified from reference (130). 
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trimer: the CD4 binding site (CD4bs), N-linked glycans on the V1/V2 loops and the V3 loop, the  

MPER, and the newly described gp120/gp41 interface (Figure 1.5 & 1.3b). The time to develop 

bNAbs varies in different individuals, indicating that the differences in infection, genetic factors, 

and maturation of the antibody response to HIV-1 may be necessary for the generation of 

bNAbs. Nucleotide insertions and/or deletions in heavy and light chain genes as well as affinity 

maturation through extensive somatic hypermutation, a crucial process for the generation of 

many HIV-1 bNAbs, are rare in other antibodies. Many bNAbs also express unusually long third 

complementarity determining region of the antibody heavy chain (CDRH3) loops necessary to 

penetrate the glycan shield surrounding Env (discussed below). These processes may be delayed 

due to reduced CD4+ T cell help during HIV-1 infection (131). The development of bNAbs is not 

only correlated with increased time after seroconversion, but also with higher plasma viral load. 

Therefore, bNAb activities develop over time and are fostered by chronic antigen exposure (126-

128). Moreover, some potent bNAbs such as antibodies to the CD4bs, V1/V2, and MPER have 

been shown to be weakly poly- or self-reactive against self antigen. Antibodies that are self-

reactive are typically selected against in healthy individuals. While the majority of the potent, 

naturally occurring HIV-1 bNAbs are not polyreactive and/or autoreactive (132, 133), the 

intensive somatic hypermutation and polyreactivity of antibodies in addition to the time it takes  

Figure 1.5: Epitopes recognized by broadly neutralizing 

antibodies. Dominant sites recognized by bNAbs are shown 

in the context of an EM tomogram from an HIV-1 viral spike. 

The viral membrane is positioned at the top of the spike. 

Approximate locations of bNAb binding sites including the 

CD4bs (red), V1/V2 loops (green), V3 loop (blue), membrane 

proximal external region (MPER, light blue), and gp120/gp41 

interdomain (black) are shown in their respective colors 

and/or dotted lines. Modified from reference (134). 
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to generate bNAbs may constitute roadblocks for the immune system to generate bNAbs during a 

natural infection or immunization strategy. 

HIV-1 Strategies for Evading Neutralizing Antibodies 

 As stated previously, Nabs are directed against the Env because it is the only viral protein 

displayed on the surface and it is highly immunogenic. HIV-1 uses various strategies to avoid or 

divert recognition by antibodies including: carbohydrate shielding and shifting (15, 135, 136); 

conformational masking (137); diverting the immune response from functional targets to 

nonfunctional envelope spikes such as gp120-gp41 monomers, gp41 stumps, or uncleaved gp160 

precursors (Figure 1.2) (138, 139); steric occlusion (140); and low density of functional trimers 

on the viral surface (64). However, as stated previously, autologous Nabs are generated in 

infected individuals that can prevent infection of new CD4+ T cells. This drives the generation of 

escape mutants to form the quasispecies of HIV-1 in a single host, the diversity among the nine 

subtypes of HIV-1 (A, B, C, D, F, G, H, J, and K), and the diversity of more than 35 circulating 

recombinant forms that can vary up to 20% within a subtype and 35% between subtypes (141). 

Escape from Nabs occurs through several pathways, including amino acid variations created by 

mutation processes such as deletions, insertions, and substitutions (17, 142, 143). The mutants 

are generated by RT during reverse transcription. The RT enzyme is an error-prone polymerase 

that can tolerate many mutations and generates fit variants that persist despite diverse host 

selection pressures. This enzyme is estimated to make about 3.4x10-5 mutations per site per 

generation and typically impacts the genetic diversity of Env. 

Surprisingly, mutations in the env gene during acute infection are unexpectedly sparse, do 

not generally map to known neutralization epitopes, and instead primarily involve changes in the 

number and position of N-linked glycans (15). Despite enormous variation in HIV-1 viruses in 
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general, there are typically close to 25 potential N-linked glycan sites (PNLG) on the Env of 

primary isolates (144), suggesting strong selective pressure to maintain the high number of 

glycans on Env. The surface subunit gp120 is highly glycosylated with ~50% of the protein’s 

molecular mass accounted for by O-linked and N-linked glycans (52, 145). These glycans 

contribute to Env folding as well as binding of the virus to the host cell surface. (146, 147). In 

addition, the N-linked glycans can mediate epitope occlusion and steric hindrance, which 

physically prevents Nab from accessing the antigenic polypeptide surface of the HIV-1 Env. 

These glycans can also modulate the exposure or stability of Nab epitopes, including highly 

conserved epitopes, resulting in viral escape (15, 148, 149).  Other N-linked glycans are highly 

conserved across diverse isolates and are subsequently targeted by Nabs (150, 151). Virus 

mutations that modulate the position and number of glycans allow the Env to continue to bind 

necessary receptors, but potentially prevent Nab binding (15), play a role in virus evasion from 

host immune responses, and contribute to the overall diversity of HIV-1.  

While the virus employs a multitude of methods to escape from recognition by Nab, there 

is evidence that the virus might have limits to its mutational tolerance because of inherent fitness 

costs resulting from mutation, especially to conserved regions that are necessary for infection. 

The error-prone RT can impact virus proteins required for viability, leading to a less fit or non-

viable virus. However, despite the error prone RT and the presence of autologous Nabs in 

infected individuals, viremia persists, in part, due to the viral DNA being stably integrated into 

the host genome. This generates a latent viral reservoir as early as three days after transmission 

(152) that evades immune responses as the lack of viral protein expression protects it from 

antibody and cytopathic immune responses (153). Because of the presence of a viral reservoir 

and the generation of escape mutants, even infected patients who generate bNAbs do not clear 
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the infection (15, 124), indicating that an effective HIV-1 vaccine needs to prevent early 

infection events and the formation of a viral reservoir. This is a challenge since vaccine strategies 

historically do not prevent infection, but instead rely on memory cells developed during 

vaccination to rebound and subsequently clear the pathogen (154, 155). However, if a protective 

Nab response is induced early, it could potentially prevent early HIV-1 infection events. 

Evidence for a Protective Role of Antibodies 

 Many licensed vaccines targeting viral pathogens elicit protective antibodies (156). 

Therefore, generating an HIV-1 vaccine capable of eliciting protective Nabs and non-Nabs is a 

major goal for the field. Bearing in mind that HIV-1 is primarily a sexually transmitted disease, it 

is important to consider designing strategies to block mucosal transmissions of the virus, 

potentially including the production of mucosa-associated immunoglobulin A (IgA) and 

immunoglobulin G (IgG). HIV-infected individuals and HIV-exposed individuals that are 

persistently seronegative can develop mucosal HIV-specific IgAs capable of blocking viral 

translocation through epithelial cells (157, 158). Furthermore, gp41-vaccinated macaques that 

developed gp41-specifc vaginal IgGs with neutralizing and/or ADCC activities and IgAs that 

block HIV-1 translocation were protected against repeated-high dose vaginal challenges of 

simian-human immunodeficiency virus (SHIV), a virus combining parts of the HIV and SIV 

genomes (159), indicating a protective role for mucosal anti-HIV neutralizing and non-Nabs.  

In addition to mucosal antibodies, non-Nabs have been associated with protection in individuals 

termed long-term non-progressors who naturally control HIV-1 infection (160, 161). Non-Nabs 

that mediate ADCC and/or ADCVI potentially reduce the risk of mother-to-child transmission of 

HIV-1 (162) and passive transfer of non-neutralizing monoclonal antibodies or hyperimmune 
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serum provided partial protection against a challenge virus in macaques (163-166). Therefore, it 

may be beneficial to generate an HIV-1 vaccine that induces protective non-Nabs. 

While the protective effect of non-Nabs needs further study, bNAbs have demonstrated 

efficient and long lasting therapeutic or prophylactic properties in animal models. Numerous 

studies have established that prophylactic passive transfer of bNAbs to macaques protects them 

from SHIV infection (167-178). Moreover, macaques and humanized mice were protected 

against mucosal challenge when bNAbs were expressed via vector-mediated gene transfer (179, 

180), but it is unknown if HIV-1 Nabs correlate with protection in humans. Indeed, passive 

transfer of NAbs failed to control viral rebound in infected patients due to the emergence of 

HIV-1 escape variants (181, 182). However, next-generation human HIV-1 bNAbs are currently 

being tested in therapeutic human trials. While bNAbs need further testing to determine their 

therapeutic capacity, these data support the need for a prophylactic HIV-1 vaccine to generate 

bNAbs that potentially protect against infection of highly diverse circulating virus variants. 

Approaches for Vaccine Development 

Generating vaccine-mediated protection is a complex challenge. Long-term protection 

requires the persistence of vaccine antibodies and/or the generation of immune memory cells 

capable of rapid and effective reactivation after exposure to a pathogen. Effective vaccines 

typically require multiple immunizations in the form of prime-boost. Traditionally, the same 

vaccines are given multiple times as homologous boosts, but heterologous boosts using 

unmatched vaccine delivery methods while using the same antigen can be more immunogenic 

than homologous prime-boosts, potentially due to the heterologous nature of the immunogens 

used (183).  
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B and T cells are essential to the induction of high-affinity antibodies and immune 

memory that results in protection against the pathogen. B lymphocytes produce antibodies while 

other effectors, including cytotoxic CD8+ T cells, may limit the spread of infectious agents by 

killing infected cells or secreting antiviral cytokines. Additionally, CD4+ T cells provide growth 

factors and signals to help to maintain and generate B and CD8+ T cell responses. Most vaccines 

trigger both B and T cell responses (184, 185).  

In general, prophylactic vaccines against HIV-1 attempted to either prevent establishment 

of infection through generation of Nabs, or generate T cell responses that attenuate disease 

progression once infection occurs (186). Many approaches have been considered in an attempt to 

generate an effective vaccine against HIV-1 including live-attenuated, inactivated/killed, and 

subunit platforms. Live-attenuated vaccines using whole inactivated HIV-1 have not been 

seriously considered due to concerns of incomplete inactivation that would result in life-long 

infection. For instance, while vaccination of macaques with live, nef deleted SIV has shown 

protection against SIV infection (187-189), in vivo nef repair and reversion can occur (190). 

Therefore, vaccine efforts have been directed towards strategies that employ envelope protein 

subunits, HIV-1 protein expression via recombinant vectors, or DNA vectors.  

 Because of previous success with viral vaccines utilizing subunit proteins, some of the 

first clinical trials attempted, but ultimately failed, to generate bNAbs with recombinant HIV-1 

Env protein subunits (191) (discussed below). Because of their failure, alternative proteins, 

including Env immunogens comprised of the ectodomain of gp120 and gp41 termed gp140 

(Figure 1.3A), have been used as immunogens. Alternatively, DNA vaccination strategies were 

also explored. Early attempts using naked DNA plasmid vaccines were effective at generating T 

cell responses, but, when given alone were poorly immunogenic and responses lacked durability 



18 
 

(192-195). Alternative strategies use DNA as a prime or boost in an immunization regimen, 

potentially in combination with subunit proteins or viral vector constructs such as adenovirus or 

poxvirus.  

The use of recombinant adenovirus constructs expressing HIV-1 proteins has also been 

extensively tested in non-human primates. Adenovirus serotypes, including adenovirus type 5 

(Ad5) and those that are less commonly associated with human disease, that express HIV-1 

proteins have been shown to induce T cell mediated protection in non-human primates (196-198) 

(discussed below). However, preexisting immunity to adenovirus vectors may affect the 

magnitude and quality of immune responses if these vectors are used as vaccines. On the other 

hand, only the magnitude of the response is attenuated when using poxvirus vectors (199-201). 

Poxviruses have been used to express HIV-1 proteins because of their large capacity for 

integration of foreign DNA and their ability to undergo genome transcription in the cytoplasm of 

cells thanks to poxvirus-encoded RNA polymerase (202). Several different vaccinia vectors have 

been developed and tested in immunization regimens: Modified Vaccinia Ankara (MVA) virus, 

New York attenuated vaccinia virus (NYVAC), avipox virus canarypox (ALVAC), and Vaccinia 

New York virus (v-NY). Most of these vectors are good vaccine vector candidates because they 

are replication incompetent in mammalian cells; however, v-NY is capable of replication. These 

poxviruses have not only been used alone and in prime-boost regimens, but using an ALVAC 

vector-gp120 boost strategy in a clinical trial generated the most effective protection against 

HIV-1 acquisition to date (see below). 

Previous Clinical Vaccination Studies 

The development of a safe, effective, preventive HIV-1 vaccine remains among the 

highest global health priorities. Using the approaches for vaccine development listed above, 
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many HIV-1 vaccine trials have been completed, but very few have made it to Phase IIb/III 

efficacy trials (186, 203). I will discuss several Phase II or III clinical trials below. 

The first Phase III efficacy trail of a prophylactic HIV-1 vaccine (VAX004) attempted to use 

recombinant subunit gp120 (rgp120) derived from MN, a laboratory-grown strain, and an 

envelope derived from a clade B primary isolate (GNE8) to elicit Nabs against HIV-1. Several 

different sites recruited male and female study participants at high risk for heterosexual 

transmission. The participants were immunized with placebo or the rgp120 vaccine formulated in 

alum at months 0, 1, 6, 12, 18, 24, and 30. Infection rates among vaccinated and placebo groups 

were similar. There were little to no protective effects for secondary end points such as viral 

load, CD4+ T cell count, or time to ART initiation (204-206), indicating that there was no 

vaccine efficacy.  

Another Phase III efficacy trail of a vaccine (VAX003/AIDSVAX B/E) containing two 

different rgp120 antigens, one from subtype B MN and the other from a primary isolate CRF_AE 

(A244), was conducted in Thailand, a developing country, among intravenous drug users. The 

participants were immunized with placebo or the rgp120 vaccine formulated in alum at months 

0, 1, 6, 12, 18, 24, and 36. Vaccine efficacy was estimated at 0.1% and no effect was observed 

on previously mentioned secondary end points (207, 208). 

In an effort to overcome the ineffective immunogen capacity of rgp120s and instead, 

harness T cell responses as a potential protective mechanism, a Phase IIb vaccine trial tested a 

recombinant, replication-defective Ad5 containing clade B gag, pol, and nef gene inserts. This 

study attempted to generate T cell mediated immunity instead of antibody immunity. The trial 

enrolled volunteers from diverse populations at high risk of HIV-1 infection. Volunteers were 

given placebo or vaccine on day 1, week 4, and week 26. While there was controversial evidence 
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of viral control in non-human primates challenged with SHIV (196, 209, 210), the trial was 

stopped when there was no effect on postinfection viral RNA levels (211). In fact, there seemed 

to be an enhancement of infection among Ad5-positive, uncircumcised men who have sex with 

men (MSM) (212).  

The only successful HIV-1 vaccine trail to date had a modest 31.2% efficacy 42 months 

post vaccination. Instead of using one type of immunogen, this trial used a pox prime-protein 

boost strategy (13). Vaccine recipients from the general population of Thailand were primed at 0, 

1, 3, and 6 months with a recombinant, replication incompetent canarypox virus, ALVAC-HIV 

vCP205, expressing gp120 from 92TH023 gp120 (subtype CRF01_AE) in addition to Gag, a 

portion of the protease gene, and the gp41 from HIV-1 LAI. Participants were boosted with 

AIDSVAX B/E at 3 and 6 months. Vaccine efficacy was initially 60% at 12 months post 

vaccination, but diminished over time (213). Interestingly, high levels of Env-specific IgA 

antibodies correlated with reduced vaccine efficacy, perhaps because these antibodies may have 

interfered with the vaccine induced protective responses (214). Instead, protection against 

acquisition was correlated with V1/V2 IgG binding titers and high levels of ADCC (214-216). A 

targeted sieve analysis performed on breakthrough viruses from RV144 vaccinees found that the 

vaccine induced differential acquisition of HIV-1 based on the viral sequence in the V2 region 

(217). These data support the hypothesis that V1/V2 responses are associated with vaccine-

induced protection. Only easy to neutralize (Tier 1) isolates were neutralized by vaccinees and 

little to no neutralization of more difficult to neutralize (Tier 2) isolates was achieved (218). This 

indicates that the vaccination strategy could potentially be improved by inducing Nabs in 

addition to V1/V2 directed non-Nabs. In an effort to improve upon the promising results from 
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the RV144 trial through rational vaccine design, my work focused on understanding how specific 

N-linked glycans impact the antigenicity and immunogenicity of Env. 

