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Abstract
HIV-1 evades antibody-mediated neutralization in many cunning ways. The recent 
structural characterization of a conserved neutralization epitope on the envelope 
glycoprotein complex (Env) provides clues to the vulnerabilities of the virus. We discuss 
these observations and explain their relevance for HIV-1 vaccine design.
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Introduction
HIV-1-neutralizing antibodies

The HIV-1 envelope glycoprotein complex (Env) is the focus of antibody-based vaccines 
simply because it is the only viral protein on the exterior of the virus particle and, 
hence, the only protein that can elicit neutralizing antibodies. Neutralizing antibodies 
are generated against HIV-1 in infected individuals but many are strain-specific because 
they bind to variable domains, making viral escape easy (1,2). Highly immunogenic non-
functional forms of Env serve as decoys and elicit antibodies that do not neutralize at all 
because they do not recognize the functional Env trimer (3). Furthermore, the elicitation 
of broadly neutralizing antibodies is limited by a protective “glycan shield” (2). Only a 
few antibodies have been identified that can neutralize diverse virus isolates, and these 
antibodies reveal viral vulnerabilities. Of these, two (2F5 and 4E10) are directed to the 
membrane-proximal region of the transmembrane subunit gp41, whereas two others 
(2G12 and b12) bind to the surface subunit gp120.

Two properties are important for an antibody to be broadly neutralizing. First, to 
neutralize, an antibody needs to bind to the functional trimer. Second, to be broadly 
reactive, it needs to bind to a conserved region on the functional trimer that is present 

Glossary
Bridging sheet: a four-stranded antiparallel 
β-sheet that bridges the inner and outer 
domains and is formed after CD4 binding 
(Figure 1a). The bridging sheet contributes to 
the co-receptor-binding surface and to several 
antibody epitopes that are induced by CD4 
binding (CD4i antibodies).
Enthalpy: The measure of the energy content 
of a system. A negative change in enthalpy 
(ΔH) is favourable for protein–protein binding 
and indicates many bonding interactions 
(e.g. hydrogen bonds and van der Waals 
interactions).
Entropy: the measure of disorder in a system 
or molecule – greater entropy means more 
disorder. Entropy tends to increase (positive 
ΔS) as disorder is favoured over structure and 
organization. During the formation of protein–
protein interactions involving more structural 
organization, a favourable ΔH can compensate 
for the negative ΔS.

Glycan shield: protective camouflage consisting 
of N-linked carbohydrates. These carbohydrates 
are usually non-immunogenic because they 
are produced by the host-cell glycosylation 
machinery and are, therefore, recognized as self 
by the host immune system. The glycan shield 
is mostly attached to the outer domain (silent 
face) and variable domains (Figure 1b).
Inner domain: part of gp120 that forms the 
interior of the trimeric spike. The inner domain 
is highly conserved, does not contain much 
glycosylation and interacts with gp41. The inner 
domain is largely inaccessible to antibodies 
in the trimer and overlaps with the non-
neutralizing face because antibodies elicited 
to this region cannot recognize functional Env 
(Figure 1a).
Outer domain: part of gp120 that forms the 
exterior of the trimeric spike. The outer domain 
is heavily glycosylated and overlaps with the 
silent face, although parts of the outer domain 
contribute to the CD4BS and the neutralizing 
face.
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and accessible on diverse primary virus isolates; monoclonal antibody b12 is one of the 
few antibodies that fulfil both these requirements. b12 recognizes the CD4-binding 
site (CD4BS) and can block the interaction between CD4 and gp120. This property is 
probably not important per se because any antibody that can bind to the functional 
trimer is thought to neutralize solely through the presence of the bulky immunoglobulin 
G (IgG) molecule (4-6). However, because virtually all viruses need CD4 for entry, the 
CD4BS is one of a few sites on the Env trimer that is conserved on different HIV-1 strains. 
Therefore, it is crucial for the virus to devise ways to limit the elicitation of neutralizing 
CD4BS antibodies such as b12.

Recent work by van Montfort et al. (7) underlines the importance of b12 in vaccine 
design, but also provides a somewhat worrying account on how dendritic cells (DCs) 
can efficiently take up neutralized virus by C-type lectins and/or Fc receptors then 
“deneutralize“ the virus and present a fully infectious form to T cells. A notable exception 
is the b12 antibody, which clings onto the virus during passage through DCs and still 
inhibits the subsequent infection of T cells. The authors propose that a higher affinity 
binding of b12 enables the antibody to survive the travel through low pH endocytic 
compartments where other neutralizing antibodies such as 2G12, 2F5 and 4E10 
dissociate from Env. The role of DC-mediated protection and dissemination of virus is 
clearly underappreciated in standard neutralization assays. Nevertheless, these results 
emphasize the importance of attempting to elicit b12-like antibodies.

The recent study by Zhou et al. (8) reveals Env properties that limit the elicitation of 
neutralizing CD4BS antibodies. The study also provides useful information on how b12 
circumvents the viral defences. Here, we explain how this information can be exploited 
for HIV-1 vaccine design.

