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Antibody vs. HIV in a clash of evolutionary titans
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HIV has evolved many strategies to avoid neutralizing antibody responses, particularly to conserved regions on the external
glycoprotein spikes of the virus. Nevertheless, a small number of antibodies have been evolved by the human immune system to
recognize conserved parts of the glycoproteins, and therefore, have broadly neutralizing cross-strain activities. These antibodies
constitute important tools in the quest to design immunogens that can elicit broadly neutralizing antibodies in humans and hence
contribute to an effective HIV vaccine. Crystallographic analyses of the antibodies, in many cases in an antigen-complexed form,
have revealed novel and, in some instances, remarkable structural adaptations to attain virus recognition. Antibodies, like HIV, can
evolve relatively rapidly through mutation and selection. It seems that the structures of these broadly neutralizing antibodies bear
witness to a heroic struggle between two titans of rapid evolution.

espite emerging in the human

population only relatively re-

cently (1), HIV has unleashed

a pandemic that has killed
~20 million people. Currently, ~40 mil-
lion individuals are infected (2), most in
resource-poor countries, and many or
most of these are expected to die of
AIDS. The virus has been so successful
in part because it has evolved many
mechanisms of immune evasion (3-8).
The means by which HIV evades the
antiviral effects of antibodies are mostly
attributable to the characteristics of the
envelope spike decorating the viral sur-
face, which is the target for antiviral
(neutralizing) antibodies.

The functional envelope spike of HIV
is thought to consist of a trimer of het-
erodimers formed of two glycoproteins,
gp120 and gp41. gp120 is a highly glycosy-
lated protein, with approximately half of
its mass being N-linked carbohydrates (9).
Sequence analyses from different HIV
isolates reveal that gp120 can be orga-
nized into variable (V1-V5) regions and
conserved (C1-C5) regions. The glycopro-
tein has a receptor site for the CD4 mole-
cule, which defines the tropism of HIV
for CD4 T cells, and a second site for
binding to chemokine receptors, usually
CCRS or CXCR4. The crystal structure
of the conserved core of gp120, lacking
most of the variable domains or loops and
the C and N termini, and with trimmed
carbohydrate chains, revealed that the
protein has two domains linked by a
bridging sheet (10, 11). This structure pro-
vided clues as to some mechanisms of
viral evasion from neutralizing antibodies
(3). Much of the surface of the core of
gp120 is covered by carbohydrate, and
most of the rest is expected to be involved
in interaction with gp41 or other gp120
units in the trimeric envelope spike. The
relatively conserved CD4 binding site is
recessed and arguably difficult for anti-
body to access. The conserved coreceptor
site is largely inaccessible on monomeric
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gp120 unless CD4 binds and triggers con-
formational changes to expose the site to
antibody. Further, a recent structure of
the core of simian immunodeficiency virus
(SIV) gp120 suggests that the coreceptor
site may not be formed in the absence of
CD4 (12). The coreceptor site also ap-
pears to be hidden on trimeric gp120 in
Env spikes. However, CD4 binding in the
context of viral infection does not appear
to expose the coreceptor site sufficiently
for antibody binding. It appears that the
binding of CD4 arrayed on a target cell
membrane reveals the coreceptor site in a
more sterically restricted environment
than on monomeric gp120, and this envi-
ronment is associated with limited anti-
body access (see below).

The role of gp120 is primarily to at-
tach HIV to its target cells and to bring
the virus close to the membrane of
these target cells. Once that is achieved,
the transmembrane protein gp41 occu-
pies center stage because it now medi-
ates the fusion of viral and target cell
membranes to enable the genetic infor-
mation of the virus to flow in to the
target cell (13). gp41 is relatively well
conserved, and most of its surface ap-
pears to be hidden from antibody recog-
nition in Env spikes before attachment
and fusion (14).