Modulation of Antigenicity and Immunogenicity of Env by a Conserved N-linked glycan 

It has previously been demonstrated that glycans can modulate the antigenicity of Env 

and the sensitivity of virus to Nabs (150, 151, 219-226), but relatively few have addressed the 

potential role glycans have on the immunogenicity of HIV-1 Env. Glycan modifications typically 

have little effect on the immunogenicity of the wild-type (WT) Env (227-230) and removal of 

multiple glycans often resulted in a poor immunogen (227-231). However, some studies have 

demonstrated that removal of specific N-linked glycans proximal to the CD4-binding region of 

Env enhanced the ability of Env to induce Nabs (148). Our lab was interested in understanding 

how single N-linked glycan modifications alter the antigenicity and immunogenicity of Env. 

To determine the antigenic and immunogenic role of specific N-linked glycans on HIV-1 Env 

proteins, previous investigators in our group focused on mutants that met the following criteria: 

(1) mutant Env was expressed and processed normally; (2) mutant Env retained overall 

functional integrity as indicated by successful rescue of viable virus; and (3) mutant virus had 

enhanced susceptibility to bNAbs. Previous studies in the Hu lab determined that removal of a 

single, conserved N-linked glycan on the C-terminal stem of V2 loop located at amino acid N197 

(N7) resulted in significantly increased sensitivity of a single virus, 89.6, to Nabs that recognize 

the CD4bs, V3 loop, and a CD4-induced site exposed in CD4-bound Env (232). Additionally, the 

removal of the N7 glycan increased the CD4 independent infection of 89.6. This indicates that 

the N7 glycan masks the CD4bs and the coreceptor binding sites. In contrast to earlier studies 

that failed to elicit an enhanced immune response with deglycosylated Env, removal of the N7 

glycan enhanced the ability of 89.6 to generate cross-reactive serum (226). This led me to 
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hypothesize that Env modifications that enhance the exposure of conserved epitopes could 

represent a class of immunogens that produce qualitatively different antibody responses to HIV-

1. Since the N7 glycan is highly conserved (19, 148, 233) and because our previous studies were 

based on a single Env, it is of interest to determine if the N7 glycan impacts the antigenicity, 

function, and immunogenicity of diverse HIV-1 Env. 

Goals of This Dissertation 

 The ability of the N7 glycan to modulate the antigenic and immunogenic property of Env 

was previously demonstrated using Env from a single isolate (226). It is unclear whether the 

findings by this study reflected a conserved functional role of the N7 glycan in modulating the 

antigenicity and immunogenicity of Env or if the results are due to the specific isolate tested. The 

overall goal of this dissertation is to determine if the N7 glycan modulates the antigenicity and 

immunogenicity of diverse Env. In the third chapter of this dissertation, I explore whether the N7 

glycan alters the antigenic property of a panel of Env. Using antibodies as probes, I determined 

how the N7 glycan impacts the exposure or stability of different epitopes on Env. In the fourth 

chapter of this dissertation, I address our hypothesis that Env modifications that enhance the 

exposure of conserved epitopes can be used as immunogens that produce qualitatively different 

antibody responses to HIV-1. Using a small animal model, I explored whether a poxvirus prime-

gp120 protein boost regimen could generate antibody responses that have been associated with 

protection in the RV144 trial. In addition, I examined how these responses may be influenced by 

the specific Env immunogen used and if the presence or absence of the N7 glycan on Env alters 

the immune response.  
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Chapter Two 

Materials and Methods 

Cells 

TZM-bl cells (catalog no. 8129, NIH AIDS reagent program), an African green monkey 

kidney cell line (BSC40; ATCC catalog no. CRL2761), 293T cells (ATCC catalog no. 11268) 

and a human osteosarcoma cell line that lacks a functional TK gene (TK- 143B; ATCC catalog 

no. CRL-8303) were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 

10% of Fetal Bovine Serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM 

glutamine (complete DMEM). TK- cells were cultured in complete DMEM containing 25 μg/ml 

of 5-bromodeoxyuridine. 

Monoclonal Antibodies and Polyclonal Serum 

The following monoclonal antibodies were obtained from NIH ARRRP: MPER-targeted 

antibody 4E10 (234) and mannan-targeted antibody 2G12 (235, 236) were from Dr. Hermann 

Katinger; CD4bs-targeted antibody IgG1b12 was from Drs. Dennis Burton and Carlos Barbas 

(237-240); V3 loop-targeted antibody 447-52D (241-246) and V2 loop-targeted antibody 697-

30D (246-248) were from Dr. Susan Zolla-Pazner; and CD4-induced antibody 17b (249-254) 

was from Dr. James E. Robinson. Recombinant soluble CD4-183, obtained from Pharmacia, Inc, 

contains the first two domains of human CD4 produced in Escherichia coli (255). CD4bs-

targeted antibody VRC01 (256) was obtained from Dr. John Mascola, V1/V2 loop-targeted 

antibodies PG9 and PG16 (150) were from Dr. Dennis Burton. The CD4-IgG2 was from 

Progenics Pharmaceuticals and C5-targeted antibody D7324 was purchased from Aalto 

BioReagents. The pooled clade B serum was from NABI and the pooled clade C serum was a 

gift from Dr. Charles Wood. 
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Envelopes 

Plasmid encoding QA255.662J Env were kindly gifted by Dr. Julie Overbaugh (257). 

Plasmids encoding 89.6 and ADA were gifted by Dr. Joseph Sodroski (258, 259). Plasmids 

encoding B33, LN40 (260) and JR-FL (261) Envs were gifted by Dr. Paul Clapham. A plasmid 

encoding SF162 was gifted by Drs. Leonidas Stamatatos and Cecilia Cheng-Mayer (262) and 

1084i by Dr. Ruth Ruprecht (263). The following Env-encoding plasmids were obtained through 

the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: TRO.11 (264, 265), 6535.3, 

SS1196, QH0692.42, SC422661.8, AC10.0.29, and PVO.4 from Drs. David Montefiori and Feng 

Gao (265); RHPA4259.7, REJO4541.67, and WITO4160.33 from Drs. Hahn and Salazar-

Gonzalez (265); THRO4156.18 and CAAN5342.A2 from Drs. Hahn and Kothe (265); 

TRJO4551.58 from Drs. Hahn, Wei, and Shaw (265); Bal.26 (266) and DJ263.8 (267) from Dr. 

John Mascola; CRF02_AG Clone 271 from Drs. Ellenberger, Li, Callahan, and Butera; 

CE1176_A3 from Drs. Ronald Swanstrom, Li-Hua Ping, Jeffrey Anderson, David Montefiori 

(264); and murine leukemia virus (MuLV) from Drs. Nathaniel Landau and Dan Littman (268).  

Construction of Env Mutants 

Plasmids containing the rev-env gene of individual HIV-1 isolates were used as the 

template for site-directed mutagenesis using a QuikChange mutagenesis kit (Stratagene). 

CE1176 mutants were generated by Genewiz or by using a the QuikChange mutagenesis kit 

(225). Briefly, the indicated amino acid residue was substituted with the indicated residue by 

site-specific mutagenesis to generate CE1176 mutants that are resistant or sensitive to specified 

antibodies. To generate glycan mutants of Env, the asparagine (N) residue in the PNLG sequon 

(N-X-S/T) of most env genes was substituted with glutamine (Q) by site-specific mutagenesis. 

B33 N197 was replaced with glutamic acid (E) because the N197Q mutant Env did not generate 
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viable virus. The N197 PNLG sequon was restored in QA255 by replacing the proline (P) at 

amino acid 199 with serine (S) and in JR-FL Env by substituting the aspartic acid (D) at amino 

acid 197 with N. Conditions for the mutagenesis included a two-step PCR: 95°C for 2 minutes 

followed by 30 cycles of annealing and extension at 55°C for 30 seconds and denaturing at 95°C 

for 20 seconds, and finally annealing at 65°C for 6 min. The mutated rev-env genes were then 

subcloned into mammalian expression vector pSVIIIEnv (269). The results of site-directed 

mutagenesis were verified by DNA sequencing.  

Infectivity and Neutralization Assays 

Stocks of Env-pseudotyped viruses were prepared by co-transfection of Env and 

backbone plasmid in 293T cells (265). pSG3Env backbone was used to generate clade B Env-

pseudotyped virus and Q23Env backbone was used to generate clade A and C Env-

pseudotyped virus. All assay stocks were titrated in TZM-bl cells as previously described (265). 

Infectivity of Env-pseudotyped virus was measured by luciferase reporter gene expression in 

TZM-bl cells. Neutralization as measured by reduction of luciferase gene expression was 

performed as previously described (270, 271). Briefly, indicator virus containing 150 50% tissue 

culture infective doses (TCID50) was incubated with single sera dilutions or serial threefold 

dilutions of antibody or serum samples in duplicates in a total volume of 150 μl for 1.5 hours at 

37°C in 96-well flat-bottom culture plates before being added to TZM-bl cells (10,000 cells in 

100 μl of growth medium containing DEAE dextran). One set of control wells received cells plus 

virus (virus control), and another set received cells only (background control) in addition to wells 

that received antibodies with known ID50 values (positive control). After a 72-hour incubation, 

100 μl of cells were transferred to a 96-well white solid plate (Costar) for assays of luciferase 

activities using BrightGlo substrate solution as described by the supplier (Promega). 
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Neutralization activity was expressed as the concentration of antibodies or reciprocal serum 

dilution that resulted in 50% reduction of RLU (IC50).  

In peptide competition experiments the same neutralization protocol described above was 

applied, except, prior to the exposure of sera to pseudovirus, the sera were incubated for 30 

minutes at 37oC with 30 g/mL of overlapping peptides spanning the V3 loop of a consensus B 

(ConB) HIV-1 subtype Env or scrambled V3 peptide. Percent neutralization was by determined 

by measuring the reduction in RLU relative to wells that contain the same dilution of 

corresponding pre-immune sera.   

Neutralization of the global Tier 2 virus panel and mutant CE1176_A3 was performed at 

Duke University (Dr. David Montefiori) as previously described (264, 272). Percent 

neutralization activity was expressed as the reciprocal serum dilution that resulted in 50% 

reduction of RLU (ID50).  

Fortebio Octet Bio-layer Interferometry 

Fortebio was performed as previously described (273). Briefly, anti-Human IgG Fc 

Capture tips (Fortebio) were prewet for 5 min in HBS-EP running buffer (GE Healthcare) 

immediately prior to use. The microplates used in the Octet were filled with 200 μl of sample or 

buffer per well and agitated at 1000 rpm. Tips were then saturated with 10 µg/mL CD4-IgG2, 

then washed with running buffer before being transferred into two fold dilution series of gp120 

where the ka (1/Ms) was read. The tips were then transferred into running buffer to measure kd 

(1/s). The tips were regenerated using 0.1 M Glycine, pH 1.5 (GE Healthcare) before being used 

on subsequent samples. Values from a CD4-IgG2 coated tip that was transferred into running 

buffer alone were subtracted from all test values. Additionally, one uncoated tip was incubated 

with gp120 alone to ensure there were no interactions between Env and the capture tips.  All 
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interaction analyses were conducted at 25 °C.  

Viral Protein Capture Assays 

The p24 concentration of a given pseudovirus preparation was measured with an HIV-1 

p24 ELISA (Zeptometrix) and compared to its TCID50. Env capture assays using D7324 were 

carried out as previously described (243, 274) with slight modifications. In brief, 96-well plates 

were coated with 10 µg/mL sheep anti-gp120 capture antibody D7324 (Aalto Bio Reagents Ltd, 

Dublin, Ireland) overnight at room temp, blocked with PBS 0.05% Tween/5% milk, washed with 

PBS 0.05% Tween and incubated for 2 hours at 37oC with WT or N7 mutant Env from one of 

three sources: gp120 generated by recombinant vaccinia infected cells (275), detergent lysed 

pseudovirus, or whole pseudovirus. SF162 or JR-FL Env captured on plates was washed before 

monoclonal antibody (mAb), 697-30D (at 30 µg/mL or 3 µg/mL, respectively), was added and 

incubated for 1.5 hours at 37oC. After washing, the bound mAbs were detected using HRP 

conjugated anti-human IgG (ThermoFisher) followed by incubation with TMB substrate 

(Sigma). After 2M H2SO4 was used to stop the reaction, mAb binding was quantified by optical 

density readings at 450nm (OD450). Binding of antibody to each virus was normalized to 

OD450 readings obtained with HIV-positive polyclonal serum for the same virus. This 

controlled for possible differences in the number of virions captured. Separate wells included 

supernatant from parental vaccinia virus infected cells or V2 gp120 as negative controls (data 

not shown). Binding of WT virus was included on each plate and set as 100% binding. All 

experiments were repeated three times in duplicates.  

Recombinant Vaccinia Virus (rVV) 

 A plaque-purified, replication-competent vaccinia virus (VV) generated from the New 

York City Board of Health strain (v-NY) was used as the vector to express full length gp160 or 
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subunit gp120, generated by the introduction of one or two stop codons at the primary gp120-

gp41 cleavage site, of either N7+ or N7– JR-FL or PVO.4 Env as previously described (276-

278). In brief, Env transgenes were inserted into the thymidine kinase (TK) gene of the v-NY 

strain of VV by homologous recombination. Two rounds of plaque purification were performed 

under negative selective conditions using media containing 24 g/mL of 5-bromodeoxyuridine 

on TK- 143B cells before a third round of purification was performed under non-selective 

conditions on BSC40 cells. Plaques were screened for transgenes by PCR using a primer set 

specific to the TK gene and Env. Recombinant viruses were expanded and propagated on BSC40 

cells to generate crude virus stocks. Virus stocks that expressed gp160 were subsequently 

concentrated by sucrose density sedimentation as previously described (278, 279). Subunit 

gp120s were purified from BSC40 cells gp120-expressing recombinant vaccinia infected 

BSC40s as previously described (275). 

Expression of the transgene, under the control of a synthetic early-late promoter of VV, 

was verified by Western blot analysis as previously described (275, 280). Briefly, monolayers of 

BSC40 cells were grown to confluency and subsequently infected with recombinant or v-NY 

parental virus at a multiplicity of infection of 0.01. At 48 hours post-infection, cells were 

harvested and resuspended in PBSAM buffer (PBS, 10 mM MgCl2, 0.01% BSA). After two 

freeze-thaw cycles, cells were sonicated, lysed with NuPage reducing agent (Invitrogen, catalog 

no NP0004), and fractionated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). After 

being electro-transferred to nitrocellulose membrane, immunoreactive proteins were detected 

with pooled HIV-positive serum (NABI).  

Immunization 



29 
 

Twenty-four female New Zealand White rabbits were purchased and maintained at 

Covance (Denver, PA). All animal care and handling procedures were approved by the 

Institutional Animal Care and Use Committee. Rabbits were divided into groups and were 

sedated with Ketamine (40 mg/kg) and Zylazine (5 mg/kg), then primed with ~108 plaque 

forming units of recombinant VV at weeks 0 and 8 by scarification.  Virus was applied to two 

shaved sites on the back of the animals. Each area was pricked 20 times, penetrating the skin, 

with a bifurcated needle. Animals remained sedated until both scarification sites were dry. At 

weeks 35 and 48, animals were boosted intramuscularly at two sites (50 g each) with 100 g of 

cognate gp120 formulated in alum. Blood for processing to serum was collected from each rabbit 

on the day of, and two weeks after each priming or boosting event. Blood samples were 

processed to serum according to Covance test facility SOP. Proper immunization was verified by 

visualization of vaccinia virus lesions, vaccinia neutralization assays, and antibody capture 

assays.    

