
Now this is not the end. It is not even the 
beginning of the end. But it is, perhaps, the 
end of the beginning. Winston Churchill, 
address to Parliament, 10 November 1942

Vaccines represent one of the few medical 
interventions with the potential to eradicate 
diseases1. Since HIV‑1 was first identified in 
1983, efforts to design an effective vaccine 
have been prominent in the attempts to con‑
tain the virus. Despite these efforts, and even 
after encouraging results from the RV144 
vaccine clinical trial (also known as the Thai 
trial)2, HIV‑1 continues to infect almost 
1 million individuals each year, and prospects 
for a highly effective licensed HIV‑1 vaccine 
seem remote3–6.

To develop an effective vaccine, we must 
overcome considerable challenges, including 
a lack of natural immunity to HIV‑1 and the 
formidable mechanisms of immune eva‑
sion that are intrinsic to the HIV‑1 envelope 
glycoprotein (Env), which is the target of 
known HIV‑1‑directed neutralizing anti‑
bodies7–9. The viral Env spike is protected by 
an evolving shield of glycans, variable immu‑
nodominant loops and conformational 
masking of key viral epitopes8,10–12. Although 
immunization with recombinant proteins or 
gene‑based vectors encoding  
Env proteins can induce high levels of 
HIV‑1‑specific antibodies, vaccine‑induced 

antibodies have been unable to neutralize 
most circulating primary HIV‑1 isolates3,4,8,9. 
Indeed, natural infection predominantly 
induces non‑neutralizing or strain‑specific 
antibodies during the first months of infec‑
tion11,13–16. However, approximately 20% of 
HIV‑1‑infected individuals develop broadly 
neutralizing antibodies, which is the type of 
humoral immune response that we aim to 
elicit via immunization17–23.

Efforts to understand the interaction 
between the virus and the human immune 
system have led to the identification of 
human antibodies that effectively neutral‑
ize diverse strains of HIV‑1 (REFS 24–42) 

(TABLE 1). These antibodies generally develop 
in HIV‑1‑infected individuals who have 
been infected for at least 2 years and whose 
sera show broad neutralization of HIV‑1. As 
HIV‑1 eventually evades neutralizing anti‑
bodies, there may be minimal clinical benefit 
to the individuals in whom these antibodies 
eventually develop19,23,43. However, what is 
clear is that passive delivery of these antibod‑
ies in animal models of HIV‑1 transmission 
can completely prevent infection44–49.

A key question is, can broadly neutralizing 
antibodies be used — as templates for vaccine 
development or directly for passive transfer 
— to prevent HIV‑1 infection in humans? 
In this Opinion article, we present a brief 
summary of the currently identified broadly 

neutralizing antibodies, and we describe what 
is known about the ontogeny of B cells that 
give rise to these antibodies. We also discuss 
the prospects for eliciting similar anti bodies 
through immunization, and approaches 
for the use of antibodies directly for passive 
immunization as well as gene‑based antibody 
delivery. The realization that humans can 
make antibodies that are potentially broadly 
protective against HIV‑1 represents a crucial 
turning point in the HIV‑1 vaccine field: we 
discuss recent progress, crucial experiments 
and future prospects for the antibody‑based 
prevention of HIV‑1 infection.

Broadly neutralizing HIV-1 antibodies
Human antibodies that effectively neutralize  
HIV‑1 target the HIV‑1 viral spike —  
a trimeric heterodimer composed of gp120 
Env, which is involved in recognizing the 
CD4 receptor, and of gp41 transmembrane 
glycoprotein, which is responsible for fusing  
the viral and target cell membrane7,8. Most 
broadly neutralizing antibodies can be 
placed into four categories on the basis 
of the location on the viral spike of the 
conserved epitopes that they recognize 
(reviewed in REF. 50). CD4‑binding site‑
directed antibodies recognize the site 
of CD4 attachment on gp120; variable 
region 1 and variable region 2 (V1/V2)‑
directed antibodies often recognize glyco‑
peptide epitopes that include the N‑linked 
glycan at residue Asn160 on gp120; glycan 
V3‑directed antibodies recognize epitopes 
that generally include the N‑linked glycan at 
residue Asn332 on gp120; and membrane‑
proximal external region (MPER)‑directed 
antibodies recognize a site on gp41 that is 
proximal to the transmembrane‑spanning 
region (FIG. 1). The structural analysis of 
these broadly reactive neutralizing anti‑
bodies suggests that only a small extent of 
conservation and of exposure (as little as 
10–20 amino acid residues or 1–2 N‑linked 
glycans) is sufficient to facilitate specific 
recognition and, thus, effective antibody 
binding to the native viral spike.

