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I. Chapter Overview

The HIV envelope glycoprotein (Env) binds to cell surface-associated
receptor (CD4) and coreceptor (CCRS or CXCR4) by one of its two non-
covalently associated subunits, gp120. The induced conformational changes
activate the other subunit (gp41), which causes fusion of the viral with the
plasma cell membranes resulting in delivery of the viral genome into the cell
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and initiation of the infection cycle. As the only HIV protein exposed to the
environment, the Env is also a major immunogen to which neutralizing anti-
bodies are directed, and a target which is relatively easy to access by inhibitors.
A fundamental problem in the development of effective vaccines and inhibitors
against HIV is the rapid generation of alterations at high levels of expression
during long chronic infection and the resulting significant heterogeneity of the
Env. The preservation of the Env function as entry mediator and limitations on
size and expression impose restrictions on its variability and lead to existence
of conserved structures. In this chapter, we discuss advances in our understand-
ing of the Env structure as related to interactions of conserved Env structures
with receptor molecules and antibodies with implications for the design of
vaccine immunogens and inhibitors.

I1. Introduction

Viral membrane-associated glycoproteins have diverse functions in the
life cycle of an enveloped virus (Dimitrov, 2004; Smith and Helenius, 2004).
They attach virions to cells by binding to host cell receptors, mediate
membrane fusion and some of the subsequent steps of virus entry, direct
progeny virion morphogenesis during budding, and in some cases have
receptor-destroying enzymatic activity for virion release and prevention of
superinfection. HIV is no exception. Its envelope glycoprotein (Env) serves
at least two functions that are critical for the HIV replication cycle—binding
to a receptor (CD4) and a coreceptor (CCRS or CXCR4) by using one of its
two noncovalently associated subunits, gp120, and fusing the viral with the
plasma cell membranes, which is mediated by the other subunit gp41. It is
also a major antigen and immunogen to which all known neutralizing
antibodies are directed. In this chapter, we focus on advances in our knowl-
edge of the Env structure and function as related to its interaction with CD4,
coreceptors, and neutralizing antibodies emphasizing conservation of Env
structural elements that could be used in the design of vaccine immunogens
and inhibitors. A number of excellent reviews have been published, which
can provide more details of various aspects of the Env and serve as a source
of additional citations (Broder and Dimitrov, 1996; Burton and Montefiori,
1997; Burton et al., 2005; Dimitrov and Broder, 1997; Douek et al., 2006;
Fox et al., 2006; Freedman et al., 2003; Gallo et al., 2003; Hunter and
Swanstrom, 1990; Liu and Jiang, 2004; Markovic and Clouse, 2004; Mc
Cann et al., 2005; Mitchison and Sattentau, 2005; Pierson and Doms,
2003a; Rawat et al., 2003; Ray and Doms, 2006; Reeves and Doms, 2002;
Root and Steger, 2004; Sodroski, 1999; Wyatt and Sodroski, 1998;
Zolla-Pazner, 2004).
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Ill. Structure of the Env (gpl120-gp4l)

Like many other viral envelope glycoproteins the HIV Env consists of
two subunits, the surface glycoprotein (SU), which is responsible for binding
to receptor molecules, and the transmembrane glycoprotein (TM), which
mediates fusion of the viral membrane with the plasma cell membrane.
Initially synthesized as a nonfusogenic polyprotein precursor, gp160, the
Env is cleaved by host cell proteases (furin) into the SU (gp120) and the TM
(gp41) subunits, which remain noncovalently associated. We will refer to
this complex as gp120-gp41 but will also use interchangeably the abbrevia-
tion Env to designate a functional fusogenic HIV envelope glycoprotein.
Like other viral envelope glycoproteins the Env is oligomeric; the currently
accepted view is that it is a trimer of heterodimers consisting of gp120 and
gp41. It is heavily glycosylated resulting in a relatively high molecular
weight of about 160 kDa for a monomer, about half of its mass is due to
carbohydrates.

A. Primary Structure and Sequence Variation

A monomeric Env molecule consists of about 840-860 amino acids
depending on the isolate in which about 480 residues belong to gp120.
The sequence analysis of gp120 from various isolates suggests the existence
of five relatively conserved regions (C1-CS5) and five regions (V1-VS5) with
significantly higher sequence variability—up to 60-80% (Figs. 1A and 2);
(Myers et al., 1994; Starcich et al., 1986). Four of these variable regions
(V1-V4) have disulfide bridges at the two ends. The TM glycoprotein (gp41)
is more conserved than the SU protein (gp120) as is commonly the case with
other viral envelope glycoproteins likely related to its major role in fusion of
the viral with the cell membranes. It includes a fusion domain (FD), also
known as fusion peptide, which consists of a hydrophobic stretch of about
20 amino acid residues at the N-terminus, two heptad repeats HR1 and
HR2, transmembrane domain (TM), three stretches of residues between
these four major regions, and a cytoplasmic tail. The FD, the heptad repeats,
and the TM are highly conserved. The total number of potential glycosyla-
tion sites, most of which are functional, varies for gp120 but is close to
20 and 4 for gp41. The extent of conservation of each of these sites is also
variable. The gp41 glycosylation sites are more conserved than those on
gp120. The primary structural features of the Env with approximate amino
acid numbering are summarized in Fig. 1A.

Phylogenetic analysis of envelope sequences revealed the existence of
clusters that are approximately equidistant from one another. These were
named clades or subtypes. Initially six clades, [A-F], with the prototypic
“North-American/European” strains relabeled subtype B, were found
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FIGURE | Primary structure of HIV-1 Env glycoprotein and sequence variations in different

regions of the Env lead to several HIV-1 subtypes. (A) A schematic diagram representing
different regions of HIV-1 Env glycoprotein. Approximate locations of the cleavage sites
(arrowheads), glycosylation sites (branched symbols), constant (C1-C35) and variable (V1-V3)
regions, fusion domain (FD), heptad repeats (HR1 and HR2), and transmembrane domain
(TM) are shown along with the numbering scheme of amino acids. The cross-linking disulfide
bonds connecting various segments are indicated as brackets. (B) The phylogenetic tree con-
structed by using consensus sequences of HIV-1 M group subtypes A1, A2, B, C, D, F1, F2, G,
and H is shown along with evolutionary distances with the maximum value of 0.1.