Antibody Capture Assays 

 HIV-1 Env-specific antibody titers in serum were determined by ELISA as previously 

described (281). WT JR-FL or WT PVO.4 gp120 produced from Chinese Hamster Ovary (CHO) 

cells (kindly gifted by Dr. Shan Lu), or WT SF162 gp120 (Immune-tech catalog no. 001-0028P) 

were used as the capture antigen (100 ng gp120 per well). Endpoint ELISA titer of binding 

antibodies is defined as the reciprocal of the serum dilution that resulted in OD readings greater 

than the mean OD readings of the pre-immune sera at 1:100 dilution plus three times the 

standard deviation. The limit of detection was considered as the starting dilution (1:100) of the 

test sera. All experiments were repeated three times in duplicates. 
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 Bioplex assays against peptides were performed as previously described (282). Briefly, 

15-mer peptides overlapping by 11-mers corresponding to the variable regions 1-3 (V1-V3) or 

conserved regions 1 or 5 (C1 or C5 respectively) were obtained through the NIH AIDS Reagent 

Program, Division of AIDS, NIAID, NIH: HIV-1 Consensus Subtype B Env Peptide Set. 10 g 

of each peptide was coupled to Bio-Plex COOH beads (BioRad) by primary amine coupling 

according to the manufacturer’s protocol. Immune and pre-bleed sera were diluted 1:20 in 1% 

blotto-PBS and mixed with peptide-coupled beads (~500 beads per peptide) and incubated at 

room-temp for 1 ½ hours with shaking. To avoid potential competition, only beads coupled to 

peptides with no overlapping segments were included in the same well. After washing, 

phycoerytherin-labeled secondary antibody diluted 1:100 in 1% blotto was added for 1 hour with 

shaking. Following washing, the beads were analyzed for binding on a Bioplex 100 (Bio-Rad) 

and the net mean fluorescence intensity (MFI) against individual peptides from each pool is 

reported, minus the net MFI of matched pre-bleed samples. Reactivity of 447-52D (from the NIH 

ARRRP and Dr. Susan Zolla-Pazner) to V3 peptide (241-246) and coupled beads with no 

antibody or sera added were used as positive and negative controls respectively. All experiments 

were repeated at least twice in duplicates. 

 Binding of serum to V1/V2-gp70 fusion proteins was performed at Duke University (Dr. 

Georgia Tomaras). Sera HIV-1 specific antibodies to a panel of V1/V2 scaffolds were measured 

by binding antibody multiplex assay similar to previously described (122, 214), with the 

following modifications: secondary antibody was goat anti-rabbit IgG, biotinylated (Thermo 

Fisher Scientific, Rockford, IL). Antibody measurements were acquired on a Bio-Plex 

instrument (Bio-Rad, Hercules, CA) using 21CFR Part 11 compliant software with the primary 

readout as MFI. Samples with MFI values of 1) at least 100, 2) higher than the antigen specific 
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cutoffs (95 percentile MFI of all pre-immune sera for each V1V2 scaffold), and 3) >3-fold of the 

pre-immune serum from the same animal, were considered positive. 

Statistical Analysis 

Prism (GraphPad Software, Inc.) was employed for all statistical analyses, all using two-

sided tests. The Wilcoxon matched-pairs signed-rank test was used to compare KD, pg 

p24/TCID50, percent binding values, MFI binding, and ID50 values against the global Tier 2 

panel. The Mann-Whitney test was used to compare reciprocal serum ID50 values and percent 

neutralization against Tier 1 viruses. The percent of the global Tier 2 panel neutralized was 

compared between groups using Fisher’s exact test and within the same groups using 

McNemar’s test for proportions for paired values.   

 

 

 

 

 

 

 

 

 

 

 

 

 



32 
 

Chapter Three 

The Conserved Role of an N-linked Glycan on the Surface Antigen of HIV-1 Modulating  

Virus Sensitivity to Broadly Neutralizing Antibodies Against the Receptor and Coreceptor 

Binding Sites 

Abstract 

 HIV-1 establishes persistent infection in part due to its ability to evade host immune 

responses. Occlusion by glycans contributes to masking conserved sites that are targets for some 

broadly neutralizing antibodies (bNAbs). Previous work has shown that removal of a highly 

conserved potential N-linked glycan (PNLG) site at amino acid residue 197 (N7) on the surface 

antigen gp120 of HIV-1 increases neutralization sensitivity of the mutant virus to CD4 binding 

site (CD4bs)-directed antibodies as compared to its WT counterpart. However, it is not clear if 

the role of the N7 glycan is conserved among diverse HIV-1 isolates and if other glycans in the 

conserved regions of HIV-1 Env display similar functions. In this work, we examined the role of 

PNLGs in the conserved region of HIV-1 Env, particularly the role of the N7 glycan in a panel of 

HIV-1 representing different clades, tissue origins, coreceptor usage, and neutralization 

sensitivity.  We demonstrate that the absence of the N7 glycan increases the sensitivity of diverse 

HIV-1 isolates to CD4bs- and V3 loop- directed antibodies, indicating that the N7 glycan plays a 

conserved role masking these conserved epitopes. However, the effect of the N7 glycan on virus 

sensitivity to neutralizing antibodies directed against the V2 loop epitope is isolate dependent. 

These findings indicate that the N7 glycan plays an important and conserved role modulating the 

structure, stability or accessibility of bNAb epitopes in the CD4bs and coreceptor-binding region, 

thus representing a potential target for the design of immunogens and therapeutics. 

Importance 
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N-linked glycans on the HIV-1 envelope protein have been postulated to contribute to 

viral escape from host immune responses. However, the role of specific glycans in the conserved 

regions of HIV-1 Env in modulating epitope recognition by broadly neutralizing antibodies has 

not been well defined. We show here that a single N-linked glycan plays a unique and conserved 

role among conserved glycans on HIV-1 gp120 in modulating the exposure or the stability of the 

receptor and coreceptor binding site without affecting the integrity of the Env to mediate viral 

infection or the ability of the mutant gp120 to bind to CD4. The observation that the antigenicity 

of the receptor- and coreceptor-binding sites can be modulated by a single glycan indicates that 

select glycan modification offers a potential strategy for the design of HIV-1 vaccine candidates.  

Introduction 

Although the role of neutralizing antibodies has yet to be determined in the only clinical 

trial of human immunodeficiency virus type 1 (HIV-1) vaccines that has shown a modest degree 

of protection, it is generally believed that it would be advantageous for a vaccine to elicit broadly 

neutralizing antibodies (bNAbs) against diverse primary isolates. Passive administration of 

neutralizing monoclonal antibodies or bNAbs derived from HIV-1 infected patients has been 

shown to protect macaques from simian-human immunodeficiency virus (SHIV) infection (167-

170, 173). A fraction of HIV-1 infected individuals (~20-30%) generate bNAbs within 2-4 years 

of initial infection (203, 283-286). However, generation of bNAbs by active immunization has 

been a challenge as no HIV-1 vaccine candidate has successfully elicited antibodies with similar 

neutralizing breadth (203, 287). 

Nevertheless, broadly neutralizing monoclonal antibodies isolated from select individuals 

have helped define the targets of bNAbs. These bNAbs are directed against one of five conserved 

epitopes on HIV-1 envelope glycoprotein (Env); the CD4-binding site (CD4bs), the membrane-
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proximal ectodomain region (MPER), carbohydrates on the outer domain, a quaternary structure 

in the V1/V2 loops, and a newly described epitope present only in cleaved envelope trimers 

(134, 284, 287, 288). However, HIV-1 has evolved many protective mechanisms to evade host 

immune responses, including occlusion of potential targets by glycans (14-20). These glycans 

account for ~50% of the molecular mass of the Env surface antigen (gp120) and may mask 

nearly the entire surface of Env, including the conserved epitopes targeted by some bNAbs, 

rendering it difficult to elicit antibodies targeting these sites   

We and others previously reported that removal of a single N-linked glycan located at 

amino acid position N197 (N7) on gp120 resulted in significantly increased sensitivity of HIV-1 

to neutralization (148, 226, 270) and enhanced the ability of Env to induce neutralizing 

antibodies in macaques (226). However, these studies were based on a small number of isolates. 

Since the N7 glycan is highly conserved across diverse HIV-1 and SIV isolates (19, 148, 233), it 

is of interest to determine if the N7 glycan plays a conserved role in the antigenicity, 

immunogenicity, and function of HIV-1 Env. 

In the present study, we sought to extend earlier observations by examining if the role of 

the N7 glycan is unique among potential N-linked glycans in the conserved region of gp120 and 

determine if the effect of the N7 glycan on Env antigenicity is conserved among diverse isolates 

of HIV-1. Specifically, we used broadly neutralizing monoclonal antibodies with defined epitope 

specificities to study the effects of the N7 glycan on the antigenicity of Env from a panel of HIV-

1 representing diverse clades, tissue origin, coreceptor usage, and neutralization sensitivities. 

Results from this study indicate that the N7 glycan has a unique and conserved role modulating 

the exposure or stability of conserved epitopes in the CD4bs and variable loops.  

Results 
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The N7 glycan is unique among PNLGs in the conserved regions of gp120 in its ability to 

modulate the sensitivity of HIV-1 to CD4bs-specific antibodies 

 Previous work demonstrated that the N7 glycan modulates sensitivity of HIV-1 to 

CD4bs-specific neutralizing antibodies (148, 226, 270). To examine if the same effect is exerted 

by other conserved glycans, we introduced mutations substituting the asparagine (N) residue 

with glutamine (Q) at each of the PNLG sequons (N-X-T/S) in the conserved regions of the 

surface antigen gp120 of HIV-1 89.6. For this study, we focused on mutant Env that are 

expressed and processed normally and retain overall functional integrity as indicated by 

successful rescue of viable virus (data not shown). Thus, the N262 glycan mutant did not 

generate viable virus and was not included in further experiments. Neutralization sensitivity of 

pseudotyped viruses bearing WT or mutant Env was examined in a TZM-bl cell assay against 

sCD4, CD4bs, and MPER-directed antibodies as well as pooled HIV-positive serum. Results in 

Figure 3.1 show that the N7 glycan is unique among PNLGs in the conserved regions of gp120 

in its ability to modulate virus sensitivity to CD4bs-specific neutralizing antibodies. Removal of 

select single N-linked glycans modified the sensitivity of virus to certain antibodies; e.g. the 

N361 mutant was modestly more sensitive to IgG1b12. However, only removal of the N7 glycan 

increased the sensitivity of 89.6 to all CD4bs-directed antibodies tested as well as HIV-positive 

pooled serum (226). This indicates that the N7 glycan plays a unique role among conserved 

glycans on gp120 modulating the stability or access to the CD4bs in the 89.6 Env. 

Increased sensitivity of N7 mutant viruses to CD4bs-specific neutralizing antibodies is 

conserved among diverse isolates of HIV-1 

 Previous work only examined the role of the N7 glycan in a limited number of isolates 

(148, 226, 270). Because the sequon for the N7 glycan is present in greater than 95% of available 
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HIV and SIV sequences (19, 148, 233), we examined if the N7 glycan plays a conserved role in 

diverse isolates of HIV-1. To test this, we modified the N7 glycan site on the Env from a panel 

of HIV-1 representing different clades, tissue origin, coreceptor usage, and neutralization 

sensitivity (Table 3.1), including two viruses, QA255 and JR-FL (257, 261), that lack the N7 

glycan site in the Env of WT viruses. To determine the effects of the N7 glycan on the panel of 

Env, we used site-directed mutagenesis to remove the N7 glycan site of most Env by replacing 

the asparagine (N) with a glutamine (Q), or to restore the N7 glycan site for those Env missing 

this site in their WT sequences (see Materials and Methods). Plasmids expressing WT or N7-

modified Envs were then used to generate pseudoviruses. Neutralization sensitivity of these 

pseudoviruses was first tested using antibodies that recognize CD4bs or CD4 induced (CD4i) 

epitopes (Table 3.2).  

 All blood and lymph node isolates tested demonstrated increased sensitivity to sCD4 and 

neutralizing antibodies directed against the CD4bs when the N7 glycan was absent. This includes 

VRC01, which has a small footprint (256, 289), indicating that the N7 glycan affects the access 

to or stability of the core residues in the CD4bs.  

 While the absence of the N7 glycan increased the sensitivity of blood- and lymph node-

derived HIV-1 to sCD4, such an effect was not observed in CNS-derived viruses (Table 3.2). 

However, the absence of the N7 glycan did increase the sensitivity of JR-FL and B33 to VRC01. 

The same effect was observed for all CNS isolates tested against IgG1b12, indicating that the N7 

glycan controls the access to or the stability of the CD4bs in CNS isolates as well as blood and 

lymph node isolates.  

To confirm these effects are due to the absence of the N7 glycan rather than the specific 

amino acid present at the PNLG site, we introduced different amino acid substitutions at the N7 
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sequon of a blood isolate, ADA, and a lymph node isolate, LN40. Substitution of N197 with 

serine in LN40 (LN40 N197S) resulted in a similar increased sensitivity to CD4bs antibodies 

compared to the N197Q mutation, indicating that the effect is not specific to the amino acid 

change. However, the same N197S substitution in ADA Env resulted in increased neutralization 

resistance to b12 and no change in sensitivity to VRC01. Examination of Env sequence of ADA 

showed that the serine substitution at N197 created an upstream PNLG site at N195 (Fig. 3.2). 

Thus, the restoration of neutralization resistance resulting from this upstream PNLG is consistent 

with the role of a glycan near the N7 site capable of modulating CD4bs exposure.  

It has been reported that glycan modification in conserved regions of HIV-1 gp120 

reduced viral infectivity (148, 226, 290). To determine if the increased sensitivity of N7 mutants 

to CD4bs antibodies is associated with reduced infectivity of the mutant viruses, we examined 

the infectivity of the N7 glycan mutant viruses that showed the greatest increase in neutralization 

sensitivity to CD4bs antibodies as compared to their WT versions.  We measured the TCID50 of 

these pseudotyped viruses normalized to their p24 content. Results in Figure 3.3 show that the 

removal of the N7 glycan did not impact the infectivity of these viruses, supporting the notion 

that the increased neutralization sensitivity of N7 glycan mutants to CD4bs antibodies was not 

due to their decreased infectivity. 

Removal of the N7 glycan does not alter the binding kinetics of gp120 to CD4  

To determine if N7 glycan removal alters the affinity of Env protein to its receptor, we 

examined the binding kinetics of CD4-IgG2 to gp120 proteins with or without the N7 glycan. 

Monomeric gp120 from ADA, JR-FL, and PVO.4 were purified as previously described (275) 

and their binding kinetics to CD4-IgG2 were compared by bio-layer interferometry (Table 3.3). 

Different gp120 showed different KD (M) values, in agreement with observations from previous 
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studies (291-293). However, the presence or absence of the N7 glycan did not affect the KD (M) 

values of gp120, indicating that N7 glycan mutations did not alter the binding properties of 

monomeric gp120 to its receptor, consistent with the lack of effect of the N7 glycan on viral 

infectivity.  

Effect of the N7 glycan on virus sensitivity to CD4-induced neutralizing antibodies  

It has been demonstrated that removing the N7 glycan not only increases the sensitivity 

of HIV-1 to CD4bs-directed antibodies, but also to CD4-induced (CD4i) neutralizing antibodies, 

potentially by enhancing the stability of or access to epitopes recognized by CD4i antibodies 

(270). Furthermore, CD4-independent viruses, which presumably have Env in an “open” 

conformation upon CD4 binding, are significantly more sensitive to neutralization by sCD4, 

similar to our finding with N7-deglycosylated viruses (226, 270). Therefore, we examined the 

sensitivity of the panel of HIV-1 to CD4i antibody 17b in the presence or absence of 

subneutralizing concentrations of sCD4 (Table 3.2). While the N7 glycan modulated sensitivity 

of virus to CD4bs antibodies, its effect on viral sensitivity to CD4i antibodies appeared to be 

isolate-dependent. Increased neutralization sensitivity to 17b was only observed in N7 mutants of 

89.6, ADA, and LN40 N197S. The N7 mutant of a Tier 3 isolate, PVO.4 (294), was only 

neutralized by 17b with IC50 values close to 20 µg/ml, which was the upper limit of the assay, 

making it difficult to determine if the N7 glycan has any effect on neutralization sensitivity to 

17b. All other blood and lymph node viruses tested, either with or without the N7 glycan, were 

resistant to neutralization by 17b, either in the presence or absence of sCD4.  

Of the few CNS isolates tested, N7 glycan removal did not modulate the neutralization 

sensitivity to 17b; however, we also observed an isolate-dependent effect of the N7 glycan on 

virus sensitivity to neutralization by 17b. The presence of subneutralizing concentrations of 
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sCD4 augmented the neutralizing sensitivity of B33 to 17b, but no change was seen in SF162 or 

JR-FL. JR-FL was resistant to neutralization by the highest concentration of 17b used in the 

presence or absence of sCD4.  

We also investigated if the increased sensitivity to CD4i antibodies correlated with the 

ability of the mutant viruses to infect CD4-negative cells. Infectivity of pseudotyped viruses 

bearing WT or mutant Env on CD4-negative cells (NNP2-CCR5 for R5-tropic viruses or U87-

CXCR4 for 89.6; (226)) was determined using inocula normalized for their infectivity in 

isogenic CD4-expressing cells (NP2-CCR5-CD4 or U87-CXCR4-CD4, respectively) (Fig. 3.4). 