Structural features of broadly neutralizing 
antibodies. Antibodies in each of the four 
categories can be further classified on the 
basis of similarities in their structural mode 
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of epitope recognition and on the basis of 
similarities in B cell ontogeny — that is, 
the developmental pathway a B cell lineage 
undergoes to generate the specific features 
that are required for effective HIV‑1  
recognition50 (TABLE 1).

Co‑crystal structures comprising both 
the antibody and the epitope have been 
resolved for representative antibodies 
from each of the four categories. Among 
CD4‑binding site‑directed antibodies,  
several antibodies (such as b12 and CH103) 
use traditional modes of complementarity‑
determining region (CDR) recognition; 
however, the most potent and broadly 
reactive CD4‑binding site‑directed anti‑
bodies (such as the VRC01 class) struc‑
turally mimic the CD4 receptor. Such 
mimicry involves structural and chemical  
similarity between the heavy chain com‑
ponent of the antibody and the CD4 
receptor in their interaction with gp120 
(REF. 34). This type of interaction involves 

substantial β‑strand contacts between the 
epitope and the second CDR on the heavy 
chain (CDR H2) of the antibody; this 
region shows a marked extent of somatic 
mutation33,37 and is fully encoded within 
the immunoglobulin heavy‑chain variable 
(VH) gene33,34. So far, only two VH genes 
(VH1–2 and VH1–46) have been associated 
with these CD4‑binding site‑directed 
antibodies; antibodies with these heavy 
chains also show an extraordinarily high 
level of somatic mutations37,39,51. These 
mutations are not only in the CDR loops 
but also in the framework region of the 
antibody, and the CD4 mimicry is prob‑
ably also related to interactions of the 
framework region with the CD4‑binding 
site on gp120 (REF. 52). The restricted VH 
gene origin of the antibody heavy chain 
suggests that specific features of the VH1–2 
and VH1–46 genes are required to initiate 
epitope recognition; these VH gene alleles 
that are associated with the VRC01 class of 

antibodies are found in most of the human 
population, which suggests that a general 
induction of CD4‑mimicking antibodies is 
possible, at least in principle51,53.

Among the V1/V2‑directed neutralizing 
antibodies, epitope recognition involves an 
uncommonly long third CDR on the heavy 
chain (CDR H3) of the antibody, which 
reaches through the glycan shield of gp120 
to contact amino acid residues on strand C 
of V1/V2, while also making contacts with 
proximal glycans54–57. CDR H3 regions of 
the required length (usually >25 amino 
acid residues) are found in less than 0.2% 
of antibody heavy chains58. It seems prob‑
able that these V1/V2‑directed neutralizing 
anti bodies derive from naive B cell pre‑
cursors that encode the requisite length of 
CDR H3 and that these antibodies attain 
the necessary peptide and glycan affinity 
through additional somatic hypermuta‑
tion to achieve broad recognition of HIV‑1 

(REFS 58,59) (see below).

Table 1 | Categories and features of broadly neutralizing HIV-1 antibodies

Prototypic antibody Breadth* IC80  
(μg per ml)‡

Unique features Similar monoclonal antibodies Refs

CD4‑binding site

b12 33% 2.70 Derived from phage display NA 25,100

HJ16 30% 0.77 Extensive affinity maturation NA 32

VRC01 87% 0.98 CD4 mimicry by V
H
1–2‑derived heavy 

chain
VRC02, VRC03, NIH45‑46, 3BNC60, 
BNC62, 3BNC117, 12A12, 12A21, 
12A30, VRC‑PG04 and VRC‑CH31

33,34,37, 
39,51

8ANC131 57% 4.02 CD4 mimicry by V
H
1–46‑derived heavy 

chain
8ANC37 and 8ANC134 37

CH103 34% 8.00 CDR H3 mode of recognition and 
reasonable affinity maturation

NR 72

V1/V2

PG9 70% 0.31 Extended CDR H3, which is often 
tyrosine‑sulphated

PG16 and CH01‑04 31,54‑57, 
59

PGT145 60% 0.31 Discontinuous conformational epitopes PGT141 to PGT144 38

Glycan V3

2G12 18% 4.85 Glycan‑only recognition NR 26,28

PGT121 53% 0.08 Recognizes V1/V2 and V3 glycan PGT122 and PGT123 38,61,62

PGT128 56% 0.11 Recognizes V3 glycan PGT125 to PGT127, PGT130 and 
PGT131

38,60

PGT135 <30% NR Recognizes V3 and V4 glycans PGT136 and PGT137 38,63

MPER

2F5 48% 9.42 ELDKWAS peptide recognition m66 24,26,29

4E10 88% 8.98 Sequence before transmembrane domain NR 24,26,30

10E8 97% 2.05 No autoreactivity 7H6 42

Z13 <20% NR WNWFDITN peptide recognition derived 
from phage display

NR 27

CDR H3, third complementarity‑determining region on the heavy chain; MPER, membrane‑proximal external region; NA, not applicable; NR, not reported in the 
literature; V