(Myers et al., 1992). Five of these six Env-based subtypes/clades [A, B, C, D,
and F, subtype E” is now designated as a circulating recombinant form
(CRFO1_AE)] were also identified from the gag gene (Louwagie et al.,
1993). Based on phylogenetic comparisons of partial sequences subtypes G
to J were added (Janssens et al., 1994; Leitner et al., 1995). These subtypes
together were designated as a group called M which stands for “main,”
distinguishing from the groups O (outlier) (Gurtler et al., 1994) and N (non-M/
non-O) (Simon et al., 1998). Figure 1B shows the phylogenetic relation-
ships among the HIV-1 M group members. The tree was constructed by
using M group consensus sequences which were downloaded from the HIV
Sequence Database, August 2004 (http://www.hiv.lanl.gov). To demonstrate
the sequence variations of HIV-1 Env, samples of 100 Env sequences from
subtype B and C were obtained from the HIV Sequence Database, aligned,
and the amino acid variability at each position was calculated (Korber et al.,
1994) (Fig. 2). Note that although the level of variation is very high in the
variable regions (up to 60-80%), other regions of the Env are relatively
conserved in some cases containing invariant residues. It is tempting to
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FIGURE 2 Sequence variability at each amino acid position of the Env of prominent HIV-1
subtypes B and C. The x-axes indicate the positions of amino acids as well as allowed gaps from
multiple sequence alignments while the y-axes denote the value of sequence variation at each
position. The variable loops apparently have larger sequence variations comparing to other
portions of the Env (see the text).

speculate that those regions with close to 100% conservation have impor-
tant functions and if targeted by antibodies or small molecule drugs may not
mutate without significant loss of fitness of the virus.

B. Secondary Structure Elements

The Env sequence was used for prediction of its secondary structure by
computer modeling. Perhaps the most popular model was developed by
Gallaher ef al. (1989, 1995) before any Env three-dimensional (3D) struc-
tures were available. The model predicted predominantly helical structures
for gp120 but later the crystal structure analysis of the gp120 revealed
mostly -sheet structures. However, the model correctly predicted essential
features of gp41, specifically the two heptad repeats for gp41 that form
helical structures. The gp41 model is useful because of lack of available 3D
structure of the native gp41. In addition to the prediction of the localization
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of the heptad repeats, it is also useful for other applications including
localization of the antibody epitopes.

C. Tertiary (3D) Structures of gpl120 at
Atomic Resolution

The determination of the crystal structure of a deglycosylated gp120
core from IIIB complexed with a two-domain fragment from CD4 and the
Fab 17b (Figs. 3B, 4B, and 5A and C) at a resolution of 2.5 A in 1998 by
Kwong et al. (1998) was a major breakthrough which is still a paradigm for
research on the Env structure and function. Later the resolution was im-
proved to 2.2 A, and the structure of the gp120 core from another (primary)
isolate, YU2, was solved (Kwong et al., 2000). The 3D structure of gp120
with any of the variable regions (V1-VS5) was not available until recently
when the crystal structure of the JR-FL gp120 core with the V3 was deter-
mined in complex with CD4 and the broadly neutralizing antibody Fab X5
at 3.5-A resolution (Fig. 5B) (Huang et al., 2005b). The fully glycosylated
unliganded gp120 core structure from an SIV isolate was also recently solved
at4 A despite resolution-limiting problems (Figs. 3A and 4A). The structural
details derived from these four published crystal structures have provided a
wealth of information on the interactions with receptors and antibodies as
described in more detail below.

The gp120 complexed with CD4 and antibody has a unique fold compris-
ing two domains, inner and outer as designated with respect to the locations of
the N- and C-termini which are bridged by a four-stranded antiparallel sheet
(Fig. 3B). The inner domain contains two helices and a small five-stranded
f-sandwich. The outer domain consists of a six-stranded mixed-directional
B-sheet which clamps a helix, o2, and a seven-stranded antiparallel f-barrel.
The location of the V1-V2 stem is near to the inner domain. The V4 and V5
appear to be stemming out from different regions of the outer domain surface.
The recently solved structure of gp120 with the V3 suggests a structured V3,
which protrudes 3 nm from the core toward the target membrane (Fig. 5B)
(Huang et al., 2005b). The CD4-bound gp120 core structure for three different
isolates, IIIB, YU2, and JR-FL, complexed with two different antibodies, 17b
and X3, is essentially the same suggesting not only lack of conformational
changes induced by antibodies but also that the core structure is preserved for
these three isolates. In addition, since the seven disulfide bridges in the core are
conserved and buried, one can expect that the major features of the gp120 core
as the existence of inner and outer domains joined by a bridging sheet as well as
various structural elements including the predominantly S-type of structural
elements would be preserved in all HIV isolates. The sequences comprising the
inner domain are relatively more conserved than those for the outer domain.
The topological structure of gp120 was found compatible with results from
biochemical studies. However, the unique two-domain arrangement linked by
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FIGURE 3 Crystal structures of gp120 core in the unliganded and liganded states. (A) Ribbon diagram of the unliganded SIV gp120 core is shown as in
the same orientation of the liganded HIV gp120 structure. The color codes are in rainbow representation from colors blue to red for the N- to C-terminus.
The positions of variable loops and bridging sheets are labeled. (B) Ribbon diagram depicting the 3D-structure of HIV gp120 core complexed with the first
two domains (D1, D2) of CD4 receptor and the Fab fragment of human monoclonal neutralizing antibody 17b (CD4 and 17b are not shown here). The outer
domains (in green and yellow) of liganded and unliganded gp120 are relatively conserved while a dramatic change in the inner domain (blue and cyan)
occurs. The bridging sheet that connects inner and outer domains is not formed in the unliganded gp120.
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FIGURE 4 Molecular surface diagrams of unliganded (A) and liganded (B) gp120 cores are rendered as viewed from the perspective of CD4 receptor
binding. The residues in direct contact with CD4 are i°n blue; residues contacting the CD4i antibodies, namely, 17b and X35 are in red. The contact residues
were selected by limiting interatomic distance of 3.8 A between gp120 core to the CD4 and CD4i antibodies.
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FIGURE 5 Structures of HIV-1 gp120 complexes with CD4 receptor and CD4i antibodies,
17b and X35. (A) HIV-1 gp120 core (green) is bound to the CD4 (orange) and Fab 17b antibody
(magenta for heavy and pink for light chains). (B) CDR H3 conformations of antibodies in the
free and bound forms are given in stereoviews as crystal structures of 17b and X§ antibodies
were available in isolation (PDB codes: 1RZ8 and 1RHH, respectively). (C) HIV-1 gp120 core
with an intact V3 (green) is bound to the CD4 (orange) and Fab X5 antibody (blue for heavy and
cyan for light chains). CDR H3 loops are labeled and indicated by arrows. The CDR H3
conformations of 17b antibody (C) are similar in free and bound forms. Notably, the H3 of
X5 (D) undergoes a large conformational change with the maximum displacement up to 17 A
(blue in bound form and light blue in free form).

a bridging sheet that allows large receptor-induced conformational change has
not been anticipated.