Increased infectivity in CD4-negative cells was only observed in ADA N197S and 89.6 N7 

glycan mutants. Therefore, the ability of N7 mutant Env to mediate CD4-independent viral entry 

appears to be isolate specific and dependent on the specific amino acid substitutions at the PNLG 

site.  

Effect of the N7 glycan on neutralization sensitivity to V3-specific monoclonal antibodies 

 The increased susceptibility of the N7 mutants to CD4i antibodies indicates the 

possibility of enhanced exposure or stability of the bridging sheet. Indeed, previous work has 

shown that removing the N7 glycan results in increased sensitivity of HIV-1 to antibodies 

targeting the V3 loop and MPER (226, 270). Additionally, the crystal structure of soluble, 

cleaved trimers indicates that the crown of the V3 loop is buried under the N7 glycan of an 

adjacent protomer (295, 296). We examined if the removal of the N7 glycan correlated with 

increased exposure or stability of neutralizing epitopes in the V3 loop, which is a major 

determinant of coreceptor usage. Neutralization sensitivity to 447-52D, an antibody that 

recognizes the tip of the V3 loop (242), was determined for pseudotyped viruses with or without 

the N7 glycan (Table 3.4). Interestingly, removal of the N7 glycan increased the susceptibility of 
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all viruses neutralized by 447-52D, including the CNS derived isolates. Even PVO.4 and JR-FL, 

two isolates that are resistant to 50 µg/mL of 447-52D when the N7 glycan is present, were 

readily neutralized by the same antibody when the N7 glycan was removed. This indicates that 

the N7 glycan not only alters the accessibility or stability of the CD4bs, but also the coreceptor 

binding site. 

Effect of the N7 glycan on neutralization sensitivity to monoclonal antibodies directed to 

quaternary neutralizing epitopes in V2  

Since the N7 glycan is located at the C-terminal stem of the V2 loop, we examined if the 

removal of the N7 glycan would affect virus sensitivity to monoclonal antibodies, PG9 and 

PG16, which recognize a glycan-dependent, quaternary neutralizing epitope in V2 (151). Most of 

the isolates in the test panel lack the N160 glycan recognized by PG9 and PG16 and are resistant 

to neutralization by these antibodies (Fig. 3.2). Therefore, we focused on isolates that are 

sensitive to PG9 and PG16. Results in Table 3.4 show that the N7 glycan also affected the 

sensitivity of HIV-1 to these monoclonal antibodies, but in an isolate-dependent manner. PVO.4 

showed increased sensitivity to PG9 and PG16 when the N7 glycan was absent, whereas the 

other N7 mutant viruses became more resistant. Interestingly, the introduction of a PNLG site 

upstream of the N7 site in ADA N197S restored sensitivity to PG9 and partially so to PG16, 

again indicating that a glycan at or around the N7 glycan site may play a role maintaining the 

quaternary structure recognized by PG9/PG16. This isolate-dependent effect of the N7 glycan on 

neutralization sensitivity to PG9/PG16 is in contrast to its effect on the sensitivity to CD4bs and 

V3-directed neutralizing antibodies where an increased sensitivity was observed in all isolates 

tested. In this context, it is of interest to note that the panel of isolates tested have varying V2 
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loop sequences, amino acid length, and number of glycosylation sites, including the presence or 

absence of N160 (Fig. 3.2), which is a part of the epitope targeted by PG9/PG16. 

In order to determine if the effect of the N7 glycan on sensitivity to V2-specific 

antibodies is limited to those isolates that maintain the N160 PNLG, we examined WT and N7 

mutant Env from SF162 and JR-FL for reactivity to monoclonal antibody 697-30D, which also 

recognizes a conformation-dependent epitope in V2, but does not rely upon the quaternary form 

of Env, nor the presence of the N160 glycan (Fig. 3.5) (247). The binding of 697-30D to WT and 

mutant Env was determined by antigen-capture assays using three forms of the Env that differ in 

their conformational and oligomeric structures: monomeric gp120s, lysed pseudovirus, and 

whole pseudovirus, with the latter exhibiting the most sterically constrained forms of Env (56, 

110, 140, 297, 298).  Binding of 2G12 and HIV-positive serum was detected with all three forms 

of Env tested (data not shown) and was therefore used as positive controls. Vaccinia virus 

infected cell lysate was included as a negative control. All values described were normalized to 

binding by HIV-positive serum and were expressed as percentages of binding to the WT Env. 

N7-deglycosylated SF162 Env from lysed virions and monomeric gp120s showed 

significantly reduced binding to 697-30D compared to their glycosylated counterparts (p≤0.01) 

(Fig. 3.5A). However, there was no difference in 697-30D binding between glycosylated or 

deglycosylated Env when whole SF162 virions were used, indicating that the N7 glycan may 

alter the conformation of the V2 loop in the less constrained gp120, but not in the trimeric form 

on whole virions where there is reduced local flexibility. However, no differences were observed 

between N7-glycosylated or deglycosylated forms of JR-FL Env, as presented in gp120, whole 

virions, or lysed virions (Fig. 3.5B), possibly as a result of the more constrained nature of the V2 
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loop in JR-FL as compared to that in SF162. Again, these finding support the notion that the N7 

glycan affects the antigenicity of the V2 loop in an isolate-specific manner.   

Effect of the N7 glycan on neutralization sensitivity to monoclonal antibodies directed to 

epitopes in the mannan cluster and the MPER 

 To examine the effect of the N7 glycan on the antigenicity of distal parts of the Env, we 

tested the sensitivity of WT and N7 mutant virus to mannan-dependent and MPER-specific 

antibody, 2G12 and 4E10 respectively (234-236). There was little to no change in 2G12 or 4E10 

sensitivity when the N7 glycan was removed (Table 3.4). While QA255, 89.6, ADA, and LN40 

showed ~3 fold sensitivity difference to 2G12 and PVO.4 and SF162 exhibited a modest (~4 

fold) increase in sensitivity to 4E10 when the N7 glycan was removed, other viruses 

demonstrated no change. These data indicate that the N7 glycan plays less of a role in these distal 

epitopes compared to those in the CD4bs and V2/V3 loops.  

The N7 glycan modulates virus sensitivity to antibodies from HIV-positive individuals. 

 The highly conserved nature of the N7 glycan indicates an important role for virus 

survival. To demonstrate this potential role, we examined the sensitivity of the WT and N7 

mutant viruses in the panel of HIV-1 isolates against pooled serum samples from HIV-positive 

individuals. As expected, there was a wide spectrum of neutralization sensitivity among the 

viruses tested against the clade B and clade C serum pools (Table 3.4).  However, most of the 

viruses tested, regardless of their neutralization sensitivity, showed 3- to 60-fold increased 

sensitivity to either the clade B or clade C HIV-positive pooled sera when the N7 glycan was 

absent, consistent with a conserved role of the N7 glycan in the evasion of host neutralizing 

antibody responses. The only exception was a clade A isolate, QA255, where the N7-
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glycosylated form was highly resistant to the clade B serum used (1:20), making it difficult to 

determine any increase in sensitivity for the N7-deglycosylated virus.  

Discussion 

Glycans on HIV-1 envelope proteins have been shown or postulated to play an important 

and multi-faceted role in viral replication, including structural integrity of the virus, coreceptor 

usage, evasion of host immune responses, and targets for bNAbs (148, 150, 151, 226, 299). Here, 

we report that the conserved role for the N-linked glycan at amino acid position 197 (N7) in 

modulating the antigenicity of the CD4bs and epitopes in the V3 loop, a major determinant for 

coreceptor usage. This role is conserved among a panel of viruses tested, including isolates of 

different clades, tissue origin, coreceptor usage, and neutralization sensitivity (Table 3.2 & 3.4). 

The N7 glycan is also unique among PNLGs in the conserved regions of HIV-1 in modulating 

the sensitivity to CD4bs-directed neutralizing antibodies while maintaining the integrity of distal 

epitopes (2G12, MPER). The increased sensitivity of N7 mutants was not due to a decrease in 

viral infectivity (Fig. 3.3), nor any defect in the ability of the N7 mutant gp120 to bind the CD4 

receptor (Table 3.3). The observation that N7 mutants also showed increased sensitivity to 

pooled HIV-positive serum is consistent with a role for the N7 glycan in viral evasion from the 

host immune responses in vivo (Table 3.4).  

It is of interest to note that the absence of the N7 glycan in CNS versus blood/lymph node 

isolates resulted in differential sensitivity to sCD4. While the blood/lymph node isolates 

demonstrated increased sensitivity to all CD4bs-directed antibodies when the N7 glycan is 

absent, the same mutation in CNS isolates showed no change in sensitivity to sCD4 (Table 3.2). 

This differential sensitivity may be derived from the immune-privileged environment, from 

which CNS isolates were obtained, i.e., there is little selective pressure for CNS isolates to evade 
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antibodies against the CD4bs (300, 301). CNS isolates typically display a higher avidity for 

CD4, requiring lower levels to infect cells, and are more resistant to blocking by anti-CD4 

antibodies compared to spleen-derived envelopes (302). Interestingly, the V1/V2, V3, and C2 

regions, which include the N7 glycan site, determine the low CD4 dependence and high avidity 

for CD4 in CNS isolates (303). These factors may contribute to the unchanging sensitivity of 

CNS isolates to sCD4 when the N7 glycan is removed. However, removal of the N7 glycan did 

result in increased sensitivity of CNS viruses to other CD4bs-directed antibodies, e.g., VRC01 or 

IgG1b12, and to V3-directed antibody, 447-52D (Table 3.2 & 3.4), thus conforming to the 

conserved role of the N7 glycan masking these conserved epitopes. 

While the role we ascribe to the N7 glycan is through inference by site-specific mutation 

with a conserved amino acid substitution (N to Q) at the PNLG sequon, several observations 

support our notion that the effect of the N7 mutant is not due to the amino acid substitution per 

se, but rather to the absence of the glycan at this sequon. As shown in Table 3.2, both N197Q 

and N197S mutants resulted in similar changes in the sensitivity of LN40 to sCD4 and CD4bs-

specific antibodies VRC01 and IgG1b12. Interestingly, the same amino acid substitutions in 

ADA resulted in divergent phenotypes, with the N197S mutant exhibiting comparable sensitivity 

to the WT virus to VRC01 and increased resistance to IgG1b12, while the N197Q mutant 

showed increased sensitivity to these antibodies. It is noteworthy that the substitution at amino 

acid 197 with S resulted in the creation of a new upstream PNLG sequon at N195 (Fig. 3.2). 

Thus, we interpret the divergent phenotype of the N197Q and N197S mutants as evidence 

supporting a conserved role for an N-linked glycan at the base of the V2 loop: either the N7 

glycan in the case of the WT ADA, or the newly created glycan at N195 in the case of N197S. 

The differences in the apparent molecular weights of WT and N7 mutant Env expressed in 
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recombinant vaccinia viruses also support the occupancy of the N7 PNLG in all the isolates 

tested (data not shown).   

Although the N7 glycan modulates the receptor and coreceptor binding site in a 

conserved manner, its effect on the ability of the Env to mediate CD4-independent entry is 

specific to the isolate tested and the specific amino acid change introduced at the PNLG site. 

Data from this and previous studies showed ADA N197S and 89.6 as the only two isolates that 

display enhanced ability to mediate CD4-independent entry when the N7 glycan is absent (Fig. 

3.4) (226, 270). In these cases, the enhanced ability to mediate CD4-independent entry correlated 

with increased sensitivity to CD4i antibody, 17b (Table 3.2) (270). However, in other isolates 

tested, the presence or absence of the N7 glycan does not affect 17b sensitivity, even though 

increased susceptibility to a V3 antibody, 447-52D, was observed (Table 3.4). Furthermore, as in 

the case of ADA, the creation of an upstream PNLG sequon in the N197S mutant resulted in the 

acquisition of CD4-independent phenotype, whereas the absence of the N7 glycan in N197Q 

retained CD4-dependence (Fig. 3.4). Thus, even though the N7 glycan modulates the access or 

stability of epitopes in the CD4bs and coreceptor binding sites, neither the N7 glycan nor 

susceptibility to 17b per se is predictive of CD4 independence in an isolate-dependent or 

sequence-specific manner.  

The N7 glycan also modulates the sensitivity of virus to neutralizing antibodies 

recognizing a quaternary structure in V1/V2. Interestingly, this effect appears to be isolate 

dependent (Table 3.4) (304). PVO.4 was the only isolate that demonstrated increased sensitivity 

to PG9/PG16 antibodies when the N7 glycan was removed, while the same glycan mutant in 

every other virus tested showed increased resistance. Since PVO.4 has the longest V2 loop 

length and the highest number of potential N-linked glycan sites, we speculate that PVO.4 may 
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have a higher degree of structural constraint in the V2 loop compared to other isolates tested. If 

so, the conformation-dependent epitope in V2 recognized by PG9/PG16 may be better preserved 

in PVO.4 than the other isolates. Thus, when the N7 glycan is removed, the better preserved 

PG9/PG16 epitope in PVO.4 Env may be better exposed (and thus the higher sensitivity to these 

mAb), whereas the greater flexibility in other isolates may result in the loss of this epitope (and 

thus greater resistance). Furthermore, we note that the isolate-dependent effect of the N7 glycan 

on the epitopes recognized by V2-specific mAb is not dependent on the presence or the nature of 

the N160 glycan in the isolates tested. This is because the N7 glycan also affects Env binding to 

a V2-specific, conformation-dependent antibody, 697-30D, the epitope of which is not dependent 

on the N160 glycan (Fig. 3.5). Thus, the isolate-dependent effect of the N7 glycan on V2 

antigenicity is likely mediated through its effect on the positioning or the conformation of the 

V1/V2 loop.  

Currently, we do not have a clear understanding of the basis of the effect of the N7 

glycan reported in this study. As shown in Table 3.3, the presence or absence of the N7 glycan 

does not affect the affinity of gp120 to CD4-IgG2. This observation is consistent with previous 

publications demonstrating that the CD4 binding site on gp120 is not modified by carbohydrates 

(249, 305). Others have demonstrated that the N7 glycan may help to stabilize the native Env by 

occluding the V3 loop, shielding V3 epitopes, and inhibiting its premature release prior to CD4 

binding (295, 296). These findings, together with our data reported here support the possibility 

that the biological property of the N7 glycan may only be discernible in the trimeric form of Env. 

Furthermore, we have little information on the nature of the glycans on the N7 site and how that 

may affect its role in different isolates. Further studies will be needed to provide a better 

understanding of the structural and biophysical basis of our observations.   
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We report here the conserved phenotype of an N-linked glycan in masking epitopes in the 

CD4bs and coreceptor binding sites, epitopes targeted by some of the most potent and broadly 

reactive neutralizing antibodies. Because glycans on HIV-1 play an important role in the 

structure and function of Env (290, 306, 307) and because multiple studies have shown that 

carbohydrates modulate Env antigenicity (148, 150, 151, 219-224, 226, 299), glycan 

modification may represent a rational approach for immunogen design. Although multiple 

studies have shown little or negative impact of glycan modifications on Env immunogenicity 

(227-231), we previously demonstrated that removal of specific glycans may enhance the ability 

of HIV Env to elicit neutralizing antibody responses (226). Similar observations were also made 

by the removal of specific N-linked glycans proximal to the CD4-binding region (148).  Mutant 

Env with specific glycans removed also binds to the unmutated common ancestors of broadly 

neutralizing mAbs better than glycosylated versions (222, 308). Furthermore, glycan 

modification may play a role in modifying the immunogenicity of other vaccine candidates, 

including hemorrhagic fever (309), and feline immunodeficiency virus (310). Taken together, 

our finding of the conserved nature of the N7 glycan in masking the receptor and coreceptor 

binding sites of HIV-1 Env may inform the design of immunogens more capable of eliciting 

bNAbs against these important targets.  

Acknowledgements 

We thank Drs. Wenjin Guo, Patricia Firpo, Thaddeus Davenport, and Miklos Guttman for 

expert advice; Taryn Urion and Jennifer McKenna for technical assistance; Drs. Cecilia Cheng-

Mayer, Paul Clapham, Julie Overbaugh, James Robinson, Ruth Ruprecht, Joseph Sodroski, 

Leonidas Stamatatos, Charles Wood, Susan Zolla-Pazner and the NIH AIDS Research and 



48 
 

Reference Reagent Program for providing monoclonal antibodies and reagents; and Drs. Shan Lu 

and Kelly Lee for helpful discussions.  