Conformational camouflage

gp120 is intrinsically flexible, but the binding of CD4 stabilizes gp120 by pulling together 
the outer and inner domains and driving the formation of the bridging sheet (see 
Glossary) (9-11) (Figure 1a). CD4 binding is associated with unusually large changes 
in enthalpy and entropy, which indicates large conformational changes, the formation 
of many binding interactions (e.g. van der Waals interactions and hydrogen bonds), 
a high degree of molecular ordering, and/or burial of a large surface area (9,11). The 
unfavourable large change in entropy is thought to be compensated by an increase in 
avidity by binding of multiple CD4 molecules on the target cell to an Env trimer. Similar 
to CD4, non-neutralizing CD4BS antibodies induce large enthalpy and entropy changes 
upon binding to gp120 but, unlike CD4, non-neutralizing CD4BS antibodies do not bind 
multivalently and the unfavourable conformational changes impede potent neutralization 
by these antibodies (10-12). By contrast, b12 binding to gp120 does not require large 
conformational changes, explaining in part why this antibody is so potent. Furthermore, 
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Figure 1. Binding of monoclonal antibody b12 to the glycosylated Env trimer. (a) Structure of gp120 in 
the b12-bound state. The inner and outer domains are indicated in grey and red, respectively. Protein 
components that form the bridging sheet upon CD4 binding are indicated in dark blue. Carbohydrates 
are shown in cyan. (b)  Model of a b12 IgG in complex with a gp120 trimer. The previously constructed 
trimer model based on quantifiable parameters (18) was used as a template and the CD4-bound gp120 
structures were replaced by the b12-bound structures. The complete b12 IgG was modelled using the 
structure in Ref 19 (19). The figure represents a view from the target cell, slightly tilted to provide a better 
view on the CD4BS. The protein-associated solvent-accessible surface of gp120 is in red with the CD4BS 
in yellow. The carbohydrates on gp120 are represented in cyan and the b12 IgG is shown as a carbon-α 
trace in dark blue.

Mark
Typewritten Text
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b12 seems to recognize a majority of different Env conformations that correlate with 
the small entropic change, whereas other CD4BS antibodies only bind a minority of 
conformations (12) (Figure 2a). Competing interactions of, for example, CD4, can then 
limit the potency of these antibodies. Thus, the architecture of the CD4BS and the nature 
of the CD4-binding interaction reduce the elicitation of effective antiviral antibodies to 
this site.

Clues from structure

Based on the structure of gp120 in complex with CD4, Zhou et al. (8) designed amino-acid 
substitutions to stabilize gp120 in a conformation similar to the CD4-bound state (13). 
Despite substantial residual flexibility in gp120, the introduction of inter-domain disulfide 
bridges and CD4BS cavity-filling substitutions stabilized the molecule considerably. The 
stabilized gp120 molecule enabled the crystallization of gp120 in complex with the Fab 
fragment of b12 (8). Binding of b12 shares some characteristics with CD4 binding. First, 
both b12 and CD4 use an aromatic residue (Tyr53 and Phe43, respectively) to bind to 
the same initial contact site: the Phe43 cavity between the inner domain, outer domain 
and the bridging sheet (Figure 1a). Second, b12 and CD4 have a similar, although not 
identical, angle of attachment, suggesting that this is the only angle in which effective 
binding can be achieved in the context of the functional trimer (Figure 1b). This differs 
from the supposed binding angle of many non-neutralizing CD4BS antibodies, which is 
not compatible with binding to the functional trimer (14).

Although CD4 and b12 have the same the initial contact site, their interactions are 
quite different. The initial interaction of CD4 is not strong, as exemplified by the poor 
neutralization of primary viruses by soluble CD4, but the initial binding of CD4 to the 
CD4 binding loop is stabilized by enhanced avidity due to the interaction of multiple 
CD4 receptors on the cell surface with an Env trimer. Conformational changes that 
involve formation of the bridging sheet follow and ensure tight CD4 binding. In contrast 
to CD4 (and non-neutralizing antibodies), b12 can bind tightly to the CD4-binding loop 
without the requirement for additional conformational changes.

Despite the many ways to limit the elicitation of b12-like antibodies, the exposure of 
the CD4-binding loop indicates that antibodies can be elicited to this target. So why are 
b12-like antibodies not reported more often? In fact, it is suspected that a considerable 
amount of activity in neutralizing sera is b12-like and there is currently a hunt for 
new broadly neutralizing antibodies that are similar to b12 (15). Importantly, these 
observations show that the initial CD4 contact site is accessible to antibodies and can be 
exploited for vaccine design.
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Trimeric camouflage

