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Abstract

While there has been remarkable progress in understanding the biology of HIV-1 and its recognition by the human immune

system, we have not yet developed an efficacious HIV-1 vaccine. Vaccine challenges include the genetic diversity and mutability

of HIV-1 which create a plethora of constantly changing antigens, the structural features of the viral envelope glycoprotein that

disguise conserved receptor-binding sites from the immune system, and the presence of carbohydrate moieties that shield

potential epitopes from antibodies. Despite these challenges, there has been significant scientific progress in recent years. In

2009, a large-scale clinical trial known as RV144 demonstrated that a HIV-1 vaccine could modestly reduce the incidence of HIV-1

infection. Further, the identification of broadly neutralizing monoclonal antibodies (such as VRC01, a human monoclonal

antibody capable of neutralizing over 90% of natural HIV-1 isolates, as well as PG and PGT antibodies that recognize conserved

glycopeptide epitopes) has revealed new opportunities for vaccine design. Our ability to understand HIV-1 structure and

antibody epitopes at the atomic level, the rapid advance of computational and bioinformatics approaches to immunogen design,

and our newly acquired knowledge that it is possible for a vaccine to reduce the risk of HIV-1 infection, have all opened up new

and promising pathways towards the development of an urgently needed effective HIV-1 vaccine. This article summarizes

challenges to the development of an HIV-1 vaccine, lessons learned from scientific investigation and completed vaccine trials,

and promising developments in HIV-1 vaccine design.
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Introduction
Although insight into HIV-1 pathogenesis has been gained

since the identification of HIV-1, the successful development

of an effective vaccine has been elusive. HIV-1 has a high

degree of antigenic and genetic diversity. In addition, the

virus has evolved multiple mechanisms to inhibit elicitation

of and neutralization by antibodies. New molecular and

structural technologies have been applied to gain a better

understanding of HIV-1 as an immune target and to provide

new insights into the development of improved immunogens

capable of eliciting immune responses that prevent infection

by circulating strains of HIV-1.

Challenges in developing an effective

HIV-1 vaccine
Unlike currently licensed vaccines, which are typically

designed to elicit neutralizing antibodies against a limited

number of viral surface proteins, HIV-1 vaccines must

counteract a swarm of viruses. The genetic diversity and

mutability of HIV-1 creates a plethora of antigens that are

constantly changing. Within infected individuals, the struggle

between the virus and the immune system is persistent, such

that the virus continually escapes host immunity and

replicates.

In addition to the genetic diversity and mutability of the

HIV-1 Envelope (Env), structural features of Env create

inherent difficulties in the ability of the immune system to

develop an effective neutralizing antibody. HIV-1 is an

enveloped virus with a lipid bilayer surrounding and protect-

ing its core structural proteins. The virus spikes protrude

through this protective lipid, and every spike is composed of

three gp120 proteins, each of which is non-covalently

associated with a gp41 transmembrane glycoprotein mole-

cule. HIV-1 entry into host cells is mediated by binding of

gp120 to its primary receptor, the CD4 glycoprotein on the

cell surface. Binding to CD4 induces conformational changes

in gp120, leading to the exposure and/or formation of a

binding site for specific chemokine receptors, mainly CCR5

and CXCR4, which serve as secondary receptors for virus

entry [1]. Structurally, the gp120 glycoprotein is divided into

three parts, an inner domain, an outer domain, and a

bridging sheet. The bridging sheet is the part of the molecule

that is responsible for binding to both chemokine receptor

and CD4. The CD4 binding site is highly conserved, since the

virus needs a conserved region to recognize CD4.

HIV-1 gp120 contains a number of features that help the

virus evade the host’s humoral immunity, including variable

loops [2], N-linked glycosylation [3,4], and conformational

flexibility [5,6]. The conformational flexibility of gp120

disguises the conserved receptor-binding sites from the

humoral immune system. The presence of carbohydrate

moieties on gp120 physically shields potential epitopes from
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eliciting or binding to antibodies, an obstacle that is further

complicated by the extensive diversity of N-linked glycans.