H
, variable segment of immunoglobulin heavy chain. *Breadth is defined as the percentage of viruses neutralized by at least 80% (known as the IC

80
) at  

a maximal inhibitory concentration of 50 μg per ml. ‡For IC
80

 values, the geometric mean value among neutralized viruses is shown.
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Both glycan V3‑directed antibodies and 
MPER‑directed antibodies have moderately 
long CDR H3 regions and have undergone 
substantial levels of affinity maturation. 
Some antibodies in the glycan V3‑directed 
category (for example, PGT121 to PGT137) 
seem to require a moderately long CDR H3 
region to penetrate the glycan shield, which 
is similar to the V1/V2‑directed anti bodies, 
and they also seem to require extensive 
somatic hypermutation and crucial deletions 
or insertions to generate the necessary alter‑
ations in antibody framework regions that 
lead to high‑affinity binding38,60–63. The first 
MPER‑directed antibodies to be described 
— 2F5 and 4E10 — show substantial poly‑
reactivity and autoreactivity64–66, which is 
perhaps partly due to the requirement for 
hydrophobic residues in the CDR H3 region 
to interact with the host cell membrane67,68. 
However, at least one antibody in this cat‑
egory, 10E8, potently neutralizes the vast 
majority of HIV‑1 strains and does not show 
autoreactivity in assays of autoimmunity 

that detect polyreactivity42, which suggests 
that there might be pathways that could 
prevent clonal deletion of the B cell pre‑
cursors and thus increase the likelihood that 
this antibody can be elicited by vaccination. 
Antibody 10E8 uses extensive interactions 
on a moderately long CDR H3 to recognize 
conserved MPER elements on gp41, and 
somatic mutation further hones contact 
within the CDR loops42.

Together, these structural studies have 
provided insights into the mechanisms 
by which broadly neutralizing antibodies 
engage and inactivate HIV‑1 Env, and the 
pathways by which these antibodies arise. 
Furthermore, these studies facilitate the 
characterization of the highly conserved 
structural determinants that are required 
for antibody recognition. They therefore 
enable the design of immunogens for  
vaccination. The idea that antibodies  
can serve as a guide for immunogen  
design has been an attractive concept69  
that has yet to be realized (see below).

Eliciting effective antibodies
As with other pathogens, HIV‑1 vaccine 
strategies generally seek to use informa‑
tion that has been gleaned from studying 
the development of effective antibodies in 
response to natural infection. However, 
unlike the antibody response generated  
during many acute viral infections — which 
matures rapidly to generate high‑affinity 
neutralizing antibodies — broadly neutral‑
izing HIV‑1 antibodies take months to years 
to develop15,23. An unresolved question is: 
what is the immunological and molecular 
basis for this delayed response?

On the one hand, the long time that is 
required to elicit these antibody responses 
may partly be a consequence of HIV‑1 
infection itself, which causes impair‑
ment of immune function, including the 
destruction of CD4+ T cells and damage 
to lymph node architecture. On the other 
hand, some aspects of this response may 
be related to the intrinsic nature of Env 
as an antigen; for example, it is difficult 
to elicit HIV‑1 neutralizing antibodies in 
healthy volunteers by immunizing with 
Env subunit vaccines (such as vaccines 
containing gp120)3,70. This observation 
raises the possibility that impaired immune 
function during natural infection may not 
be the primary reason that it is difficult 
to elicit broadly neutralizing antibodies. 
In addition, the co‑evolution of virus and 
antibody responses may drive the develop‑
ment of effective HIV‑1 neutralizing anti‑
bodies; for example, broadly neutralizing 
Asn332‑directed antibodies, which bind 
the glycan V3 epitope, seem to be gener‑
ated in response to viral escape variants 
that acquire the appropriate Asn332 glycan 
as a result of escape from earlier strain‑
specific antibodies71. Moreover, in a recent 
study involving longitudinal sampling of a 
developing broadly neutralizing antibody 
(CH103) and co‑evolving virus, increases 
in viral divergence were observed just 
before the development of increased anti‑
body breadth72, which further supports the 
idea that viral evolution drives the genera‑
tion of increased breadth in individuals 
who develop broadly neutralizing HIV‑1 
antibodies.