The enormous variability of HIV is
an effective mechanism for evading
neutralizing antibody. The sequence
variation in one isolate from a single
HIV-infected individual sampled a few
years after infection is greater than the
global variation of an influenza epi-
demic strain during a flu season (15).
In HIV Env, sequence variability is
concentrated in the variable loops
(V1-V5), which appear to be a major
target for neutralizing antibody re-
sponses. Escape from these responses
is readily achieved by mutations in the
loops that have only minor conse-
quences for viral fitness. Longitudinal
studies in humans show that a neutral-

izing antibody response to the domi-
nant virus does develop but, once a
threshold is reached, an escape variant
is selected (16, 17). In turn, an anti-
body response to this variant develops
over time that results in the selection
of a new escape variant and further
repetition of the process. Antibodies
that can recognize many different vari-
ants of HIV, so-called broadly neutral-
izing antibodies, are thought to evolve
slowly and only in some individuals. It
is precisely these type of antibodies
that one would like to elicit by vaccina-
tion, and so they have attracted special
interest.

In fact, a small panel of broadly neu-
tralizing mAbs has been identified (18).
These mAbs are important in vaccine
design but, unexpectedly, elucidation of
their 3D structures has provided re-
markable insight into the adaptability of
antibodies when challenged by a virus
that has developed an extensive arma-
ment of anti-antibody features. Here, we
review the structures of these broadly
neutralizing antibodies that are, impor-
tantly, most often in complex with an
Env antigen. The approximate locations
of the epitopes recognized by the mAbs
are mapped onto a model of the Env
spike in Fig. 1.

b12: An Antibody That Recognizes the
CD4 Binding Site of gp120

The crystal structure of b12 was originally
solved as an intact human IgG1 molecule
(19). The most prominent feature of the
antibody combining site is a heavy-chain
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Fig. 1.

The trimeric Env spike of HIV-1/SIV. (a) Electron micrographs of SIV particles showing trimeric Env

spikes on the surface (63). This micrograph (courtesy of Ken Roux, Florida State University, Tallahassee)
shows trimers on the surface of an SIV particle expressing high levels of Env. HIV-1 Env appears to be less
stable than Env of SIV, and there is likely heterogeneity in the number of Env spikes per virion. (b) Model
of the Env spike based on the structure of core gp120 (11, 64), with three gp120 monomers shown in gray,
pale green, and pale blue. gp41is shown schematically as three pink tubes. Carbohydrate chains are shown
in yellow, and the oligomannose cluster proposed to interact with mAb 2G12 is shown in cyan. The
approximate locations of the epitopes for broadly neutralizing mAbs are indicated.

complementarity-determining region 3
(CDRH3) that extends directly out from
the surface of the antibody like a finger
(Fig. 2). The finger structures are seen on
two independent Fabs in the crystal asym-
metric unit and in different crystal forms,
suggesting that the extended finger is not
an artifact of crystallization. Computer-
docking and mutagenesis studies on gp120
and b12 have been used to argue that the
finger probes the recessed CD4 binding
site of gp120 (19-21). The CDRH3 is 18
aa long, which is exceptionally long, com-
pared with those typically found in well
studied mouse mAbs to protein antigens
(average CDRH3 length of about 10 resi-
dues). It also is relatively long, compared
with the average in anti-protein human
antibody reported to be about 13 residues
(22). However, human antibodies to viral
pathogens seem to have longer-than-
average CDRH3 regions (22). Indeed, it is
an attractive notion that recessed receptor
sites on pathogens could be recognized by
extended CDR fingers on human antibod-
ies. Clearly, more antibodies in other sys-
tems need to be studied before definitive
conclusions can be made.