The unliganded gp120 (free gp120) has structural arrangements that are
remarkably different from those of its CD4-bound form (Fig. 3). The CD4
binding induces large structural changes in the inner domain. Although the
overall inner domain structure in the unliganded gp120 is different from that
in the CD4-bound gp120 structure, the elements of the secondary gp120
structures are preserved but significantly shuffled and reorganized. Indeed in
contrast to the liganded state, the inner domain in the unliganded state is not
a single domain but a mixer of distinct substructures—an a-helix, a f-ribbon
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from one half of the bridging sheet with the V1-V2 stem, and a three-
stranded f-sheet with two consecutive strands (Fig. 3A). There are four
conserved disulfide bonds in the inner domain that could interlock the
structural elements and allow for a large motion with respect to each
other. In contrast to the inner domain, the outer domain structure does not
change significantly after binding of CD4 except for some local variations
as shown for segments colored with green and yellow (Fig. 3). A promi-
nent feature of the unliganded structure is that the bridging sheet is absent
and each of its two B-ribbons is displaced up to 20-25 A. There are two
major differences between the unliganded and liganded gp120 structures in
relation to CD4 binding. First, the dislocation of the CD4-binding loop with
a conserved GGDPE sequence motif, which contacts the complementarity
determining region (CDR)2-like loop of CD4. Second, the reorientation
of the 20-p21 loop that forms the p-ribbons of the bridging sheet.
In addition, both the receptor and coreceptor binding sites are not formed
in the unliganded conformation (Fig. 4).

D. 3D Structures of gp41 Fragments

The 3D structure of gp41 in its native state complexed with gp120 is
currently unknown. However, several structures of fragments from gp41
have been solved which likely correspond to a postreceptor-binding
state. The crystal structures of self-assembled HIV-1 (Chan et al., 1997;
Weissenhorn et al., 1997) and SIV (Malashkevich et al., 1998) heptad
repeats revealed a six-helix coiled-coil bundle (Fig. 6). This coiled-coil
structural feature was previously noted in the hemagglutinin membrane
spanning subunit (HA2) (Bullough et al., 1994; Carr and Kim, 1993) and
in the TM subunit of Moloney murine leukemia virus (Mo-MLV) (Fass et al.,
1996). The heptad repeats HR1 and HR2 are about 40-60 amino acid
residues long each with 4-3 hydrophobic repeat sequence and are located
between the fusion and the transmembrane domains (Fig. 6A). Complexa-
tion of peptides based on these heptad repeats leads to the formation of a
thermodynamically stable core of gp41. The gp41 core, the N36-C34 com-
plex, is a six-stranded helical bundle structure consisting of an internal
trimeric coiled coil of three N36 helices running parallel to each other, and
of external shell of three C34 helices running antiparallel to the N36 helices
in a left-handed manner around the central coiled-coil trimer (Fig. 6B). The
overall size of the complex in a rectangular shape is about 35 A in width and
55 A in height. The 46-residue fragment which connects N36 with C34 is
thought to be highly flexible.

The conserved patterns of the amino acid residues in the heptad regions
are correlated with the structural and functional properties of the a-helical
core structure of gp41. Most of the N-peptide amino acid residues make
protein—protein interactions in the internal trimer and form grooves on the
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FIGURE 6 Crystal structure trimeric gp41 fragment. (A) A schematic view of gp41 Env
showing the locations of functional regions corresponding to the N36 and C34 peptide frag-
ments. (B) The peptides N36—-C34 complex forms a stable o-helical domain of six-helix bundle
structure. The N36 (green) and C34 (red) helices point to each other in the opposite directions;
N36 forms the inner core of the trimeric structure while C34 warps the core. (C) The bottom
view of the trimer clearly depicts the arrangement of N36-C34 complex.

surface, which interact with the C-peptide. Thus, N-peptide residues
involved in the interactions are highly conserved among HIV-1, HIV-2,
and SIV. Similarly, C-peptide residues interacting with N-peptide helices
are conserved for a broad range of isolates. A key structural feature on the
surface of the N36 trimer is a deep and large cavity which is made up of
Leu568, Val570, Trp571, Gly572, and Leu576 resulting in a hydrophobic
pocket. This pocket accommodates three protruding hydrophobic residues,
Ile635, Trp631, and Trp628, from the C34 helix. All N36 residues forming
the cavity are identical between HIV-1 and SIV strains.

The gp41 structure has provided useful information about the mem-
brane fusion mechanism as well as the possibility for its inhibition. Muta-
tions of residues responsible for the gp41 core stabilization affect HIV
infectivity and membrane fusion. The positions of some key mutations
map to the interaction site between the N36 and C34 helices.
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E. Quaternary (Oligomeric) Structure

The oligomeric 3D structure of the Env is critical for our understanding
of the mechanisms of entry and neutralization. The structure remains un-
known but there are hopes for progress in the near future. Very recently,
cryoelectron microscopy (CEM) provided a glimpse of how an oligomeric
Env may look like although not at the atomic level of detail. Two different
studies depicted somewhat different trimeric Envs and analyzed their distri-
bution on the virion surface (Fig. 7) (Zanetti et al., 2006; Zhu et al., 2006).
Zhu et al. (2006) described the structural details of an SIV virion at about
3-nm resolution in which an individual Env has three monomers of gp120-
gp41 in a tripodlike structure. The overall structure of the Env has two
components: “head” and “stalk.” The head is mainly composed of gp120
which is supported by the stalk in the form of three separate gp41 legs.
The dimension of the trimeric Env derived from this study, 10.5 nm thick-
ness of the head and 1.9 nm vertical length of the legs are comparable to
those derived in an earlier study (Zhu et al., 2003). The open tripodlike
leg arrangement is also seen in the Env of Mo-MLV (Forster et al., 2005).