Previous attempts to induce broadly 
neutralizing antibodies by vaccination were 
fairly unsuccessful. Progress in the past 
was limited by the unrecognized complex‑
ity of the HIV‑1 Env and the numerous 
mechanisms by which HIV‑1 evades immu‑
nity; for example, early efforts focused 
on the gp120 monomer as an immuno‑
gen and used matched strains to test the 

Figure 1 | Sites of HIV‑1 vulnerability to neutralizing antibodies. The HIV‑1 envelope spike is the 
target of known virus‑directed neutralizing antibodies. An image of the viral spike obtained by cryo‑
electron microscopy (light grey)95 is shown fitted with atomic‑level ribbon models for three portions 
of the HIV‑1 envelope glycoprotein (Env; red): the membrane‑proximal external region (MPER) of 
gp41 (REF. 42) is shown towards the top of the image, the structure of the core gp120 with intact 
amino‑ and carboxyl termini96 is shown in the middle of the image, and the V1/V2 domain55 is shown 
towards the bottom of the image. Antibodies that effectively neutralize HIV‑1 primarily target four 
specific regions in Env: the MPER, which is bound by antibody 10E8 (REF. 42) (cyan), the CD4‑binding 
site on gp120, which is bound by antibody VRC01 (REF. 34) (fuchsia), and two sites of N‑linked glyco‑
sylation, one of which is in the V1/ V2 region at residue Asn160 and is bound by antibody PG9 
(REFS 55,57) (green), and the other which is a glycan V3 epitope that generally includes residue 
Asn332 and is bound by antibody PGT128 (REF. 60) (blue).
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neutralization capacity of the resulting 
antibodies. Although potent immuniza‑
tion could be observed, it became evident 
that this activity was strain specific, often 
directed against the V3 loop of gp120. 
However, when variable regions were 
removed from the gp120 immunogen it 
was difficult to elicit any neutralization. 
This lack of neutralization probably arose 
from the use of monomeric proteins that 
presented epitopes that are not exposed 
on the native viral spike, such as the inner 
domain. Subsequent attempts to use stabi‑
lized soluble trimers also induced responses 
to immunodominant, strain‑specific sites, 
such as the V1/V2 region or the V3 region. 
It was evident that even these soluble  
trimers assumed conformations that  
were different from the membrane‑bound 
viral spike and therefore they failed to elicit 
broadly neutralizing antibody responses.

The limitations of these approaches 
not only led to a failure to induce broadly 
neutralizing antibodies, but also frustrated 
efforts to define additional broadly neutral‑
izing antibodies. For more than 15 years, 
the field relied on four broadly neutralizing 
antibodies — b12, 2G12, 2F5 and 4E10 
— the activity of which was considerably 
better than strain‑specific monoclonal anti‑
bodies, but the breadth and the potency of 
which were nonetheless relatively restricted. 
Attempts to generate new broadly neutral‑
izing antibodies uniformly failed because 
screening approaches typically used non‑
physiological viral glycoproteins. Progress 
in this field came from a series of differ‑
ent advances. First, it was discovered that 
viruses passaged in vitro were more easily 
neutralized than primary isolates from 
patients. Thus, it became crucial to assem‑
ble panels of viral isolates directly from 
patients, which could be tiered according 
to their level of neutralization resistance20. 
Second, antibodies required screening for  
neutralization against more resistant ‘tier 2’ 
or tier 3 viruses to detect broadly neutralizing 
antibodies31. Third, advances in immuno ‑
globulin gene cloning facilitated high through‑
put and sensitive screening of individual 
B cells that enabled the isolation of these rare 
broadly neutralizing anti bodies73. Finally, the 
description of the viral envelope structure 
enabled efforts to be focused on functionally 
constrained determinants that were highly 
conserved among strains33.

Thus, immunization strategies might 
need to stimulate the immune system 
to recognize the functional viral spike 
through the use of protein mimics and 
to subsequently produce high‑affinity 

antibodies that recognize conserved 
epitopes. Alternatively, a vaccination strat‑
egy might start with an immunogen that 
presents a specific conserved epitope and 
that then boosts the response with the 
same epitope on a different immunogen 
to achieve high affinity recognition of the 
epitope in the context of the native viral 
spike (FIG. 2a,b). The most effective anti‑
bodies target only a few sites of HIV‑1 Env 
vulnerability, and this selective recognition 
has led to the development of vaccines that 
use epitope immunogens that stimulate 
immune responses to these highly conserved 
functionally important domains. 

Adding to the complexity of eliciting  
broadly neutralizing antibodies is the 
observation that the most effective HIV‑1 
neutralizing antibodies have unusual struc‑
tural features (see above), which raises the 
possibility that the extended time required 
to induce these antibodies may depend on 
rare stochastic events or on more unusual 
or complex IgG gene alterations during 
development. A detailed understanding of 
the B cell ontogeny of each broadly neutral‑
izing antibody may thus provide a ‘road 
map’ which could be used to elicit similar 
antibodies through immunization (FIG. 2c).