Lessons from completed clinical trials
Early efforts at developing an HIV-1 vaccine attempted to

elicit protective antibodies against the viral envelope and

used forms of recombinant glycoprotein 120 (rgp120) as the

immunogen. VAX004, the first efficacy trial for an HIV-1

vaccine, began recruitment in 1998 and used two rgp120

HIV-1 envelope antigens, derived from two subtype B strains.

Results from this double-blind, placebo-controlled trial

showed no efficacy in 5403 volunteers. The vaccine did not

prevent disease acquisition or impact the level of viremia in

those infected [7]. The first HIV-1 vaccine efficacy trial in Asia,

VAX003, also contained two rgp120 HIV-1 envelope antigens,

one from subtype B and one from subtype E. Again, the

vaccine did not prevent HIV-1 infection or delay HIV-1

disease progression [8].

Following the initial failure of attempts to elicit protective

antibodies, the next set of antigens used in clinical efficacy

studies were designed to test whether T cells, or the cellular

arm of the immune system, could protect against HIV-1

infection. The Step trial was designed as a proof-of-concept

study for the efficacy of a cell-mediated immunity vaccine to

protect against HIV-1 infection, or to reduce early plasma

HIV-1 levels. Step was a multicenter, double-blind, rando-

mized, placebo-controlled, phase II trial of the Merck

replication-defective adeno 5 viral vector MRKAd5 HIV-1

clade B Gag/Pol/Nef vaccine 3000 HIV-seronegative partici-

pants were randomized (1:1) to receive 3 injections of

vaccine or placebo. Randomization was pre-stratified by

gender, baseline Ad5 titer, and study site. Participants were

tested approximately every 6 months for HIV acquisition;

early plasma HIV RNA was measured �3 months post-HIV

diagnosis. The study was halted following an interim analysis

that showed the vaccine to be ineffective. Moreover, post-

hoc analysis suggested a trend towards an increased HIV-1

infection rate in certain subgroups of vaccine recipients (men

who were uncircumcised and had antibodies to adenovirus

type 5 [Ad5] at enrolment). The results were further con-

founded because a companion study (Phambili) of the same

vaccine in a different population did not show increased

susceptibility to HIV-1 infection. The reasons for these

unexpected results remain unclear [9,10].

The next large scale clinical study, known as RV144, was an

efficacy trial that showed for the first time that an HIV-1

vaccine could significantly reduce the incidence of HIV-1

infection. In this study, priming with the Aventis Pasteur

live recombinant viral vector ALVAC-HIV-1 (vCP1521) and

boosting with protein-based vaccine VaxGen gp120 B/E

(AIDSVAX B/E) yielded a 31% reduction in HIV-1 acquisition

in a modified intent to treat analysis. Although the duration

of protection was limited and the effect modest, this

study provided proof of concept that it is possible for a

vaccine to elicit protective immunity that blocks infection

[11]. A number of investigative teams are now working to

identify correlates of immune protection from this study,

with an emphasis on antibody-mediated mechanisms, such

as binding antibodies, and antibody-dependent cell-mediated

cytotoxicity [12�15].
The latest large scale clinical study, HVTN 505, is a proof-

of-concept study of a Vaccine Research Center (VRC) product

involving a multiclade HIV-1 DNA plasmid (EnvA, EnvB, EnvC,

gagB, polB, nefB) boosted by a recombinant adenovirus

vector (Ad5 EnvA, EnvB, EnvC, gag/polB). The study is being

conducted in HIV-1-uninfected, adenovirus type 5 seronega-

tive, circumcised men who have sex with men (MSM). Study

enrolment began in 2009 and is estimated to be complete in

2012. This trial was initially designed to assess whether the

VRC’s multiclade vaccine regimen can reduce viral load in

subjects who become infected despite vaccination; its scope

has been expanded to detect whether the experimental

vaccine regimen is at least 50% effective at preventing HIV-1

acquisition during the 18 months following immunization.

This vaccine protocol is anticipated to elicit both cellular and

humoral immune responses [16].