Head Head

Legs Compact stalk
Three-legged Env One-legged Env

FIGURE 7 Diagrams illustrate 3D structures of Env spikes as revealed from cryoelectron
microscopy. (A) The model obtained at ~3.2-nm resolution by Zhu et al. has a head structure
comprising trimeric gp120 in three lobes, which is supported by three separate legs in a tripod-
like arrangement. The model fitting based on the available gp120 crystal structures suggests
carbohydrates on the top; CD4 on the periphery appears closer to the variable loops which may
shield the conserved regions of gp120 and gp41. (B) The Env spike model at 2.8-nm resolution
as presented by Zanetti et al. is similar in having a three-lobed head supported by stalk as seen by
Zhu et al. but with a subtly different compact stalk with no obvious separation as three legs at
the gp41 stem. Model fitting using the gp120 core structures indicates the exposed receptor
binding sites, which are protected by the sugars and variable loops. The bridging sheet is either
hidden at the trimer-g41 interface or protected by the V3 loop.
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The legs are considerably separated and potentially accessible by antibodies.
By using gp120 core structures from the liganded and unliganded states,
Zhu et al. performed docking on the tomograms such that the gp120 appears
on the top with sugar-coated facing up and the variable loops along the side
of the spike masking critical CD4-binding site (CD4bs). On the transmem-
brane glycoprotein side, a lower density was observed between the legs of
the stem region, where the highly conserved membrane proximal external
region (MPER) is located, causing a gap in the surface-rendered model
which suggests possible interactions for this region with the plasma mem-
brane. The recent CEM study by Zanetti et al. (2006) also focused on the
tomographic Env structure of SIV. This study also reveals an Env organiza-
tion with a three-lobed membrane-distal gp120 trimer and tightly interact-
ing monomers in the gp41 trimer leading to a mushroom-shaped structure
with a single stalk. The latter arrangement of the gp41 Env as a single leg
contradicts the tripod legs seen by Zhu et al. (2006). Possible reasons for the
discrepancy in these models could be due to different data collection and
image analysis strategies employed (Subramaniam, 2006). It appears that
the CEM imaging is still in a developmental stage, and further refinement of
methodologies is needed before the results of this promising technology
could be accepted with confidence. However, both models provided new
levels of structural knowledge to our understanding of the native trimeric
Env conformation. Further advancements in CEM imaging or X-ray crystal-
lography at higher resolution and analyzing Env complexes with different
monoclonal antibodies (mAbs) recognizing various segments of Env could
provide more accurate and complete information.

IV. Env Interactions with CD4 and Coreceptor
(CCRS5 or CXCR4) Leading to Membrane Fusion

To enter cells, HIV interacts with receptor molecules. Although formally
it has not been demonstrated that CD4 and coreceptor are sufficient to
mediate membrane fusion after binding to the Env for example, by incor-
porating them in bilayer membranes and show fusion, it appears that they
are the major determinants of the efficiency and kinetics of plasma cell
membrane fusion with HIV (Dalgleish er al., 1984; Feng et al., 1996;
Klatzmann et al., 1984). Alternative receptors, the most notable being
galactosyl ceramide, could mediate fusion of CD4— cells but at very low
efficiency, and its biological relevance is not clear (Alfsen and Bomsel, 2002;
Harouse et al., 1991; Kensinger et al., 2004). Similarly, CCR5 and CXCR4
are the major biologically important coreceptors, although other chemokine
receptors can also serve as coreceptors (Coughlan et al., 2000; Puffer et al.,
2000; Sharron et al., 2000). A number of other molecules have been found
that could enhance the fusion process mostly by enhancing binding but they
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are not directly involved in the entry process (Broder and Dimitrov, 1996;
Pleskoff et al., 1998). Thus, here we will review advances in our understand-
ing of the Env interactions with CD4 and coreceptor (CCRS or CXCR4)
that are critical for the HIV entry into cells. We will focus mostly on the
structural basis of those interactions.

A. CD4 Structure and Biological Function

Human CD4 is a 55-60 kDa type I membrane glycoprotein which con-
sists of 433 amino acids as derived by its cDNA sequence (Littman et al.,
1988; Maddon et al., 1985). It contains a 372-residue extracellular portion
linked by a hydrophobic transmembrane domain to a 41-residue cytoplasmic
tail. The extracellular portion can be divided into four immunoglobulin (Ig)-
like domains, designated D1, D2, D3, and D4. Every domain, except D3,
contains one disulfide bridge. D1 and D2 are not glycosylated, but D3 and D4
have two N-linked glycosylation sites. The overall shape of the CD4 extra-
cellular portion is rodlike with a length of about 12.5 nm (Kwong et al.,
1990). The transmembrane portion is rich in hydrophobic amino acid resi-
dues and forms a helical structure. The short cytoplasmic tail of CD4 associ-
ates with p56'*“—a tyrosine kinase from the src family. It contains two
cysteins, which are essential for the interaction with Ick.

The crystal structure of the first two CD4 domains (D1D2) was first
solved for human CD4 (Ryu et al., 1990; Wang et al., 1990), and the
structure of the membrane proximal domains (D3D4) was later solved for
rat CD4 (Lange et al., 1994). Finally, the crystal structure of the whole
extracellular portion of CD4 (four-domain CD4, also known as soluble
CD4, sCD4) was solved in 1997 (Wu et al., 1997). Both fragments (D1D2
and D3D4) form rigid, rodlike similar to each other structures. The area
buried between the domains allows for a limited flexibility. The first domain,
which contains the high-affinity binding site for gp120, is composed of nine
p-strands following the Ig fold that resemble in many aspects the structure of
the variable (V) domains of an Ig. By analogy with the antibody V domains
the nine strands are termed A, B, C, C’, C", D, E, E, G; four of them (ABDE)
form an antiparallel f-sheet, which is packed against another antiparallel
p-sheet formed by CC'C"FG. Also by analogy with the hypervariable CDRs
of Ig V domains, the loop between the strands B and C is termed CDR1, that
between C’ and C” termed CDR2, and that between F and G termed CDR3.
However, there are two important differences between D1 of CD4 and an Ig
V domain: (1) missing the features of an Ig domain, which are involved in the
dimerization with another V domain, and (2) the C'/C” loop (CDR2) pro-
trudes away from the body of the domain; particularly the hydrophobic
side chain of F43 is completely exposed to water. That exposure of F43 plays
an important role in the interaction with gp120. Domains 1 and 2 have
significant overlap, which stabilizes the conformation of the fragment and



The HIV Envelope Glycoprotein 47

makes any significant motion at the joint region unlikely. The structure of
the fragment from the third and fourth domain of rat CD4 resembles that of
the human D1D2 fragment.

The crystal structure of the four-domain sCD4 molecule suggested that
the hinge region between the second and the third domain produces varia-
bility in structures suggesting flexibility. It was also found that sCD4 forms
dimers and that the dimerization occurs by interactions between the D4
domains. In solution, dimerization occurs at relatively high CD4 concentra-
tions (in the millimolar range), which indicates relatively weak interactions
and explains why CD4 dimerization has not been observed in gels. However,
at the membrane surface, due to the 2D limitation of CD4 motion and
restrictions related to the domain structure of the membrane, the CD4
local concentration could be relatively high leading to formation of dimers.
A simple estimation shows that for a typical lymphocyte with a radius of
several micrometers, membrane thickness 50 nm and about 10* surface-
associated CD4 molecules, the equivalent bulk CD4 concentration should
be in the millimolar range. Earlier observation based on lateral mobility
measurements demonstrated that a large portion of membrane-associated
CD4 is dimerized or forms higher order complexes (Pal et al., 1991).