Guiding somatic mutation. Although the 
tools of structural biology can be used to 
create proteins that bind to known neutral‑
izing antibodies, such immunogens must 
engage B cell receptors (BCRs) on naive 
B cells, trigger signalling and initiate the 
process of somatic mutation that is required 
for affinity maturation. For almost all 
HIV‑1 neutralizing antibodies studied, the 
reversion of the antibody variable genes to 
the germline sequences results in markedly 
decreased affinities to HIV‑1 Env34,52,59,74–76. 
Although a germline precursor antibody is 
expected to have a lower antigenic affinity 
than the somatically matured antibody that 
it gives rise to, some variable gene‑reverted 
HIV‑1 antibodies — particularly those of 
the VRC01 class that use their heavy‑chain 
CDR H2 to mimic CD4 binding to gp120 
— show no detectable binding to HIV‑1 
Env34,37,77. This lack of gp120 recognition by 
the precursor antibodies raises questions 
about the antigen that engages the BCR 
on naive B cells. Although BCR triggering 
might occur if antigens are displayed in a 
polyvalent manner on the B cell surface, 
the very poor affinities of these germline 
precursor antibodies for HIV‑1 Env suggest 
that the initial triggering of the precursor 
B cells or the early development of B cell 
responses may be limited.

One potential immunization strategy  
that may guide the development of broadly 
neutralizing antibodies is to create a series  
of Env immunogens that bind to the BCR  
on naive B cells and subsequently to those on 
crucial intermediate B cells at early, middle 
and late stages of the antibody developmen‑
tal pathway78,79. Such rationally designed 
immuno gens may be best suited to the induc‑
tion of antibody modalities that are elicited 
in multiple individuals (FIG. 3), such as those 
antibodies of the VRC01 class. Immunogens 
specifically designed to engage naive B cells 
that express VRC01 class antibodies have 
recently been designed and were shown to 
bind to and to trigger the BCR of these cells 
in in vitro assays53,80,81. Immunization studies 
carried out in vivo will be required to test the 
ability of such vaccine antigens to elicit the 
desired antibody response.

In addition to structure‑based design 
efforts, recent advances in next‑generation 
sequencing of antibody gene transcripts 
enable the genetic record of the develop‑
ing B cell response to be determined. This 
provides a way to elucidate the development 
pathway of an antibody from an unmutated 
antibody progenitor to a high‑affinity neu‑
tralizing antibody39,51,82. Similar genetic 
analysis of the antigen‑specific B cell reper‑
toire may then allow us to follow antibody 
development in the context of HIV‑1 immu‑
nization to determine if we can direct naive 
B cells towards the most relevant pathway of 
affinity maturation and differentiation. Once 
such pathway‑dependent B cell maturation 
is adequately defined, it may then be pos‑
sible to target specific VH genes that optimize 
the chances of success in a vaccine (such as 
VH1–2 and VH1–46 for the VRC01 class of 
antibodies). In addition, the development  
of potential vaccines may require testing  
in animals that have immune repertoires 
sufficiently close to a ‘typical’ human; for  
example, mice with knock‑in of the human 
IgG locus or non‑human primates with  
an IgG locus similar to that in humans83,84.

Engaging the naive B cell repertoire. In 
some instances, rare recombination events 
create the crucial genetic elements needed 
for effective HIV‑1 neutralization. Long 
CDR H3 loops seem to preferentially result 
from specific V(D)J gene recombinations 
or, in some cases, from unusual DD gene 
fusions58,85,86. Thus, the time it takes to elicit 
uncommonly long CDR H3 of the V1/V2‑ 
directed category of broadly neutralizing 
antibodies could be due to the low frequency 
of the appropriate primary recombination 
event, together with the additional requisite 
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somatic mutations. An additional feature  
of these broadly neutralizing antibodies  
is the high frequency of small insertions  
and deletions that probably arise as a  
by‑product of repair during somatic  
mutation, which is similar to what occurs 
in other highly mutated IgGs. Some of these 
deletions are repeatedly seen in broadly  
neutralizing antibodies that are derived  
from different individuals, which suggests 
that additional specific changes are required 
to generate them.

During natural infection, the continual 
generation of viral escape mutants pro‑
vides fresh antigenic templates to engage 
naive BCRs, including rarely generated 
recombinants. Such escape mutants would 
engage the naive B cell rather than stimu‑
late the memory B cell responses needed 
to generate broadly neutralizing antibod‑
ies. By contrast, immunization generally 
involves the sequential use of a single 
antigen that stimulates the generation of 
high‑affinity antigen‑specific antibodies. 
The resulting antibody could bind antigens 
and thus prevent the vaccine antigens from 
binding to and stimulating other rare naive 
B cells. Therefore, homologous boosting 
for HIV‑1 may differ from that for immu‑
nization against other pathogens that have 
more restricted antigenic diversity, in 
which immunodominance may have a less 
prominent role. It is not entirely clear how 
to surmount this difficulty, but one means 
might be through the continual use of 
HIV‑1 Env variants, each sufficiently dif‑
ferent to avoid binding by non‑neutralizing 
antibodies. Strategies that seek to vaccinate 
with trimers that resemble the viral spike 
or those that use highly conserved epitope 
structures may benefit from such longitu‑
dinal variation, which could be used as a 
general strategy for boosting subdominant 
immune responses (FIG. 2).

