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Abstract
The glycoprotein (gp) 120 subunit is an important part of the en-
velope spikes that decorate the surface of HIV-1 and a major target
for neutralizing antibodies. However, immunization with recombi-
nant gp120 does not elicit neutralizing antibodies against multiple
HIV-1 isolates (broadly neutralizing antibodies), and gp120 failed
to demonstrate vaccine efficacy in recent clinical trials. Ongoing
crystallographic studies of gp120 molecules from HIV-1 and SIV
increasingly reveal how conserved regions, which are the targets of
broadly neutralizing antibodies, are concealed from immune recog-
nition. Based on this structural insight and that from studies of anti-
body structures, a number of strategies are being pursued to design
immunogens that can elicit broadly neutralizing antibodies to gp120.
These include (a) the construction of mimics of the viral envelope
spike and (b) the design of antigens specifically tailored to induce
broadly neutralizing antibodies.

739

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

HIV: human
immunodeficiency
virus

Viral envelope: the
membrane
surrounding a virus
particle, usually
containing host cell
membrane lipids and
proteins as well as
virus-encoded
(glyco)proteins

gp: glycoprotein

INTRODUCTION

The antibody response to HIV-1 in vivo is
directed against several viral proteins. How-
ever, essentially all neutralizing antibodies
are directed toward the viral envelope spike,
in particular the surface unit glycoprotein
(gp) 120 (1, 2), which is anchored to the
viral surface by gp41, the transmembrane
unit (2). Because of its surface-exposed lo-
cation, gp120 seemed a natural first choice
as a subunit vaccine candidate (3). How-
ever, it was soon noted that immunization
with recombinant monomeric gp120 elicited
antibodies that could neutralize viruses that
were neutralization-sensitive following ex-
tensive passage in immortalized T cell line
cultures, but not viruses grown in limited pas-
sage in peripheral blood mononuclear cells
(PBMCs) (4). The latter are more represen-
tative of circulating “primary” viruses. The
results from recently completed phase III

HUMORAL AND CELLULAR IMMUNE
RESPONSES IN PROTECTION AGAINST
VIRAL INFECTION

A common feature of protective viral vaccines is their abil-
ity to elicit neutralizing antibodies. Neutralizing antibodies
generally reduce the severity of primary infection and thus
prevent the onset of disease. Neutralization can be achieved
by the binding of antibodies to free virus particles. However,
antibodies may also mediate activities against infected cells
that display viral antigens such as antibody-dependent cel-
lular cytotoxicity [the killing of antibody-coated target cells
by immune cells that bear Fc receptors, e.g., natural killer
(NK) cells] or complement-dependent cytotoxicity (lysis of
antibody-coated target cells by complement). Antibodies are
not always sufficient, and vaccine-induced T cell–mediated
immunity may be required as well for protective efficacy. In
such cases, the combination of antibody and T cell may pro-
tect at a level that is not achievable with a single component.
Some viruses, such as HIV, have evolved elaborate mecha-
nisms by which to protect conserved regions from effective
recognition by humoral and cellular immune responses. Un-
derstanding and overcoming these barriers represent major
scientific challenges for vaccinologists.

clinical trials show that antibodies elicited
by recombinant-gp120-based vaccine candi-
dates indeed do not protect vaccine recipients
against HIV-1 infection or influence disease
progression (5, 6).

The general inability of recombinant
gp120 to elicit cross-neutralizing (or broadly
neutralizing) antibodies to primary viruses has
sharpened interest in understanding the dif-
ferences between the structure of gp120 in
its recombinant form and its structure in the
context of the envelope spike. Ample evidence
suggests that the gp120 conformation in the
context of the envelope spike is the crucial
structure recognized by neutralizing antibod-
ies (7–13). Here, we summarize recent in-
sights gained in understanding the structural
conformation of gp120, particularly as it re-
lates to exposure of antibody epitopes on the
viral spike. The recently solved crystal struc-
ture of the unliganded gp120 core of simian
immunodeficiency virus (SIV) (14) is an im-
portant advance in this regard. Although a
few caveats are associated with this structure,
it nevertheless allows us to appreciate better
some of the mechanisms that HIV uses to
avoid antibody binding to conserved regions
on gp120, which are the targets of broadly
neutralizing antibodies. We also highlight two
strategies that are currently being pursued
to induce broadly neutralizing anti-gp120
antibodies: reconstitution of the viral enve-
lope spike and tailored antigen design. These
strategies are based, in part, on our current un-
derstanding of interactions between the viral
envelope and presently known broadly neu-
tralizing antibodies. This overview represents
an update of a previous review on the bi-
ological aspects of gp120 structural features
(15).

STRUCTURAL ORGANIZATION
AND TOPOLOGICAL FEATURES
OF GP120

The HIV envelope spike is formed as a
complex between gp120 and gp41 (2). The
gp120 unit mediates attachment of the virus
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to the target cell, whereas gp41 is required
for the fusion of virus and target cell mem-
branes. During HIV infection, the viral en-
velope spike is first synthesized as a sin-
gle polypeptide precursor (2). In the Golgi,
the protein subsequently oligomerizes and
undergoes extensive glycosylation. The gly-
cosylation process, which is required for
proper folding and conformational stability
of the envelope glycoprotein (16), mainly
involves the attachment of N-linked high-
mannose-type oligosaccharides to the pro-
tein backbone. As the glycoprotein is trans-
ported through the Golgi, accessible glycan
moieties are trimmed and modified by vari-
ous cellular enzymes (2). These modifications
generate so-called complex-type oligosaccha-
rides; glycans that are relatively inaccessible to
modifying enzymes remain as high-mannose-
type glycans (17). The resulting glycoprotein,
which has a molecular mass of ∼160 kDa, is
cleaved in the trans-Golgi network by furin
or equivalent endoproteases into gp120 and
gp41 (2). The gp120-gp41 complexes, which
remain associated through weak noncovalent
interactions, are initially expressed at the sur-
face of infected cells. During the HIV bud-
ding process, the gp120-gp41 complexes are
then incorporated into the virus envelope and
displayed on its surface as viral spikes (2).

Organization of gp120 on the Viral
Surface

Knowledge of the oligomeric structure of the
gp120-gp41 complex is important for vac-
cine design strategies, as we highlight be-
low. Experimental evidence suggests that the
functional unit of the envelope spike is a
heterodimeric trimer complex of gp120 and
gp41. For example, a recent electron to-
mography study revealed structures on the
surface of negatively stained virions of SIV
and HIV-1 that appear to be tri-lobed en-
velope glycoproteins (18) (Figure 1). Fur-
thermore, the HIV core matrix that interacts
with gp41 is organized in a trimeric con-
figuration (19), and the crystal structures of

Subunit vaccine: a
vaccine that contains
only the portion of
the pathogen that is
considered necessary
to induce protection
against infection

Neutralization: the
loss of infectivity
that ensues when
antibody molecule(s)
bind to a virus
particle

PBMC: peripheral
blood mononuclear
cell

Primary virus: virus
that has not been
adapted to grow in
laboratory culture
cell lines

SIV: simian
immunodeficiency
virus

HIV-1 gp41 cores resemble the transmem-
brane proteins of other viruses that have been
shown to display trimeric envelope spikes
(20–22).

There is, however, also evidence that other
envelope species may be present on the sur-
face of HIV-1. For example, atomic force mi-
croscopy analyses have failed to reveal any
uniform trimeric envelope species on the sur-
face of virions (23). Also, in recent studies, it
has been shown that viruses can be captured
onto ELISA plate wells using antibodies that
are unable to neutralize viral particles in solu-
tion (12, 24). Taken together, these observa-
tions suggest that, although trimers may likely
represent the functional envelope spike, both
functional and nonfunctional forms of the en-
velope may be present on the virion surface.
These nonfunctional envelope entities may be
monomers, dimers, or tetramers and could
possibly arise as the result of (a) the disso-
ciation of functional gp120-gp41 complexes,
which could perhaps cause gp120 to be shed
from the viral surface, or (b) inefficient trimer-
ization of the spike in the Golgi (2, 25, 26).

Figure 1
3D tomograms of SIV and HIV pseudovirions. (a) Tomogram section from
an SIV particle with a truncated cytoplasmic domain and a high level of
envelope spike expression on the virion surface. (b) Tomogram of an HIV-1
particle expressing the full-length envelope glycoprotein. Representative
tri-lobed structures, presumably of the envelope spikes, are indicated (white
arrows). Tomograms courtesy of Drs. Ping Zhu and Ken Roux (Florida
State University, Tallahassee, Florida).
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Affinity: the
strength of binding
of one molecule to
another at a single
site

Topology of gp120

Based on comparative sequence analyses,
gp120 is divided into five conserved (C1–
C5) and five variable (V1–V5) segments (27,
28). Prior to obtaining the gp120 core crystal
structures, investigators deduced many topo-
logical features of monomeric and oligomeric
gp120 from antibody binding/competition
experiments and mutagenesis studies (29–35).
Thus, the C1 and C5 regions were reasoned
to be the main areas on gp120 for contact with
gp41, as these regions are accessible to anti-
body on monomeric gp120 but not on gp120-
gp41 complexes (29, 31, 35). Major segments
of the C2, C3, and C4 regions were suggested
to form a buried, relatively hydrophobic core
within the gp120 molecule (31, 32). It was
proposed that this gp120 core harbors sev-
eral discontinuous neutralizing antibody epi-
topes that overlap the binding sites for CD4,
the primary HIV receptor, and the coreceptor
(31–34). In contrast to the conserved regions,
the variable regions (in particular, V1, V2, and
V3) were argued to be well exposed on the
surface of monomeric gp120 (31). Deletion of
V1/V2 and V3 generally increases the binding
affinity of antibodies to epitopes that overlap
the binding sites for CD4 and the coreceptor,
which suggests that these variable regions may
shield conserved epitopes from efficient anti-
body recognition (36–39). For the V4 and V5
variable regions, no definitive role has been
ascribed; although deletion of the V4 region
has been shown to disrupt gp160 folding (32,
38), V4 also seems to tolerate insertion of for-
eign antibody epitopes (40). Determination of
the structures of gp120 molecules from HIV
and SIV in recent years has supported many
of the interpretations made from these earlier
observations.

MOLECULAR STRUCTURE OF
GP120

At present, four crystal structures of HIV-1
gp120 and one of SIV gp120 have been re-
ported (14, 41–43). All five structures are of

the gp120 core; i.e., the structures lack the
V1/V2 and V3 variable regions, and the N and
C termini are truncated. The HIV-1 gp120
structures were determined in complex with
the D1D2 fragment of CD4 or CD4 mimics,
whereas the SIV gp120 structure was solved
unliganded. Because all crystal structures de-
termined so far are of monomeric gp120, they
may not adequately represent the structure of
oligomeric gp120 on the virus. Despite these
and other caveats that we discuss later, the
structures do advance insight into the con-
formational flexibility of monomeric gp120 as
well as the locations of receptor-binding sites
and putative antibody epitopes on gp120.

Crystal Structures of HIV-1 and SIV
gp120 Cores in Complex with CD4

The structure of the gp120 core from the
laboratory-adapted virus HXB2 was the first
determined in complex with CD4 (Figure 2)
(42). HXB2 is highly sensitive to antibody
neutralization. The second crystal structure
was that of CD4 complexed with the gp120
core of the primary virus YU-2 (41), which
exhibits a marked resistance to antibody neu-
tralization. The two gp120 core structures are
virtually superimposable (41), which is con-
sistent with earlier predictions that the abil-
ity of HIV to resist antibody neutralization
is likely to be manifested mainly in the con-
text of the gp120 quaternary structure on the
viral surface rather than in the monomeric
gp120 form (7). Based on these CD4-bound
structures, gp120 is organized into three gen-
eral areas (Figure 3a): (a) the inner domain,
(b) the outer domain, and (c) the bridging sheet
(44).

Inner domain, outer domain, and bridging
sheet. The inner domain is formed mainly
by the C1 and C5 regions and is largely
devoid of glycans (42, 44), which strongly sup-
ports the proposition that C1 and C5 func-
tion as the major contact interface with the
gp41 transmembrane unit. The outer domain,
in contrast, is largely covered by glycans (42,
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44). Modeling of the gp120 oligomer sug-
gests that these glycans likely cover large sec-
tions of the outer surface of the spike to lower
its overall immunogenicity (44, 46). The gly-
cans themselves are poor targets for antibod-
ies because of their heterogeneous expression
on the virus and because they are produced
by the glycosylation machinery of the host
cell and, thus, are self molecules. Compari-
son of the liganded gp120 structure of HIV-1
(Figure 3a) and the unliganded gp120 struc-
ture of SIV (Figure 3b) shows that the re-
spective outer domains are highly similar (14).
However, the conformation of the inner do-
main in the unliganded structure deviates
significantly from the conformation in the lig-
anded structures. This observation suggests
that the inner domain may have significant
conformational flexibility in the absence of
CD4. Comparison of the inner domain sub-
structures in the unliganded and liganded core
structures suggests that, upon CD4 binding,
these substructures are repositioned some-
what independently of each other, rather than
a shift of the inner domain as a single unit (14).
The large structural rearrangements associ-
ated with the repositioning of inner domain
substructures seem consistent with the large
negative entropy and enthalphy changes mea-
sured by isothermal titration microcalorime-
try (47). It is noteworthy that the majority
of gp120 conformational shifts resulting from
CD4 binding are in the portion of gp120 that
interacts with gp41. Thus, these conforma-
tional changes may be necessary to lock the
coreceptor-binding site (CoRbs) into a fixed
conformation and also trigger gp41 into ini-
tiating the first steps in the fusion process (2).