The CD4 binding site of gp120 is rec-
ognized by many other human mAbs
that do not broadly neutralize HIV.
Current evidence suggests that, although
these mAbs are able to recognize mono-
meric g120, they cannot do so in the
context of gp120 organized in Env
spikes on the viral surface (23-25). It
appears that only b12 of these antibod-
ies described to date is able to gain ac-
cess to the CD4 binding site on the Env
spike, indicating a strong selection pres-
sures on HIV to conceal this crucial and
conserved site from antibody recogni-
tion. Interestingly, a number of the non-
neutralizing mAbs also have long

CDRH3 regions, but their structures
have not yet been determined (26). Fi-
nally, it should be noted that b12 was
originally derived from an immune
phage library in which heavy and light
chains are shuffled. However, the heavy
chain, at the very least, is believed to be
the one used in vivo according to well
rehearsed arguments (26, 27).

Fig.2. Thestructure of mAb b12. The structure of
Fab b12 as described in ref. 19 is shown with the
CDRs presented in colors and labeled as belonging
to the heavy (H) or light (L) chain. The long HCDR3
(H3) is clearly visible as an extended finger-like
structure. Critical aromaticresidues on the CDRs for
binding to gp120 (19-21) are prominent.
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Antibodies That Recognize the
Coreceptor Binding Site on gp120
[CD4-Induced (CD4i) Antibodies]

During infection, the interaction of Env
spikes on the virus with CD4 on target
cells makes available the conserved co-
receptor binding site on gp120 for inter-
action with the chemokine receptors
CCRS or CXCRA4. Similarly, the core-
ceptor site on monomeric gp120 is re-
vealed by CD4 ligation, when it is also
then recognized by a set of CD4i anti-
bodies. CCRS is a seven transmem-
brane-domain protein that interacts with
gp120 in part through its extracellular
N-terminal peptide (28). This peptide is
rich in tyrosines, many of which are sul-
fated, thereby providing negative charge
for interaction with the largely basic co-
receptor binding site (29). In a stunning
demonstration of convergent evolution,
a number of CD4i antibodies have ac-
quired posttranslational modifications in
the form of sulfated tyrosines on their
CDRH3 regions; these tyrosines, in
some cases, are important in gp120
binding (30). Thus, for the first time, a
chemical modification of an antibody
has been correlated with evolution of
antibody specificity.

The crystal structures of five CD4i anti-
bodies (31) have been determined, two of
them, 17b (10, 11) and X5 (P. Kwong,
personal communication), in complex
with gp120. The CD4i antibodies fall into
two classes, those with long CDRH3s and
those with short CDRH3s. Only for a sub-
group of the long CDRH3 antibodies does
tyrosine sulfation contribute to antigen
binding. Otherwise, these antibodies have
a high frequency of acidic residues on the
CDRH3 loops. Initially, some excitement
arose from studies of the Fab fragment of
X5 isolated from a phage library because
it showed neutralizing activity against a
range of HIV-1 primary isolates (32).
However, the intact Ig, IgG1XS5, lacked
such activity (33). In fact, it seems that a
number of CD4i antibodies have neutral-
izing activity as antibody fragments with
an inverse relationship between molecular
size and neutralization, i.e., single-chain
Fv > Fab > IgG in neutralizing potency.
Thus, it appears that during infection,
the virus exposes the coreceptor site
sufficiently to allow access by CCRS and
antibody fragments but not by the physio-
logically relevant IgG molecule. These
observations are consistent with the ex-
pected close proximity of the coreceptor
site to the target cell membrane and the
orientation and mode of access from the
target cell membrane side that would be
required for antibody recognition of the
coreceptor site (Fig. 3).
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target cell

Fig. 3.

A model that illustrates accessibility of the coreceptor site region to CD4i antibody fragments

after the engagement of the HIV-1 Env spike by CD4 (33). CD4 (yellow) on the target cell membrane
engages the CD4bs on gp120 molecules to assemble and expose the coreceptor binding site. In the context
of virus—target cell interaction, the site now appears accessible to single-chain Fv (scFv) and Fab fragments
of CD4i antibodies but not to intact antibody molecules. In contrast for free monomericgp120, soluble CD4
binding triggers the binding of intact CD4i antibodies.