Funding 

 This study was supported in part by NIH grants R01 AI076170, P01 AI082274, P51 

OD010425 and the Bill and Melinda Gates Foundation award OPP1033102. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

Table 3.1: Select HIV-1 isolates representing different clades, coreceptor usage and tissue 

origin 

Isolate Clade Tropism Source Reference Accession Number 

QA255 A R5 PBMC (257) N/A 

89.6 B R5/X4 PBMC (311) U39362 

ADA B R5 PBMC (312) AY426119 

B33 B R5 Brain (260) ADD17640 

LN40 B R5 Lymph Node (260) ADD17641 

JR-FL B R5 Brain (261) AAB05604 

PVO.4 B R5 PBMC (265) AAW64259 

SF162 B R5 Brain (313) P19550 

1084i C R5 PBMC (263) AAV80387 

 

Reproduced with permission from reference (225).  
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Table 3.2: Neutralization sensitivity of WT and N7 mutant pseudotyped viruses to 

monoclonal antibodies targeting CD4bs or CD4-induced (CD4i) epitopes

 

a Input virus was normalized by their infectivity at 150 TCID50 in TZM-bl cells. The column 

subheadings indicate the respective monoclonal antibodies and epitopes they recognize. N.D., 

not determined. Results represent the average of two or more experiments, each performed in 

duplicates.  
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b The presence (+) or absence (‒) of the N7 glycan is indicated. Unless otherwise indicated, the N 

residue in the PNLG sequon was substitute with Q. N197S indicates an N to S substitution at the 

same 197 amino acid residue. 

c Fold change was calculated as the ratio between the IC50 values with N7‒ and N7+ viruses. 

Only values greater than or equal to 3 are shown. Increased neutralization sensitivity greater than 

4-fold is highlighted in red; decreased sensitivity greater than 4-fold is highlighted in green.  

d A subneutralizing concentration of sCD4 was used for these assays. Because the viruses exhibit 

different sensitivities to sCD4, 20% of the IC50 concentration was used for each individual virus. 

Reproduced with permission from reference (225).  
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Table 3.3: Binding affinity of N7-glycosylated and deglycosylated gp120 to CD4-IgG2. 

Env N7 Glycana KD (M) ka (1/Ms) kd (1/s) p-valueb 

ADA 

+ 4.74E-09 5.13E+04 2.46E-04 

0.25 

‒ 6.85E-09 4.21E+04 2.91E-04 

JR-FL 

+ 3.64E-09 7.19E+04 2.61E-04 

0.25 

‒ 2.72E-09 6.69E+04 1.81E-04 

PVO.4 

+ 4.02E-08 4.59E+04 1.80E-03 

>0.99 

‒ 4.01E-08 5.52E+04 2.20E-03 

 

a N7-glycosylated (+) and deglycosylated (‒) gp120s were used. 

b p-value for KD(M) obtained with N7-glycosylated or deglycosylated gp120 is calculated by the 

Wilcoxon matched-pairs signed-rank test.  

Reproduced with permission from reference (225).  
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Table 3.4: Neutralization sensitivity of WT and N7 mutant pseudotyped viruses to HIV-

positive serum and monoclonal antibodies targeting V1/V2, V3, mannan and MPER 

epitopes

 

a, b & c See legends to Table 3.2. 

Reproduced with permission from reference (225).  
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Figure 3.1: Neutralization sensitivity of viruses pseudotyped with WT 89.6 ENV or PNLG 

mutants in the conserved regions of Env. Mutants were designated by the amino acid position 

of the asparagine residue of the PNLG sequon. N197 mutant is abbreviated as N7. Neutralization 

assay was performed using sCD4, CD4-IgG, broadly neutralizing monoclonal antibodies, or 

pooled HIV-positive serum at concentrations or serum dilutions as indicated. Neutralization was 

quantified as the percent inhibition of viral infectivity measured by RLU expressed in TZM-bl 

indicator cells. Dotted line denotes the concentration or reciprocal serum dilutions that resulted 

in 50% inhibition of viral infectivity (IC50). Reproduced with permission from reference (225).  
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Figure 3.2: V2-loop amino acid sequence of the panel of HIV-1 isolates. The amino acid 

sequence of the V2 loop for each Env (257, 260, 261, 263, 265, 311-313) is aligned to the HXB2 

reference sequence (314) using ClustalW. Numbering is based on the HXB2 amino acid 

sequence. Identical amino acid residues are indicated by dots. Dashes indicate gaps. PNLG sites 

in each isolate are indicated by a red letter N. The N7 PNLG site is at amino acid position 197. 

Reproduced with permission from reference (225).  

 

 

 

 

 

 



56 
 

 

Figure 3.3: Infectivity of viruses pseudotyped with WT or mutant N7 Env. The relative 

infectivity of viruses pseudotyped with WT or N7 mutant of Env from ADA, B33, or PVO.4 was 

measured as the quantity of p24 (in picograms) normalized to the infectivity (TCID50) of the 

respective viruses. Solid boxes indicate viruses pseudotyped with the N7-glycosylated form of 

Env and hatched boxes, the N7-deglycosylated forms. Results for all viruses are shown with the 

average and standard deviation obtained from three independent experiments performed in 

duplicates. Reproduced with permission from reference (225).  
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Figure 3.4: CD4 dependence of infection by WT and N7 glycan mutants. The infectivity of 

WT and N7 mutants were compared in cells expressing coreceptors CCR5 or CXCR4, with or 

without co-expression of CD4. Infectivity of R5 tropic viruses was determined in NP2 cells 

expressing CCR5. Infectivity of 89.6 was determined using U87 cells expressing CXCR4 

(adapted from Li et. al. (226)). The inoculum used for each virus was normalized by its 

infectivity in isogenic cells expressing the CD4 receptor (200,000 RLU measured in NP2-CCR5-

CD4 or U87-CXCR4-CD4 cells). Solid boxes indicate infectivity of viruses with the N7 PNLG 

present, hatched boxes indicate N197Q mutants, and the striped box indicate ADA N197S 

mutant virus. The results in all panels represent the average from at least two independent 

experiments performed in duplicates. Reproduced with permission from reference (225).  
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Figure 3.5: Effect of N7 glycan on the binding of a monoclonal antibody recognizing a 

conformation-dependent epitope in the V2 loop. Binding of monoclonal antibody 697-30D to 

the WT or N7 mutant forms of SF162 (A) or JR-FL (B) Env was measured by antigen capture 

assays. Three different forms of Env were tested: (1) whole virions pseudotyped with the 

indicated Env, (2) pseudovirions lysed with triton-x 100, or (3) gp120 expressed in recombinant 

vaccinia virus infected cells (275). Binding to 697-30D was normalized to binding obtained with 

HIV-positive serum and values obtained with the N7-deglycosylated Env (red bars) were 

expressed as a percentage of the values obtained with the N7-glycosylated Env (blue bars). The 

results represent the average and standard deviation obtained from three individual experiments 

performed in duplicates. p-values were calculated by the Wilcoxon matched-pairs signed-rank 

test (**p≤0.01). Reproduced with permission from reference (225).  
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Chapter Four 

Induction of Heterologous Tier 2 HIV-1 Neutralizing and Cross-Reactive V1/V2-Specific 

Antibodies in Rabbits by Prime-Boost Immunization 

Abstract 

 The RV144 poxvirus prime-protein boost remains the only immunization strategy shown 

to elicit a modest level of protection against HIV-1 acquisition in humans. Although neutralizing 

antibodies (Nab) were generated, they were against sensitive viruses, not the more resistant “Tier 

2” isolates that dominate circulating strains. Instead, risk reduction correlated with non-broadly 

Nab recognizing epitopes in the V1/V2 region of HIV-1 envelope glycoprotein (Env). Here, we 

examined if Tier 2-virus Nab and V1/V2-specific non-Nab could be elicited by a poxvirus prime-

gp120 boost strategy in a rabbit model that included antigenically diverse envelope proteins. We 

studied two Clade B Envs that differ in multiple parameters, including their tissue origin, 

neutralization sensitivity, and the presence of the N197 (N7) glycan that was previously shown 

to modulate the exposure of conserved epitopes on Env. We demonstrate that immunized rabbits 

generated cross-reactive neutralizing activities against >50% of Tier 2 global HIV-1 isolates 

tested. Some of these activities were directed against the CD4 binding site (CD4bs). These 

rabbits also generated antibodies that recognized protein scaffolds bearing V1/V2 sequences 

from diverse HIV-1 isolates. However, there are subtle differences in the specificity and the 

response rate of V1/V2-specific antibodies between animals immunized with JR-FL or PVO.4 

Env, and the presence or absence of the N7 glycan.  These findings demonstrate that antibody 

responses that have been correlated with protection against HIV-1 acquisition in humans can be 

elicited in a preclinical model by a poxvirus prime-gp120 boost strategy and that improvements 
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to these responses may be achievable by optimizing variables such as the nature of the priming 

and boosting immunogens. 

Importance 

The only vaccine approach shown to date to elicit any protective efficacy against HIV-1 

acquisition is based on a poxvirus prime-protein boost regimen (RV144 Thai trial). Reduction of 

risk was associated with non-broadly Nab targeting the V1/V2 loops of the envelope protein 

gp120.  However, the modest efficacy (31.2%) achieved in this trial highlights the need to 

examine approaches and factors that may improve vaccine-induced responses, including cross-

reactive neutralizing activities. We show here that rabbits immunized with a novel recombinant 

vaccinia prime-gp120 protein boost regimen generated V1/V2 binding antibodies and 

neutralizing activities against heterologous Tier 2 HIV-1 isolates. The observation that such 

responses can be generated in an animal model offers the possibility that the protective efficacy 

of the prime-boost immunization approach can be further improved. The results described here 

could inform the design of future HIV-1 vaccine candidates.  

Introduction 

While many vaccine approaches have been tested in the clinic, all but one have failed to 

elicit protection against HIV-1 acquisition (203, 287). Only the RV144 trial achieved a modest 

efficacy of 31.2% using a prime-boost strategy with non-replicative recombinant canarypox virus 

and bivalent gp120 protein (13). Antibodies against variable loops 1 and 2 (V1/V2) and high 

levels of antibody-dependent cellular cytotoxicity (ADCC) activities were found to inversely 

correlate with the risk of HIV-1 acquisition (214-216). Nabs were generated, but were primarily 

against Tier 1 isolates, with little or no Tier 2 neutralizing activity detected (218). Despite these 

limitations, results of the RV144 trial provide a starting point to examine factors in the prime-
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boost strategy that may improve vaccine efficacy, including the generation of antibodies that 

may neutralize Tier 2 viruses.  

Passively administered Nab have been shown to protect against primate lentivirus 

infection in animal models (174, 178, 203, 285-287); therefore it remains a major goal for HIV-1 

vaccines to elicit these antibodies. Recent studies described vaccine-induced Tier 2 virus Nab in 

immunized animals; however, these responses are limited, sporadic, and primarily against the 

autologous Tier 2 isolates (315-317). Novel immunogens are being examined in hopes that they 

may elicit cross-reactive Tier 2 Nab (203, 287, 318, 319). We previously reported that removal 

of a single N-linked glycan at amino acid N197 (N7) of gp120 enhanced the ability of Env to 

generate cross-reactive neutralizing responses (226, 315). This study was based on a single 

isolate, 89.6. Since the N7 glycan and its effect on Env antigenicity are highly conserved (148, 

225, 226, 270, 320), it is of interest to determine if the effects of the N7 glycan on Env 

immunogenicity can be observed in isolates other than 89.6. 

In the present study, we sought to examine if antibody responses that have been 

correlated with protection against HIV-1 acquisition in humans can be elicited in a preclinical 

model by a poxvirus prime-gp120 protein boost strategy. Specifically, we used a replication-

competent vaccinia virus vector for priming and two Clade B Envs (JR-FL and PVO.4) for 

boosting. These Env differ in multiple parameters, including their tissue origin, neutralization 

sensitivity, and the presence of the N7 glycan that was previously shown to modulate the 

exposure of variable loop 3 (V3) and CD4 binding sites (CD4bs) on Env (225, 226, 261, 265). 

Using this prime-boost immunization regimen, we were able to induce cross-reactive binding 

antibodies against V1/V2 fusion proteins and neutralizing responses against heterologous Tier 2 

isolates. However, contrary to our previous finding in 89.6, the N7 glycan had little or no impact 
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on Env immunogenicity in the context of the poxvirus prime-gp120 boost used, indicating the 

need for further improvements in immunization strategy by optimizing the nature of the priming 

and boosting immunogens.  

Results 

Immunogens and immunization regimen 

 To determine if antibody responses elicited by a poxvirus prime-gp120 protein boost 

strategy are affected by the choice of the Env immunogen used, we studied two Clade B Envs 

(JR-FL and PVO.4) that differ in multiple parameters including: their tissue origin, neutralization 

sensitivity, and the presence of the N7 glycan previously shown to modulate the exposure of the 

CD4 and coreceptor binding sites on Env (225, 226, 261, 265). JR-FL, is a brain isolate that 

lacks the N7 glycan sequon (261) and shows Tier 2 neutralization sensitivity, whereas PVO.4 is 

a blood isolate that retains the highly conserved N7 glycan sequon and shows a Tier 3 

neutralization resistant phenotype (225, 265, 294).  

 To increase the efficacy of priming with these Env immunogens, we took advantage of an 

attenuated, but replication-competent vaccinia virus vector, v-NY, which was used in the first 

clinical trials of the poxvirus-protein boost strategy (276, 321). We generated recombinant 

vaccinia viruses that express full-length Envs with (N7+) or without (N7–) the sequon of the 

N197 glycan (Fig. 4.1). As reported previously, over-expression of full-length HIV-1 Env 

resulted in the accumulation of unprocessed gp160. However, these Env are processed, albeit 

inefficiently, and are fully functional in engaging the CD4 receptor and mediating membrane 

fusion (280, 322).  

 New Zealand White rabbits were primed at weeks 0 and 8 with recombinant vaccinia 

virus expressing one of four full-length gp160s: JR-FL N7 deglycosylated (JR-FL N7–), JR-FL 
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N7 glycosylated (JR-FL N7+), PVO.4 N7 glycosylated (PVO.4 N7+), or PVO.4 N7 

deglycosylated (PVO.4 N7–) Env (Fig. 4.1). Animals were boosted with the cognate gp120 Env 

protein formulated in alum at weeks 35 and 48 (Fig. 4.2). Animal sera collected two weeks after 

each boosting event (week 37 and 50 respectively) were tested for antibody binding and 

neutralizing capabilities compared to pre-immune sera.  

All immunized animals generated Env-specific antibodies 

In order to determine the potency and cross-reactivity of the Env-specific antibodies, we 

tested the ability of week 37 and 50 sera to bind homologous wild type (WT) JR-FL and PVO.4 

gp120 protein as well as heterologous SF162 gp120 protein in an ELISA (Fig. 4.3A). Immune 

sera showed endpoint binding titers of ~105 against SF162 gp120 and up to ~106 titers against 

homologous gp120. All sera demonstrate similar endpoint binding titers to heterologous gp120. 

Maximal endpoint titers were achieved after the first gp120 boost, with no further increase 

obtained after the second boost. This indicates that the prime-boost immunization regimen, 

regardless of the Env used in this study, was able to generate high titers of cross-reactive Env-

specific antibodies. 

Effect of gp120 boost on the specificity of anti-Env responses 

Previous studies with subunit and prime-boost immunization have elicited higher 

antibody titers against V3, constant region 1 (C1), and constant region 5 (C5) compared to 

responses against V1 and V2 (323-325). To determine the epitope-specificity of the antibody 

responses in immunized animals, we used a Bioplex assay to examine the ability of week 37 and 

50 sera to bind overlapping peptides derived from consensus B (ConB) Env spanning C1, C5, 

V1, V2, and V3 epitopes (Fig. 4.3B). Consistent with previous studies and regardless of which 

immunogen was used, high levels of serum reactivity were detected against C1, C5, or V3 
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peptides compared to V1 and V2 peptides. All animals generated antibodies that recognize 

peptides that span the mid-region of the V2 loop (HXB2 numbering sequence 169-184, data not 

shown), a region recognized by antibodies generated by protected RV144 vaccinees (326). While 

there was no significant difference in the overall gp120-binding antibody titer between the week 

37 and 50 sera (Fig. 4.3A), the second gp120 immunization significantly boosted antibody 

reactivity to all peptides tested (Fig. 4.3B), indicating a preferential expansion of antibodies that 

recognize linear epitopes resulting from the gp120 boosts.  