The biological function of CD4 was first studied in rat lymphocytes
where it was identified in 1977 by using an mAb—W3/25 (Williams et al.,
1977). Its human homologue was identified in human T cells by using the
mADb T4 (Reinherz et al., 1979). CD4 is expressed on about 60% of periph-
eral blood T lymphocytes (Reinherz et al., 1979) and in the cells of the
monocyte-macrophage lineage including microglial cells and dendritic cells,
which are antigen-presenting cells and include Langerhan’s cells of the skin
and mucous membranes. CD4 plays a central role in the initiation of T cells
responses as a coreceptor of the antigen-dependent and class IT major histo-
compatibility complex (MHC)-dependent interactions that initiate T-cell
activation through the T-cell receptor (TCR) (Reinherz and Schlossmann,
1980). According to the coreceptor model both CD4 and TCR bind to the
same class II molecule, they physically associate on the cell surface on
antigen stimulation, the CD4-TCR complex generates a much stronger
signal than TCR alone, and the CD4 molecule can transduce a signal. In
addition to its central role in activation of T helper cells, CD4 may have
other physiological functions. For example, its interaction with IL-16 leads
to an increase in intracytoplasmic calcium and inositol trisphosphate, and
migratory responses.

B. CD4 Binding to gpl20

CD4 binds to gp120 with relatively high (nM) affinity, which is highly
variable with the isolate tested and does not significantly depend on the
temperature suggesting that the binding is entropy determined. The kinetic
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constant of sCD4 binding to gp120-gp41 expressing cells depends on tem-
perature suggesting the existence of an energy barrier. The association rate
constant at 37°C was determined to be 1.5 x 10° M~! s ! and the respective
dissociation rate constant—3.3 x 10~* s™! (Dimitrov et al., 1992). The
association rate constant decreases with temperature following double hy-
perbolic dependence with a break at 18°C. At 4°C the association constant
value reaches 1.1 x 10% which is a 14-fold decrease in comparison to
the value at 37°C. The equilibrium dissociation constant and the rate con-
stants vary for the different experimental systems used to measure them—
binding of sCD4 to gp120-gp41 expressing cells or to virions, or binding
of gp120 to CD4 expressing cells or to sCD4 in solution, thus reflecting
changes in the structure of the Env for different virus isolates and the effect
of the oligomeric structure. The essential features of the CD4-gp120 bind-
ing process remain consistent to that of binding of two large molecules
having binding site areas much smaller than the overall surface area of the
molecules—similar to the binding of antibodies to large antigens.

The binding site for gp120 on CD4 was dissected by using mAbs specific
for different epitopes of CD4 and by site-directed mutagenesis of CD4. It was
localized on the first domain—amino acids 39-52. The X-ray crystallogra-
phy data showed that the binding epitope is a ridgelike structure formed by
the C’ and C” strands and the loop which connects them, corresponding to
the CDR2 of an Ig V domain. At the top of the C' is a hydrophobic amino
acid, F43, which is completely exposed to the water environment and is
critical for binding. The exposure of F43 on CD4 suggested that gp120
contains a hydrophobic cleft able to accommodate the protruding F43. The
X-ray crystal structure at 2.5-A resolution of an HIV-1 gp120 core, com-
plexed with a two-domain fragment of human CD4 and an antigen-binding
fragment of an antibody that blocks chemokine-receptor binding, revealed a
cavity-laden CD4-gp120 interface, a conserved binding site for the chemo-
kine receptor, evidence for a conformational change on CD4 binding, the
nature of a CD4-induced (CD41i) antibody epitope, and specific mechanisms
for immune evasion (Kwong et al., 1998). A more accurate modeling of less-
well-ordered regions provided conclusive identification of the density in the
central cavity at the crux of the gp120-CD4 interaction. The structure of a
gp120 core from the primary clinical HIV-1 isolate, YU2, compared to that
of HXBc2 showed that while CD4 binding is rigid, portions of the gp120 core
are conformationally flexible; overall differences are minor, with sequence
changes concentrated on a surface expected to be exposed on the envelope
oligomer (Kwong et al., 2000). Ongoing crystallographic studies of gp120
are revealing how conserved regions involved in CD4 binding, which are
the targets of broadly neutralizing antibodies, are concealed from immune
recognition (Kwong, 2006).

Binding of CD4 to gp120-gp41 induces rearrangements in the gp120-
gp41 complex resulting in two types of structural changes: (1) dissociation
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of the CD4-gp120 complex from gp41 (gp120 shedding) and (2) exposure
of epitopes on gp120 and gp41 as measured by an increased antibody
binding and enhanced cleavage by proteases. While the lack of correlation
between sCD4-induced shedding and membrane fusion argues against
gp120 shedding as a fusion intermediate, the possibility remains that shed-
ding represents either an abortive pathway of fusion or a final product of the
CD4-gp120-gp41 interaction. Despite the lack of knowledge how shedding
is involved in fusion, it is clear that it contributes to the irreversible inacti-
vation of HIV-1 by sCD4 as well as by neutralizing antibodies. The results of
a recent study indicate that the interactions of membrane-associated oligo-
meric Env with clusters of membrane-associated CD4 induce conformation-
al changes that after interactions with coreceptors result in the exposure
of helical gp41 structure reactive with antibodies, for example, NC-1
(Dimitrov et al., 2005). In a parallel reaction, Env-target complexes dissoci-
ate to expose triggered gp120—gp41 on the surface, which further can
dissociate to monomers and be inactivated.

C. Interactions of gp120 with Alternative Receptors

Many CD4— cells from neural, epithelial, cervical, and fibroblast origin
are infectable by HIV including primary virus isolates. While in some cases
the infection still can be mediated by low but undetectable amounts of CD4,
in many systems, anti-CD4 mAbs, for example, Leu3A and OKT4A as well
as sCD4 cannot inhibit the infection even at high concentration, clearly
demonstrating that the infection is mediated by molecules other than CD4.
One of the molecules, which have been implicated in mediating the
CD4-independent infections, particularly in neural, colon epithelial, and
possibly sperm cells is the galactosyl ceramide and its derivatives or struc-
tural homologues. These molecules are monohexoside glycolipids inserted in
the cellular plasma membranes by two aliphatic chains of their ceramide
moieties. They contain one galactose residue in ff-glycosidic linkage, which
protrudes outside the membrane and is the apparent binding site of gp120
and antibodies. These glycolipids were proposed as alternative HIV recep-
tors based on inhibition of HIV infections by antibodies and binding of
gp120 to these galactosyl ceramides as well as the association of greater
infectivity with higher expression of those molecules.