Identification and characterization of VRC01,

a broadly-reactive neutralizing antibody
Among the large number of antibodies generated during

natural infection by HIV-1, most are highly strain specific

or non-neutralizing. The non-neutralizing antibodies are

often directed against the gp120 or gp41 regions that are

occluded on the assembled trimeric spike and exposed only

upon disassembly of the spike. The accessible surface of

gp120 in the trimer is largely composed of variable, heavily

glycosylated core and loop structures that surround the

receptor-binding regions. Despite this barrier, broadly reac-

tive, potently neutralizing sera have been found in select

individuals living with HIV, demonstrating that humans are

capable of making broadly neutralizing antibodies [17�19].
Although a number of monoclonal antibodies against HIV-1

have now been identified, only a few display the combination

of potent neutralization and breadth of reactivity that is

desired for an efficacious vaccine response [20�22].
AIDS vaccine research investigators have developed stra-

tegies for identifying broadly reactive sera, isolating indivi-

dual B cells from these sera, and cloning potent and broadly

neutralizing antibodies from the B cells. High throughput

assays to measure HIV-1 neutralization in large panels of sera

revealed that approximately 25% of individuals living with

HIV make relatively broadly reactive neutralizing antibodies

during the course of HIV-1 infection [18]. Molecular probes

used to isolate these antibodies were made by altering amino

acids of the gp120 inner domain and exposing neutralization.

These probes were designed to interact with antibodies

specific for the highly conserved CD4 binding site of gp120

and are termed resurfaced stabilized cores, as the amino acid

changes stabilize the desired gp120 structure and prevent the

conformational flexibility that is normally present on the

virus surface. Using peripheral blood B cells from a donor

with potent serum neutralizing antibodies, three monoclonal

antibodies were found to bind specifically to the CD4 binding

site. One of these antibodies, designated VRC01, when

cloned and expressed, neutralizes more than 90% of naturally

circulating strains [23]. The broad neutralization capability of

VRC01 can be seen (Figure 1a). Before VRC01 was identified,
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b12 was considered to be the best of the CD4 binding site

neutralizing antibodies, but it was only able to neutralize 40%

of clade B viruses [24].

Purified VRC01, produced in the laboratory and passively

administered to nonhuman primates, has shown protection

against SHIV in rectal and vaginal challenge models [25]. The

crystal structure of VRC01 in complex with an HIV-1 gp120

core shows that VRC01 binds directly over the site of initial

attachment of CD4 to the virus, and this specificity may

account for the potency and broad neutralization attributes

of VRC01 (Figure 1b) [26].

If VRC01-like antibodies are to be elicited by a vaccine,

it is important to understand how they are generated in

infected individuals. Although there are large quantities of

gp120 antigen in persons living with HIV-1, the human

immune system takes several years to generate VRC01-like

antibodies. While the delay in the evolution of broadly

reactive antibodies is not yet well understood, we know

that antibodies arise through a process that involves three

steps: recombination of germline antibody genes to form

unique B-cell receptors on naı̈ve B cells, deletion of

autoreactive B-cell clones, and antigen-driven affinity ma-

turation. The third step of this process, somatic mutations

leading to affinity maturation, is illustrated (Figure 2) [17,19].

By using deep sequencing technology, it has been possible

to study the precursor and maturation process of HIV-1

specific antibodies in an individual living with HIV. The

VRC01-like antibodies identified to date have arisen most

commonly from specific heavy chain genes, generally

IGHV1-2*02. While this is a common precursor gene allele,

extensive somatic maturation involving 70 to 90 changes in

IGHV1-2*02 gives rise to mature broadly neutralizing VRC01-

like antibodies. This maturation process focuses the devel-

oping antibodies onto a conserved site of HIV-1, a focusing

that may be a common process in the generation

of broadly neutralizing antibodies [27]. More recently,

additional CD4 binding site antibodies have been defined

through deep sequencing and structure-based probes, both

from the IGHV1-2*02 germline as well as closely related

germlines [27,28]. These additional antibodies will help to

define more completely the alternative mechanisms used

to generate this response and provide additional probes to

define how alternative antibodies recognize the highly

conserved CD4 binding site.

How can all this information be used to develop a vaccine?