The conformational changes that occur
within the inner domain also affect the for-
mation of the bridging sheet, which links
the inner and outer domains. In the CD4-
liganded gp120 conformation, the bridging
sheet is folded into a compact antiparallel,
four-stranded β-sheet (β2-β3 and β20-β21)
(42, 44). However, in the unliganded struc-
ture, the β-strands that constitute the bridg-
ing sheet lie separated in pairs at a distance

Figure 2
Crystal structure of HIV-1 gp120 complexed to CD4 and an antibody
antigen-binding fragment (Fab). The gp120 core of HXB2 (Protein Data
Bank ID 1G9M) (gray), CD4 (orange), the antibody heavy chain (H) (blue)
and light chain (L) (green) are shown. Figure adapted from Kwong et al.
(42). All figures were prepared with RasTop (45).

CoRbs:
coreceptor-binding
site

of approximately 20 Å (14); the two β-strands
(β2-β3) that constitute the V1/V2 stem are
located in the vicinity of the inner domain,
whereas the other two strands (β20-β21) are
situated near the outer domain in approxi-
mately the same location as they are on the
liganded structure. Conformational changes
that occur within the inner domain upon CD4
binding would result in a 40 Å shift of the
V1/V2 stem to form the bridging sheet (14).
However, molecular modeling of the liganded
and unliganded gp120 structures suggests that
the unliganded structure may be one of many
conformations that gp120 may adopt in the

www.annualreviews.org • GP120-Targeted Vaccine Design 743
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Figure 3
Comparison of the crystal structures of HIV-1 and SIV gp120 core. (a) Structure of the CD4-liganded
HIV-1 gp120 core (HXB2), viewed from the perspective of CD4. The gp120 inner domain (blue), outer
domain (yellow), and bridging sheet (orange) are shown. The locations of various gp120 regions are also
denoted. (b) Structure of the unliganded SIV gp120 core (Protein Data Bank ID 2BF1), viewed from the
perspective of CD4 as in (a). (c) HIV core gp120 in same orientation as (a), depicting CD4 contact
residues (orange) and residues that influence coreceptor binding (green). (d ) SIV gp120 core in the same
orientation as in (b), colored according to the scheme for HIV gp120 in (c).

CD4bs:
CD4-binding site

absence of CD4 (48). In fact, the models sug-
gest that the β2-β3 strands may oscillate from
the conformation observed in the unliganded
structure to a conformation resembling the
CD4-bound structure via a series of inter-
mediate conformers (48). Epitope-mapping
studies of antibodies to the CD4-binding site
(CD4bs) also suggest that gp120 can adopt
a conformation resembling the CD4-bound
form relative to the conformation of the un-
liganded structure. We discuss this in more
detail in the subsequent sections.

The CD4-binding site. The binding site
for CD4 on the liganded gp120 structure is

formed by the interface between the inner
domain, bridging sheet, and outer domain
(42, 44). At the center of this interface lies
a hydrophobic cavity that has been dubbed
the Phe43 cavity (Figure 3a) (42). However,
most of the CD4 contact residues are lo-
cated on the outer domain of the liganded
HIV-1 gp120 structures and form a contigu-
ous binding region (Figure 3c). On the un-
liganded SIV gp120 structure no such region
is discernible (Figure 3d ) (14), assuming that
equivalent residues in SIV and HIV-1 con-
tact CD4. On the unliganded SIV gp120 core,
many of the residues that are presumed to
contact CD4 upon complexation with gp120
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are located near or within a long cavity that
is formed primarily by portions of the inner
and outer domains and the β20-β21 segment
of the bridging sheet. The location of these
conserved residues likely minimizes their im-
mediate recognition by antibodies, while pre-
serving the ability to contact CD4. In this
regard, the curved structure of the D1D2
fragment of CD4 is particularly noteworthy
(Figure 2); it permits CD4 to curl over the
outer domain, so residues located near or
within the cavity formed by the inner and
outer domains can be reached. Given that the
CD4bs is not coherently present on the unli-
ganded structure, it indeed seems likely that
gp120 transiently samples conformations that
are reflective of the liganded structure; upon
interaction with CD4, the gp120 structure is
locked in the bound conformation.

The coreceptor-binding site. The region
that is important for the interaction with
the β-chemokine receptor CCR5 has been
mapped to residues in the bridging sheet and
near the V3 stem (49, 50). These residues lie
close together on the liganded HIV-1 gp120
structure, but the equivalent residues on the
unliganded SIV gp120 structure are separated
into two areas (Figure 3c,d ) (14). These dif-
ferences are consistent with the notion that
CD4 binding is required to lock these areas
into a contiguous binding site. The fact that
the coreceptor site is not presented until af-
ter CD4 binding suggests that the site may be
susceptible to antibody recognition. Several
studies have shown that HIV strains that do
not require CD4 for entry are, in fact, highly
sensitive to antibody neutralization (51–54).
Owing to neutralizing antibody–driven selec-
tion pressure in vivo, the prevalence of such
viruses during infection is likely low. How-
ever, in the absence of circulating neutralizing
antibodies, e.g., in the central nervous system,
such viruses may occur more frequently (54,
55).

Potential caveats regarding the HIV and
SIV gp120 structures are pointed out in the
previous section. We note here also that the

Protomer: subunits
from which a larger
structure is built; for
example, the tubulin
heterodimer is the
protomer for
microtubule
assembly

unliganded SIV gp120 structure is derived
from strain SIVmac32H. This simian virus
is able to infect CD4-negative target cells
in vitro with medium efficiency (56). The
gp120 from this strain may thus harbor cer-
tain structural features that are not observed
in the gp120 of HIV-1 or SIV strains that re-
quire CD4 for entry. Crystallization of gp120s
from further SIV and HIV strains, includ-
ing gp120s from viruses that are entirely
CD4 independent, will provide further in-
sight into potential differences between the
gp120 structures of these viruses.

VIRAL DEFENSE MECHANISMS
FOR ANTIBODY EVASION:
STRUCTURAL
CONSIDERATIONS

The HIV and SIV structures provide valuable
insight into the locations of receptor binding
sites on gp120, as we summarize above. The
structures also allow for a better understand-
ing of some of HIV’s defense mechanisms, in
particular how structural features may reduce
antibody recognition of conserved regions on
gp120.

Variable Regions

Previous studies had suggested that the
CoRbs is masked by the V1/V2 variable re-
gions (36, 37); anti-CoRbs antibodies typi-
cally require CD4 for high-affinity binding
to wild-type gp120, but removal of V1/V2 al-
lows these antibodies to bind their epitopes
in the absence of CD4 with the same high
affinity as when binding to wild-type gp120
in the presence of CD4. The locations of
the V1/V2 stem in the CD4-liganded and
-unliganded gp120 structures relative to the
coreceptor site suggests that V1/V2 may not
be close enough to obstruct the CoRbs within
the same gp120 molecule on the virus (14, 41).
However, oligomeric modeling of the CD4-
liganded structure does suggest that V1/V2
from a given gp120 protomer may be in close
proximity to the CoRbs on a neighboring
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mAb: monoclonal
antibody

protomer to mask the coreceptor site (46).
Within the gp120 monomer, removal of
V1/V2 may allow the conformationally flex-
ible inner domain, in particular the β2-β3
strands, to more easily sample the conforma-
tions resembling that of the CD4-liganded
structure in which the coreceptor site would
be more fully presented (48).

The locations of the variable region stems
in the unliganded gp120 structure (Figure 3b)
suggest that V1 and V2 may cover portions of
the inner domain, including part of the long
cavity that harbors the CD4-binding residues,
and is formed by the inner and outer domains
(14). Based on the unliganded structure, the
V3 variable region may occlude the β20-β21
portion of the bridging sheet (14). The po-
sitions of the stems of V1, V2, and V3 also
support the notion that these variable regions
most likely do not interact with each other
within a gp120 protomer, but do interact co-
operatively with the variable regions of ad-
jacent protomers within the context of the
trimer on the viral surface (14, 46). Further
support for this notion comes from recent
studies involving a human monoclonal anti-
body (mAb), termed 2909, which binds ex-
clusively to oligomeric gp120 on virus (55).
We discuss this antibody in the context of its
binding epitope in more detail in a section
below.

Glycan Shield

HIV can also use glycans to occlude antibody
epitopes on gp120; 50% of the molecule is
covered with carbohydrates that render the
underlying protein surface invisible to the
immune system. This somewhat static gly-
can shield has been dubbed the gp120 silent
face (44). The virus can also shift the loca-
tions of its glycans in vivo (58–60). These ob-
servations have led to the proposition of a
dynamic or so-called evolving glycan-shield
model (59) by which, through the continuous
repositioning of its glycans, HIV is able to
escape type-specific neutralizing antibody re-
sponses. Thus, the evolved resistance is not a

generalized one but, rather, a specific adap-
tation to the particular antibody response
in each infected individual (59, 60). The
repositioning of glycans may also affect lo-
cal protein folding and, hence, also indi-
rectly affect neutralizing antibody binding.
In addition to being involved in blocking
neutralizing antibody responses, glycan repo-
sitioning also may compensate for conforma-
tional changes in the envelope glycoprotein
caused by localized amino acid changes di-
rectly related to virus escape from neutralizing
antibody.

Entropic Masking

It has been postulated that the productive
interaction of antibodies with conserved re-
gions on the HIV-1 envelope spike, in partic-
ular with the receptor binding sites, may be
limited as a result of intrinsic entropic barri-
ers that are imposed upon antibodies within
the context of the viral spike (61). Large
changes in entropy are generally observed
upon binding of nonneutralizing or weakly
neutralizing antibodies to receptor sites on
monomeric gp120, whereas small changes in
binding entropy are typically observed with
broadly neutralizing antibodies (47, 61). Con-
sequently, it has been postulated that the
failure of nonneutralizing antibodies to bind
with high affinity to their respective epitopes
on virion-associated oligomeric gp120 may
be due, at least in part, to the inability of
these antibodies to achieve the necessary en-
tropic changes that are required for their
high-affinity interaction (61); neutralizing an-
tibodies, in contrast, do not incur such an en-
tropic penalty because they require relatively
less conformational reorganization within the
gp120 molecule for efficient binding. Func-
tional oligomeric gp120 is likely more con-
formationally fixed owing to interaction with
neighboring gp120 protomers within the
spike (44), which supports the notion of en-
tropic masking. However, whether entropic
masking indeed plays a substantial role in
limiting efficient binding of nonneutralizing
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antibodies to oligomeric gp120 remains to be
determined experimentally.

Substitution of Nonessential
Residues

Most recently, the structures of two CD4
mimics in complex with the core structure of
YU-2 gp120 were solved (43). Although the
mimics contact fewer residues on gp120 than
does CD4, the conformation of gp120 is es-
sentially the same as when gp120 is bound to
CD4. For one mimic in particular, only half
of the residues contacted by CD4 are also
contacted by the mimic (43). Thus, not all
gp120 residues that are in contact with CD4
in the gp120-CD4 complex are required to
induce conformational changes in gp120; i.e.,
the functional CD4-binding epitope is smaller
than its structural epitope. Consequently, an-
tibody recognition of the CD4bs may be easily
circumvented by the virus if the ensemble of
residues that are critical for antibody binding
do not closely match those that are essential
for CD4 binding, even if the epitope maps of
both ligands overlap geometrically (62, 63).

BINDING SITES FOR SMALL
MOLECULE INHIBITORS ON
GP120

The structure of unliganded gp120 is helpful
to vaccinologists, but could also be useful to
those who seek to design small molecules that
inhibit HIV entry. A small number of such in-
hibitors have been described, the most promi-
nent of which is compound BMS-378806
(BMS-806) (64). The mechanism by which
this compound blocks HIV entry is disputed.
Initial studies had indicated that BMS-806
blocks the gp120-CD4 interaction (65, 66)
and thus prevents the virus from attaching to
target cells. However, other studies have sug-
gested that the compound does not inhibit
CD4 binding to gp120 but, instead, blocks
steps that are required to initiate the fusion
process by gp41 (67, 68). On the unliganded
SIV gp120 structure, the putative binding

pocket of BMS-806 overlaps partially with
the locations of residues that are presumed to
contact CD4 upon binding (Figure 4), which
supports the notion that BMS-806 may in-
deed prevent CD4 from binding to gp120.
It is worth noting here that BMS-806 can
be competed off gp120 at (low) micromolar
concentrations of CD4 (65). This observa-
tion may explain, at least in part, why BMS-
806 did not appear to inhibit CD4 binding
in select studies (67, 68), in which micromo-
lar concentrations of CD4 were used in some
of the assays. Clearly, further studies are re-
quired to address the inhibitory mechanism of
compound BMS-806 more thoroughly. Nev-
ertheless, the location of the putative BMS-
806 binding pocket indicates that the entire
long hydrophobic cavity formed by the inner
and outer domains is likely to be an attractive
target for small-molecule inhibitors that can
prevent binding of CD4 to gp120.

ANTIBODY EPITOPES ON HIV-1
GP120

Neutralizing antibody responses to HIV-1 in
vivo are generally of limited breadth (2). How-
ever, a handful of human mAbs have been
isolated that can neutralize broadly (69). In-
tense biochemical and immunological study
of these antibodies, combined with insight
gained from their crystal structures, provides
important clues as to HIV’s vulnerability to
antibody. For gp120, two human mAbs exist
that can neutralize a wide range of primary
viruses (70). The epitopes of these two anti-
bodies, b12 and 2G12, are, therefore, attrac-
tive templates for vaccine design.

Conserved, Cross-Neutralizing
gp120 Epitopes

CD4bs: the b12 epitope. The antibody b12,
which binds to an epitope that overlaps the
CD4bs on gp120 (71, 72), has been studied
extensively with regard to its antiviral activity
in vitro and in vivo. In a recent comprehen-
sive analysis involving a panel of 90 viruses,
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Figure 4
Putative binding site of the small-molecule inhibitor BMS-378806. Map of the sites of mutations ( yellow)
that confer resistance to BMS-806 onto the core structure of SIV gp120. The side chains of residues
corresponding to the resistance mutations are shown. The inset shows a close-up of the putative
BMS-806 binding pocket. Residues that correspond to resistance mutations are noted, with amino acid
substitutions that confer resistance in HIV-1 indicated in parentheses.

