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The RV144 trial represents the only vaccine trial to demonstrate any protective effect against HIV-1 infection. While the

reason(s) for this protection are still being evaluated, it serves as justification for widespread efforts aimed at developing

new, more effective HIV-1 vaccines. HIV-1 immunogens and host antibody responses to these immunogens are crucial to

informing vaccine design. While the envelope (Env) protein is the only viral protein present on the surface of virions, it

exists in a complex trimeric conformation and is decorated with an array of variable N-linked glycans, making it an

important but difficult target for vaccine design.
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1. Introduction

Infection of CD4+ T cells by the human immunodeficiency virus type 1 (HIV-1) leads to a drastic decrease in their number

and causes acquired immune deficiency syndrome (AIDS), which can eventually lead to death. Treatment of individuals

infected with HIV-1 consists of the administration of highly effective antiretroviral medications, which allow patients to live

relatively normal lives assuming that treatment regimens are adhered to . However, resistance to these medications

is of some concern, and therefore additional treatment approaches are of importance . In the absence of a cure,

prevention of new infections via prophylactic vaccination is likely to have a more widespread and lasting effect and is

therefore the main focus of HIV-1 research .

Due to the high selective pressure induced by the immune system and the high mutation rate of HIV-1, chronic infection

often consists of multiple viral quasispecies . The immune response of an HIV-1 infected individual therefore needs to

effectively prevent multiple viral quasispecies from infecting CD4+ T cells. This can be achieved via the induction of a

broad milieu of antibodies (Abs) with varying specificities that act in concert to prevent infection but is ideally mediated via

antibodies capable of binding epitopes that are conserved between many HIV-1 strains . These antibodies are known as

broadly neutralizing antibodies (bnAbs) and attempts to induce their production via vaccination have been a focal point of

HIV-1 vaccine design.

The trimeric envelope (Env) that is responsible for initiating HIV-1 infection is the sole target for the induction of

neutralizing antibodies (nAbs). Much effort has been expended to create recombinant Env trimers that share great

structural similarity to native Env trimers (termed SOSIP, uncleaved prefusion optimized (UFO), single-chain (SC), and

native-flexible-linker (NFL), among others), with the hope of inducing bnAbs. However, none have thus far succeeded in

this aim. These efforts are no doubt a crucial step in immunogen design and have been reviewed elsewhere .

Complicating these efforts is the existence of a wide array of N-linked glycan structures on the Env surface that modulate

its interaction with the host immune response and whose composition is dependent on a number of variable viral and host

factors. One such viral factor, the Env signal peptide (SP), has recently been shown to greatly influence the composition

of N-glycans on Env . Notably, glycosylation of the HIV-1 Env can modulate the antibody response.

2. HIV-1 Envelope Structure and Immunogenicity

In order to understand how Env glycosylation complicates efforts to create effective Env-based immunogens, it is

important to understand the structure, function, and inherent immune evasion properties of Env. HIV-1 Env exists as a

trimeric spike on the viral surface, consisting of three heterodimers. These heterodimers arise from furin-mediated

cleavage of glycoprotein 160 (gp160) proteins, resulting in a glycoprotein 120 (gp120) non-covalently linked to a

glycoprotein 41 (gp41) (Figure 1, top). The gp120 subunit can be further subdivided into five conserved regions (C1-C5)

and five hypervariable regions (V1-V5) . Binding to host cells is facilitated by the gp120 subunit, which contains

both the CD4 and co-receptor (either CCR5 or CXCR4) binding sites. Upon binding, Env undergoes conformational

changes that allow gp41 to mediate fusion of the viral membrane with the host cell membrane, leading to infection 

. Env is a dynamic molecule that exists in one of three conformations at any given time: a metastable closed
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conformation (state 1), a partially open intermediate conformation (state 2), and an open conformation (state 3) (Figure
2). Env transitions between these three conformations, but the majority of known bnAbs, isolated from HIV-1 infected

individuals, target Env in state 1. Of note, the current recombinant Env trimers present Env in a stabilized version of state

2 . In state 2 or 3, the variable loops V1V2 and V3 are more available for immune recognition. This functionally means

that the initial antibody response is often specific to the infecting strain, and that escape mutations are common.