Although we have made remarkable 
progress in elucidating the structure of vul‑
nerable regions on the HIV‑1 Env spike and 
have begun to translate this knowledge into 
the generation of novel immunogens, key 
scientific obstacles must be overcome to 
induce broadly reactive neutralizing anti‑
bodies. Immunization with various forms 
of gene‑based vectors encoding env genes, 
or with soluble Env proteins, generates high 
levels of Env‑specific antibodies, but the 
neutralizing antibody responses induced 
are not nearly as potent or broadly reactive 
as most of those that are mediated by neu‑
tralizing monoclonal antibodies. The factors 
that influence this limited neutralizing 
antibody response are still being elucidated 

Figure 2 | Vaccine strategies to elicit HIV‑1 neutralizing antibodies. Over the past 25 years, 
multiple strategies have been used to elicit effective HIV‑1 neutralizing antibodies. These can be 
placed into three categories. a | Viral spike mimics seek to replicate the functional oligomeric 
envelope glycoprotein (Env) spike of HIV‑1, which is the target of the known broadly neutralizing 
antibodies. Notable spike mimics include protease purified spikes (or example, gp160) from  
virions97, gene‑delivered spikes (for example, gp160), soluble gp140 protein, a genetically modified 
form of the trimer that is fully cleaved and stabilized by a disulphide bond between gp120 and 
gp41 (also known as BG505 664.SOSP; bonds are depicted by lines in the image)57,62, and gp140 
spikes lacking a cleavage site stabilized by a domain derived from the T4 phage fibritin protein that 
facilitates trimerization98 (for example, scaffolded gp140). b | Epitope immunogens focus on either 
a particular antibody epitope on the Env spike (such as those shown for the 2F5 antibody99) or a 
site of vulnerability targeted by antibodies that recognize overlapping epitopes (such as antibodies 
b12, VRC01 and VRC‑PG04 shown for the CD4‑binding site34,100,101,102; depicted as space‑filling 
models). Epitope scaffold 1 (ES1) to ES5 refer to progressive modifications of the highly conserved 
epitope that present alternative forms of the same epitope to the immune system by vaccination. 
A ribbon model of the 2F5 antibody is also depicted. This panel is modified, with permission, from 
REF. 99 (2010) © Proceedings of the National Academy of Sciences. c | As specific antibodies with 
similar B cell ontogenies are induced in multiple HIV-1-infected individuals, strategies to elicit such 
antibodies can focus on guiding the development of a reproducible B cell lineage, from germline 
activation, through intermediate maturation, to the expansion of the B cell population that  
produces mature broadly neutralizing antibodies.
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Donor C

Donor D

Donor E

but may include the low‑affinity binding 
of germline antibodies noted above, the 
immunodominance of Env variable regions 
and the potential poor immunoreactivity  
of specific neutralization regions of Env.

Antibody-mediated prevention
The challenges of active immunization have 
led to a search for alternative methods to 
harness the potential benefits of neutral‑
izing antibodies. The passive transfer of IgG 
offers an alternative way to use the broadly 

neutralizing HIV‑1 antibodies that have 
recently been identified. The issues related 
to this strategy of direct antibody prophy‑
laxis are quite different from those related to 
active immunization. In the case of passive 
immunization, no understanding of the B cell 
ontogeny is required; rather, this approach 
relies on the selection of highly effective 
neutralizing antibodies, the clinical grade 
production of IgG and the ultimate delivery 
and maintenance of a suitable concentration 
of transferred antibody (BOX 1).