Cross-reactive antibodies that recognize recombinant V1/V2 fusion proteins 

 Antibodies against the V1/V2 loop, specifically those that recognize V1/V2-gp70 fusion 

proteins, have been shown to correlate with protection in the RV144 trial (214-216). Since all 

animals generated antibodies against peptides corresponding to V1 and V2 (Fig. 4.3B), we tested 

the rabbit sera’s ability to recognize a cross-clade panel of V1/V2 fusion proteins derived from 

different Envs in a multiplex binding antibody assay (Fig. 4.4). By week 37, all 12 JR-FL and 

9/12 PVO.4 immunized animals generated antibodies that recognize V1/V2 fusion proteins 

derived from multiple isolates of different clades.  Reactivity to V1/V2 fusion proteins is 

comparable between week 37 and week 50 sera, indicating that the priming followed by one 

gp120 boost was sufficient to generate V1/V2 binding antibodies. The JR-FL N7+ immunized 

animals generated some of the highest mean florescence intensity (MFI) values against clade B 

V1/V2 fusion proteins compared to other groups. Regardless of the presence or absence of the 

N7 glycan, immunization with JR-FL Env consistently generated V1/V2 fusion binding 

antibodies capable of recognizing clade B, C, and AE Env. This contrasts with the more sporadic 

reactivity observed with PVO.4 Env immunization. These results indicate the prime-boost 
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strategy effectively induced V1/V2-directed antibodies, but the profile of their V1/V2-reactivity 

differed between animals that received the JR-FL or the PVO.4 immunogens.  

Neutralization of standard Tier 1B and Tier 2 clade B isolates 

 In order to determine their neutralization capability, we tested immune sera against a 

number of Tier 1 HIV-1 and a standard panel of primary clade B isolates (Table 4.1). At 1:15 

dilution, all sera neutralized SF162, a Tier 1A isolate, and most sera were capable of neutralizing 

some Tier 1B isolates, including DJ263.8, a clade A isolate (267), indicating the presence of 

cross-neutralizing activities. However, CRF02_AG_271, a clade AG isolate, was not as readily 

neutralized by the sera. Sera from JR-FL N7+ or PVO.4 N7+ immunized animals neutralized 

over 50% of the Tier 2 and Tier 3 isolates on the standard clade B panel; whereas those from 

N7– Env-immunized animals failed to do so. Notably, two animals in the PVO.4 N7+ group, 

animal 643 and 645, showed neutralizing activities against nearly the entire panel of Tier 1, 2, 

and 3 isolates tested. 

 Previous studies have shown that sera neutralizing Tier 1 isolates are primarily directed 

against the V3 loop. Therefore, we tested if linear ConB V3 peptides would compete with the 

ability of immune sera to neutralize Tier 1 viruses (Fig. 4.5). Regardless of the immunogen used, 

neutralizing activities of immune sera against SF162 and Bal.26 was fully or partially competed 

out with the addition of V3 peptides (Fig. 4.5A&B), indicating that V3 directed antibodies 

contributed to the neutralizing activities in the sera. However, neutralization of DJ263.8 was 

unchanged with the addition of V3 peptides (Fig. 4.5C), indicating that the neutralizing activities 

could not be competed with the V3 peptides used, or the Nab may recognize epitopes other than 

V3 on the clade A Env.  

Cross-clade neutralization of a panel of global Tier 2 isolates 
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 To further test the breadth of the neutralizing reactivity of the immune sera, we tested 

week 37 sera’s ability to neutralize a standard panel of global Tier 2 viruses (Fig. 4.6). 

Interestingly, each virus on the panel was neutralized by at least one animal sera tested. All 

animals, except one in the JR-FL N7– group (animal 631), generated sera capable of neutralizing 

at least one virus on this global panel (data not shown). Notably, a Tier 2 clade C isolate, 

CE1176_A3, was neutralized by sera from all but one animal, with titers reaching ~1:100 for 

some sera (Fig. 4.6A). However, animals immunized with N7+ immunogens generated sera with 

significantly higher neutralization titers against the global Tier 2 isolate panel compared to 

animals immunized with their N7– counterparts (Fig. 4.6B). JR-FL N7+ immunized animals 

generated higher ID50 titers against the global virus panel and clade B virus panel compared to 

JR-FL N7– immunized animals. PVO.4 N7+ immunized animals generated higher ID50 titers 

against the clade B panel and a trend (p=0.08) toward increased ID50 titers against the global 

panel compared to PVO.4 N7– immunized animals. In fact, over 50% of the isolates in the global 

Tier 2 panel was neutralized by week 37 sera from the JR-FL N7+ group, significantly higher 

than the 18% neutralized by sera from the JR-FL N7– group (data not shown?). Sera from PVO.4 

N7+ immunized animals neutralized 45% of the panel while sera from PVO.4 N7– immunized 

animals neutralized 36% of the panel. However, the percent of neutralization against the global 

panel diminished significantly after a second gp120 boost for JR-FL N7+ and PVO.4 N7– 

groups, indicating that repeated immunization with gp120 did little to boost the neutralizing 

antibody response against heterologous Tier 2 isolates tested.  

Characterization of neutralizing activities in immune sera against CE1176_A3 

To determine the epitope specificity of the Tier 2 neutralizing activities in the immune 

sera, we generated a panel of site-specific mutants of CE1176_A3 that are resistant to one or 
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more broadly neutralizing monoclonal antibodies (bNMab) of known specificities. CE1176_A3 

env was used to generate these mutants because all animals but one could neutralize this isolate 

better than other isolates on the global panel (Fig. 4.6A). Previous work has defined the epitopes 

targeted by bNMabs by mutational analysis: mutants N280D or G458Y are resistant to CD4bs-

directed antibodies VRC01, CH31, and 3BNC117 (327); N160K mutant is resistant to V2-

directed antibodies CH01 PG9, and PG16 (151, 328, 329), N332A mutant is resistant to V3 

glycan-directed antibody PGT128 (150), W672A  mutant is resistant to MPER-directed 

antibodies 4E10, 2F5, or 10E8 (330, 331), and a double mutant, N611A/N625A, is resistant to 

antibody PGT151 directed to gp120/gp41 interface epitopes (134, 332). Based on this 

information, a panel of single-site and multiple-site mutants was generated and their sensitivity 

profile tested against a panel of bNMab listed above. Results in Fig. 4.7 confirm the expected 

neutralization sensitivity profile of the following mutants: (1) single-site mutants N280D or 

G458Y were resistant to CD4bs-directed monoclonal antibodies (Mab) VRC01, CH31, and 

3BNC117, but sensitive to Mab directed to all other sites (Fig. 4.7A & B); (2) a quintuple mutant 

(N160K.N332A.N611A.N625A.W672A) retained sensitivity to CD4bs antibodies, but was 

resistant to antibodies directed to all other sites (Fig. 4.7C); (3) a quadruple mutant 

(N332A.N611A.N625A.W672A) was sensitive to CD4bs- and V2-directed antibodies, but 

resistant to V3, MPER, and gp120/gp41 interface antibodies (Fig. 4.7D); (4) a triple mutant 

(N160K.N332A.W672A) was sensitive to CD4bs- and gp120/gp41 interface-directed antibodies, 

but resistant to V2-, V3-, and MPER-directed antibodies (Fig. 4.7E). Thus, these mutants 

demonstrated the expected neutralization sensitivity profile against the panel of bNMab tested.  

Having characterized the neutralization sensitivity profile of these mutants, we examined 

the epitope specificity of the neutralizing activity in a subset of immune sera against WT and 
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mutant CE1176_A3. Most sera had similar neutralizing potency against WT CE1176_A3 and 

mutant viruses, thus showing no identifiable specificity but confirming their neutralizing 

activities against this Tier 2 virus. Notably, two animals, 640 and 647, showed clearly reduced 

neutralization potency when tested against CD4bs resistant mutants (Fig. 4.8). Serum from 

animal 640 was unable to neutralize CE1176_A3 mutants N280D and G458Y, both of which are 

resistant to CD4bs-directed antibodies, while retaining neutralizing activities against all other 

mutants tested (Fig. 4.8A). Serum from animal 647 also showed reduced neutralization potency 

against the N280D, but not the G458Y mutant, consistent with the idea that the antibodies in this 

animal’s serum targeted epitope(s) dependent on N280, but not G458 (Fig. 4.8B). Together these 

data indicate that CD4bs-directed antibodies may contribute to the neutralizing activities in the 

immune sera from these rabbits against a heterologous Tier 2 virus, CE1176_A3. Interestingly, 

animal 647 sera also showed reduced potency against three multiple-site mutants tested (Fig. 

4.8B), indicating neutralizing activities directed against multiple targets. 

 

Discussion 

 We demonstrate here a poxvirus prime-gp120 boost immunization regimen elicited, in a 

rabbit model, immune responses that have been shown to correlate with protection against HIV-1 

acquisition in humans or other preclinical animal models. Specifically, we showed that 

immunized rabbits generated cross-clade V1/V2-specific antibodies, a response found to 

correlate with risk reduction of HIV-1 acquisition in the RV144 trial (214, 215, 326). In addition, 

all the immunized rabbits in this study showed neutralizing activities against one or more of the 

HIV-1 isolates tested, including a number of heterologous Tier 2 isolates in the standard TZM-bl 

assay, albeit at low titers (1:20 to ~1:100). These observations, if confirmed in other preclinical 
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models, may provide a starting point to examine factors in the prime-boost immunization 

strategy that may improve upon the modest efficacy achieved by the RV144 trial.  

The profile of V1/V2-specific responses varied between animals immunized with JR-FL 

or PVO.4 Env (Fig. 4.4). All JR-FL-immunized animals generated antibodies that recognized 

V1/V2 fusion proteins from diverse isolates, whereas a number of PVO.4-immunized animals 

failed to show any detectable V1/V2 reactivity. The V1/V2 loop of different HIV-1 isolates 

varies significantly in their amino acid length and the number of potential N-linked glycan sites 

(17, 67, 68). Whether the differential immunogenicity in V1/V2 responses observed in this study 

reflects the accessibility or structural stability of the V1/V2 loop in these Env is yet to be 

determined. Nevertheless, our finding indicates that Env from some HIV-1 isolates may be better 

than others at inducing antibodies that recognize the conformation-dependent epitopes in the 

V1/V2 loop. While the functional role of the V1/V2 specific antibodies remains unclear, 

immunized animals in this our findings indicate that the recombinant vaccinia prime-gp120 

protein boost regimen described in this study was able to generate, in a preclinical animal model, 

antibodies with epitope-specificity that have been correlated with protection in the RV144 trial 

(214, 326). 

 Furthermore, immunized rabbits described here also generated cross-reactive neutralizing 

activities, not only against Tier 1A and some Tier 1B viruses, but also against heterologous Tier 

2 viruses, with up to 50% neutralization of the global Tier 2 panel tested (Table 4.1 & Fig. 4.6). 

This neutralizing activity was reproducible (Fig. 4.8 and data not shown) and was not due to 

non-specific activities as indicated by the lack of neutralization against MuLV (Table 4.1). 

However, the nature and the specificity of the neutralizing responses observed in these animals 

remain to be defined. Some, but not all, of the Tier 1 neutralizing activities can be competed out 
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by V3 peptides (Fig. 4.5), indicating that antibodies directed to non-V3 or non-linear epitopes in 

V3 may contribute to the neutralization of these easy-to-neutralize isolates. Analysis with 

epitope-specific mutants of CE1176 indicates some animals generated CD4bs-directed 

antibodies, albeit with differential and overlapping specificities, that contribute to the 

neutralization against this Tier 2 virus (Fig. 4.8). This is highly surprising, since cross-reactive 

neutralizing antibodies directed against the CD4bs typically take 2-4 years after seroconversion 

to develop in infected individuals (218, 271, 286, 287).  Without further substantiation, we 

cannot attribute the CD4bs-directed neutralizing activities in the immunized rabbits to bNab as 

defined by Mab such as VRC01. Nevertheless, our findings support the notion that the prime-

boost immunization approach as described here can induce Nab responses against heterologous 

Tier 2 isolates, albeit with limited breadth and modest titers. Future studies will be needed to 

better define the nature of these responses, and if and how these responses could be improved. 

 It is interesting to note that repeated gp120 boosting increased the ability of immune sera 

to bind certain peptides, including those that were also recognized by RV144 vaccinees (Fig. 

4.3B) (214-216). However, the increase in peptide-specific responses was not accompanied by 

increased titers to gp120 (Fig. 4.3A). Therefore, the second boost may preferentially increase 

responses to linear peptides presented by the gp120 proteins. Additionally, repeated gp120 

immunization failed to boost and, in some cases, resulted in diminished neutralization responses 

(data not shown). This observation is consistent with the idea that the first subunit protein 

immunization may boost antibodies that were generated after the priming event, while the second 

subunit protein boost preferentially expanded antibodies induced by the first protein 

immunization that were limited in their neutralizing activities (333). If so, gp120 may be a 
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suboptimal immunogen for a prime-boost immunization regimen aimed at generating 

neutralizing antibody responses.  

 While the N7 glycan has been shown to increase the stability or exposure of the CD4bs 

and V3 epitopes in a conserved manner (225, 226), results reported here suggest that the N7 

glycan may not play a conserved role in modulating Env immunogenicity, at least in the context 

of the vaccinia prime-gp120 boost regimen. As shown in Table 4.1 & Fig. 4.6, animals 

immunized with N7+ Env showed similar or slightly broader neutralization and higher titers of 

neutralizing activity compared to those immunized with their N7– counterparts. The failure to 

observe any difference is not due to any masking effect of the N7 glycan that may have resulted 

from suboptimal immunization in N7– immunized animals since all groups have similar vaccinia 

neutralizing (data not shown) and gp120 binding titers (Fig. 4.3). This is in direct contrast to our 

previous study in macaques demonstrating that N7– 89.6 Env induced broader and more potent 

neutralizing serum compared to its glycosylated counterpart (226). While these results may be 

related to the Env immunogen (89.6 vs. JR-FL or PVO.4), or the animal species (rabbits vs. 

macaques) used, the potential effect of the N7 glycan on Env immunogenicity could also depend 

on a number of other factors. For example, while the removal of the N7 glycan enhanced the 

ability of 89.6 Env to mediate CD4 independent entry (226), no such effect was observed for 

N7– versions of JR-FL or PVO.4 Env (225). Additionally, our earlier study in macaques used 

89.6 gp140 as the boosting immunogen, whereas the current study used gp120 protein, in an 

attempt to better simulate the RV144 regimen. Since the N7 glycan is predicted to shield the 

adjacent protomer’s V3 loop (295, 296), the biological property of the N7 glycan may be 

dependent on the trimeric structure of Env. In fact, our V3 peptide competition data demonstrates 

no difference between the ability of N7+ or N7– Env to generate V3-neutralizing antibodies in 
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the context of gp120 boost (Fig. 4.5). Therefore, gp120 may not be the appropriate immunogen 

to determine if the N7 glycan has any impact on Env immunogenicity. Indeed, other studies have 

demonstrated improved neutralization responses in animals immunized with trimeric gp140 

compared to animals immunized with gp120 monomers (334-337). Our finding that repeated 

gp120 boosting skewed antibody responses to linear epitopes (Fig. 4.3B) may also contribute to 

the lack of improved neutralization responses observed in N7– immunized animals (data not 

shown). It is therefore of interest to explore immunogens that can better preserve the trimer 

structure, such as SOSIP trimers, to test the potential role of the N7 glycan in modulating Env 

immunogenicity. 

 Despite many attempts (315-317, 338-340), generation of bNab against Tier 2 primary 

HIV-1 isolates by vaccination remains an unmet goal. Several recent studies succeeded in 

demonstrating vaccine-induced Nab against autologous Tier 2 virus, or a panel of mutated Tier 2 

isolates with increased CD4 or V3 epitope exposure (225, 315-317). Our finding of neutralizing 

responses against heterologous Tier 2 global isolates, albeit of modest potency and breadth, point 

to the possibility of generating such responses through the prime-boost immunization platform. 

The basis for the apparently improved response reported here is not clear. Several factors may 

contribute our findings, including the possible role of a replication competent virus for priming 

(276, 321). Replication competent viruses have been shown to be more effective protecting 

against certain viral infections and disease than immunization by replication incompetent viruses 

or subunit vaccines (341-343). Alternatively, differences in vaccine responses may also result 

from the specific Env, the nature of the boosting immunogens, and the immunization regimen 

used. Further studies will be needed to determine the potential contribution of these factors, 
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including the role of specific glycans, to improve the protective efficacy achievable by the 

prime-boost immunization regimen. 
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Group  

% Neutralization of HIV-1 Pseudovirus Tested with 1:15 Ratio of Week 37 Seruma 

Virus 
SF1

62 

6535

.3b 

BAL

.26 

SS11

96 

DJ26

3.8 

CRF0

2_AG 

Clone 

271 

JR-

FL 

QH06

92.42b 

SC4226

61.8b 

TRO

.11b 

AC10.