447-52D: An Antibody to the V3 Loop
of gp120

The V3 loop of gpl20, as its name im-
plies, varies in sequence between differ-
ent isolates of HIV. However, the crown
of the loop has a relatively conserved
sequence motif GPGR or GPGQ that
may be important in binding to the co-
receptor (34). The antibody 447-52D
(hereafter shortened to 447) neutralizes
a range of isolates bearing the GPGR
motif (35-37). The crystal structure of
447 complexed with a V3-loop peptide
reveals how an antibody can evolve to
recognize a motif with a conserved core
but with a good deal of flanking varia-
tion (38). The antibody interacts specifi-
cally with the GPGR crown of the V3
loop, but the flanking sequence is
bound by interaction with main-chain
atoms (Fig. 4). A parallel is with MHC
recognition of peptides (39), where the
MHC class I and class II interact with
the main-chain atoms of a variable pep-
tide sequence in combination with con-
served anchor residues (40). Perhaps in
response to selection pressure by anti-
bodies akin to 447, many primary
viruses appear to have reduced accessi-
bility of the V3 loop to the point where
they are no longer recognized by such
antibodies (37, 41).

2G12: An Antibody That Recognizes
Glycans on the Silent Face of gp120
gp120 is ~50% carbohydrate by weight,
with the majority of the glycosylation be-
ing N-linked glycans. The structure of the
core of gp120 reveals that the N-glycans
are arranged on one face of the protein
(3, 42). This structural feature was termed
the silent face, denoting immunosilence,
because glycans are attached by the host
glycosylation machinery and are, there-
fore, expected to be “self” and non-
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immunogenic. In essence, the dense
carbohydrate shield protects the protein
from antibody recognition. Therefore,
initial reports suggesting that the neutral-
izing mAb 2G12 recognized glycans were
carefully qualified to include likely
polypeptide involvement in binding (43).
However, it was subsequently shown that
2G12 does indeed recognize glycans exclu-
sively, and a number of oligomannose
candidates were identified (44, 45). This
discovery led to a number of key ques-
tions. How did 2G12 apparently break
tolerance to recognize what is expected to
be a self-antigen? How does 2G12 achieve
nanomolar binding affinity when typical
antibody affinities for glycans are in the
micromolar range? How can the oligom-
annose chains predicted to be involved in
2G12 binding be accommodated within a
typical antibody footprint when they are

quite spatially separated on the gp120
surface?

These questions were resolved when
the crystal structures of 2G12 free and
complexed with the disaccharide
Mana1-2Man and with the oligosaccha-
ride ManoGIcNAc, were determined
(Fig. 5) (46). A previously uncharacter-
ized structure in which the two Fabs of
the IgG assemble into an interlocked
Vu domain-swapped dimer was re-
vealed. Biochemical, biophysical, and
mutagenesis data strongly supported an
Fab-dimerized antibody as the predomi-
nant form that recognizes gp120. The
extraordinary configuration of this anti-
body provides an extended surface con-
sisting of two classical binding sites
(V1—Vh) and one previously uncharac-
terized dimer interface region (Vuy—Vu)
for multivalent interaction with a con-
served cluster of oligomannoses on
gp120. Similar clusters do not appear to
be present on any other proteins, be-
cause 2G12 is uniquely reactive with
high affinity for gp120. Therefore, al-
though individual oligomannose chains
are self, the cluster of oligomannoses
can be regarded as nonself. The unusu-
ally high affinity of 2G12 can be under-
stood in terms of the recognition of a
multivalent array of oligomannose resi-
dues by an equivalent array of antibody
combining sites that match the spacing
of the individual sugars within the oligo-
mannose cluster on gp120. Finally, the
dimeric configuration of 2G12 is consis-
tent with the relatively large footprint
required to cover multiple oligomannose
moieties on gp120 as described above.

The unusual architecture of 2G12 is
achieved by a number of changes to the
typical residues found in antibody V do-

Fig. 4.