Passive antibody administration. Although 
there are over 30 licensed therapeutic 
monoclonal antibodies87, only one antibody 
has been approved for the prevention of an 
infectious pathogen. Palivizumab (Synagis; 
MedImmune) is a humanized mouse mono‑
clonal antibody directed against the fusion 
glycoprotein of respiratory syncytial virus 
(RSV). When it is delivered monthly by 
intramuscular injection, Synagis effectively 
protects against clinical RSV disease in pre‑
mature infants88. Similarly, it may be possible 
to prevent HIV‑1 infection of humans via 
passive antibody transfer. In support of this 
idea is the demonstration that neutralizing 
antibodies prevent infection in the chimeric 
simian–human immunodeficiency virus 
(SHIV) macaque model or in the HIV‑1 
humanized mouse model of infection46,47. In 
studies using these animal models, the levels 
of antibody that was required for protec‑
tion varied depending on the source of the 
antibody and the strain of challenge virus. 
However, recent studies using repeated viral 
challenges through a mucosal route have 
shown that an antibody plasma concentra‑
tion in the range of 25 to 50 μg per ml, which 
results in serum neutralizing antibody titres 
in the range of ~1:200 (that is, serum at a  
1 in 200 dilution produced 90% neutraliza‑
tion in the assay), could prevent mucosal 
SHIV infection in the macaque model48.

Until the discovery of the currently used 
generation of highly potent HIV‑1 mono‑
clonal antibodies, the concept of antibody‑
based prevention of HIV‑1 infection seemed 
untenable, as antibodies showed modest 
potency and limited breadth of neutraliza‑
tion. However, currently used antibodies, 
such as those in the VRC01 class, the recently 
described PG and PGT glycan‑reactive 
antibodies of the glycan V3 category, and 
the MPER‑directed 10E8 antibody, show 
potencies at concentrations below 1 μg per ml 
against most HIV‑1 strains in vitro31,33,38,42,89.
At least one broadly neutralizing antibody, 
PG121, shows protection at low concen‑
trations following passive transfer into 
macaques90. Recent advances in antibody 
engineering suggest the potential to increase 
both antibody potency and the antibody 
half‑life87,89,91. In addition, the combined 
use of HIV‑1 antibodies directed to distinct 
epitopes has the potential to potently neutral‑
ize the vast majority of globally circulating 
HIV‑1 strains37,38,92.

However, there is currently no proof‑of‑
concept that an HIV‑1 monoclonal antibody 
can prevent human HIV‑1 infection, although 
Phase I clinical trials using the VRC01 
antibody are being planned. The ability of 

Figure 3 | Stochastic and reproducible antibody responses. Antibodies are generated by stochastic 
processes of V(D)J recombination and immunoglobulin heavy and light chain combinatorial recogni‑
tion, which results in greater than 1012‑fold diversity. Standard selection against a typical antigen 
generates diverse antibodies in different individuals (also known as donors). The antibodies elicited in 
each individual have different variable (V) gene origins and have undergone different V(D)J recombina‑
tion events, but all of the antibodies can bind to the same antigen (left branch). However, the recogni‑
tion of conserved epitopes on the HIV‑1 viral spike in some instances results in remarkably similar 
antibodies even though they develop in different individuals; these antibodies share the same V genes 
and B cell ontogenies (right branch)37,39,51. Similarities in epitope recognition may relate to constraints 
in epitope recognition and/or they may relate to the use of select V gene elements, as has been sug‑
gested for the VRC01 class of antibodies34,103 and for CD4‑binding site‑directed antibodies104.  
The donor codes indicate which antibodies were isolated from different subjects and from  
independent cohort series that have been previously described.
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an antibody to protect against infection in 
humans would not only provide a potential 
tool to reduce HIV‑1 transmission, but would 
also validate the antibody target for further 
development as a vaccine antigen.

Genetic delivery of antibody molecules. 
Should clinical trials show that the passive 
transfer of monoclonal antibodies can suc‑
cessfully prevent HIV‑1 infection in humans, 
there would remain considerable challenges 
regarding the cost and scaling up the antibody 
product. Hence, an alternative approach is to 
use vector‑based delivery of genes encoding 
antibody molecules as a means to produce 
sufficient levels of antibodies over a sus‑
tained period of time. Indeed, high levels of 
sustained antibody expression in mice and 
monkeys have been achieved in two stud‑
ies; both studies used an adeno‑associated 
virus vector to deliver the genes encoding the 
immunoglobulin heavy and light chains and 
showed protection against SIV infection in 
non‑human primates93,94 and against HIV‑1 
infection in humanized mice39. These studies 
provide a proof‑of‑concept that the delivery 
of antibody genes can confer long‑term  
protection against lentiviral infection.

For such a method to be widely adopted, 
several technical issues and regulatory con‑
cerns would need to be addressed; for exam‑
ple, immune responses to either the vector 
or to the antibody transgene might limit the 
magnitude and/or the duration of antibody 
gene expression. The modulation of this 
response and the ability to promote specific 
tolerance to these gene products might 
therefore be required to optimize efficacy. 
For widespread use of this approach,  
it would also be desirable to enable the  
regulation of gene expression to eliminate 
the encoded antibody in the event of an 
unanticipated adverse effect.