IC50: inhibitory
concentration (50%)

the antibody reached an inhibitory concen-
tration [50% (IC50)] with approximately half
of the viruses within the test panel (70). As
such, b12 is currently the most potently and
broadly neutralizing anti-gp120 antibody. In
vivo studies using macaque models of HIV in-
fection have shown that b12 can also protect
animals against viral challenge (73, 74).

To gain insight into how b12 is able to
neutralize broadly, its structure was deter-
mined and, at the time, docked onto the
CD4-liganded structure of gp120 (75). Al-
though b12 likely does not interact with the de
facto CD4-liganded structure of HIV gp120,
the docking model does suggest that b12
may interact with gp120 from an angle that
would be permissive in the supposed orga-

nization of gp120 in the context of the viral
spike. This would explain how b12, in con-
trast to weakly neutralizing CD4bs antibod-
ies, can effectively bind oligomeric gp120 on
the viral surface as well as monomeric gp120
(10). Alanine substitutions that significantly
diminish b12 binding affinity form a con-
tiguous binding epitope on the CD4-liganded
structure (63) (Figure 5a,b). However, when
the equivalent substitutions are mapped onto
the unliganded SIV gp120 structure, a dis-
persed pattern results (Figure 5c,d). Taken
together, these observations suggest that b12
likely binds a gp120 conformation that resem-
bles the CD4-bound structure. As discussed
in the previous section, the notion that gp120
can adopt conformations resembling the
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Figure 5
Locations of alanine substitutions that significantly reduce b12 binding. Alanine mutations that caused
>50% decrease in apparent b12 binding affinity relative to the apparent antibody binding affinity for
wild-type gp120 of HIV-1JR-CSF were mapped onto the gp120 core structures of HIV-1 and SIV.
(a) Alanine substitutions in the gp120 core structure of HIV-1, depicted as a ribbon diagram. (b) Alanine
substitutions in the gp120 core structure of HIV-1, shown as a space-filling model. (c) Alanine
substitutions in the gp120 core structure of SIV, depicted as a ribbon diagram. (d ) Alanine substitutions
in the gp120 core structure of SIV, shown as a space-filling model. The perspectives are the same as in
Figure 3.

CD4-bound state is supported by recent
molecular dynamics simulations (48). These
simulations suggest that the β strands (in
particular β2-β3) that comprise the bridging
sheet may be highly flexible but that the inner
and outer domains of gp120 may largely retain
their CD4-bound conformation even when
the bridging sheet is unfolded. The seemingly
high degree of flexibility of β2-β3 in both the
liganded and unliganded structures (48) likely
results in movement of V1/V2; this conforma-
tional flexibility provides a structural basis for
how the V1/V2 regions may generally protect

the CD4bs from efficient antibody recogni-
tion (2, 44).

Silent face: the 2G12 epitope. A second
broadly neutralizing antibody reactive with
HIV-1 gp120 is 2G12. This antibody rec-
ognizes clustered α1 → 2-linked mannose
residues on the distal ends of oligomannose
sugars located on the carbohydrate-covered
silent face of the gp120 outer domain (76–
78). Although the underlying protein surface
appears to have an influence on the proper
presentation of these sugars to the antibody
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Figure 6
Structure of the domain-swapped Fab molecules of 2G12 as they assemble in the crystal. The Fab light
chains ( green and blue) and the corresponding heavy chains (cyan and yellow) are shown. The VH/VH
interface and the CDR (complementarity-determining region) H3 are labeled.

(78), there is no evidence for any direct inter-
action between 2G12 and the side chains of
the underlying residues. Like b12, mAb 2G12
has also been studied extensively for its antivi-
ral activity. In vitro, 2G12 achieved an IC50

against 41 viruses included in a 90-member
virus panel (70), and in passive transfer stud-
ies the antibody has been shown to protect
against viral infection, particularly when ad-
ministered in combination with other broadly
neutralizing antibodies (79–83). The in vivo
efficacy of this antibody has been underscored
in a recent study in which it was administered
to HIV-positive individuals undergoing inter-
rupted antiretroviral therapy (84). The study
showed that acutely infected individuals who
were given the antibody had a significant de-
lay in viral rebound compared with controls
or chronically infected individuals; the oc-
currence of 2G12 viral escape mutants shows
that the antibody was indeed effective in vivo
(84).

The crystal structure of 2G12 (85) reveals
that the antibody is able to achieve nanomo-

lar binding affinity to a glycan array owing
to the unusual configuration of the antigen-
binding fragments (Fabs), which form a
domain-swapped Fab dimer (Figure 6):
Thus, the variable heavy chains (VH) from
each Fab arm have exchanged positions to
interact with the light chain (VL) of the
neighboring Fab. The result is a multivalent
platform for the binding interaction with car-
bohydrate (85). The domain swap preserves
the conventional antigen binding sites formed
by the VH/VL interfaces of the two Fab arms,
while creating a novel interface for the two
VH domains. Co-crystallization of 2G12 with
Man9GlcNAc2 (85) indicates that this multi-
valent platform allows 2G12 to interact with
up to four oligomannose sugars simultane-
ously; two of these glycans are located, as
expected, within the antigen binding sites
formed by VL and VH, whereas the other two
are bound within the newly formed secondary
binding site formed by the VH/VH inter-
face. The crystal structure of 2G12 complexed
to Man9GlcNAc2 indicates that the antibody
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interacts predominantly with the terminal
α1 → 2-linked mannose residues that com-
prise the D1 arm of the oligosaccharide, al-
though more recent studies have shown that
the conventional binding sites can also be oc-
cupied by the D3 arm (86). These results
suggest a lower degree of stringency in the
antibody-ligand interaction than previously
presumed and are important for the design of
synthetic glycoside antigens to elicit 2G12-
like anticarbohydrate antibodies.

The 2G12 structure indicates that the hu-
moral arm of the immune system has the
capacity to overcome the glycan-masking
strategy that HIV employs to protect it-
self from antibody recognition. However, the
uniqueness of the structure does raise the
question of whether such domain-swapped
antibodies can be elicited by a vaccine. Of note
here also is the fact that 2G12, in contrast
to mAb b12, is unable to neutralize viruses
from clade C (70). Viruses from this clade
cause more infections worldwide than viruses
from any of the other HIV clades (87). 2G12
also does not frequently neutralize viruses
from clades D and AE [circulating recombi-
nant form (CRF) 01]. The general inability
of 2G12 to neutralize these viruses is likely
due to the absence of one or more glycans
that are required for efficient 2G12 binding
to gp120 from these viruses (70, 88), although
further studies are needed to address this issue
fully.

Neutralization-Restricted gp120
Epitopes

V3 region: the 447–52D epitope. The b12
(CD4bs) and 2G12 (glycan) epitopes are
presently the most attractive targets for vac-
cine design owing to their highly conserved
nature. Another site on gp120 that has at-
tracted much attention is the epitope in the
V3 region recognized by the antibody 447-
52D (89). The core sequence of the anti-
body epitope is Gly-Pro-Gly-Arg (GPGR)
(89, 90), which is situated at the center of
the V3 region. This sequence, which is pre-

CRF: circulating
recombinant form
(intermixed
co-circulating HIV
strains)

dominant in clade B viruses but not in non–
clade B viruses (91), causes the V3 region
to adopt a marked type-II β-hairpin turn
(92, 93); in non–clade B viruses, the Arg
residue is generally replaced by Gln, although
it appears that the Gln residue preserves the
β-hairpin conformation (94). Although the
GPGR sequence represents the core epitope
for mAb 447-52D, antibody binding is also in-
fluenced by certain amino acid substitutions
outside of the GPGR sequence, particularly
in the N-terminal segment of the V3 region
(95, 96).

The X-ray crystal structure of mAb 447-
52D in complex with a V3 peptide indicates
how this antibody may have the capacity to
neutralize more clade B viruses than other
anti-V3 antibodies described so far. First,
most of the binding interaction between the
antibody and the peptide is mediated by main-
chain contacts (93), which broadens the ability
of the antibody to recognize a variety of V3 se-
quences. The only side-chain interactions are
with the Pro and Arg residues in the GPGR
sequence; the side chains from both residues
form extensive interactions with residues in
the antibody combining site. Second, com-
parison of the conformation of the 447-52D-
complexed V3 peptide to the conformations
of V3 peptides solved in complex with other
anti-V3 antibodies shows that the side chain
of the Arg residue in the GPGR sequence
is oriented in the opposite direction in the
447-52D complex relative to its orientation
in the other antibody:peptide complexes (93,
96). Thus, the fact that mAb 447-52D neu-
tralizes more viruses than other anti-V3 an-
tibodies that have been described so far may
be the result of its unique mode of interaction
with V3.

The somewhat broad neutralizing activ-
ity of mAb 447-52D (70) makes the antibody
epitope a potential vaccine target. However,
there are certain caveats associated with tar-
geting the V3 region of HIV-1 (97). For ex-
ample, some of the main-chain interactions
exhibited by 447-52D in binding to the V3
region may be difficult to reproduce upon

www.annualreviews.org • GP120-Targeted Vaccine Design 751

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

scFv: single-chain
variable fragment (of
an antibody)

immunization with antigen. Furthermore, the
V3 region on some clade B primary viruses
appears to be inaccessible to antibody (70);
whether the V3 region in non–clade B viruses
is also inaccessible to antibody is uncertain.
Occlusion of the V3 region appears to be
manifested solely in the context of the gp120
oligomer on the virus (97), and its exposure
may be modulated by the presence of glycan
moieties (98–104).

Given these caveats, the V3 region may be
a target that only yields antibodies with re-
stricted neutralizing ability. It is worth noting
here that a 447-52D equivalent has not been
identified so far for non–clade B viruses. The
V3 region in these viruses contains a GPGQ
sequence that is more highly conserved than
the GPGR sequence in clade B viruses (91).
It is possible, though still largely unproven,
that the reduced sequence variability in these
viruses may be the result of the V3 region be-
ing even less accessible to neutralizing anti-
bodies in non–clade B viruses compared with
the V3 region in clade B viruses (97). Exper-
imental support for this notion comes from a
recent study that found that although cross-
reactive anti-V3 antibodies from individuals
infected with a clade A virus were able to neu-
tralize a neutralization-sensitive clade B virus,
these antibodies were unable to neutralize the
homologous clade A virus or a heterologous
clade B virus that is somewhat resistant to neu-
tralization by anti-V3 antibodies, including
mAb 447-52D (105). The resistance of these
viruses to neutralization was associated with
the presence of V1/V2. This observation sug-
gests that the V3 region may be masked by
V1/V2 in the context of oligomeric gp120.
Although these observations do not unequivo-
cally demonstrate that the V3 regions on non–
clade B viruses are inaccessible relative to the
V3 region in clade B viruses, they do point
to potential difficulties in attempting to elicit
cross-clade neutralizing antibodies based on
the V3 region.

Coreceptor-binding site. As discussed ear-
lier, the CoRbs is likely not presented until af-

ter CD4 has bound gp120. This is reflected in
the fact that antibodies to the CoRbs of HIV-
1 generally neutralize virus weakly or not at
all in vitro, although their ability to neutral-
ize HIV is dramatically enhanced if soluble
CD4 is added at sub-neutralizing concentra-
tions (54, 106, 107). The inability of anti-
CoRbs antibodies to strongly neutralize HIV
in the absence of soluble CD4 is associated
with the limited access of these antibodies
to the coreceptor site once the virus has en-
gaged membrane-bound CD4 on the target
cell (36, 108). Thus, the neutralizing activity
of antibodies to the coreceptor site has been
shown to be inversely correlated with their
size (108, 109); i.e., the neutralizing activity
of the single-chain variable fragment (scFv)
(∼25 kDa in mass) is greater than the neutral-
izing activity of the Fab fragment (∼50 kDa),
which is greater than the neutralizing activity
of the IgG (∼150 kDa). These observations
suggest that the CoRbs may not be a good
target for vaccine design. However, the con-
served nature of the CoRbs does make it an at-
tractive target for small-molecule inhibitors.
For example, the chimeric protein sCD4-17b,
which is composed of soluble CD4 covalently
linked to the scFv of the anti-CoRbs mAb 17b,
has been designed as a potential therapeutic
agent (110).

V1 and V2 variable regions. Very little is
known about the potential of V1 and/or V2
as vaccine targets. However, existing mAbs to
epitopes in the V1 or V2 variable regions gen-
erally do not exhibit any significant broad neu-
tralizing activity against primary viruses (111–
116). Sequence comparison of V1/V2 from
different viruses shows that both V1 and V2
exhibit considerable polymorphism in length
and sequence (117–120); this polymorphism
may explain the inability of antibodies to epi-
topes in V1/V2 to neutralize broadly. Taken
together, these studies indicate that the V1
and V2 regions are likely poor vaccine targets.

Recently, a human mAb (mAb 2909) has
been described that is able to bind oligomeric
gp120 on the virus but not soluble monomeric

752 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

gp120 (57). The epitope of this antibody
involves the CD4bs, as well as the V2 and
V3 variable regions. Although this antibody
only neutralizes the neutralization-sensitive
virus SF162, it does so at picomolar antibody
concentrations (57). The occurrence of mAb
2909 suggests the possible existence of addi-
tional antibodies that are oligomer-specific.
Such antibodies, in contrast to mAb 2909, may
possess broader neutralizing activity.

ANTIGEN DESIGN STRATEGIES
TO ELICIT
CROSS-NEUTRALIZING
ANTI-GP120 ANTIBODIES

At present, many antigen design strategies are
being pursued to evaluate their potential to
elicit broadly neutralizing antibodies (121).
Two strategies that we focus on here are (a)
the design of antigens that mimic the func-
tional envelope spike and (b) the design of
novel, epitope-focused antigens.