Galactosyl ceramides were not detected on lymphoid cells, but are
expressed on monocyte-derived macrophages (MDM). Antibodies to them
reduce virion binding, but do not inhibit infection in macrophages. Unlike
infection of CD4+ cells, infection of CD4— cells is usually of lower efficien-
cy possibly due to inefficiency of the alternative receptor and the small
number of cells expressing it. On the background of this inefficient virus
spread, detection of inhibition is difficult. It was demonstrated that the
inhibition of HIV-1 infection of neural cell lines by anti-galactosyl ceramide
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antibodies is significant but not complete. However, infection of a colon
epithelial cell line (HT29) with such antibodies almost completely prevented
infection in contrast to the anti-CD4 antibody Leu3A, which had no effect.
Most of the evidence for the proposed role of galactosyl ceramide as an
alternative receptor comes from studies of gp120 (gp160) binding to cells
expressing galactosyl ceramide or its derivatives. The binding is specific with
relatively high affinity—the equilibrium dissociation constant is in the nano-
molar range. While the galactose residue in f-glycosidic linkage is the likely
site of gp120 binding on the glycolipid, the binding of the receptor to gp120
has not been accurately determined, but may require intact 3D structure
because gp120 denaturation prevents binding to galactosyl ceramide. A 193-
amino acid fragment from gp120 containing the V3, V4, and V35 regions is
probably involved in binding to galactosyl ceramide as shown by generation
of infectious chimeric viruses containing that fragment from HIV-1yj,
which infects galactosyl ceramide expressing cells, in contrast to HIV-1g9 ¢,
which does not. The involvement of V3 loop was also shown by anti-V3 loop
antibodies, which blocked the binding of galactosyl ceramides to gp120.
Interestingly, the preincubation of gp120 with sCD4 caused an increased
binding of gp120 to galactosyl ceramide consistent with the model that
CD4 induces conformational changes leading to an increased exposure of
epitopes including V3 loop. Whether binding to galactosyl ceramide induces
conformational changes in gp120-gp41 needs to be clarified. It has been
already shown that galactosyl ceramide mediated entry does not require
coreceptor, at least not those that help CD4. Other alternative CD4-indepen-
dent infection pathways include Fc-receptor- and CR-2-receptor-mediated
virus uptake. Those pathways are not efficient and the receptor nature of the
participating molecules is not characterized as extensively as for galactosyl
ceramide.

While HIV-1 infection is generally not so efficient in CD4— cells, some
strains of HIV-2 have the ability to induce rapidly spreading infection and
syncytia formation of CD4— cell lines. The highly cytopathic nature of these
infections has suggested that these strains are able to utilize an alternative
receptor with high efficiency, unlike the case of HIV-1 infecting galactosyl
ceramide expressing cells. It was demonstrated that the receptor for an
HIV-2 strain, termed HIV-2/vcp, is CXCR4, the coreceptor for the T-cell
line tropic HIV-1 isolates (Endres et al., 1996). The HIV-2/vcp strain was
derived from the HIV-2/NIH-z isolate and was shown to infect a number of
CD4- lymphoid cell lines of T-cell (BC7, HSB, CEMss4-) and B-cell (Daudi,
Nalmé6) origin, as well as the nonlymphoid rhabdomyosarcoma line RD,
which cells are not infectable by HIV-1. The infection with HIV-2/vcp is
rapid with extensive cytophatic and formation of syncytial, which cannot
be inhibited by anti-CD4 antibodies. In this infection, CXCR4 serves as
an alternate receptor, which was supported by three lines of evidence:
(1) infection of CD4— cells can be inhibited by 12GS5, an anti-CXCR4
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specific mAb, (2) cells expressing CXCR4 are able to fuse with HIV-2/vcp-
infected cells and support viral infection, and (3) CXCR4 was downregu-
lated by the HIV-2/vcp infection possibly due to direct interaction between
the Env and CXCR4 and the Env or other indirect effects. The interaction of
the HIV-2/vcp gp120 with CXCRS involves residues from the CXCR4
N-terminus and the second and third extracellular loops (Lin et al., 2003).

The use of an HIV-1 coreceptor as a primary receptor by isolates of
HIV-2 indicates that whether a molecule will serve as a receptor or core-
ceptor depends on the virus structure. It is another demonstration of the
ability of HIV for rapid accommodation to changing environments. It has
been hypothesized that CXCR4 and other chemokine receptors could have
been initially used as primary receptors for primate lentiviruses and the
adaptation of HIV-1 to CD4 is a later event (Dimitrov, 1997; Dimitrov
and Broder, 1997).

D. Structure and Biological Function of the Chemokine
Receptors CXCR4 and CCR5

Available evidence suggests that biologically important coreceptors for
HIV are the chemokine receptors CXCR4 and CCRS (Berger et al., 1999).
They consists of an extracellular N-terminus, an intracellular C-terminus,
seven o-helical transmembrane domains with several conserved Pro resi-
dues, and three intracellular and three extracellular loops composed of
hydrophilic amino acids (Dimitrov and Broder, 1997; Dimitrov et al.,
1998). Highly conserved cystein residues form disulfide bonds between the
first and the second extracellular loops, and between the N-terminus and the
third extracellular loop. Both CXCR4 and CCRS are 352-amino acids long
proteins and possess highly acidic N-termini. CXCR4 contains two potential
N-linked glycosylation sites—one in the N-terminus, where most G-protein—
coupled receptors also contain such sequence motifs and one in the second
extracellular loop. CCRS possesses only one N-linked glycosylation site in
the third extracellular loop. The C-termini of both molecules are rich in
conserved Ser and Thr residues and represent potential phosphorylation
sites by the family of G-protein—coupled receptor kinases following ligand
binding. The highly conserved cysteine residues that are believed to form
disulfide bonds may confer a unique barrel shape by bringing the extracellu-
lar domains into closer proximity.

E. Env Interactions with CXCR4 and CCR5

CXCR4 can be coimmunoprecipitated with CD4 in the presence of
gp120 (Lapham e al., 1996). It can interact with CD4 also in the absence
of gp120 (Basmaciogullari et al., 2006; Lapham et al., 1999; Sloane et al.,
2005). Gp120 can also interact with CXCR4 in the absence of CD4 but with
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relatively low affinity—for example, an affinity constant of 86 nM was
measured for the interaction between gp120 and CXCR4 expressed on the
surface of CD4— neuronal cells (Hesselgesser et al., 1997). Thus, the high-
affinity nanomolar CD4-gp120 interaction significantly increases the affini-
ty of CXCR4 to both gp120 and CD4 on complexation. Similar findings
were reported for the binding of gp120 to CCRS-expressing cells in the
presence of competing radiolabeled chemokines—MIP-18, MIP-1«, and
RANTES (Trkola et al., 1996a; Wu et al., 1996). It was shown that gp120
binding to CCRS was 100- to 1000-fold enhanced by soluble or cell surface—
associated CD4 measured by inhibition of the chemokine binding to CCRS.
Antibodies against CD4i epitopes, V3 and V2 loop epitopes, and a C3-V4
epitope on gp120, as well as antibodies to the gp120 binding site on CD4
and to lesser extent on the CDR3-like region of CD4 D1 prevented the
enhancement effect. In the absence of CD4 a relatively low-affinity interac-
tion between gp120 and CCRS can occur. In the absence of gp120 CCRS
similarly to CXCR4 associates with CD4 (Lapham et al., 1999; Staudinger
et al., 2003; Xiao et al., 1999). In some cell lines, association of CD4 with
CCRS5 was not observed (Basmaciogullari et al., 2006).