Despite these technical challenges, various 
gene delivery vectors are now under consid‑
eration that may facilitate long‑term antibody 
production in vivo. Although the adeno‑
associated virus vector has shown promise as 

a replication‑defective vector that can medi‑
ate long‑term gene expression, other gene 
delivery modalities, including DNA and RNA 
expression vectors, offer alternative strategies 
to confer long‑term protection against HIV‑1 
infection by genetic immunization.

The end of the beginning
The extraordinary ability of HIV‑1 to evade 
the humoral immune response has long been 
recognized. This resistance has led to some 
pessimism about the potential of a vaccine 
to induce neutralizing antibodies that could 
recognize diverse strains of HIV‑1, and thus 
prevent infection.

Renewed, yet cautious, optimism has 
nonetheless arisen from the understand‑
ing that the immune system can generate 
potent and broadly neutralizing antibod‑
ies. The isolation and the characterization 
of such monoclonal antibodies has helped 
to elucidate key vulnerable regions on the 
HIV‑1 viral spike. Co‑crystal structures of 
antibodies bound to their epitopes on gp120 
or gp41 have provided atomic level detail of 
these conserved regions and this facilitates 
the design of novel immunogens to present 
these viral epitopes to the immune system.

In addition to structural information, a 
better understanding of the immune pathways 
that lead to the generation of HIV‑1 neutral‑
izing antibodies will enable the development 
of protective immunity. The most potent 
of the known neutralizing antibodies have 
unusual characteristics that may hinder their 
induction. Depending on the antibody, these 
features include genetic restriction to specific 
VH genes, long CDR H3 loops and high levels  
of affinity maturation. Next‑generation 
sequencing of B cell antibody genes is provid‑
ing a mechanistic understanding of how such 
neutralizing antibodies acquire these charac‑
teristics and, thus, can provide insights into 
how to elicit similar antibodies via immuni‑
zation. An understanding of antibody genetic 
pathways enables us to track the immune 
response during immunization as a means  
to guide further immunogen design and 
immunization strategies.

Finally, highly potent and broadly reactive 
neutralizing antibodies provide the possibility 
of direct antibody passive transfer and new 
monoclonal antibody gene delivery strategies, 
as a means to prevent HIV‑1 infection. The 
proof‑of‑concept of such antibody‑mediated 
protection in humans would validate specific 
viral epitopes for vaccine design and could 
provide immune correlates that could be 
measured in future vaccine efficacy trials, all 
of which would accelerate the development  
of an effective HIV‑1 vaccine.

However, a number of challenges remain 
in the effort to develop a highly effective 
HIV‑1 vaccine, either for active or passive 
immunization. For active immunization, it 
will be crucial not only to understand anti‑
genicity — for example, the structural basis 
of interactions with broadly neutralizing 
antibodies — but also to understand how to 
stimulate antibody responses (that is, immu‑
nogenicity) of the highly conserved target 
sites. Although the idea of antigen‑guided 
development of B cells that produce these 
broadly neutralizing antibodies is attractive, 
questions remain about how and when to 
vaccinate to achieve these effects and how to 
select the optimal combination of antigens. 
These parameters must first be analysed in 
experimental animals whose immune systems 
are genetically different from the human 
immune system, which may result in both the 
generation of false‑positive and false‑negative 
leads. Therefore, human studies will ulti‑
mately be required. For these clinical studies, 
there is a need for a greater production capac‑
ity at good manufacturing practice standards 
to generate vaccine candidates, as well as 
finding the financial means to conduct large, 
lengthy and costly efficacy trials.

For passive immunization, several unknown 
factors must also be addressed. As the anti‑
body doses required for in vivo protection 
are unknown, it is not clear whether passive 
immunization with monoclonal antibodies 
is practical or feasible. Can this approach 
be implemented on a large scale and in the 
developing world? For antibody gene delivery, 
the optimal vectors and antibody genes must 
be defined, as well as the antibody levels that 
are protective and that can be maintained in 
the long‑term in humans using this method. 
Safety concerns related to long‑term antibody 
gene expression will also need to be addressed 
in future clinical trials; whether gene‑delivered 
antibodies will elicit destructive host immune 
responses — to human tissues, to the vector  
or to the antibodies themselves — will need to  
be determined. For these reasons, the recent  
successes do not represent the end or the 
beginning of the end, but rather the end of the 
beginning, of the quest for an HIV‑1 vaccine.
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Box 1 | Delivery of effective antibodies

The two general means by which antibodies 
can be delivered involve either the direct 
delivery of fully functional monoclonal, 
oligoclonal or bispecific antibodies (known as 
passive antibody administration), or the 
vector-based delivery (for example, using 
adeno-associated virus vectors, DNA or RNA 
expression vectors) of genes encoding 
antibody molecules that instruct recipient 
host cells to produce protective antibodies.
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