Mimicry of the Functional HIV
Envelope Spike

Stabilization of recombinant gp120-gp41
complexes. An immense hurdle in the de-
sign of antigens that mimic the envelope spike
is the stabilization of the gp120-gp41 inter-
action, which is normally mediated by non-
covalent interactions and is relatively labile.
An often-used stabilization strategy is mu-
tation of the protease cleavage site between
gp120 and gp41 so that the two subunits re-
main covalently linked upon protein expres-
sion (122–130). However, uncleaved envelope
proteins appear to be antigenically dis-
tinct from their cleaved counterparts (131).
This observation is supported by more re-
cent extensive analyses that show that un-
cleaved gp120-gp41 is antigenically substan-
tially different from its cleaved functional
form (24, 132). Thus, whereas both non-
neutralizing and neutralizing antibodies bind
uncleaved envelope glycoproteins, only neu-
tralizing anti-gp120 antibodies efficiently

bind oligomeric glycoprotein when the gp160
precursor protein is effectively cleaved by fu-
rin proteases (or equivalent proteases). As an
alternative approach to this problem, single
cysteine residues have been introduced into
gp120 and gp41, which results in the for-
mation of an intermolecular disulfide bridge
upon expression of the proteolytically cleaved
oligomer (131, 133, 134). To improve cleav-
age efficiency, optimized cleavage recognition
sequences have also been inserted between
gp120 and gp41 (135). Oligomeric envelope
complexes generated by this approach have
better antigenic qualities than uncleaved com-
plexes (134). However, the disulfide bridge-
stabilized complexes still display epitopes that
are recognized by nonneutralizing antibod-
ies (134), which suggests that mimicry of
the native envelope glycoprotein is not fully
achieved with these molecules.

Trimerization of recombinant gp120-
gp41 complexes. A further challenge in
designing envelope spike mimics is the preser-
vation of the trimeric state of the antigen com-
plex. Thus, although mutation of the protease
cleavage site or the introduction of a disulfide
bridge allows gp120 and gp41 to remain cova-
lently linked, soluble oligomers derived in this
manner often either disassociate into single
heterodimers of gp120 and gp41, or tend to
assemble into varying oligomerization states,
such as dimers, trimers and/or tetramers (123,
126–128, 130, 136, 137). One of the strategies
that has been employed to circumvent these
problems is covalent linkage of heterolo-
gous trimerization domains to the C terminus
of recombinant oligomeric proteins (138–
140). These domains indeed improve trimer-
ization, and the corresponding proteins elicit
neutralizing antibodies at modestly improved
levels compared with preparations that con-
tain a mixture of oligomeric proteins (141).
Notably, immunization studies show that pu-
rified trimeric glycoproteins—independent of
whether or not they are stabilized by a het-
erologous trimerization domain—are some-
what superior at eliciting cross-neutralizing
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Immunodominant:
the epitope on a
molecule that
provokes the most
intense immune
response

antibodies as compared to simple monomeric
gp120 formulations (142–144). Also of note
is that the elicited neutralizing antibodies ap-
pear to be directed to epitopes other than
the immunodominant V3 region. Further
strategies to stabilize the trimeric envelope
complex involve the introduction of muta-
tions in the gp41 subunit. For example, cys-
teine residues have been inserted into the
N-terminal heptad repeat of gp41 to intro-
duce intramolecular disulfide bridges (124,
130). This approach has been shown to in-
crease the stability of oligomeric envelope
proteins, in particular oligomers that con-
tain appended trimerization domains (124).
However, the antigenic profile of such prepa-
rations does not seem to improve with the
added disulfide bridge (124); immunogenic-
ity studies with these disulfide-stabilized gly-
coproteins have not been reported. Mutations
have also been introduced into gp41 to pre-
vent it from adopting a postfusion conforma-
tion and stabilize it in a supposed native-like,
prefusogenic conformation (145). Immuno-
genicity studies in rabbits with oligomeric
preparations containing cleaved, disulfide-
bridged gp120/gp41, in conjunction with a
gp41 prefusion conformation-stabilizing mu-
tation, have recently been reported (146). In a
subset of animals, antibodies were elicited that
could neutralize the homologous virus that is
moderately resistant to neutralizing antibod-
ies. However, direct comparison with neutral-
izing antibody responses elicited by immuniz-
ing with monomeric gp120 was not possible
owing to the design of the study (146). Thus,
it remains unclear to what extent the intro-
duced modifications are able to enhance the
ability of oligomers to elicit cross-neutralizing
antibodies.

Presentation of the gp120-gp41 complex
on particles. Other antigen design strategies
have attempted to present the oligomeric en-
velope spike in a more native environment,
for example, through mild chemical inacti-
vation of virus particles (which appears to
preserve the oligomerization state and func-

tionality of the envelope spike) (147, 148)
or, alternatively, through the incorporation of
uncleaved oligomeric envelope glycoprotein
complexes into proteoliposome preparations
(149). Though promising, both of these two
approaches have so far failed to elicit neutral-
izing antibodies of the desired breadth and
potency (142, 150, 151).

Another attractive approach to present-
ing the envelope spike in a native-like con-
text is the generation of virus-like particles
(VLPs) (152). VLPs represent a unique class
of subunit antigens, as they may allow closer
mimicry of structures on the surface of virions
compared with other types of antigen presen-
tation. VLPs also have the advantage that, in
contrast to soluble subunit antigens, they are
able to stimulate both cellular and humoral
responses, although, unlike live or inactivated
virus, they do not contain viral genetic mate-
rial (152). So far, however, the VLP approach
has not achieved the desired success in elicit-
ing high levels of cross-neutralizing antibod-
ies (153–155). A possible reason for the inabil-
ity of current VLP preparations to elicit more
broadly neutralizing antibodies may be due to
the expression of both nonfunctional as well
as functional forms of the spike on the surface
of the virus particle (12, 24). The elicitation of
antibodies to cellular proteins that are incor-
porated into the virus particle may also limit
the efficacy of VLP preparations.

Overcoming low spike immunogenicity
and genetic diversity. The relatively low
accessibility of conserved antibody epitopes
on the envelope spike poses another strate-
gic hurdle to the pursuit of envelope spike
mimicry as a vaccine approach. To enhance
the elicitation of broadly neutralizing anti-
bodies, variant trimeric envelope glycopro-
teins have been designed with truncated or
altered variable regions (156–159). In some
cases, alterations have also been made in gp41.
Although some of these alterations have re-
sulted in an improvement in the neutralizing
capacity of the immune sera (156), additional
modifications and other improvements will
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be necessary to significantly boost the ability
of these envelope spike mimics to elicit anti-
bodies that are capable of neutralizing a wide
range of primary viral isolates.

Among the approaches that are currently
being evaluated to overcome HIV’s genetic
diversity are multivalent antigen cocktails
(160–163) and the use of antigenic formula-
tions based on consensus or ancestral HIV
sequences (164–167). The latter are based
on computer-generated “centralized” HIV
gene sequences (165, 167). These artificial
sequences are genetically equidistant to the
sequences of circulating viruses at a given
time point, as are the proteins derived from
these sequences. It is postulated that immu-
nization with these centralized sequences will
yield antibodies to multiple conserved regions
across many different viral subtypes (164,
165). So far, however, the multivalent strate-
gies as well as the consensus/ancestral enve-
lope approaches have failed to significantly
improve the breadth of the neutralizing an-
tibody response (161, 166). In the multivalent
approach, incorporation of additional enve-
lope glycoproteins does result in an increase
in the number of viruses that are neutralized,
but the observed increase seems to stem from
the sum of neutralizing antibodies elicited by
the individual components rather than from
a significant increase in the overall quality
and breadth of the neutralizing antibody re-
sponse (161). The notion that the observed
neutralizing antibody responses are additive
and not qualitatively enhanced likely limits
the practical application of this approach, as it
would probably require the screening and in-
corporation of numerous envelope glycopro-
teins to cover all current and future circulating
viruses. Similarly, serum antibodies elicited by
current consensus envelope glycoproteins do
not seem to neutralize a substantially broader
range of viral isolates than antibodies elicited
by wild-type envelope proteins. These ob-
servations suggest that the current synthetic
molecules do not display the anticipated con-
served regions, or do so in a manner that is not
replicated on the functional spike (165, 166).

N-glycan: a
carbohydrate chain
covalently linked to
an Asn residue in the
consensus sequence
-Asn-Xaa-Ser/Thr
(Xaa: any amino acid
except Pro)

Thus, like wild-type proteins, these synthetic
proteins will likely also have to be modified
to increase their potential to elicit the desired
cross-neutralizing antibodies (166).

Epitope-Focused Antigen Design

Despite incremental progress in the ability
of current oligomeric glycoprotein antigens
to elicit broadly neutralizing anti-HIV anti-
bodies, type-specific neutralizing antibodies
remain the predominant fraction among an-
tibodies that are contained in immune sera.
Epitope-focused antigen design may provide
a means by which to limit the induction of
such antibodies, while preserving the elicita-
tion of antibodies to more conserved epitopes
(168). So far, this approach has been aimed
mainly at attempts to elicit b12- and 2G12-
like antibodies.

Directing antibody responses to the b12
epitope. Antibody responses to gp120 can be
influenced by placing glycans at certain posi-
tions in the molecule (169). To direct antibody
responses to the b12 epitope, monomeric
gp120 has been engineered to contain a range
of additional N-glycan sites at various loca-
tions throughout the molecule to hide gp120
epitopes that could elicit non- or weakly neu-
tralizing antibodies, without altering the ac-
cessibility of the b12 epitope (170, 171). This
so-called hyperglycosylation strategy has led
to the design of a panel of novel glycopro-
teins that exhibit superior antigenic quali-
ties relative to unmodified gp120, judging
from the inability of these modified anti-
gens to be recognized by numerous non-
and weakly neutralizing antibodies (170, 171).
A recently completed study in which rab-
bits were immunized with a first-generation
of modified antigens did not reveal any im-
provement in the breadth of serum neu-
tralization compared with sera from animals
immunized with wild-type gp120 (172); the
induction of antibodies to undesired epitopes
was reduced, but no increase in neutraliz-
ing antibody responses to the CD4bs was
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CDR:
complementarity-
determining region
(of an antibody)

Immunity: a natural
or acquired
resistance to a
specific disease;
immunity may be
partial or complete,
long lasting or
temporary

observed in return. Clearly, further iterative
modifications to the design of these antigens
will be necessary to boost their ability to elicit
neutralizing antibodies, also taking into ac-
count factors that may limit the immuno-
genicity of these antigens (173).

Generation of 2G12-like antibodies. Ef-
forts are currently also underway to design an
antigen that will elicit antibodies that target
the carbohydrate epitope recognized by mAb
2G12. The structure of 2G12 in complex with
various carbohydrate ligands shows that the
antibody interacts mainly via residues in CDR
L3 and CDR H1–H3 with the α1 → 2 termi-
nal portion of oligomannose sugars and syn-
thetic glycosides (85, 86); synthetic glycosides
and glycans derived from natural sources that
contain such α1 → 2-linked mannose residues
indeed are best at inhibiting 2G12 binding to
monomeric gp120 (174–178). However, in-
hibition of 2G12 binding with monovalent
sugars requires concentrations in the mil-
limolar range (174, 176, 178); in contrast,
2G12 binds monomeric gp120 with nanomo-
lar affinity (76), which likely results from its
multivalent interaction with gp120. In an at-
tempt to reproduce the high-mannose clus-
tering on gp120, synthetic glycosides and
Man9 sugars have been conjugated to pro-
tein carrier molecules or to synthetic scaf-
folds (174–178; H.-K. Lee, C.-Y. Huang, R.
Astronomo, C.S. Scanlan, R. Pantophlet, I.A.
Wilson, C.-H. Wong & D.R. Burton, un-
published data). Multivalent display of these
sugar molecules improves their ability to in-
hibit 2G12 binding to gp120 ∼1000-fold into
the micromolar range. Although the improve-
ment in binding affinity by multivalent display
is appreciable, these studies clearly show that
additional fine-tuning of such multivalently
displayed platforms will be required to fur-
ther improve 2G12 binding affinity, which,
by inference, should improve the ability of
these antigenic formulations to elicit 2G12-
like antibodies. Thus, it is likely that the gly-
can clusters on current glyco-mimics do not

adequately resemble the cluster of glycans on
gp120. Improvements to the design of these
glyco-antigens will likely require de novo de-
sign of synthetic scaffolds that are able to dis-
play a high density of oligomannose sugars
or synthetic glycosides in spatial orientations
that better mimic the 2G12 epitope.

CONCLUDING REMARKS

Advances in HIV therapy have been successful
in prolonging the lives of HIV-infected indi-
viduals, particularly those who live in the U.S.
and Europe. However, in Asian and African
nations, the spread of HIV remains a major
health concern with dramatic socio-economic
consequences. Development of a vaccine of-
fers the best hope of containing the AIDS pan-
demic. The failure of recent phase III clin-
ical trials that used monomeric gp120 as a
candidate vaccine underscores the inability of
simple subunit HIV antigens to induce broad
humoral immunity, as well as the need for
novel scientific approaches to obtain an AIDS
vaccine. In this review, we summarize some
of the strategies that are currently being
pursued to generate an AIDS vaccine compo-
nent that elicits broadly neutralizing antibod-
ies. These strategies have profited from the
elucidation of the crystal structures of vari-
ous broadly neutralizing mAbs and of the core
gp120 structures of HIV and (most recently)
of SIV. This structural insight has allowed vac-
cinologists to understand better the defense
mechanisms of the virus, while highlighting
chinks in HIV’s defensive armor. Efficient ex-
ploitation of these chinks will require sub-
stantial advances in antigen design, combined
with further insight from X-ray crystallogra-
phy and the identification of additional neu-
tralizing antibody epitopes (see Future Issues
To Be Resolved, below). By correlating the
antigenic properties of novel antigens to their
immunogenicity, it should then be possible
to optimize promising antigenic formulations
and forward them as potential vaccine candi-
dates into human clinical and efficacy trials.