The lengthy time required to generate VRC01-like antibodies

suggests that the human immune system can generate such

antibodies, but the process is not efficient. Whether this

feature is due to the recessed nature of the immunogen,

underlying immunodeficiency, or other factors is unclear.

Analysis of germline and intermediate antibodies suggests at

least one potential block exists at an early stage of B-cell

receptor recognition. One approach then is to design

modified gp120s that have high affinity for B cells expressing

early, or germ line precursor, forms of VRC01. Such modi-

fied gp120s may help to stimulate the induction and ap-

propriate maturation of VRC01-like antibodies, to guide the

vaccine-induced elicitation of VRC01-like antibodies. The

focus of current efforts to engage germline immunoglobulins

is to remove structures that introduce potential clashes with

the germline antibody. Based on knowledge of the mature

VRC01-Env structure, attention has been focused on Loop

Figure 1. Broadly neutralizing antibodies against HIV-1. The VRC01 antibody is capable of near pan-neutralization of HIV-1, which it achieves

by recognition of the initial contact site of the CD4 receptor on HIV-1 gp120. (a) Neutralization dendrogram of VRC01. Strains of HIV-1 are

displayed according to their genetic distance and coloured red, green and black according to their sensitivity to neutralization by VRC01

(Reproduced with permission from AAAS; Wu et al. [23]). (b) Recognition by VRC01. The surface of the gp120 glycoprotein is coloured grey for

inner domain, red for outer domain and blue for bridging sheet region. The initial contact surface for CD4 is highlighted by yellow cross-

hatching, and the recognition surface of VRC01 is shown in green. Note the concordance between VRC01 recognition and CD4 contact

(Reproduced with permission from AAAS; Zhou et al. [26]).
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D and the V5 region. These domains are responsible for

VRC01 resistance in insensitive strains [25], and the initial

recognition of these sites by germline precursors may affect

the ability to drive proteins down this pathway. To effect

this change, modified forms of the resurfaced cores, the

core gp120, trimers, and outer domain proteins are being

evaluated with and without different adjuvants to engage the

relevant B-cell receptors.

Other approaches to generating broadly

neutralizing antibodies
Other investigative teams have also been interested in

generating and studying broadly neutralizing antibodies.

The IAVI Neutralizing Antibody Center at the Scripps Research

Institute has reported that antibodies directed to the V1 and

V2 region of HIV-1 gp120 are quite broadly neutralizing [29].

Two such antibodies, PG9 and PG16, are able to neutralize 70

to 80% of circulating HIV-1 isolates. Additionally, scientists at

the Center for HIV/AIDS Vaccine Immunology have identified

a clonal lineage of four V1V2-directed broadly neutralizing

antibodies (CH01-CH04) from a Tanzanian elite neutralizer.

These antibodies were screened for their binding to a series

of gp120 envelope monomers. Unlike some V1V2-directed

antibodies that do not bind to Env monomers, these

antibodies can bind select Env monomers. These gp120

monomers are being considered as potential immunogen

candidates for induction of V1V2 epitope-specific antibodies

[30]. More recently, additional broadly neutralizing antibo-

dies to this region and an alternative site, glycans at the base

of the V3 region, have been identified [31] and may serve as

guides for additional immunogen designs.

Vaccine Research Center investigators have focused on a

structure-guided approach to design immunogens to elicit

potent antibodies against other HIV-1 antigens. Efforts have

largely centered on strategies to stimulate an immune

response to the highly conserved CD4 binding site on HIV-1

Env similar to the VRC01 antibody. Alternative forms of the

protein, including trimers, monomers, resurfaced stabilized

cores, or outer domain subregions of the protein have been

designed to maximize exposure of the CD4 binding site

and to mask irrelevant regions of the proteins that may

detract from a focused immune response to this site.

A discussion of these efforts has been detailed elsewhere

[32]. With these approaches, it has been possible to elicit

antibody responses directed to the CD4 binding site, which

can neutralize tier 1 viruses. It has not yet proven possible to

elicit such antibodies to tier 2 viruses (moderate sensitivity to

antibody-mediated neutralization) but knowledge gleaned

from the atomic level structure of Env is facilitating these

efforts.