The structure of a V3-loop peptide in the binding site of the antibody 447 (38). The CDRH3 loop

(pink, numbered) forms a mixed B-sheet with the V3 loop (blue). GPGR forms the turn in the peptide
structure and interacts with the base of the CDRH3 loop. Main-chain interactions dominate the interaction

of the peptide with the CDRH3 loop.
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Fig. 5. A model of mAb 2G12 Fab, bound to the
HIV-1 Env spike. The heavy chains of 2G12 are
shown in dark blue and light red, and the light
chains are shown in azure. The domain-swapped
structure of 2G12 uncomplexed and complexed
with Mana1-2Man and with MangGIlcNAG, is de-
scribed in ref. 46. The gp120 oligomannose resi-
dues important in 2G12 binding were assigned
based on data from a number of different ap-
proaches (44, 45). Docking of the structure of 2G12,
complexed in the conventional Vy-V| combining
sites with MangGIcNAc,, onto gp120 places the
GlcNac; groups very close to N332 and N392 (outer
dark red moieties). The MangGIcNAc, group at-
tached to N339 (middle dark red) can be readily
modeled to interact with the nonconventional
Vy—-Vy interface region.

mains. These changes include the acqui-
sition of a proline in the bridge between
Vu and Cyxl domains, mutations that
destabilize the usual V-V interface,
and mutations that stabilize the new
Vu—Vy interface and, hence, dimer for-
mation. The changes are achieved by
extensive somatic mutation from the
closest germ-line antibody Vi and Vi,
genes and suggest that 2G12 is the
product of many cycles of mutation

and selection. At the present time, the
frequency of occurrence of domain-
exchanged antibodies in human re-
sponses is unknown, although it is likely
to be relatively low. Nevertheless, this
experiment of nature provides a power-
ful insight into how antibodies could be
engineered for high-affinity recognition
of repeating epitopes, such as those
that might be found on cell or microbial
surfaces.

2F5 and 4E10: Antibodies That Recognize
the Membrane-Proximal External Region
(MPER) of gp41

Although most of the surface of gp41
appears to be occluded from antibody
binding on Env spikes, a region close to
the viral membrane, the MPER (47),

has some accessibility to the neutralizing
human mAbs 2F5 and 4E10 (47-53).
The description of broadly neutralizing
mAbs that recognize contiguous
epitopes on HIV-1 suggests that the
MPER could be a highly promising vac-
cine target (47). Some evidence has
emerged that the epitopes of these two
mAbs are accessible, and possibly more
so, after CD4 binding to gp120 (54).
Both mAbs appear to recognize linear
gp41 epitopes in that they bind with rel-
atively high affinity to short peptides
corresponding to cognate gp41 se-
quences, and their neutralizing activity
can be effectively inhibited by such pep-
tides. However, all attempts to date to
generate neutralizing activity by immu-
nization with sequences from these
epitopes, either as peptides or incorpo-
rated into proteins, have been unsuc-
cessful. These results have suggested
that the antibodies may have evolved to
recognize the gp41 peptide sequences in
a specialized context, such as their prox-
imity to the viral membrane. The
MPER is very rich in tryptophans,
which may aid interaction of this region
of gp41 with the viral membrane.

The structure of 2F5 was originally
described in complex with its short core
epitope (55). A recent structure in com-
plex with a longer 17-mer peptide con-
firms that the core epitope adopts a
B-turn and reveals the peptide otherwise
to be in a relatively extended conforma-
tion (56). Notably, the peptide makes
contact with the base of the 22-aa-long
CDRH3 region but not with much else
of this loop. However, mutagenesis stud-
ies have shown that changes in the apex
of the loop can reduce antibody binding
to peptide and have an even more pro-
nounced adverse effect on neutralization

by 2F5 (57). These results suggest not
only that the long loop is required for
the creation of the peptide binding site,
but also that the tip of the loop may be
involved in further interactions. A fa-
vored current hypothesis is that the loop
may interact with the viral membrane,
and some support for this view is pro-
vided by observations of enhanced 2F5
binding to MPER peptides when at-
tached to a membrane (56, 58).