756 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

SUMMARY POINTS

1. The crystal structures of the gp120 cores from HIV-1 and SIV reveal that the viruses
are able to minimize effective antibody recognition of conserved regions by restricting
access to these regions by bulky carbohydrate chains or variable regions and by only
fully assembling functional sites once the interaction between virus and target cell has
been initiated.

2. Although oligomeric envelope glycoprotein antigens seem superior at eliciting neu-
tralizing antibodies relative to simple monomeric gp120 formulations, further mod-
ifications will be required to optimize the ability of these antigens to elicit broadly
neutralizing antibodies.

3. Three epitopes defined by three different mAbs (two broadly neutralizing and one
lesser cross-neutralizing) have been identified so far on HIV-1 gp120; specific target-
ing of these epitopes remains a major challenge in HIV vaccine design.

FUTURE ISSUES TO BE RESOLVED

1. The crystal structures of additional envelope glycoproteins need to be elucidated.
The solution of the structures of full-length monomeric gp120 and of the gp120-
gp41 trimer complex will provide both (a) further insight into how HIV protects
itself from antibody and (b) possible ways to circumvent these barriers.

2. The broad-neutralizing antibody activity in the sera of long-term HIV-infected indi-
viduals needs to be dissected to allow additional neutralizing antibody epitopes on the
virus to be identified; these epitopes could then become targets for vaccine design.

3. A comprehensive analysis of antibody responses in sera from immunized animals is
required. Delineation of the epitopes recognized by antibodies induced by potential
vaccine antigens may reveal correlations between antigenicity and immunogenicity.
This information would allow further optimization of the antigens for the elicitation
of broadly neutralizing antibodies.

4. An evaluation of the influence of molecular adjuvants on the levels of elicited neutral-
izing antibodies is also required. The combination of immunostimulatory molecules
or equivalent agents with potential vaccine antigens may allow for the improvement
of neutralizing antibody titers upon immunization.

NOTE ADDED IN PROOF

Very recently, the crystal structure of a gp120 core of HIV-1 containing the V3 variable region
was reported (179). In the structure, which was determined in complex with CD4 and the Fab
fragment of an antibody to the CoRbs, the V3 region extends approximately 30 Å away from
the core. The extended conformation of the V3 region may explain why anti-V3 antibodies are
readily elicited upon immunization with monomeric gp120. Whether V3 is similarly extended
in the absence of CD4 and, more importantly, in the context of the viral spike, remains to be
determined.

www.annualreviews.org • GP120-Targeted Vaccine Design 757

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

ACKNOWLEDGMENTS

We gratefully acknowledge support from the American Foundation for AIDS Research (fel-
lowship 106436–34-RFVA to R.P.) and grants from the National Institutes of Health and the
International AIDS Vaccine Initiative (to D.R.B.). We also thank R. Wyatt and S. Harrison for
their critique of the manuscript and valuable comments.

LITERATURE CITED
1. Parren PWHI, Gauduin MC, Koup RA, Poignard P, Sattentau QJ, et al. 1997. Rel-

evance of the antibody response against human immunodeficiency virus type 1 enve-
lope to vaccine design. Immunol. Lett. 57:105–12. Erratum. 1997. Immunol. Lett. 58:125–
32

2. This review
provides a
comprehensive
summary of the
function,
antigenicity and
immunogenicity of
HIV envelope
glycoproteins.

2. Wyatt R, Sodroski J. 1998. The HIV-1 envelope glycoproteins: fusogens, antigens,
and immunogens. Science 280:1884–88

3. Graham BS, Wright PF. 1995. Candidate AIDS vaccines. N. Engl. J. Med. 333:1331–39
4. Schultz AM, Bradac JA. 2001. The HIV vaccine pipeline, from preclinical to phase III.

AIDS 15(Suppl. 5):S147–58
5. Flynn NM, Forthal DN, Harro CD, Judson FN, Mayer KH, Para MF. 2005. Placebo-

controlled phase 3 trial of a recombinant glycoprotein 120 vaccine to prevent HIV-1
infection. J. Infect. Dis. 191:654–65

6. Gilbert PB, Peterson ML, Follmann D, Hudgens MG, Francis DP, et al. 2005. Corre-
lation between immunologic responses to a recombinant glycoprotein 120 vaccine and
incidence of HIV-1 infection in a phase 3 HIV-1 preventive vaccine trial. J. Infect. Dis.
191:666–77

7. Moore JP, Cao Y, Qing L, Sattentau QJ, Pyati J, et al. 1995. Primary isolates of human
immunodeficiency virus type 1 are relatively resistant to neutralization by monoclonal
antibodies to gp120, and their neutralization is not predicted by studies with monomeric
gp120. J. Virol. 69:101–9

8. Sattentau QJ, Moore JP. 1995. Human immunodeficiency virus type 1 neutralization is
determined by epitope exposure on the gp120 oligomer. J. Exp. Med. 182:185–96

9. Fouts TR, Binley JM, Trkola A, Robinson JE, Moore JP. 1997. Neutralization of the
human immunodeficiency virus type 1 primary isolate JR-FL by human monoclonal
antibodies correlates with antibody binding to the oligomeric form of the envelope gly-
coprotein complex. J. Virol. 71:2779–85

10. Parren PWHI, Mondor I, Naniche D, Ditzel HJ, Klasse PJ, et al. 1998. Neutralization
of human immunodeficiency virus type 1 by antibody to gp120 is determined primarily
by occupancy of sites on the virion irrespective of epitope specificity. J. Virol. 72:3512–19

11. Schonning K, Bolmstedt A, Novotny J, Lund OS, Olofsson S, Hansen JE. 1998. Induction
of antibodies against epitopes inaccessible on the HIV type 1 envelope oligomer by
immunization with recombinant monomeric glycoprotein 120. AIDS Res. Hum. Retrovir.
14:1451–56

12. Poignard P, Moulard M, Golez E, Vivona V, Franti M, et al. 2003. Heterogeneity of
envelope molecules expressed on primary human immunodeficiency virus type 1 particles
as probed by the binding of neutralizing and nonneutralizing antibodies. J. Virol. 77:353–
65

13. Herrera C, Spenlehauer C, Fung MS, Burton DR, Beddows S, Moore JP. 2003.
Nonneutralizing antibodies to the CD4-binding site on the gp120 subunit of human

758 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

immunodeficiency virus type 1 do not interfere with the activity of a neutralizing anti-
body against the same site. J. Virol. 77:1084–91

14. This report
describes the first
crystal structure of
an unliganded
gp120 core
molecule.

14. Chen B, Vogan EM, Gong H, Skehel JJ, Wiley DC, Harrison SC. 2005. Struc-
ture of an unliganded simian immunodeficiency virus gp120 core. Nature 433:834–
41

15. Poignard P, Saphire EO, Parren PWHI, Burton DR. 2001. gp120: Biologic aspects of
structural features. Annu. Rev. Immunol. 19:253–74

16. Fenouillet E, Gluckman JC, Jones IM. 1994. Functions of HIV envelope glycans. Trends
Biochem. Sci. 19:65–70

17. Leonard CK, Spellman MW, Riddle L, Harris RJ, Thomas JN, Gregory TJ. 1990. As-
signment of intrachain disulfide bonds and characterization of potential glycosylation
sites of the type 1 recombinant human immunodeficiency virus envelope glycoprotein
(gp120) expressed in Chinese hamster ovary cells. J. Biol. Chem. 265:10373–82

18. Zhu P, Chertova E, Bess J Jr, Lifson JD, Arthur LO, et al. 2003. Electron tomography
analysis of envelope glycoprotein trimers on HIV and simian immunodeficiency virus
virions. Proc. Natl. Acad. Sci. USA 100:15812–17

19. Hill CP, Worthylake D, Bancroft DP, Christensen AM, Sundquist WI. 1996. Crystal
structures of the trimeric human immunodeficiency virus type 1 matrix protein: implica-
tions for membrane association and assembly. Proc. Natl. Acad. Sci. USA 93:3099–104

20. Chan DC, Fass D, Berger JM, Kim PS. 1997. Core structure of gp41 from the HIV
envelope glycoprotein. Cell 89:263–73

21. Tan K, Liu J, Wang J, Shen S, Lu M. 1997. Atomic structure of a thermostable subdomain
of HIV-1 gp41. Proc. Natl. Acad. Sci. USA 94:12303–8

22. Weissenhorn W, Dessen A, Harrison SC, Skehel JJ, Wiley DC. 1997. Atomic structure
of the ectodomain from HIV-1 gp41. Nature 387:426–30

23. Kuznetsov YG, Victoria JG, Robinson WE Jr, McPherson A. 2003. Atomic force mi-
croscopy investigation of human immunodeficiency virus (HIV) and HIV-infected lym-
phocytes. J. Virol. 77:11896–909

24. Herrera C, Klasse PJ, Michael E, Kake S, Barnes K, et al. 2005. The impact of envelope
glycoprotein cleavage on the antigenicity, infectivity, and neutralization sensitivity of
Env-pseudotyped human immunodeficiency virus type 1 particles. Virology 338:154–72

25. Parren PWHI, Burton DR, Sattentau QJ. 1997. HIV-1 antibody–debris or virion? Nat.
Med. 3:366–67

26. Burton DR, Montefiori DC. 1997. The antibody response in HIV-1 infection. AIDS
11(Suppl. A):S87–98

27. Modrow S, Hahn BH, Shaw GM, Gallo RC, Wong-Staal F, Wolf H. 1987. Computer-
assisted analysis of envelope protein sequences of seven human immunodeficiency virus
isolates: prediction of antigenic epitopes in conserved and variable regions. J. Virol.
61:570–78

28. Willey RL, Rutledge RA, Dias S, Folks T, Theodore T, et al. 1986. Identification of
conserved and divergent domains within the envelope gene of the acquired immunode-
ficiency syndrome retrovirus. Proc. Natl. Acad. Sci. USA 83:5038–42

29. Helseth E, Olshevsky U, Furman C, Sodroski J. 1991. Human immunodeficiency virus
type 1 gp120 envelope glycoprotein regions important for association with the gp41
transmembrane glycoprotein. J. Virol. 65:2119–23

30. Kowalski M, Potz J, Basiripour L, Dorfman T, Goh WC, et al. 1987. Functional regions
of the envelope glycoprotein of human immunodeficiency virus type 1. Science 237:1351–
55

www.annualreviews.org • GP120-Targeted Vaccine Design 759

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

31. Moore JP, Sattentau QJ, Wyatt R, Sodroski J. 1994. Probing the structure of the hu-
man immunodeficiency virus surface glycoprotein gp120 with a panel of monoclonal
antibodies. J. Virol. 68:469–84

32. Pollard SR, Rosa MD, Rosa JJ, Wiley DC. 1992. Truncated variants of gp120 bind CD4
with high affinity and suggest a minimum CD4 binding region. EMBO J. 11:585–91

33. A
comprehensive
study detailing the
topology of HIV
gp120 based on the
inhibition profiles
of anti-gp120
antibodies of
defined specificity.

33. Moore JP, Sodroski J. 1996. Antibody cross-competition analysis of the human
immunodeficiency virus type 1 gp120 exterior envelope glycoprotein. J. Virol.

70:1863–72
34. Olshevsky U, Helseth E, Furman C, Li J, Haseltine W, Sodroski J. 1990. Identification of

individual human immunodeficiency virus type 1 gp120 amino acids important for CD4
receptor binding. J. Virol. 64:5701–7

35. Moore JP, Willey RL, Lewis GK, Robinson J, Sodroski J. 1994. Immunological evidence
for interactions between the first, second, and fifth conserved domains of the gp120
surface glycoprotein of human immunodeficiency virus type 1. J. Virol. 68:6836–47

36. Sullivan N, Sun Y, Sattentau Q, Thali M, Wu D, et al. 1998. CD4-induced conformational
changes in the human immunodeficiency virus type 1 gp120 glycoprotein: consequences
for virus entry and neutralization. J. Virol. 72:4694–703

37. Wyatt R, Moore J, Accola M, Desjardin E, Robinson J, Sodroski J. 1995. Involvement
of the V1/V2 variable loop structure in the exposure of human immunodeficiency virus
type 1 gp120 epitopes induced by receptor binding. J. Virol. 69:5723–33

38. Wyatt R, Sullivan N, Thali M, Repke H, Ho D, et al. 1993. Functional and immuno-
logic characterization of human immunodeficiency virus type 1 envelope glycoproteins
containing deletions of the major variable regions. J. Virol. 67:4557–65

39. Cao J, Sullivan N, Desjardin E, Parolin C, Robinson J, et al. 1997. Replication and
neutralization of human immunodeficiency virus type 1 lacking the V1 and V2 variable
loops of the gp120 envelope glycoprotein. J. Virol. 71:9808–12

40. Ren XP, Sodroski J, Yang XZ. 2005. An unrelated monoclonal antibody neutralizes hu-
man immunodeficiency virus type 1 by binding to an artificial epitope engineered in a
functionally neutral region of the viral envelope glycoproteins. J. Virol. 79:5616–24

41. Kwong PD, Wyatt R, Majeed S, Robinson J, Sweet RW, et al. 2000. Structures of HIV-1
gp120 envelope glycoproteins from laboratory-adapted and primary isolates. Struct. Fold.
Des. 8:1329–39

42. This report
describes the first
crystal structure of
a CD4-liganded
gp120 core
molecule.

42. Kwong PD, Wyatt R, Robinson J, Sweet RW, Sodroski J, Hendrickson WA. 1998.
Structure of an HIV gp120 envelope glycoprotein in complex with the CD4 re-
ceptor and a neutralizing human antibody. Nature 393:648–59