0.29b 

RHPA42

59.7b 

THRO41

56.18b 

REJO45

41.67b 

WITO41

60.33b 

CAAN5

342.A2b 

PVO.

4b 

TRJO45

51.58b 

Mu

LV 

Clade B B B B A AG B B B B B B B B B B B B   

Anima

l 

Numbe

r 

Tier 

1A 

Tier 

1B 

Tier 

1B 

Tier 

1B 

Tier 

1B 

Tier 

1B 

Tier 

2 
Tier 2 Tier 2 

Tier 

2 
Tier 2 Tier 2 Tier 2 Tier 2 Tier 2 Tier 2 Tier 3 Tier 3   

JR-FL 
N7– 

630 95 71 91 84 65 - - - - - - - - - - - - - - 

631 96 63 93 80 78 - - - - - - - - - - - - - - 

632 95 - 96 81 65 - - - - - - - - - - - - - - 

633 94 57 79 75 59 - - - - - - - - - - - - - - 

634 93 63 95 81 80 - - - - - - - - - - - - - - 

635 95 57 87 78 79 - - - - - - - - - - - - - - 

JR-FL 
N7+ 

636 95 57 92 66 84 - 55 - - - - - 51 - - - - - - 

637 90 - 93 75 51 - - - - - - - - - - - - - - 

638 98 - 98 82 78 56 - - - - - - - - - - - - - 

639 94 81 88 72 85 - 52 55 - - - - 51 55 - - - - - 

640 97 91 96 83 90 53 90 70 - - 73 60 - 60 - - - - - 

641 99 58 99 86 93 57   58 - - - - - 51 - - - - - 

PVO.4 
N7+ 

642 97 - 94 75 - - - - - - - - - - - - - - - 

643 98 84 96 86 87 69 87 83 78 50 75 81 72 74 62 - 68 - - 

644 96 - 90 64 - - - - - - - - - - - - - - - 

645 98 92 57 56 86 - 81 81 78 72 81 84 74 76 63 63 59 56 - 

646 93 - 55 - - - 70 - - - - - - - - - - - - 

647 99 90 98 84 - 58 66 51 - - - 56 - - - - - - - 

PVO.4 
N7– 

648 73 - - - - - 50 - - - - - - - - - - - - 

649 96 - 89 63 - - - - - - - - - - - - - - - 

650 97 67 94 68 - - - - - - - - - - - - - - - 

651 90 - 58 - 54 - - - - - - - - - - - - - - 

652 98 - 97 60 59 56 - - - - - - - - - - - - - 

653 89 - - - - - 69 - - - - - - - - - - - - 

Table 4.1: Neutralization of Tier 1 and Tier 2 viruses by animal sera. 
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aInput virus was normalized by their infectivity at 150 TCID50 in TZM-bl cells. The column subheadings specify the indicator viruses 

and their respective clades. Percent neutralization was determined in TZM-bl cells by measuring the reduction in RLU relative to 

wells that contain the same dilution of corresponding pre-immune sera. 50-74% neutralization is highlighted in pink, ≥75% 

neutralization is highlighted in red. Results represent the average of two or more experiments, each performed in duplicates. 

bIsolates included in the standard clade B panel are indicated (265)(265)(265). 
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Figure 4.1: Western blot analysis of gp160 expressed by recombinant vaccinia virus. 

Lysates of African green monkey kidney cells (BSC-40) infected with parental vaccinia virus, v-

NY, or recombinant viruses expressing the full-length Env of HIV-1 JR-FL or PVO.4 were 

resolved by SDS-PAGE and immunoreactive protein gp160 was detected by HIV+ human 

serum. N7- or N7+ denotes the absence or presence of the sequon for the N-linked glycan at 

amino acid 197. 
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Figure 4.2: Study design and immunization schedule. Rabbits were immunized with 

recombinant vaccinia virus expressing full length gp160 at weeks 0 and 8 followed by a cognate 

gp120 protein boost formulated in alum at weeks 35 and 48 as described in Materials and 

Methods. Sera were collected before and two weeks after each immunization event. Time points 

for the collection of week 37 and 50 sera used for the analyses described in this study are marked 

by open arrows.    
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Figure 4.3: gp120-specific antibody response in immunized animals. (A) Endpoint titers of 

Env-specific antibodies in week 37 (solid boxes) or week 50 (hatched boxes) sera were 

determined by ELISA against a heterologous gp120 (WT SF162), or homologous gp120’s (WT 

JR-FL or PVO.4 gp120) denoted on the X axis. Error bars indicate standard deviations within the 

group. (B) Reactivity of antibody responses targeting single, overlapping linear peptides 

A 

B 
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corresponding to the variable (V1-V3) or conserved (C1 & C5) regions of gp120 as indicated 

was reported as the mean fluorescence intensity (MFI) in the Bioplex assay. Solid boxes indicate 

week 37 serum and hatched boxes represent week 50 serum. The boxplots indicate the median as 

well as the range of responses against individual peptides in each pool, including the maximum, 

minimum, and the 75% and 25% quartiles as indicated. p-values (* p≤.05, ** p≤.01, *** p≤.001, 

**** p≤.0001) were calculated by the Wilcoxon matched-pairs signed-rank test. 
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Figure 4.4: Cross-reactivity of anti-V1/V2 antibodies in immunized animals. V1/V2 specific 

antibodies in week 37 and 50 sera at a 1:500 dilution were measured against a cross-clade panel 

(color coded by clade) of gp70-V1/V2 MuLV scaffold proteins in a binding antibody multiplex 

assay (BAMA). The animal number and immunization group is listed on the X axis. Dotted lines 

separate the groups. 
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Figure 4.5: Competition of Tier 1 virus-neutralizing activities by V3 peptides. Effect of V3 

peptide on the neutralizing activity of week 37 sera against Tier 1A (SF162) and Tier 1B (Bal.26 

and DJ263.8) viruses was evaluated. The clade designation of the indicator viruses is shown in 

parentheses. Neutralizing activities were shown either as reciprocal serum dilution that resulted 

in 50% reduction of infectivity (ID50 panel A), or as percent neutralization of virus infectivity by 

test sera at 1:15 dilution (panels B & C). Neutralizing activities detected in the presence of a 

scrambled V3 peptide are shown by solid boxes, and activities detected in the presence of 

overlapping peptides corresponding to the consensus clade B V3 sequence shown by checkered 

boxes. Error bars indicate standard deviations of data from at least two independent experiments 

performed in duplicates. p-values (* p≤.05) were calculated by two-tailed Mann-Whitney test. 
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Figure 4.6: Neutralization of Tier 2 viruses. (A) Each graph shows the reciprocal dilution of 

A 

B 



83 
 

week 37 sera from each immunized animal that resulted in 50% reduction of infectivity (ID50) 

against the indicator virus shown on the heading of the graphs. The clade designation of the 

indicator viruses is shown in parentheses. Values above 10 were considered as positive 

neutralization. p-values (* p≤.05, ** p≤.01) were calculated by two-tailed Mann-Whitney test. 

(B) The neutralization ID50 titers of individual animal sera against the global Tier 2 virus panel 

was determined for each group. The mean is indicated by colored bars and the standard error 

mean is indicated by black error bars. p-values (* p≤.05, **** p≤.0001) were calculated by 

Mann-Whitney test for paired values. 
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Figure 4.7: Neutralization sensitivity profile of CE1176_A3 mutants determined by a panel 

of broadly neutralizing monoclonal antibodies. The ID50 values for a given neutralizing 

antibody are shown against the WT CE1176_A3 (solid, black bar) and the indicated mutants 

(hatched, colored bar). The epitope recognized by each antibody is indicated at the bottom of the 

panel. Maximum antibody concentration used for VRC01 or PGT151 is 10 g/mL; 25 g/mL for 

CH31, CH01, 4E10, 2F5, or 10E8; and 5 g/mL for 3BNC117, PG9, PG16, or PGT128. The 

lower limit of detection is 0.01 g/mL of antibody. Increased height of the colored hatch bar 

compared to the black bar indicates increased resistance of the mutant virus to the antibody 

tested as compared to the WT virus. Resistance of the mutant to any Mab tested is indicated by 

red letterings at the bottom of the panel. 
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Figure 4.8: Specificity of neutralizing activities in immune sera determined by sensitivity to epitope-specific mutants of 

CE1176_A3.   Week 37 sera from two immunized rabbits were tested for neutralizing activities against WT CE1176_A3 and a panel 

of epitope-specific mutants. The three multiple-site mutants shown retain their sensitivity to CD4bs directed antibodies, whereas the 

two single-site mutants are resistant. The X-axis indicates the reciprocal dilutions of the immune sera tested (three-fold serial dilution 

starting at a 1:20). The Y-axis indicates the percent of viral infectivity neutralized by a given serum dilution against the WT or mutant 

viruses. Decreased percent neutralization against a mutant virus compared to the WT indicates a loss of neutralizing activities due to 

the mutation(s) introduced to specific epitope(s) in the indicator virus. 
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Chapter Five 

Conclusions 

 It is generally believed that to prevent infection, an effective HIV-1 vaccine will have to 

elicit antibodies that can neutralize virus currently circulating among humans. However, thus far, 

no HIV-1 vaccine has successfully elicited these Nabs in a clinical trial. One major limitation to 

discovering an HIV-1 vaccine that would induce protective antibody responses is the lack of 

understanding of the dichotomy between the antigenic and immunogenic characteristics of Env 

and how antigens lead to the generation of cross-reactive Nabs. In order to elucidate how the 

antigenic property of a particular Env relates to its immunogenic property. I focused my thesis 

work on studying how a single N-linked glycan impacts the antigenicity and immunogenicity of 

Env. The results of this dissertation could inform future vaccine designs. 

Glycan Modification of Env Immunogens 

 Glycan modification has previously been shown to play a role in modifying the 

antigenicity and immunogenicity of other vaccine candidates, including hemorrhagic fever and 

feline immunodeficiency virus (309, 310), possibly by unmasking epitopes. As previously 

mentioned, glycan modifications have been used to modulate the antigenic properties of HIV-1 

Env, but glycan modifications typically have little impact on the immunogenic properties of Env 

(227-230). However, a few studies have demonstrated that removal of highly conserved N-linked 

glycans improved the ability of Env to induce Nabs (148, 226). This may be due to the highly 

conserved nature of the N-linked glycans used in these studies, suggesting that these glycans 

play an important role on the Env, possibly protecting sites of vulnerability that are exposed 

upon removal of the glycan. In our studies, we used a set of criteria to select specific glycans 

whereby glycan mutants maintained functional integrity but exhibited increased sensitivity to 
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Nabs, indicating more exposed or stabilized epitopes. It is hoped that the exposure of these 

conserved epitopes will prompt the immune system to target these vulnerable areas.  

Alternative criteria can be considered that may also result in altered antigenic and 

immunogenic Env properties. One approach targets conserved glycans that surround the CD4bs 

on Env (148). Removal of these glycans affects viral infectivity and improves neutralizing 

antibody induction. Another immunogen candidate includes glycan modified Env that 

demonstrates enhanced binding to unmutated common ancestors (UCA) of bNAbs compared to 

the glycosylated version (222, 308). It is postulated that using immunogens that bind to UCA of 

bNAbs will guide the B cell response to generate antibodies that resemble bNAb UCA. These 

bNAb UCA could then be further directed to generate bNAbs with subsequent immunizations 

using antigen that is more readily recognized by bNAbs.  All of these methods of improving the 

immunogenic property of Env by glycan removal, including a combined approach, can be used 

to determine the best immunogens for vaccine design. However, the removal of multiple glycans 

on an Env immunogen typically results in a poor immunogen (227-231). These immunogens 

potentially induce antibodies that recognize epitopes that are buried under glycans on WT virus. 

This indicates that there is a limit to HIV-1 Env immunogen modification that needs to be 

considered when designing vaccine candidates. Therefore, our studies focused on single N-

linked glycan modification of Env.  

The N7 Glycan Masks Conserved Epitopes on Env 

 Glycans on HIV-1 have been shown to play diverse roles in viral replication, coreceptor 

usage, evasion of immune responses, and as targets for bNAbs (148, 150, 151, 226, 299). The 

sequon for the N7 glycan is present in the majority of available HIV and SIV sequences (19, 148, 

233), suggesting strong selective pressure to maintain this particular glycan. Because previous 
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work examined the role of the N7 glycan on the antigenic and immunogenic properties of Env in 

only a limited number of isolates (148, 226, 270), we examined if the N7 glycan plays a 

conserved role on the antigenicity of Env in diverse isolates of HIV-1.  In the third chapter of 

this dissertation, we were able to demonstrate that the N7 glycan plays a conserved role 

modulating the antigenicity of the CD4bs and V3 loop, a component of the coreceptor binding 

site, while maintaining the integrity of distal epitopes. These data, in addition to the observation 

that N7 glycan removal increases sensitivity of virus to pooled HIV-positive sera, leads to the 

conclusion that the N7 glycan plays a role in virus evasion from host immune responses. Indeed, 

N7 glycan removal could potentially be a useful tool in vaccine immunogens designed to expose 

or stabilize conserved epitopes that are targeted by bNAbs.  

 While the N7 glycan modulates the receptor and coreceptor binding sites in a conserved 

manner (225, 226), there are some isolate dependent antigenic effects. For instance, the N7 

glycan differentially modulates sensitivity of Env to V1/V2 antibodies. Only the Env with the 

longest and most heavily glycosylated Env, PVO.4, demonstrated increased sensitivity to these 

antibodies when the N7 glycan was removed. This is in contrast to all other isolates tested that 

demonstrated increased resistance to V1/V2 antibodies when the N7 glycan was removed. It 

would be interesting to determine if this is due to a higher degree of structural constraint in the 

presence of a longer and more heavily glycosylated V2 loop. We hypothesized that greater 

flexibility in other isolates with shorter and less glycosylated V2 loop may result in the loss of 

the V1/V2 loop epitope, and thus the greater resistance. This hypothesis can be tested using other 

isolates that have longer and more glycosylated V2 loops or by adding glycans and amino acids 

to Env that demonstrate increased resistance to V1/V2 antibodies when the N7 glycan is 

removed. In addition to the isolate specific differences to V1/V2 antibody sensitivity, the CD4-
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independence of Env, typically associated with a more “open” Env conformation (344), is 

modulated by the N7 glycan in an isolate and sequence-specific manner. To understand the 

conformational dynamics of Env, single-molecule fluorescence resonance energy transfer 

(smFRET) analysis, which was previously used to visualize dynamic changes in neutralization-

sensitive and neutralization-resistant Env conformations (345), can be used to determine if the 

N7 glycan or V2 loop length and glycosylation impact the “openness” or flexibility of trimers.  

While isolate specificities can impact the antigenic property of Env, results reported in 

chapter three suggest that the N7 glycan does impact the exposure or stability of some conserved 

epitopes in all isolates tested. Removal of a single N-linked glycan on Env is a relatively small 

change that leads to significant differences in the antigenicity of Env. The N7 glycan modified 

Env represents an attractive immunogen because only a single N-linked glycan is removed that 

exposes or stabilizes conserved epitopes while preserving other epitopes recognized by Nabs. 

The knowledge gained in the third chapter about the antigenic properties of Env offers us an 

opportunity to try and understand how these properties relate to the immunogenic properties of 

Env demonstrated in chapter four.  

Differential Impact of N7 Glycan on Immunogenicity of Env 

 While the N7 glycan has been shown to have a conserved antigenic role modulating the 

exposure or stability of the CD4bs and V3 epitopes in the third chapter (225), we described how 

the N7 glycan had little or no impact on immunogenicity of Env in the context of the poxvirus 

prime-gp120 boost used in the fourth chapter of this dissertation. This is in direct contrast to our 

previous findings demonstrating that N7 glycan removal improved the immunogenic property of 

89.6 Env (226). Using the results gained from the antigenicity studies, we can attempt to 

understand why the effect of the N7 glycan on immunogenicity of Env varies.  



91 
 

 The differences between the two studies may be attributed to an intrinsic property of the 

Env immunogen used. One difference between the Env immunogens is their coreceptor usage. 