The 3D structures of gp120 complexes with CXCR4 or CCRS are
currently unknown and therefore the exact localization of the interaction
sites is not known. However, a number of studies provided data that allow to
approximately localize the binding sites on gp120 and on CXCR4 and
CCRS. After the identification of CXCR4 as the long-sought fusion cofactor
by E. Berger and associates (Feng et al., 1996), it has been hypothesized that
CXCR4 forms a trimolecular complex with CD4 and gp120, and was
speculated that the second extracellular loop of CXCR4 is likely to make a
contact with gp120 because it is the longest one, and that V3 is likely to be
involved in binding to coreceptors because it is a major determinant of the
HIV-1 tropism (Dimitrov, 1996). This model proposed a decade ago con-
tinues to be essentially correct but much more information has been accu-
mulated that has provided important clues how gp120 interacts with
coreceptors and how these interactions could be inhibited. A first indication
that the coreceptor N-terminus is important for the interaction with gp120
was obtained in the same study that first reported the discovery of an HIV-1
fusion cofactor—a polyclonal rabbit antiserum to the CXCR4 N-terminus
inhibited HIV-1 Env-mediated fusion and virus infection (Feng et al., 1996).
Subsequent studies confirmed and extended this initial observation to CCRS
and also discovered the critical role of the coreceptor second extracellular
loop in the interaction with gp120. By using chimeras between CCRS and
CCR2b, it was shown that the first 20 amino acids at the N-terminus of
CCRS were critical for coreceptor activity and that the N-terminal domain
of CCRS could confer coreceptor function when placed into the CCR2b
background (Rucker et al., 1996). A parallel study obtained similar results
utilizing the N-terminus of human CCRS and the murine CCRS background



The HIV Envelope Glycoprotein 53

(Atchison et al., 1996). Viruses that use only CCRS as a coreceptor also
interact with the extracellular loops and could tolerate substitution of the
N-terminal domain with the corresponding N-terminal domain from diver-
gent chemokine receptors including CCR2b, CCR1, CXCR2, and CXCR4
(Doranz et al., 1997; Rucker et al., 1996). Recently, mAb directed to the
second extracellular loop of CCRS were detected in long-term nonprogres-
sing HIV-1 positive individuals (Pastori et al., 2006). The loss of antibodies
in these cases correlated with progression of the disease, which is an indica-
tion that the second extracellular loop of CCRS is a possible target for
inhibitors with an in vivo efficacy. Changes in individual residues of CCRS
resulted in different effects on Env-mediated fusion by an R5-tropic versus
dual-tropic Env, which indicates that HIV-1 isolates differ in the way they
interact with their coreceptors—CCRS restricted viruses can interact with
two binding sites on CCRS, one in the N-terminal domain and one in the
second extracellular loop, while a dual-tropic Env exhibited a reduced
ability to utilize the second extracellular loop and are more sensitive to
mutations in the N-terminal domain (Doranz et al., 1997; Rucker et al.,
1996). Similarly to CCRS chimeras, chimeras based on CXCR4 and CXCR2
were examined for their ability to support Env-mediated cell fusion. CXCR4
and CXCR2 share ~35% amino acid identity. In contrast to the observations
with CCRS, the N-terminal domain of CXCR4 did not confer coreceptor
function to CXCR2 or CCRS (Lu et al., 1997; Picard et al., 1997). The
CXCR4 N-terminus could be substituted by the corresponding region from
CXCR2 and still retains the coreceptor function for four of the five examined
Env proteins, albeit with lower efficiency than the wild-type CXCR4. Because
of this lower efficiency, it was proposed that the N-terminus may be con-
tributing directly to the binding or indirectly by promoting conformation
that favors interactions with particular Envs. It was also found that the role
of the N-terminus depends on the virus isolate, but does not clearly correlate
with the virus tropism. As noted above using an HIV-2 Env as a tool to identify
residues of CXCR4 involved in binding to gp120 suggested that both the
second and the third extracellular loops of CXCR4 in addition to its
N-terminus contribute to the gp120 binding (Lin et al., 2003).

Studies with CCRS show that 10 variants out of 16 natural CCRS
mutations, described in various human populations, responding to chemo-
kines, are able to act as coreceptors, are efficiently expressed at the cell
surface, and bind [(125)I]-MIP-1beta with affinities similar to wtCCRS5
(Blanpain et al., 2000). In addition to Delta32 mutations, only C101X is
totally unable to mediate entry of HIV-1. The fact that nonfunctional
CCRS alleles are relatively frequent in various human populations reinforces
the hypothesis of a selective pressure favoring these alleles (Blanpain
et al., 2000). Polymorphisms of the chemokine receptor CCRS genes have
been implicated in HIV disease progression, resistance, or nonprogressive
infection. There are two distinct forms of the CCRS protein, 62 and 42 kDa,
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that are present in human lymphocytic cells and monkey peripheral blood
mononuclear cells. The ratio of these two forms of CCR5 changes with cell
growth. Localization studies indicate that the 62-kDa CCRS resides mainly
on the cell membrane and the 42-kDa CCRS5 is present solely in the cyto-
plasm of the cells and therefore cannot function as HIV coreceptor (Suzuki
etal., 2002).

The HIV-1 Env and SDF-1a share functional sites on the extracellular
domains of CXCR4. Recent data, however, show that there are also four
mutations of the second extracellular loop, D182A, D187A, F189A, and
P191A, that can reduce HIV-1 entry without impairing either ligand binding
or signaling (Tian et al., 2005). Another study shows that CXCR4 can differ
both structurally and functionally between cells, with HIV-1 infection and
chemotaxis apparently mediated by different isoforms (Sloane et al., 2005).
A comparison of wild-type (wt) and dual N-linked glycosylation site, N11A/
N176A, mutant CXCR4 expressed in 3T3 and HEK-293 cells demonstrated
variability in glycosylation and oligomerization in almost half of the iso-
forms. Immunoprecipitation of CXCR4 revealed monomer and dimer non-
glycosylated forms of 34 and 68 kDa from the N11A/N176A mutant,
compared with glycosylated 40 and 47 kDa and 73 and 80 kDa forms
from wt. The functional specificity of these isoforms was also demonstrated
by the fact that of the 11 different isoforms only an 83 kDa form was found
to bind gp120 from HIV-1 IIIB.