43. Huang CC, Stricher F, Martin L, Decker JM, Majeed S, et al. 2005. Scorpion-toxin
mimics of CD4 in complex with human immunodeficiency virus gp120 crystal structures,
molecular mimicry, and neutralization breadth. Structure 13:755–68

44. Wyatt R, Kwong PD, Desjardins E, Sweet RW, Robinson J, et al. 1998. The antigenic
structure of the HIV gp120 envelope glycoprotein. Nature 393:705–11

45. Valadon P. 2004. RasTop 2.1. http://www.geneinfinity.org/rastop

46. This study
provides the first
structure-based
model of an HIV
envelope spike.

46. Kwong PD, Wyatt R, Sattentau QJ, Sodroski J, Hendrickson WA. 2000. Oligomeric
modeling and electrostatic analysis of the gp120 envelope glycoprotein of human
immunodeficiency virus. J. Virol. 74:1961–72

47. Myszka DG, Sweet RW, Hensley P, Brigham-Burke M, Kwong PD, et al. 2000. Ener-
getics of the HIV gp120-CD4 binding reaction. Proc. Natl. Acad. Sci. USA 97:9026–31

48. Pan YP, Ma BY, Nussinov R. 2005. CD4 binding partially locks the bridging sheet in
gp120 but leaves the beta 2/3 strands flexible. J. Mol. Biol. 350:514–27

760 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

49. Rizzuto CD, Wyatt R, Hernandez-Ramos N, Sun Y, Kwong PD, et al. 1998. A con-
served HIV gp120 glycoprotein structure involved in chemokine receptor binding. Science
280:1949–53

50. Rizzuto C, Sodroski J. 2000. Fine definition of a conserved CCR5-binding region on
the human immunodeficiency virus type 1 glycoprotein 120. AIDS Res. Hum. Retrovir.
16:741–49

51. Hoffman TL, LaBranche CC, Zhang W, Canziani G, Robinson J, et al. 1999. Stable
exposure of the coreceptor-binding site in a CD4-independent HIV-1 envelope protein.
Proc. Natl. Acad. Sci. USA 96:6359–64

52. Edwards TG, Hoffman TL, Baribaud F, Wyss S, LaBranche CC, et al. 2001. Relation-
ships between CD4 independence, neutralization sensitivity, and exposure of a CD4-
induced epitope in a human immunodeficiency virus type 1 envelope protein. J. Virol.
75:5230–39

53. Kolchinsky P, Kiprilov E, Sodroski J. 2001. Increased neutralization sensitivity of CD4-
independent human immunodeficiency virus variants. J. Virol. 75:2041–50

54. Decker JM, Bibollet-Ruche F, Wei XP, Wang SY, Levy DN, et al. 2005. Antigenic conser-
vation and immunogenicity of the HIV coreceptor binding site. J. Exp. Med. 201:1407–19

55. Martin J, LaBranche CC, Gonzalez-Scarano F. 2001. Differential CD4/CCR5 utilization,
gp120 conformation, and neutralization sensitivity between envelopes from a microglia-
adapted human immunodeficiency virus type 1 and its parental isolate. J. Virol. 75:3568–
80

56. Reeves JD, Hibbitts S, Simmons G, McKnight A, Azevedo-Pereira JM, et al. 1999. Pri-
mary human immunodeficiency virus type 2 (HIV-2) isolates infect CD4-negative cells
via CCR5 and CXCR4: comparison with HIV-1 and simian immunodeficiency virus and
relevance to cell tropism in vivo. J. Virol. 73:7795–804

57. Gorny MK, Stamatatos L, Volsky B, Revesz K, Williams C, et al. 2005. Identification
of a new quaternary neutralizing epitope on human immunodeficiency virus type 1 virus
particles. J. Virol. 79:5232–37

58. Cheng-Mayer C, Brown A, Harouse J, Luciw PA, Mayer AJ. 1999. Selection for neutral-
ization resistance of the simian/human immunodeficiency virus SHIVSF33A variant in
vivo by virtue of sequence changes in the extracellular envelope glycoprotein that modify
N-linked glycosylation. J. Virol. 73:5294–300

59. Wei XP, Decker JM, Wang SY, Hui HX, Kappes JC, et al. 2003. Antibody neutralization
and escape by HIV-1. Nature 422:307–12

60. Dacheux L, Moreau A, Ataman-Onal Y, Biron F, Verrier B, Barin F. 2004. Evolutionary
dynamics of the glycan shield of the human immunodeficiency virus envelope during
natural infection and implications for exposure of the 2G12 epitope. J. Virol. 78:12625–
37

61. Kwong PD, Doyle ML, Casper DJ, Cicala C, Leavitt SA, et al. 2002. HIV-1 evades
antibody-mediated neutralization through conformational masking of receptor-binding
sites. Nature 420:678–82

62. Thali M, Furman C, Ho DD, Robinson J, Tilley S, et al. 1992. Discontinuous, con-
served neutralization epitopes overlapping the CD4-binding region of human immun-
odeficiency virus type 1 gp120 envelope glycoprotein. J. Virol. 66:5635–41

63. Pantophlet R, Saphire EO, Poignard P, Parren PWHI, Wilson IA, Burton DR. 2003. Fine
mapping of the interaction of neutralizing and nonneutralizing monoclonal antibodies
with the CD4 binding site of human immunodeficiency virus type 1 gp120. J. Virol.
77:642–58

www.annualreviews.org • GP120-Targeted Vaccine Design 761

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

64. Wang T, Zhang ZX, Wallace OB, Deshpande M, Fang HQ, et al. 2003.
Discovery of 4-benzoyl-1-[(4-methoxy-1H-pyrrolo[2,3-b]pyridin-3-yl)oxoacetyl]-2-(R)-
methylpiperazine (BMS-378806): a novel HIV-1 attachment inhibitor that interferes with
CD4-gp120 interactions. J. Med. Chem. 46:4236–39

65. Guo Q, Ho HT, Dicker I, Fan L, Zhou NN, et al. 2003. Biochemical and genetic
characterizations of a novel human immunodeficiency virus type 1 inhibitor that blocks
gp120-CD4 interactions. J. Virol. 77:10528–36

66. Lin PF, Blair W, Wang T, Spicer T, Guo Q, et al. 2003. A small molecule HIV-1 inhibitor
that targets the HIV-1 envelope and inhibits CD4 receptor binding. Proc. Natl. Acad. Sci.
USA 100:11013–18

67. Madani N, Perdigoto AL, Srinivasan K, Cox JM, Chruma JJ, et al. 2004. Localized
changes in the gp120 envelope glycoprotein confer resistance to human immunodefi-
ciency virus entry inhibitors BMS-806 and #155. J. Virol. 78:3742–52

68. Si ZH, Madani N, Cox JM, Chruma JJ, Klein JC, et al. 2004. Small-molecule inhibitors
of HIV-1 entry block receptor-induced conformational changes in the viral envelope
glycoproteins. Proc. Natl. Acad. Sci. USA 101:5036–41

69. Burton DR, Desrosiers RC, Doms RW, Koff WC, Kwong PD, et al. 2004. HIV vaccine
design and the neutralizing antibody problem. Nat. Immunol. 5:233–36

70. The first
extensive study to
examine in vitro
neutralization
breadth and
potency of broadly
neutralizing
antibodies using a
high-throughput
neutralization assay
system.

70. Binley JM, Wrin T, Korber B, Zwick MB, Wang M, et al. 2004. Comprehensive
cross-clade neutralization analysis of a panel of anti-human immunodeficiency
virus type 1 monoclonal antibodies. J. Virol. 78:13232–52

71. Barbas CF 3rd, Bjorling E, Chiodi F, Dunlop N, Cababa D, et al. 1992. Recombinant
human Fab fragments neutralize human type 1 immunodeficiency virus in vitro. Proc.
Natl. Acad. Sci. USA 89:9339–43

72. Roben P, Moore JP, Thali M, Sodroski J, Barbas CF 3rd, Burton DR. 1994. Recognition
properties of a panel of human recombinant Fab fragments to the CD4 binding site of
gp120 that show differing abilities to neutralize human immunodeficiency virus type 1.
J. Virol. 68:4821–28

73. Parren PWHI, Marx PA, Hessell AJ, Luckay A, Harouse J, et al. 2001. Antibody protects
macaques against vaginal challenge with a pathogenic R5 simian/human immunodefi-
ciency virus at serum levels giving complete neutralization in vitro. J. Virol. 75:8340–
47

74. Veazey RS, Shattock RJ, Pope M, Kirijan JC, Jones J, et al. 2003. Prevention of virus
transmission to macaque monkeys by a vaginally applied monoclonal antibody to HIV-1
gp120. Nat. Med. 9:343–46

75. This report
describes the first
crystal structure of
a fully intact human
mAb and is also the
first structure of a
broadly
neutralizing
antibody to HIV-1.

75. Saphire EO, Parren PWHI, Pantophlet R, Zwick MB, Morris GM, et al. 2001.
Crystal structure of a neutralizing human IGG against HIV-1: a template for vac-
cine design. Science 293:1155–59

76. Trkola A, Purtscher M, Muster T, Ballaun C, Buchacher A, et al. 1996. Human mono-
clonal antibody 2G12 defines a distinctive neutralization epitope on the gp120 glycopro-
tein of human immunodeficiency virus type 1. J. Virol. 70:1100–8

77. Sanders RW, Venturi M, Schiffner L, Kalyanaraman R, Katinger H, et al. 2002. The
mannose-dependent epitope for neutralizing antibody 2G12 on human immunodefi-
ciency virus type 1 glycoprotein gp120. J. Virol. 76:7293–305

78. Scanlan CN, Pantophlet R, Wormald MR, Saphire EO, Stanfield R, et al. 2002. The
broadly neutralizing anti-human immunodeficiency virus type 1 antibody 2G12 rec-
ognizes a cluster of alpha1–>2 mannose residues on the outer face of gp120. J. Virol.
76:7306–21

762 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

79. Baba TW, Liska V, Hofmann-Lehmann R, Vlasak J, Xu WD, et al. 2000. Human neutral-
izing monoclonal antibodies of the IgG1 subtype protect against mucosal simian-human
immunodeficiency virus infection. Nat. Med. 6:200–6

80. Ferrantelli F, Rasmussen RA, Buckley KA, Li PL, Wang T, et al. 2004. Complete protec-
tion of neonatal rhesus macaques against oral exposure to pathogenic simian-human im-
munodeficiency virus by human anti-HIV monoclonal antibodies. J. Infect. Dis. 189:2167–
73

81. Hofmann-Lehmann R, Vlasak J, Rasmussen RA, Smith BA, Baba TW, et al. 2001. Post-
natal passive immunization of neonatal macaques with a triple combination of human
monoclonal antibodies against oral simian-human immunodeficiency virus challenge. J.
Virol. 75:7470–80

82. Mascola JR, Lewis MG, Stiegler G, Harris D, VanCott TC, et al. 1999. Protection of
macaques against pathogenic simian/human immunodeficiency virus 89.6PD by passive
transfer of neutralizing antibodies. J. Virol. 73:4009–18

83. Mascola JR, Stiegler G, VanCott TC, Katinger H, Carpenter CB, et al. 2000. Protection
of macaques against vaginal transmission of a pathogenic HIV-1/SIV chimeric virus by
passive infusion of neutralizing antibodies. Nat. Med. 6:207–10

84. Trkola A, Kuster H, Rusert P, Joos B, Fischer M, et al. 2005. Delay of HIV-1 rebound
after cessation of antiretroviral therapy through passive transfer of human neutralizing
antibodies. Nat. Med. 11:615–22

85. This detailed
report describes
the first crystal
structure of a
domain-swapped
anticarbohydrate
antibody.

85. Calarese DA, Scanlan CN, Zwick MB, Deechongkit S, Mimura Y, et al. 2003.
Antibody domain exchange is an immunological solution to carbohydrate cluster
recognition. Science 300:2065–71

86. Calarese DA, Lee HK, Huang CY, Best MD, Astronomo RD, et al. 2005. Dissection of
the carbohydrate specificity of the broadly neutralizing anti-HIV-1 antibody 2G12. Proc.
Natl. Acad. Sci. USA 102:13372–77

87. McCutchan FE. 2000. Understanding the genetic diversity of HIV-1. AIDS 14(Suppl.
3):S31–44

88. Chen HY, Xu XD, Bishop A, Jones IM. 2005. Reintroduction of the 2G12 epitope in an
HIV-1 clade C gp120. AIDS 19:833–35

89. Gorny MK, Conley AJ, Karwowska S, Buchbinder A, Xu JY, et al. 1992. Neutralization of
diverse human immunodeficiency virus type 1 variants by an anti-V3 human monoclonal
antibody. J. Virol. 66:7538–42

90. Gorny MK, Xu JY, Karwowska S, Buchbinder A, Zolla-Pazner S. 1993. Repertoire of
neutralizing human monoclonal antibodies specific for the V3 domain of HIV-1 gp120.
J. Immunol. 150:635–43

91. Gaschen B, Korber B, Foley DT. 1999. Global variation in the HIV-1 V3 region. In
Human Retroviruses and AIDS 1999, ed. C. Kuiken, B. Foley, B. Hahn, P. Marx, F. Mc-
Cutchan, J.W. Mellors, J. Mullins, S. Wolinsky, B. Korber, pp. 594–602. Los Alamos: Los
Alamos Natl. Lab.