This knowledge is also being used to target other sites on

HIV-1 Env. For example, antibodies against the HIV-1 gp41

epitope that partially mimic the specificity of the broadly

Figure 2. Maturation of broadly neutralizing HIV-1 immunity. VRC01-like antibodies mature from the human VH1-2*02 germline (grey

ribbon at left) and acquire over 50 somatic mutations while evolving to effectively recognize HIV-1 gp120 (red ribbon at right). The gp120-

interactive surface of antibody VRC01 corresponds to the ‘‘top’’ of the domain in this orientation, with the binding surface for the light chain,

on the surface facing the reader. Shown are variable heavy chain domains from three lineages of maturing antibodies (green, orange and

yellow), with somatic mutations in each lineage highlighted in amino acid-surface representation coloured according to lineage, with fully

saturated colours corresponding to charged changes and less saturated colours corresponding to hydrophobic changes.
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neutralizing antibody 2F5 have been elicited. This epitope is

one of the few conserved sites of vulnerability that allows

broad neutralization of diverse strains of HIV-1. To accom-

plish this goal, the 2F5 epitope was transplanted onto several

non-HIV-1 acceptor scaffold proteins that were termed

epitope scaffolds (ES), and an ES prime:boost immunization

regimen was shown to elicit specific serum antibody titers

by ELISA and B cell responses by ELISpot analysis. Similar

strategies could be used to target conserved but poorly

immunogenic sites, or transient sites present not only on the

HIV-1 Env, but also on other structurally defined pathogen

targets [33,34].

Even with optimally designed immunogens, a separate

goal of HIV vaccine research is to identify the best strategy

for immunization. This effort requires a fundamental under-

standing of B-cell activation, proliferation and cell death to

ensure that immunogens engage the appropriate B-cell

receptors and induce antibodies of the desired specificity.

Autoreactive B cells are eliminated by clonal deletion, and

immunization likely must drive somatic mutations necessary

for affinity maturation and development of high affinity

antibodies. The use of relevant adjuvants and/or delivery

matrices can facilitate the generation of antibody diversity

and production, though such delivery agents must have the

necessary safety and immunogenicity profiles. Potential

adjuvants include alum, saponin-based emulsions, ASO1A

and B, ASO2, and MF59. In addition, nanoparticles and

multimeric viral carriers such as Qb may help to stimulate

appropriate B-cell activation. Finally, relevant animal models

are needed for preclinical testing; not all species show similar

degrees of somatic mutation or the ability to make long CDR3

regions found in humans. Candidates would be optimally

tested in relevant humanized mouse models and NHP before

progression into phase 1 human clinical trials.

Conclusions and the path forward
Exciting new technologies and the recent identification of

broadly neutralizing HIV-1 antibodies enable us to approach

HIV-1 vaccine development in ways that were previously

unanticipated. It is clear, for example, that broadly neutraliz-

ing antibodies are not as rare as previously thought, and that

the immune system can effectively target highly conserved

regions on diverse strains of HIV-1. Not only can these

antibodies guide rational vaccine design but they can also

be used directly to confer protection, either by passive

immunity or by gene-based antibody delivery. The lessons

learned from such efforts will pay dividends not only in

protecting against HIV-1 but also for vaccination against

other infectious diseases that show broad genetic diversity

and immune evasion, such as influenza, hepatitis C, and

dengue viruses.

Over the last 10 years, there has been great progress

in advancing AIDS preventive strategies, including male

circumcision, use of antiretroviral chemoprophylaxis, and

topical microbicides. Thus, one may ask whether a vaccine

is still needed. The unequivocal answer remains, yes. A safe

and efficacious vaccine could be administered simply and

would provide long-term protection. Such a vaccine could

have a dramatic effect on HIV-1 infection rates and is viewed

widely as the most pragmatic, efficient, and cost-effective

way to control the global HIV-1 pandemic.

Recent research identifying potent and broadly neutraliz-

ing antibodies has revealed new vistas for immunogen

design. While significant hurdles remain for the development

of an efficacious HIV-1 vaccine product, the scientific

opportunities have never been more promising, and the

need for a highly effective AIDS vaccine remains as urgent as

ever.
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