Uncleaved gp160 monomers, as well as gp41 stumps lacking an associated gp120, also exist on the viral surface. These

nonfunctional proteins display epitopes that may lead to the generation of non-neutralizing antibodies (nnAbs). Combined

with the relatively low number of functional Env trimers, these mechanisms serve to effectively divert the host immune

response .

Figure 1. Schematic linear representation of the nascent HIV-1 Envelope (Env) protein attached to the HIV-1 signal

peptide (SP). (Top) Regions corresponding to SP, glycoprotein 120 (gp120), and glycoprotein 41 (gp41) are indicated.

Variable and constant regions of gp120 are indicated by V1-V5 and C1-C5, respectively. SP cleavage site is indicated by

an arrow. (Bottom) Expanded schematic representation of the HIV-1 SP. The N-terminal hydrophilic positively charged

region is shown in red, the central hydrophobic region is shown in green, and the slightly polar C-terminal region is shown

in blue.

Figure 2. Representative top and side views of Env trimers in state 1 (closed), state 2 (intermediate), and state 3 (open)

conformations. Regions corresponding to gp120 (grey), gp41 (orange), V1V2 (yellow), V3 (green), and the CD4 binding

site (red) are indicated. Protein Data Bank identifier (PDB ID) numbers are also indicated. Structures adapted from

Gristick et al., 2016 , Bjorkman et al., 2018 , and Ozorowski et al., 2017 .

3. HIV-1 Env N-linked Glycosylation

The existence of a wide array of N-glycans on the Env surface adds an additional layer of complexity to the already highly

variable Env. Each Env of the trimer contains between 18 and 33 potential N-linked glycosylation sites (PNGSs), whose

occupancy by glycans can account for up to half of the trimer’s total mass and cover up to 50–70% of the Env surface 

. In this way, these poorly immunogenic glycans shield underlying protein residues from immune recognition.

The occupancy of any particular PNGS is variable, with most being less than 90% conserved between HIV-1 strains 

. Most PNGSs exist on gp120, but ~4–5 can be found on gp41 as well .

The mechanism by which Env is processed prior to deposition on the viral surface is a key determinant in the makeup of

the Env “glycan shield”. Shortly after SP-mediated delivery of the nascent Env polypeptide to the endoplasmic reticulum

(ER) for processing, PNGS occupancy is initiated via the placement of a Glc Man GlcNAc  residue at each site. During

subsequent transit through the ER and Golgi, this precursor glycan is modified by a milieu of host enzymes to yield its

final glycoform (Figure 3A). However, the accessibility of these enzymes is greatly affected by steric constraints related to
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PNGS occupancy, which is in turn dependent on viral strain, host cell type, and acquired mutations . Due

to the high level of overall PNGS occupancy, these steric constraints result in a glycan landscape that consists

predominantly of high-mannose (immature/unprocessed Man GlcNAc ) glycans, with a smaller proportion of more

mature/highly-processed complex and hybrid glycans . Even with such constraints, the total

number of variables involved in this process leads to incredibly diverse glycan landscapes from the outset .

Figure 3. N-linked glycans on the HIV-1 envelope (Env). (A) Potential N-linked glycosylation site (PNGS) occupancy is

initiated via the placement of a Glc Man GlcNAc  residue, which is subsequently modified during transit through the

endoplasmic reticulum (ER) and Golgi by a milieu of host enzymes to yield its final glycoform. Figure adapted from Jan et

al., 2019 . (B) Crystal structure (2.19 Å) of PG9 mAb in complex with V1V2 region from HIV-1. Regions corresponding

to V1V2 (yellow), PG9 (grey), PNGS N156 and N160 (blue), and N-glycans (orange) are indicated. Protein Data Bank

identifier (PDB ID) number is also indicated. Adapted from McLellan et al., 2011 .

In much the same way that these glycans sterically hinder host glycosidases, they also confer resistance to nAbs 

. Interactions between antibodies and these host-derived glycans are often low affinity, due to both the nature of such

interactions as well as the fact that said glycans are immunologically “self” . That is not to say that glycan-

targeting bnAbs cannot exist, merely that glycans are often only one component of larger, non-linear epitopes .