92. Stanfield RL, Ghiara JB, Saphire EO, Profy AT, Wilson IA. 2003. Recurring confor-
mation of the human immunodeficiency virus type 1 gp120 V3 loop. Virology 315:159–
73

93. Stanfield RL, Gorny MK, Williams C, Zolla-Pazner S, Wilson IA. 2004. Structural ra-
tionale for the broad neutralization of HIV-1 by human monoclonal antibody 447-52D.
Structure 12:193–204

94. Gupta G, Anantharamaiah GM, Scott DR, Eldridge JH, Myers G. 1993. Solution struc-
ture of the V3 loop of a Thailand HIV isolate. J. Biomol. Struct. Dyn. 11:345–66

www.annualreviews.org • GP120-Targeted Vaccine Design 763

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

95. Keller PM, Arnold BA, Shaw AR, Tolman RL, Van Middlesworth F, et al. 1993. Identi-
fication of HIV vaccine candidate peptides by screening random phage epitope libraries.
Virology 193:709–16

96. Rosen O, Chill J, Sharon M, Kessler N, Mester B, et al. 2005. Induced fit in HIV-
neutralizing antibody complexes: evidence for alternative conformations of the gp120 V3
loop and the molecular basis for broad neutralization. Biochemistry 44:7250–58

97. Hartley O, Klasse PJ, Sattentau QJ, Moore JP. 2005. V3: HIV’s switch-hitter. AIDS Res.
Hum. Retrovir. 21:171–89

98. Back NK, Smit L, De Jong JJ, Keulen W, Schutten M, et al. 1994. An N-glycan within
the human immunodeficiency virus type 1 gp120 V3 loop affects virus neutralization.
Virology 199:431–38

99. Malenbaum SE, Yang D, Cavacini L, Posner M, Robinson J, Cheng-Mayer C. 2000.
The N-terminal V3 loop glycan modulates the interaction of clade A and B human
immunodeficiency virus type 1 envelopes with CD4 and chemokine receptors. J. Virol.
74:11008–16

100. Koch M, Pancera M, Kwong PD, Kolchinsky P, Grundner C, et al. 2003. Structure-
based, targeted deglycosylation of HIV-1 gp120 and effects on neutralization sensitivity
and antibody recognition. Virology 313:387–400

101. McCaffrey RA, Saunders C, Hensel M, Stamatatos L. 2004. N-linked glycosylation of the
V3 loop and the immunologically silent face of gp120 protects human immunodeficiency
virus type 1 SF162 from neutralization by anti-gp120 and anti-gp41 antibodies. J. Virol.
78:3279–95

102. Gram GJ, Hemming A, Bolmstedt A, Jansson B, Olofsson S, et al. 1994. Identification of
an N-linked glycan in the V1-loop of HIV-1 gp120 influencing neutralization by anti-V3
antibodies and soluble CD4. Arch. Virol. 139:253–61

103. Schonning K, Jansson B, Olofsson S, Hansen JE. 1996. Rapid selection for an N-linked
oligosaccharide by monoclonal antibodies directed against the V3 loop of human im-
munodeficiency virus type 1. J. Gen. Virol. 77(Pt. 4):753–58

104. Ly A, Stamatatos L. 2000. V2 loop glycosylation of the human immunodeficiency virus
type 1 SF162 envelope facilitates interaction of this protein with CD4 and CCR5 receptors
and protects the virus from neutralization by anti-V3 loop and anti-CD4 binding site
antibodies. J. Virol. 74:6769–76

105. Krachmarov C, Pinter A, Honnen WJ, Gorny MK, Nyambi PN, et al. 2005. Antibodies
that are cross-reactive for human immunodeficiency virus type 1 clade A and clade B V3
domains are common in patient sera from Cameroon, but their neutralization activity is
usually restricted by epitope masking. J. Virol. 79:780–90

106. Salzwedel K, Smith ED, Dey B, Berger EA. 2000. Sequential CD4-coreceptor inter-
actions in human immunodeficiency virus type 1 Env function: soluble CD4 activates
Env for coreceptor-dependent fusion and reveals blocking activities of antibodies against
cryptic conserved epitopes on gp120. J. Virol. 74:326–33

107. Xiang SH, Doka N, Choudhary RK, Sodroski J, Robinson JE. 2002. Characteriza-
tion of CD4-induced epitopes on the HIV type 1 gp120 envelope glycoprotein recog-
nized by neutralizing human monoclonal antibodies. AIDS Res. Hum. Retrovir. 18:1207–
17

108. Labrijn AF, Poignard P, Raja A, Zwick MB, Delgado K, et al. 2003. Access of anti-
body molecules to the conserved coreceptor binding site on glycoprotein gp120 is ster-
ically restricted on primary human immunodeficiency virus type 1. J. Virol. 77:10557–
65

764 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

109. Choe H, Li W, Wright PL, Vasilieva N, Venturi M, et al. 2003. Tyrosine sulfation of
human antibodies contributes to recognition of the CCR5 binding region of HIV-1
gp120. Cell 114:161–70

110. Dey B, Del Castillo CS, Berger EA. 2003. Neutralization of human immunodeficiency
virus type 1 by sCD4-17b, a single-chain chimeric protein, based on sequential interaction
of gp120 with CD4 and coreceptor. J. Virol. 77:2859–65

111. Ditzel HJ, Binley JM, Moore JP, Sodroski J, Sullivan N, et al. 1995. Neutralizing re-
combinant human antibodies to a conformational V2- and CD4-binding site-sensitive
epitope of HIV-1 gp120 isolated by using an epitope-masking procedure. J. Immunol.
154:893–906

112. He Y, Honnen WJ, Krachmarov CP, Burkhart M, Kayman SC, et al. 2002. Efficient
isolation of novel human monoclonal antibodies with neutralizing activity against HIV-1
from transgenic mice expressing human Ig loci. J. Immunol. 169:595–605

113. Ho DD, Fung MS, Cao YZ, Li XL, Sun C, et al. 1991. Another discontinuous epitope
on glycoprotein gp120 that is important in human immunodeficiency virus type 1 neu-
tralization is identified by a monoclonal antibody. Proc. Natl. Acad. Sci. USA 88:8949–
52

114. McKeating JA, Shotton C, Cordell J, Graham S, Balfe P, et al. 1993. Characterization
of neutralizing monoclonal antibodies to linear and conformation-dependent epitopes
within the first and second variable domains of human immunodeficiency virus type 1
gp120. J. Virol. 67:4932–44

115. Shotton C, Arnold C, Sattentau Q, Sodroski J, McKeating JA. 1995. Identification and
characterization of monoclonal antibodies specific for polymorphic antigenic determi-
nants within the V2 region of the human immunodeficiency virus type 1 envelope glyco-
protein. J. Virol. 69:222–30

116. Gorny MK, Moore JP, Conley AJ, Karwowska S, Sodroski J, et al. 1994. Human anti-
V2 monoclonal antibody that neutralizes primary but not laboratory isolates of human
immunodeficiency virus type 1. J. Virol. 68:8312–20

117. Wang N, Zhu T, Ho DD. 1995. Sequence diversity of V1 and V2 domains of gp120 from
human immunodeficiency virus type 1: lack of correlation with viral phenotype. J. Virol.
69:2708–15

118. Simmonds P, Balfe P, Ludlam CA, Bishop JO, Brown AJ. 1990. Analysis of sequence di-
versity in hypervariable regions of the external glycoprotein of human immunodeficiency
virus type 1. J. Virol. 64:5840–50

119. Cornelissen M, Hogervorst E, Zorgdrager F, Hartman S, Goudsmit J. 1995. Maintenance
of syncytium-inducing phenotype of HIV type 1 is associated with positively charged
residues in the HIV type 1 gp120 V2 domain without fixed positions, elongation, or
relocated N-linked glycosylation sites. AIDS Res. Hum. Retrovir. 11:1169–75

120. Groenink M, Fouchier RA, Broersen S, Baker CH, Koot M, et al. 1993. Relation of
phenotype evolution of HIV-1 to envelope V2 configuration. Science 260:1513–16

121. Srivastava IK, Ulmer JB, Barnett SW. 2004. Neutralizing antibody responses to HIV: role
in protective immunity and challenges for vaccine design. Expert Rev. Vaccines 3:S33–52

122. Center RJ, Lebowitz J, Leapman RD, Moss B. 2004. Promoting trimerization of soluble
human immunodeficiency virus type 1 (HIV-1) Env through the use of HIV-1/simian
immunodeficiency virus chimeras. J. Virol. 78:2265–76

123. Earl PL, Broder CC, Long D, Lee SA, Peterson J, et al. 1994. Native oligomeric human
immunodeficiency virus type 1 envelope glycoprotein elicits diverse monoclonal antibody
reactivities. J. Virol. 68:3015–26

www.annualreviews.org • GP120-Targeted Vaccine Design 765

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

124. Yang XZ, Farzan M, Wyatt R, Sodroski J. 2000. Characterization of stable, soluble trimers
containing complete ectodomains of human immunodeficiency virus type 1 envelope
glycoproteins. J. Virol. 74:5716–25

125. Srivastava IK, Stamatatos L, Legg H, Kan E, Fong A, et al. 2002. Purification and char-
acterization of oligomeric envelope glycoprotein from a primary R5 subtype B human
immunodeficiency virus. J. Virol. 76:2835–47

126. VanCott TC, Veit SC, Kalyanaraman V, Earl P, Birx DL. 1995. Characterization of a
soluble, oligomeric HIV-1 gp160 protein as a potential immunogen. J. Immunol. Methods
183:103–17

127. Zhang CW, Chishti Y, Hussey RE, Reinherz EL. 2001. Expression, purification, and
characterization of recombinant HIV gp140. The gp41 ectodomain of HIV or simian
immunodeficiency virus is sufficient to maintain the retroviral envelope glycoprotein as
a trimer. J. Biol. Chem. 276:39577–85

128. Chakrabarti BK, Kong WP, Wu BY, Yang ZY, Friborg J, et al. 2002. Modifications of
the human immunodeficiency virus envelope glycoprotein enhance immunogenicity for
genetic immunization. J. Virol. 76:5357–68

129. Chen B, Zhou GF, Kim MY, Chishti Y, Hussey RE, et al. 2000. Expression, purifi-
cation, and characterization of gp160e, the soluble, trimeric ectodomain of the simian
immunodeficiency virus envelope glycoprotein, gp160. J. Biol. Chem. 275:34946–53

130. Farzan M, Choe H, Desjardins E, Sun Y, Kuhn J, et al. 1998. Stabilization of human im-
munodeficiency virus type 1 envelope glycoprotein trimers by disulfide bonds introduced
into the gp41 glycoprotein ectodomain. J. Virol. 72:7620–25

131. Binley JM, Sanders RW, Clas B, Schuelke N, Master A, et al. 2000. A recombinant
human immunodeficiency virus type 1 envelope glycoprotein complex stabilized by an
intermolecular disulfide bond between the gp120 and gp41 subunits is an antigenic mimic
of the trimeric virion-associated structure. J. Virol. 74:627–43

132. Pancera M, Wyatt R. 2005. Selective recognition of oligomeric HIV-1 primary isolate
envelope glycoproteins by potently neutralizing ligands requires efficient precursor cleav-
age. Virology 332:145–56

133. Sanders RW, Schiffner L, Master A, Kajumo F, Guo Y, et al. 2000. Variable-loop-deleted
variants of the human immunodeficiency virus type 1 envelope glycoprotein can be stabi-
lized by an intermolecular disulfide bond between the gp120 and gp41 subunits. J. Virol.
74:5091–100

134. Schulke N, Vesanen MS, Sanders RW, Zhu P, Lu M, et al. 2002. Oligomeric and con-
formational properties of a proteolytically mature, disulfide-stabilized human immunod-
eficiency virus type 1 gp140 envelope glycoprotein. J. Virol. 76:7760–76

135. Binley JM, Sanders RW, Master A, Cayanan CS, Wiley CL, et al. 2002. Enhancing the
proteolytic maturation of human immunodeficiency virus type 1 envelope glycoproteins.
J. Virol. 76:2606–16

136. Jeffs SA, Goriup S, Kebble B, Crane D, Bolgiano B, et al. 2004. Expression and character-
isation of recombinant oligomeric envelope glycoproteins derived from primary isolates
of HIV-1. Vaccine 22:1032–46

137. Staropoli I, Chanel C, Girard M, Altmeyer R. 2000. Processing, stability, and receptor
binding properties of oligomeric envelope glycoprotein from a primary HIV-1 isolate. J.
Biol. Chem. 275:35137–45

138. Yang XZ, Florin L, Farzan M, Kolchinsky P, Kwong PD, et al. 2000. Modifications that
stabilize human immunodeficiency virus envelope glycoprotein trimers in solution. J.
Virol. 74:4746–54

766 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

139. Yang XZ, Lee J, Mahony EM, Kwong PD, Wyatt R, Sodroski J. 2002. Highly stable
trimers formed by human immunodeficiency virus type 1 envelope glycoproteins fused
with the trimeric motif of T4 bacteriophage fibritin. J. Virol. 76:4634–42

140. Chen B, Cheng YF, Calder L, Harrison SC, Reinherz EL, et al. 2004. A chimeric pro-
tein of simian immunodeficiency virus envelope glycoprotein gp140 and Escherichia coli
aspartate transcarbamoylase. J. Virol. 78:4508–16

141. Yang XZ, Wyatt R, Sodroski J. 2001. Improved elicitation of neutralizing antibodies
against primary human immunodeficiency viruses by soluble stabilized envelope glyco-
protein trimers. J. Virol. 75:1165–71

142. Grundner C, Li YX, Louder M, Mascola J, Yang XZ, et al. 2005. Analysis of the neutral-
izing antibody response elicited in rabbits by repeated inoculation with trimeric HIV-1
envelope glycoproteins. Virology 331:33–46

143. Earl PL, Sugiura W, Montefiori DC, Broder CC, Lee SA, et al. 2001. Immunogenicity
and protective efficacy of oligomeric human immunodeficiency virus type 1 gp140. J.
Virol. 75:645–53

144. Kim M, Qiao ZS, Montefiori DC, Haynes BF, Reinherz EL, Liao HX. 2005. Comparison
of HIV type 1 ADA gp120 monomers versus gp140 trimers as immunogens for the
induction of neutralizing antibodies. AIDS Res. Hum. Retrovir. 21:58–67