In contrast to 2F5, a 13-residue pep-
tide containing the core epitope for
4E10 adopts a helical conformation in
complex with antibody (59). The key
contact residues map to one face of the
helix and bind in a highly hydrophobic
pocket in the 4E10 antibody combining
site. As for 2F5, the CDRH3 is long and
not apparently directly involved in pep-
tide binding. The CDRH3 region con-
tains a number of tryptophan residues.
The epitope for 4E10 is even closer to
the viral membrane than that for 2F5; a
small number of residues separate the
putative C terminus of the epitope and
the transmembrane domain. Therefore,
the possible interaction of the trypto-
phans on the CDRH3 with the viral
membrane is an attractive hypothesis
(Fig. 6). Again, this notion is supported
by enhanced antibody binding to the
MPER in the context of a membrane
(56, 58). Very recent studies (60) have
highlighted cross-reactivity of 2F5 and
4E10 with cardiolipin; this cross-reactiv-
ity may reflect the hydrophobic nature
of the combining sites of these antibod-
ies rather than any autoimmune origin.
In any case, the two antibodies provide
a very interesting paradigm for recogni-
tion of protein epitopes close to a mem-
brane and should be further studied.

Fig. 6.

A model of mAbs 2F5 (56) and 4E10 (59) Fabs bound to their epitopes close to the virus membrane.

The Fabs are shown as a solvent-accessible surface (gray) with their Ca trace from the heavy (blue) and light
(cyan) embedded in the translucent structure. The CDRH3s of the antibodies are shown in purple. The
MPER model structure (yellow) is based on connecting the actual structures of peptides observed in the
corresponding crystal structures of the Fab—peptide complexes. The potential for simultaneous interaction
of the antibody molecules with the viral membrane is illustrated.
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Concluding Remarks

The study of broadly neutralizing antibod-
ies has revealed some remarkable adapta-
tions by the antibody molecule to counter
the molecular trickery of HIV. The virus
can evolve very rapidly because of the
combination of the relatively poor fidelity
of transcription associated with reverse
transcriptase and the high rate of virus
production in vivo. Antibodies evolve
more slowly, but long-term exposure to
antigen during persistent HI'V infection
provides the opportunity for the selection,
in some individuals, of antibody variants
able to recognize many different viral iso-
lates. Under these conditions, the titans
are most evenly matched. In established
infection, the very rapid evolution of the
virus will ultimately triumph by the selec-
tion of variants that are resistant even to
the most broadly neutralizing antibodies
(61, 62). However, if the antibodies are

present before infection (for example, by
vaccination) and before virus diversifica-
tion, then they are likely to be much more
effective.

The adaptations of antibody under
HIV challenge could be exploited di-
rectly in antibody engineering. For in-
stance, the 2G12 framework may allow
the development of antibodies with
high affinity for other carbohydrates or
even other repeating antigens, such as
those found on natural pathogens. The
2F5 and 4E10 antibodies have provided
clues as to how one should design anti-
bodies that need to bind close to cell
membranes. Our primary interest in
these broadly neutralizing antibodies is
driven by what they can teach us about
HIV vaccine design. The novelty of the
antibodies could then work against
elicitation of similar antibodies by a
putative vaccine. Certainly, some of

the antibodies show a high degree of
somatic mutation from germ-line
genes. However, this observation is
not, in itself, a barrier to success.
Many of the antibody mutations that
have accumulated during a natural re-
sponse to the virus are probably not
required for high-affinity antigen
binding. An appropriately designed im-
munogen should then elicit the requi-
site antibodies without the need for so
many mutations. Nevertheless, there is
little doubt that the step from anti-
body-antigen structures to immunogen
design is a huge one that will challenge
our understanding of molecular struc-
ture and immunology to the limits.

This work was supported by funding from the
National Institutes of Health, the Interna-
tional AIDS Vaccine Initiative, and the
Pendleton Trust.
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