While JR-FL and PVO.4 Env utilize the CCR5 coreceptor, 89.6 Env is dualtropic and, therefore, 

capable of using both CCR5 and CXCR4 coreceptors. This indicates that the portion of Env that 

mediates coreceptor usage, particularly the V3 loop (310), differ in their phenotypes and 

genotypes. It would be interesting to use other Env that are dualtropic in immunogen studies to 

determine what effects, if any, coreceptor usage plays in the immunogenicity of Env.  

Another difference between the N7 glycosylated or deglycosylated versions of JR-FL and 

PVO.4 or 89.6 Env is their ability to mediate CD4 independent entry (225). The removal of the 

N7 glycan enhanced the ability of 89.6 to enter cells that express CXCR4 (226), while the 

presence or absence of the N7 glycan does not alter the CD4 independence of JR-FL or PVO.4. 

This indicates that the N7 deglycosylated version of 89.6 is potentially in a CD4 “bound” 

conformation with a more exposed coreceptor binding site (226). It would be of interest to design 

future vaccine studies to determine if CD4 independent isolates have different immunologic 

properties compared to CD4 dependent isolates.    

Another difference between the two studies to consider is the usage of different animal 

models; macaques versus rabbits. Among the multitude of differences between the species, one 

major advantage of using macaques is the ability to infect the animals with SHIV due to the 

presence of CD4+ T cells (346). On the other hand, rabbits naturally lack cells that express CD4 

(347) , the primary receptor for HIV-1 Env. This not only means that rabbits are not readily 

infected with HIV-1, but they may escape the regulatory mechanism of B-cell self-tolerance 

against self-reactive antibodies that are typical of some HIV-1 bNAbs (126-129), including those 

that target the CD4bs. This can possibly lead to qualitatively different antibody responses elicited 
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by the two species. A future vaccine study in macaques could be designed to recapitulate the JR-

FL/PVO.4 rabbit immunogen study to determine if the same immunization regimen generates 

similar immune responses in macaques. This could also elucidate any immunologic variations 

elicited between the different species that can potentially account for the divergent responses to 

N7 glycosylated and deglycosylated 89.6 compared to JR-FL and PVO.4 immunogens.   

 One major difference between the two studies was the boosting immunogen. Our earlier 

study in macaques used 89.6 gp140 (a derivative of gp160 made by deleting the transmembrane 

and cytoplasmic domains) as the boosting immunogen (226), whereas the rabbit study used 

gp120 protein in an attempt to more closely follow the RV144 regimen. These two different 

immunogens have been shown to adopt different structures (348), possibly exposing different 

epitopes. It has been previously reported that immunization with gp140 generates qualitatively 

different antibody responses compared to immunization with gp120 monomers (334-337). 

Additionally, our observations in chapter four indicate that boosting with gp120 skews the 

antibody response to linear epitopes and potentially diminishes neutralizing antibody responses. 

The strongly immunogenic and ineffective epitopes on monomeric gp120 could distract the 

immune system from targeting the more relevant, broadly neutralizing epitopes. Antibodies 

elicited by gp120 typically react with epitopes that are poor neutralization targets and are 

presumable occluded on the native form of Env on HIV-1 isolates (333).  

Not only are there differences between these boosting immunogens, but the N7 glycan 

differentially impacts the antigenic properties of gp140 and gp120. In the third chapter, we 

described how the N7 glycan does not affect the affinity of gp120 to CD4-IgG2. Instead, 

previous observations demonstrate that the N7 glycan may help stabilize the trimeric form of 

Env by occluding the V3 loop, shielding V3 epitopes, and inhibiting its premature release prior 
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to CD4 binding (295, 296). Therefore, the biological property of the N7 glycan may only be 

discernible in the trimeric form of Env. Consequently, the benefit of removing the N7 glycan, 

whereby it exposes conserved epitopes, may be lost when using gp120 to boost antibody 

responses compared to using gp140, a boosting immunogen that can potentially form trimers. 

This could explain the differential impact of the N7 glycan on the immunogenic properties of 

89.6 and JR-FL/PVO.4 Envs. Future studies will need to be conducted to better understand the 

potential role of the N7 glycan in modulating the immunogenicity of gp120 protein, gp140 

protein, and potentially immunogens that can better preserve the trimeric structure of Env.  

V1/V2 Antibody Responses in Poxvirus Prime-gp120 Boosted Animals 

 As previously discussed, the most successful HIV-1 vaccine to date generated V1/V2 

directed non-Nabs that were correlated with protection (214). In chapter four of this dissertation, 

we describe how immunization with a poxvirus prime-gp120 boost regimen in a small animal 

model elicited V1/V2-specific antibodies in addition to sera capable of neutralizing heterologous 

Tier 2 isolates. These observations could provide a starting point to examine factors that may 

improve upon the efficacy of the RV144 trial. 

 It is interesting to note how immunization with the different Env (JR-FL or PVO.4) 

generated different V1/V2-specifc profiles, indicating that Env from some isolates may be better 

than others at inducing antibodies that recognize the V1/V2 loop. Use of PVO.4, an Env with a 

longer and more heavily glycosylated V2 loop, generated more sporadic V1/V2 antibody 

responses compared to immunization with JR-FL, which generated consistent cross-reactive 

V1/V2 antibody responses in all animals tested. This may be due to the amino acid variation and 

glycosylation profile of the different Env. It is of interest to note that immunization with PVO.4 

N7–, an Env that was shown in chapter three to have a modestly more exposed or stabilized 
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V1/V2 site compared to PVO.4 N7+ Env, did not impact the generation of V1/V2 directed 

antibodies compared to immunization with PVO.4 N7+ Env. This indicates that different Env 

show different immunogenic properties in their V1/V2 region and the antibody response cannot 

be predicted based on the number of glycans or V2 loop length. Future studies will need to 

examine factors that influence the immunogenic property of the V1/V2 region to inform the 

selection of appropriate Env as vaccine immunogens best suited to generate V1/V2 specific 

antibodies.  

  While the vaccinia prime-gp120 boost immunization regimen did generate V1/V2 

binding antibodies, the functional role of the V1/V2 specific responses remains unclear. The 

need to better understand the functional quality of the antibody responses that are induced is 

underscored by the success of the RV144 trial and the failure of the VAX003 trial. The VAX003 

clinical trial contained the same bivalent gp120 protein immunogen as RV144, but lacked the 

ALVAC prime and did not show protection despite the presence of V1/V2 binding antibodies 

and higher vaccine-elicited Nabs (207, 218). The lack of efficacy could be because the quality of 

the V1/V2 IgG responses and the context of other immune responses were important (216, 218, 

349). More V1/V2 IgG3 responses and antibodies correlated with antiviral function were 

induced by the RV144 vaccine regiment compared to the VAX003 regimen (216). Additionally, 

RV144 vaccine-induced plasma IgA that bound to Env correlated directly with the rate of 

infection, possibly because these antibodies mitigate the effects of potentially protective 

antibodies by blocking the binding of IgG that recognize overlapping epitopes (214, 350). While 

rabbits have different Ig subclasses that may result in different functional roles compared to 

humans, it would be of interest to further test the subclass of antibodies generated in this study 

and compare their effector functions to those antibodies elicited in the RV144 and VAX003 trial. 
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It is not yet known whether the V1/V2 binding IgG antibodies were directly responsible for 

protection against HIV-1 infection in the RV144 trial, but determining the differences in the 

quality of the antibody responses to different immunogens is critical for designing immunogens 

to test in future efficacy studies. 

 One way we can test the quality of the antibody response is to test the ADCC capability 

of the sera. Because the RV144 trial induced robust HIV-1specific ADCC responses and some of 

these antibody epitopes mapped to V1/V2 Env sites (214, 216, 351), it would be beneficial to test 

the rabbit sera’s ability to mediate ADCC activity. Testing the ability of sera to mediate ADCC 

is currently underway in a collaborator’s lab. Preliminary data indicates that the animals 

generated antibodies that can mediate ADCC (data not shown). This indicates that the vaccinia 

prime gp120-boost vaccine regimen is capable of inducing these ADCC mediating antibody 

responses similar to those that have been correlated with protection in a clinical trial.  

Neutralization Capabilities of Animal Sera 

 As previously stated, the RV144 trial only generated Tier 1 neutralizing capabilities 

(218).  However, the pox virus prime-gp120 boosted animals generated heterologous Tier 2 

neutralization capabilities shown in chapter four. To the best of our knowledge, neutralization of 

the Tier 2 global panel by vaccinee sera, albeit at modest titers, has not been previously reported. 

This indicates that the prime-boost immunization regimen used here may be more effective at 

inducing Nab responses compared to other reported immunization regimens. The basis for the 

improved responses is not clear, but priming with a replication competent virus may be a 

beneficial factor. Replication competent viruses have been shown to provide more effective 

protection against different viral infections and disease compared to immunization with 

replication incompetent viruses or subunit vaccines (341-343). Priming with replication 
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competent virus may also offer the benefit of prolonged antigen exposure. As stated previously, 

it typically takes 2-4 years after seroconversion to generate cross-reactive sera in infected 

patients (129) and this is possibly due to the necessity of continuous stimulation of the immune 

response with Env (126-128). While the antigen exposure elicited by vaccinia is not as extensive 

as HIV-1 infection, the replication competent virus could express antigen for a longer period of 

time compared to replication incompetent vaccinia virus. This extended antigen exposure in the 

context of vaccinia infection may be advantageous when the immune system elicits initial 

antibody responses after priming. Further studies are needed to understand if replication 

competent viruses that lead to extended antigen exposure improve the antibody responses elicited 

against Env.  

 Additional studies in chapter four attempted to determine the epitope specificities of 

antibodies in neutralization competent sera. Some Tier 1 neutralization capability was competed 

out with linear V3 peptides, indicating that the sera contain V3 directed neutralizing antibodies 

that recognize linear epitopes. While this is a typical response to HIV-1 immunization, V3 

directed neutralizing antibodies can be cross-reactive, albeit within the same clade (242, 243). In 

fact, up to 60% of the V3 loop is conserved (121, 352); representing an attractive target for 

neutralizing antibody responses. Thus, cross-reactive Nabs directed against the V3 loop can be 

generated. 

In order to map antibodies that recognize more complex epitopes, mutant CE1176_A3 

viruses were generated with either single-site mutations or multiple-site mutations. For instance, 

results from testing the sera’s ability to neutralize certain mutants indicated that some animals 

generated CD4bs directed antibodies capable of neutralizing CE1176_A3, a heterologous Tier 2 

isolate. The CD4bs is another desirable target for HIV-1 vaccine design because it is highly 
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conserved and some CD4bs directed antibodies can be cross-reactive (126-128). However, in 

most cases, testing these mutants with other sera failed to give definitive antibody epitope 

specificities. This may be due to the sera demonstrating a polyclonal response whose epitope 

specificity is not easily determined via single epitope specificities, but is dependent on multiple 

epitopes. Testing the sera with other mutants, especially single mutants, is needed and currently 

being explored. This panel of CE1176_A3 mutants can be used to further define the epitope 

specificities of neutralizing antibodies in rabbit sera described here as well as sera antibody 

samples from other studies. 

Informing and Improving Vaccine Designs 

 A vaccine will most likely need to induce cross-reactive neutralizing antibodies instead of 

autologous neutralizing antibodies. Indeed, breakthrough virus strains infected vaccinated 

macaques despite the presence of potent autologous neutralizing antibody responses (353). 

Additionally, HIV-1 infected patients can become superinfected with a different T/F virus (354), 

indicating that autologous neutralizing antibodies are not sufficient at preventing HIV-1 

infection. In light of the difficulty to induce Nab against any Tier 2 viruses and the shortcoming 

of autologous neutralization capability, it is notable that the sera described here can neutralize up 

to 50% of the Tier 2 global panel.  

While the animals generated heterologous Tier 2 neutralization capabilities, these were 

low titer responses. In order to protect against HIV-1 acquisition, these titers may need to be 

improved. Previous studies in non-human primates typically show that high titers of passively 

transferred Nabs are required to protect against SHIV acquisition in high-dose viral challenges 

(174-178). In contrast, more recent studies demonstrate that protection against SHIV challenge is 

provided at lower neutralizing titers when viral exposure is via the mucosal route (174, 355), as 



98 
 

is the case for the vast majority of HIV-1 infections, or with low-dose repeated challenges (172). 

In fact, plasma dilutions as low as 1:100 to 1:200 have been associated with protection in 

nonhuman primate studies (355, 356). Therefore, even modest levels of cross-reactive Nabs 

elicited by immunization could potentially protect against HIV-1 infection. This is encouraging 

considering some of the animals described in this dissertation demonstrated neutralizing 

capabilities against a heterologous Tier 2 isolate at ~1:100 sera dilutions. However, these 

neutralizing antibody responses can possibly be improved.  

Perhaps one way to improve Nab responses is to use different boosting immunogens, 

including gp140 protein. As previously mentioned, immunization with trimeric gp140 generates 

qualitatively different antibody responses compared to immunization with gp120 monomers 

(334-337). Our study showed that a second gp120 protein boost did not improve neutralizing 

antibody responses and skewed the binding antibody response to linear epitopes. Consequently, 

it may be beneficial to test trimeric gp140 boosting immunogens. In order to maintain the 

trimeric structure of an Env antigen that is more readily recognized by bNAbs, future studies can 

include the use of a soluble, cleaved, stable trimeric form of the gp140 Env protein known as 

SOSIP trimers (357). They are typically difficult to generate and not all Envs readily generate 

trimeric SOSIP proteins, but recent work indicates that alternative purification methods and Env 

modifications improve the ability to generate SOSIP trimers (358, 359). These stabilized trimers 

express multiple epitopes for bNAbs, but not epitopes for non-Nabs, making them an attractive 

immunogen. A previous study demonstrated that immunization of rabbits with SOSIP trimers 

elicited homologous Tier 2 neutralizing antibodies (317, 360). While the neutralization breadth 

elicited with SOSIP trimer immunization alone was limited, combining the SOSIP trimers in a 
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vaccinia prime-protein boost regimen may improve the neutralizing antibody responses we 

described in this dissertation.  

Using SOSIP trimers could also clarify if the N7 glycan impacts the immunogenicity of 

trimeric Env. As discussed earlier, we saw little to no difference in the Nab and binding antibody 

responses using either N7 glycosylated or N7 deglycosylated Env when animals were boosted 

with gp120 protein. Early results reported in chapter four suggest that there are no detectable 

differences in neutralizing antibody epitope specificities between animals that were immunized 

with N7 glycosylated or deglycosylated Env. This indicates that the antigenic properties of Env, 

whereby N7 glycan removal resulted in more exposed or stabilized epitopes (225), is not 

predictive of the immunogenic properties of Env in this study. Because data from chapter three 

indicate that the biological property of the N7 glycan may only be discernible in the trimeric 

form of Env, boosting with N7 glycosylated and deglycosylated SOSIP trimers may result in an 

altered immune response compared to boosting with gp120. Future studies should include 

immunization with SOSIP trimers and rationally designed immunogens in an effort to better 

understand how the B cells recognize key Env epitopes and generate antibodies to specific sites.  

It is generally agreed that an HIV-1 vaccine will need to not only generate cross-reactive 

antibodies and potentially non-Nabs, but T-cell mediated immunity as well. Fortunately, 

recombinant vaccinia virus induces T cell responses to Env (361), and can be used to express 

other viral genes that help generate T cell mediate immunity, including gag, and pol. Therefore, 

replication competent vaccinia is a useful immunization vector that can possibly induce T cell 

responses in addition to non-Nab and Nab responses. Moreover, when recombinant vaccinia 

viruses expressing gag or env are used in combination, virus-like particles can form (362). This 

generates more antigenic targets for the immune system to respond to and possibly boosts the 
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immune responses.  While the main focus of this dissertation was to determine the neutralizing 

antibody responses elicited in immunized animals, future studies with promising Env 

immunogens can include vaccinia that express other HIV-1 proteins in an effort to improve 

immune responses.  

Overall, this dissertation reports the conserved phenotype of an N-linked glycan masking 

epitopes in the CD4bs and coreceptor binding sites. Because glycans can modulate the 

antigenicity of Env, glycan modification may represent a rational approach for immunogen 

design. We also demonstrated that using a poxvirus prime-gp120 boost generates V1/V2 binding 

and Tier 2 neutralizing antibody responses. Findings described in this dissertation points to 

specific directions for future research that may result in improved vaccine design. These include 

the role of specific glycans, the nature of the priming and boosting immunogens, and 

methodologies to dissect the specificity of vaccine induced responses.  
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