145. Sanders RW, Vesanen M, Schuelke N, Master A, Schiffner L, et al. 2002. Stabilization
of the soluble, cleaved, trimeric form of the envelope glycoprotein complex of human
immunodeficiency virus type 1. J. Virol. 76:8875–89

146. Beddows S, Schulke N, Kirschner M, Barnes K, Franti M, et al. 2005. Evaluating the
immunogenicity of a disulfide-stabilized, cleaved, trimeric form of the envelope glyco-
protein complex of human immunodeficiency virus type 1. J. Virol. 79:8812–27

147. Rossio JL, Esser MT, Suryanarayana K, Schneider DK, Bess JW Jr, et al. 1998. Inacti-
vation of human immunodeficiency virus type 1 infectivity with preservation of confor-
mational and functional integrity of virion surface proteins. J. Virol. 72:7992–8001

148. Arthur LO, Bess JW Jr, Chertova EN, Rossio JL, Esser MT, et al. 1998. Chemical inacti-
vation of retroviral infectivity by targeting nucleocapsid protein zinc fingers: a candidate
SIV vaccine. AIDS Res. Hum. Retrovir. 14(Suppl. 3):S311–19

149. Grundner C, Mirzabekov T, Sodroski J, Wyatt R. 2002. Solid-phase proteoliposomes
containing human immunodeficiency virus envelope glycoproteins. J. Virol. 76:3511–
21

150. Lifson JD, Rossio JL, Piatak M Jr, Bess J Jr, Chertova E, et al. 2004. Evaluation of
the safety, immunogenicity, and protective efficacy of whole inactivated simian immun-
odeficiency virus (SIV) vaccines with conformationally and functionally intact envelope
glycoproteins. AIDS Res. Hum. Retrovir. 20:772–87

151. Poon B, Safrit JT, McClure H, Kitchen C, Hsu JF, et al. 2005. Induction of humoral im-
mune responses following vaccination with envelope-containing, formaldehyde-treated,
thermally inactivated human immunodeficiency virus type 1. J. Virol. 79:4927–35

152. Doan LX, Li M, Chen CY, Yao QZ. 2005. Virus-like particles as HIV-1 vaccines. Rev.
Med. Virol. 15:75–88

153. Montefiori DC, Safrit JT, Lydy SL, Barry AP, Bilska M, et al. 2001. Induction of neu-
tralizing antibodies and gag-specific cellular immune responses to an R5 primary isolate
of human immunodeficiency virus type 1 in rhesus macaques. J. Virol. 75:5879–90

154. Dale CJ, Liu XS, De Rose R, Purcell DF, Anderson J, et al. 2002. Chimeric human
papilloma virus-simian/human immunodeficiency virus virus-like-particle vaccines: im-
munogenicity and protective efficacy in macaques. Virology 301:176–87

www.annualreviews.org • GP120-Targeted Vaccine Design 767

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

155. Buonaguro L, Racioppi L, Tornesello ML, Arra C, Visciano ML, et al. 2002. Induction
of neutralizing antibodies and cytotoxic T lymphocytes in BALB/c mice immunized with
virus-like particles presenting a gp120 molecule from a HIV-1 isolate of clade A. Antivir.
Res. 54:189–201

156. Barnett SW, Lu S, Srivastava I, Cherpelis S, Gettie A, et al. 2001. The ability of an
oligomeric human immunodeficiency virus type 1 (HIV-1) envelope antigen to elicit neu-
tralizing antibodies against primary HIV-1 isolates is improved following partial deletion
of the second hypervariable region. J. Virol. 75:5526–40

157. Lu S, Wyatt R, Richmond JF, Mustafa F, Wang S, et al. 1998. Immunogenicity of DNA
vaccines expressing human immunodeficiency virus type 1 envelope glycoprotein with
and without deletions in the V1/2 and V3 regions. AIDS Res. Hum. Retrovir. 14:151–
55

158. Kang SM, Quan FS, Huang CZ, Guo LH, Ye L, et al. 2005. Modified HIV envelope
proteins with enhanced binding to neutralizing monoclonal antibodies. Virology 331:20–
32

159. Kim YB, Han DP, Cao C, Cho MW. 2003. Immunogenicity and ability of variable
loop-deleted human immunodeficiency virus type 1 envelope glycoproteins to elicit neu-
tralizing antibodies. Virology 305:124–37

160. Cho MW, Kim YB, Lee MK, Gupta KC, Ross W, et al. 2001. Polyvalent envelope glyco-
protein vaccine elicits a broader neutralizing antibody response but is unable to provide
sterilizing protection against heterologous simian/human immunodeficiency virus infec-
tion in pigtailed macaques. J. Virol. 75:2224–34

161. Chakrabarti BK, Ling X, Yang ZY, Montefiori DC, Panet A, et al. 2005. Expanded breadth
of virus neutralization after immunization with a multiclade envelope HIV vaccine can-
didate. Vaccine 23:3434–45

162. Kim JH, Pitisuttithum P, Kamboonruang C, Chuenchitra T, Mascola J, et al. 2003.
Specific antibody responses to vaccination with bivalent CM235/SF2 gp120: detection
of homologous and heterologous neutralizing antibody to subtype E (CRF01.AE) HIV
type 1. AIDS Res. Hum. Retrovir. 19:807–16

163. Lemiale F, Brand D, Lebigot S, Verrier B, Buzelay L, et al. 2001. Immunogenicity of
recombinant envelope glycoproteins derived from T-cell line-adapted isolates or primary
HIV isolates: a comparative study using multivalent vaccine approaches. J. Acquir. Immune
Defic. Syndr. 26:413–22

164. Gaschen B, Taylor J, Yusim K, Foley B, Gao F, et al. 2002. Diversity considerations in
HIV-1 vaccine selection. Science 296:2354–60

165. Gao F, Korber BT, Weaver E, Liao HX, Hahn BH, Haynes BF. 2004. Centralized im-
munogens as a vaccine strategy to overcome HIV-1 diversity. Expert Rev. Vaccines 3:S161–
68

166. Gao F, Weaver EA, Lu ZJ, Li YY, Liao HX, et al. 2005. Antigenicity and immunogenic-
ity of a synthetic human immunodeficiency virus type 1 group M consensus envelope
glycoprotein. J. Virol. 79:1154–63

167. Mullins JI, Nickle DC, Heath L, Rodrigo AG, Learn GH. 2004. Immunogen sequence:
the fourth tier of AIDS vaccine design. Expert Rev. Vaccines 3:S151–59

168. Pantophlet R, Burton DR. 2003. Immunofocusing: antigen engineering to promote the
induction of HIV-neutralizing antibodies. Trends Mol. Med. 9:468–73

169. Garrity RR, Rimmelzwaan G, Minassian A, Tsai WP, Lin G, et al. 1997. Refocusing
neutralizing antibody response by targeted dampening of an immunodominant epitope.
J. Immunol. 159:279–89

768 Pantophlet · Burton

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV270-IY24-24 ARI 15 February 2006 3:9

170. Pantophlet R, Wilson IA, Burton DR. 2003. Hyperglycosylated mutants of human im-
munodeficiency virus (HIV) type 1 monomeric gp120 as novel antigens for HIV vaccine
design. J. Virol. 77:5889–901

171. Pantophlet R, Wilson IA, Burton DR. 2004. Improved design of an antigen with enhanced
specificity for the broadly HIV-neutralizing antibody b12. Protein Eng. Des. Sel. 17:749–58

172. Selvarajah S, Puffer B, Pantophlet R, Law M, Doms RW, Burton DR. 2005. Comparing
antigenicity and immunogenicity of engineered gp120. J. Virol. 79:12148–63

173. Grundner C, Pancera M, Kang JM, Koch M, Sodroski J, Wyatt R. 2004. Factors limiting
the immunogenicity of HIV-1 gp120 envelope glycoproteins. Virology 330:233–48

174. Lee HK, Scanlan CN, Huang CY, Chang AY, Calarese DA, et al. 2004. Reactivity-based
one-pot synthesis of oligomannoses: defining antigens recognized by 2G12, a broadly
neutralizing anti-HIV-1 antibody. Angew. Chem. Int. Ed. Engl. 43:1000–3

175. Li HG, Wang LX. 2004. Design and synthesis of a template-assembled oligomannose
cluster as an epitope mimic for human HIV-neutralizing antibody 2G12. Org. Biomol.
Chem. 2:483–88

176. Wang LX, Ni JH, Singh S, Li HG. 2004. Binding of high-mannose-type oligosaccharides
and synthetic oligomannose clusters to human antibody 2G12: implications for HIV-1
vaccine design. Chem. Biol. 11:127–34

177. Geng XD, Dudkin VY, Mandal M, Danishefsky SJ. 2004. In pursuit of carbohydrate-
based HIV vaccines, part 2: The total synthesis of high-mannose-type gp120 fragments–
evaluation of strategies directed to maximal convergence. Angew. Chem. Int. Ed. Engl.
43:2562–65

178. Dudkin VY, Orlova M, Geng XD, Mandal M, Olson WC, Danishefsky SJ. 2004. Toward
fully synthetic carbohydrate-based HIV antigen design: on the critical role of bivalency.
J. Am. Chem. Soc. 126:9560–62

179. Huang CC, Tang M, Zhang MY, Majeed S, Montabana E, et al. 2005. Structure of a
V3-containing HIV-1 gp120 core. Science 310:1025–28

RELATED RESOURCES

Zinkernagel RM. 2003. On natural and artificial vaccinations. Annu. Rev. Immunol. 21:515–46

Letvin NL, Barouch DH, Montefiori DC. 2002. Prospects for vaccine protection against
HIV-1 infection and AIDS. Annu. Rev. Immunol. 20:73–99

Graham BS. 2002. Clinical trials of HIV vaccines. Annu. Rev. Med. 53:207–21

www.annualreviews.org • GP120-Targeted Vaccine Design 769

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



Contents ARI 7 February 2006 11:41

Annual Review
of Immunology

Volume 24, 2006
Contents

Frontispiece
Jack L. Strominger � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � x

The Tortuous Journey of a Biochemist to Immunoland and What He
Found There
Jack L. Strominger � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Osteoimmunology: Interplay Between the Immune System and Bone
Metabolism
Matthew C. Walsh, Nacksung Kim, Yuho Kadono, Jaerang Rho, Soo Young Lee,

Joseph Lorenzo, and Yongwon Choi � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �33

A Molecular Perspective of CTLA-4 Function
Wendy A. Teft, Mark G. Kirchhof, and Joaquín Madrenas � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �65

Transforming Growth Factor-β Regulation of Immune Responses
Ming O. Li, Yisong Y. Wan, Shomyseh Sanjabi, Anna-Karin L. Robertson,

and Richard A. Flavell � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �99

The Eosinophil
Marc E. Rothenberg and Simon P. Hogan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 147

Human T Cell Responses Against Melanoma
Thierry Boon, Pierre G. Coulie, Benoît J. Van den Eynde,

and Pierre van der Bruggen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 175

FOXP3: Of Mice and Men
Steven F. Ziegler � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 209

HIV Vaccines
Andrew J. McMichael � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 227

Natural Killer Cell Developmental Pathways: A Question of Balance
James P. Di Santo � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 257

Development of Human Lymphoid Cells
Bianca Blom and Hergen Spits � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 287

Genetic Disorders of Programmed Cell Death in the Immune System
Nicolas Bidère, Helen C. Su, and Michael J. Lenardo � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 321

v

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



Contents ARI 7 February 2006 11:41

Genetic Analysis of Host Resistance: Toll-Like Receptor Signaling and
Immunity at Large
Bruce Beutler, Zhengfan Jiang, Philippe Georgel, Karine Crozat, Ben Croker,

Sophie Rutschmann, Xin Du, and Kasper Hoebe � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 353

Multiplexed Protein Array Platforms for Analysis of Autoimmune
Diseases
Imelda Balboni, Steven M. Chan, Michael Kattah, Jessica D. Tenenbaum,

Atul J. Butte, and Paul J. Utz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 391

How TCRs Bind MHCs, Peptides, and Coreceptors
Markus G. Rudolph, Robyn L. Stanfield, and Ian A. Wilson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 419

B Cell Immunobiology in Disease: Evolving Concepts from the Clinic
Flavius Martin and Andrew C. Chan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 467

The Evolution of Adaptive Immunity
Zeev Pancer and Max D. Cooper � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 497

Cooperation Between CD4+ and CD8+ T Cells: When, Where,
and How
Flora Castellino and Ronald N. Germain � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 519

Mechanism and Control of V(D)J Recombination at the
Immunoglobulin Heavy Chain Locus
David Jung, Cosmas Giallourakis, Raul Mostoslavsky,

and Frederick W. Alt � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 541

A Central Role for Central Tolerance
Bruno Kyewski and Ludger Klein � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 571

Regulation of Th2 Differentiation and Il4 Locus Accessibility
K. Mark Ansel, Ivana Djuretic, Bogdan Tanasa, and Anjana Rao � � � � � � � � � � � � � � � � � � � � � � � 607

Diverse Functions of IL-2, IL-15, and IL-7 in Lymphoid Homeostasis
Averil Ma, Rima Koka, and Patrick Burkett � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 657

Intestinal and Pulmonary Mucosal T Cells: Local Heroes Fight to
Maintain the Status Quo
Leo Lefrançois and Lynn Puddington � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 681

Determinants of Lymphoid-Myeloid Lineage Diversification
Catherine V. Laiosa, Matthias Stadtfeld, and Thomas Graf � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 705

GP120: Target for Neutralizing HIV-1 Antibodies
Ralph Pantophlet and Dennis R. Burton � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 739

Compartmentalized Ras/MAPK Signaling
Adam Mor and Mark R. Philips � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 771

vi Contents

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

6.
24

:7
39

-7
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 0
5/

11
/1

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.