Occupancy of specific PNGSs, such as N156 and N160, has been shown to be crucial for the formation of conformational

epitopes recognized by bnAbs, such as PG9 and PG16 (Figure 3B) . Additionally, one of the most common bnAb

targets is a high-mannose patch centered around either N332 or N334, dependent on viral strain and antibody lineage 

. This so-called glycan supersite is also the target of 2G12, which binds an epitope derived solely of glycans. Due

to their dependence on higher-order conformation, attempts to elicit these bnAbs in the context of vaccination with

recombinant Env constructs have not been successful. There is also evidence that glycans can modulate the composition

of immune responses via interactions with antigen presenting cells. Glycans of the C2V3 region of Env have been shown

in a mouse model to be capable of inducing a bias for unfavorable IgG1 antibody subtype and TH2 T cell responses .

Over the course of disease progression, selective pressure drives mutations that further aid in immune escape. These

may manifest as altered PNGS locations, such as the N332 to N334 mutation that has been shown to mutate in both

directions to avoid immune recognition . They may also manifest as alterations in glycoforms, due to genetic or steric

determinants . Furthermore, single mutations that alter the occupancy or glycoform at any

particular PNGS may have cascading effects on the processing of glycans at other PNGSs. Taken together, these factors

contribute to a complex and constantly moving target for the immune system .

Despite this variation, a number of generalized structural and glycan motifs have been identified in HIV-1 isolates from

varying stages of disease progression. In the vast majority of heterosexual infection events (>80%), a single

transmitted/founder (T/F) strain is responsible for the establishment of infection . For this reason, T/F strains

are a prime target of interest for vaccines, microbicides, and pre- and post-exposure prophylactic measures. Cases
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involving multiple infecting strains are often tied to alternative transmission routes (such as intravenous drug use), or

breakdown of mucosal barriers . These T/F strains have been shown to possess a number of characteristics that

separate them from chronic isolates and may partially explain why they are effective at establishing infection. For

instance, T/F viruses from clades A, C, and D have been shown to possess shorter V1V2 regions and a reduced number

of occupied PNGSs compared to chronic isolates . Additionally, some clade B isolates have been

shown to possess a shorter V5 region, as well as a V3 region that contains fewer occupied PNGSs and less positively

charged residues . As these variable regions are commonly targeted by nAbs, their shortening

presents fewer potential targets for the immune system . Due to their important roles in infection, many conserved

sites (such as the CD4 and coreceptor binding sites) within these variable regions are rarely, if ever, directly occluded

from immunological access via glycans. The lower PNGS occupancy observed in T/F viruses may reflect an adaptation to

divert the immune response away from these crucial sites and onto residues in the vicinity of unoccupied PNGSs. Indeed,

the earliest nAbs targeting T/F viruses are often specific for non-conserved residues within the variable regions of Env.

Wagh et al. recently utilized a computational model in order to characterize the relationship between the completeness of

the glycan shield at transmission and the development of nAbs . They found that a more complete glycan shield at

transmission correlated with more rapid development of a broad nAb response. One possibility for this observation is that

an increased initial PNGS occupancy represents fewer opportunities for escape. While not all escape mutations result in

increased PNGS occupancy, we know that chronic isolates have more complete glycan shielding and a higher proportion

of complex/hybrid glycans, suggesting a directionality to the process . Additionally, as PNGS become

occupied by primarily high-mannose glycans, the virus becomes more susceptible to capture and degradation by the C-

type lectin DC-SIGN on dendritic cells and macrophages . This leads to increased antigen

presentation and therefore may increase the rate at which these rounds of escape and adaptation occur. Eventual

increases in the proportions of complex/hybrid glycans decrease viral capture by DC-SIGN but are also temporally

associated with the development of bnAbs . However, virus that does end up captured via this route is protected

from degradation by these more mature glycans, resulting in increased levels of CD4+ T cell transinfection and thus

representing an additional viral route of infection free of bnAb interference.

It is clear that the contribution of glycosylation at all stages of HIV-1 infection is great, and therefore, understanding the

mechanisms governing it is going to be crucial to the development of an effective vaccine. Recently, the Env SP has been

implicated as an important determining factor in this process.
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