Most of the biochemical and structural studies on the binding of neutralizing antibodies 
to Env have been performed with core gp120 (gp120 from which the N and C termini 
and variable loops 1–3 have been deleted), gp120 or unprocessed gp140 trimers. The 
conformational constraints can become manifest differently on the processed, functional 
Env trimer, for example, gp120 might be more conformationally restricted. It is known 
that the antigenicity of processed and unprocessed Env is dramatically different (16). 
Several additional constraints are present on the functional trimer (Figure 2b): (i) the 
angle of approach is limited (14) (Figure 1b); (ii) protection by the variable loops is 
increased because of restriction of movement of these loops by the presence of the other 
protomers; and (iii) the carbohydrates of the glycan shield are likely to be more densely 
packed around the CD4BS (Figure 1). For example, although Asn386 and the attached 
carbohydrate make contacts with b12 in the current structure (7), mutation of Asn386 to 
either Ala or Asp, with the elimination of the attached carbohydrate as a result, improves 
binding of b12 to the functional trimer as monitored by neutralization (R.W. Sanders et 
al. unpublished, and R. Pantophlet and D. Burton personal communications). Located on 
the edge of the carbohydrate-decorated silent face and the CD4BS, Asn386 and its sugar 
seem to restrict access to the b12 epitope in the context of the functional trimer. Thus, 
trimeric constraints also limit the elicitation of neutralizing antibodies to the CD4BS, and 
b12 overcomes these constraints.

Relevance for vaccine design

How do we translate new knowledge on neutralizing antibodies such as b12 into the 
design of immunogens that elicit similar antibodies? In theory, the most straightforward 
strategy is to extract and, if necessary, stabilize the epitope and present it to the immune 
system, either directly or on a molecular scaffold. Considering the complexity of the 
b12 epitope, this is not straightforward and previous attempts have been unsuccessful. 
However, the current structure can assist new attempts because it clearly defines the key 
residues important for the gp120–b12 interaction. For example, it might be possible to 
extract the CD4-binding loop, graft it onto a carrier protein and present it in the proper 
orientation.

Zhou and colleagues have taken an approach that entails the introduction of cavity-
filling residues and the addition of disulfide bonds to reduce the flexibility between inner 
and outer domain and to stabilize gp120 in the CD4-bound conformation (8,13) (Figure 
2c). The current structure can assist in further stabilization and modification to create 
a gp120 variant that fits b12 like a glove. A practical problem is the low expression level 
of gp120 variants containing two or more added disulfide bonds. The design of disulfide 
bridges based on proximity in the final folded protein does not take into account the 
intricate oxidative folding of gp120, and the understanding of this process is insufficient 
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to make radical changes in the disulfide-bonded architecture of the protein without 
penalty on expression levels. Nevertheless, this strategy is interesting and the current 
structure will assist in making designed improvements.

A problem with many vaccine strategies is that antibodies can be generated to 
artificial immunogens that cannot recognize the correct target: the functional trimeric 
spike. Therefore, it is preferable to present the b12 epitope in the context of the trimer. 
This preserves the epitope in the proper conformation and limits the elicitation of 
antibodies that are incompatible with binding to the trimer (Figure 2d). Trimeric Env 
immunogens are moderately better at inducing neutralizing antibodies compared with 
monomeric gp120 (17). However, as mentioned, trimeric Env immunogens share much 
of the camouflage present on the functional trimer on virions, such as variable loops 

Figure 2. Conformational and trimeric constraints that limit the elicitation of neutralizing CD4BS 
antibodies. (a) b12 (blue) can recognize different conformations of gp120, whereas non-neutralizing 
CD4BS antibodies (green) recognize only one or a few gp120 conformations. (b) Some non-neutralizing 
CD4BS antibodies (light green) can recognize the relevant conformation of gp120, but they cannot do so 
on the functional trimer, for example, because the angle of binding is incompatible with trimer binding 
or because essential components of their epitope are occluded in the trimer (e.g. the inner domain side of 
the CD4BS). Note that the number of conformations in the functional trimer might be more limited than 
depicted here. In this scenario, some non-neutralizing CD4BS antibodies might not neutralize because 
the gp120 conformation they bind to is unavailable in the trimer. High entropy of binding measured with 
monomeric gp120 is a symptom of their lack of neutralization activity, not the cause. (c) Stabilization of 
gp120 reduces and/or eliminates the binding of non-neutralizing CD4BS antibodies (dark green) that do 
not recognize the stabilized conformation. (d)  Stabilization of gp120 in the context of the Env trimer 
can further reduce the interaction with and elicitation of non-neutralizing antibodies because only the 
relevant domains (e.g. outer domain components of the CD4BS including the CD4-binding loop) are 
exposed in the proper orientation.
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and carbohydrate, which limit the access to neutralizing epitopes. Despite these issues, 
it will be worthwhile to investigate whether an optimized and stabilized b12 epitope in 
the context of a trimeric molecule will improve the elicitation of neutralizing CD4BS 
antibodies.

Concluding remarks and future perspectives

The study by Zhou et al. (8) provides a detailed understanding of how one broadly 
neutralizing antibody can bind to gp120 and neutralize the virus. The challenge now is 
to design immunogens that elicit such antibodies. One major obstacle in HIV-1 vaccine 
design aimed at inducing neutralizing antibodies remains the lack of structural data on 
the trimeric gp120–gp41 complex. It is anticipated that the structure of the functional 
trimer, when solved, will advance novel Env immunogen design.
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