F. HIV Entry into Cells Mediated by the Env Interactions
with CD4 and Coreceptor

The Env binding to CD4 induces major conformational changes that
lead to reorganization of the structural elements comprising the coreceptor
binding site (Fig. 4) and enhanced binding to coreceptor (CCRS or CXCR4)
by gp120. The coreceptor binding induces additional conformational
changes in gp120 that are transmitted to gp41, which undergoes major
conformational changes required for fusion of the viral with the cell mem-
brane. Currently, there are no 3D structures available of the complex of
gp120 with coreceptors and the nature of the conformational changes
induced by coreceptors in gp120 remains largely unknown. However, sever-
al 3D structures of complexes of gp41 fragments are available that are
thought to play a major role in the gp41 conformational changes that
cause the merging of the viral with the plasma cell membrane. The most
prominent of these structures is the so-called six-helix bundle which is
thought to be a postfusion structure, a result of conformational changes of
a pre-hairpin intermediate (Fig. 6) (Chan and Kim, 1998; Lu et al., 1995;
Weissenhorn et al., 1997). It has been suggested that the formation of this
six-helix coiled-coil drives the membrane fusion (Markosyan et al., 2003;
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Melikyan et al., 2000), although there are indications that six-helix bundles
could form prior to fusion (Golding et al., 2002). A parallel pathway is
possible that involves the generation of gp41 monomers coexisting with
trimers during the fusion process (Dimitrov et al., 2005). The structural
basis of the HIV entry mechanism is an active area of research and new
exciting developments are expected in the near future.

V. Env Interactions with Antibodies

Infection with HIV or immunization with Env-based immunogens elicits
antibodies which can be divided in six major classes in dependence on the
location and properties of their epitopes (Choudhry et al., 2006a): (1) anti-
bodies that bind to the region containing the CD4bs on gp120, (2) antibodies
binding better to gp120 complexed with CD4 than to gp120 alone (CD4i
antibodies), (3) carbohydrate-binding antibodies, (4) gp120 V2- or V3-
binding antibodies, (5) gp41 antibodies targeting the MPER, and (6) anti-
bodies binding to other epitopes on gp41. Most of these antibodies are
isolate specific. HIV uses various strategies to escape immune responses,
including rapid generation of mutants that outpaces the development of
neutralizing antibodies (Garber e al., 2004; Richman et al., 2003; Wei
et al., 2003) and hiding conserved structures of its envelope glycoprotein
(Env) that are important for replication (Burton, 2002; Johnson and Desro-
siers, 2002; Poignard et al., 2001; Wei et al., 2003). These conserved
structures are hidden by variable loops, extensive glycosylation, transient
exposure, occlusion within the oligomer, and conformational masking; thus
elicitation of broadly cross-reactive neutralizing antibodies (bcnAbs) in vivo
is rare and usually occurs after relatively long periods of maturation (Burton
and Montefiori, 1997; Zolla-Pazner, 2004). Only several Env-specific
human monoclonal antibodies (hmAbs) have been found (Zolla-Pazner,
2004) to exhibit neutralizing activity to primary isolates from different
clades, including the anti-gp120 antibodies b12 (Burton et al., 1994;
Roben et al., 1994), 2G12 (Sanders et al., 2002; Scanlan et al., 2002; Trkola
et al., 1996b), m14 (Zhang et al., 2004b), m18 (Bouma et al., 2003), F105
(Cavacini et al., 1998), 447-52D (Gorny et al., 1992) and Fab X5 (Moulard
et al., 2002), and the anti-gp41 antibodies 2F5 (Muster et al., 1993), 4E10
(Stiegler et al., 2001; Zwick et al., 2001) and Fab Z13 (Zwick et al., 2001).
Recently, several novel gp41-specific hmAbs were identified that exhibit
broad neutralizing activity and bind to conformational epitopes that are
distinct from those of 2F5 and 4E10 (Zhang and Dimitrov, 2006; Zhang
et al., 2006). These rare cross-reactive antibodies are of particular impor-
tance because their epitopes can be used as templates for design of vaccine
immunogens and as target for inhibitors. The antibodies themselves have
potential as therapeutics. Here we will focus on the latest advances in our
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understanding of such antibodies targeting gp120 or gp41 mostly from a
structural point of view.

A. Antibody Interactions with gp120

The epitopes of many anti-gp120 antibodies have been characterized in
the past mostly by site-directed mutagenesis and competitive binding. Here
we will focus on two major classes of gp120-specific antibodies that recog-
nize receptor binding sites: CD4bs antibodies which compete with CD4 and
so-called CD4i (induced) antibodies that compete with coreceptor for bind-
ing to gp120. The binding of the CD4i antibodies to gp120 is typically
enhanced to various degrees by complexation of gp120 with CD4.

Perhaps the best-characterized anti-HIV antibody is b12, which binds to
gp120s of many (but not all) primary isolates and competes with CD4.
Therefore, the b12 epitope significantly overlaps the CD4bs. The structure
of IgG1 b12 was determined (Saphire ez al., 2001) and biochemical studies
were carried out to explore the fine mapping of the interaction of many
mAbs including b12 with the CD4bs of gp120 (Pantophlet et al., 2003).
Further mutagenesis experiments of b12 and the analysis of its structure
identified several residues from the heavy chain CDR3 (H3) and CDR2 (H2)
that play a role in the binding to gp120 (Zwick et al., 2003). The unique
binding ability of b12 to the gp120 core in a partially stabilized CD4-bound
conformation has been recently confirmed by the crystal structure of gp120
core in complex with b12 (Kwong, 2006; Zhou et al., 2007). In addition to
the b12 structure, the crystal structures of three other CD4bs antibodies in
isolation, m18 (Prabakaran et al., 2006b), F105 (Wilkinson et al., 2005) and
m14 (Dimitrov and Ji, 2006), have been recently determined. The major
structural feature of these antibodies is the existence of long protruding H3s
with hydrophobic residues at the tips. The structures are similar at the bases
but vary along the torso and the tip regions related to their differences in
specificities and neutralizing activities (Fig. 8). It was thought that the long
protruding H3s of the CD4bs antibodies are required to reach cavities on
CD4bs on gp120. However, the recently determined structure of a stabilized
(in CD4-bound state) gp120 core in complex with Fab b12 suggests that
actually the b12 H3 does not contact a cavity (Kwong, 2006), and indeed
may not contribute significantly to the contact area directly on the CD4bs on
gp120 and to the energy of interactions. It remains to be seen whether this is
also true for the other CD4bs antibodies or b12 is unique also in this aspect
of its interaction with gp120. The epitopes of these antibodies are likely to
share some of the gp120 structures because they overlap with the CD4bs.
However, their exact localization is currently unknown except for the b12
epitope that was recently determined by solving the crystal structure of its
complex with gp120 stabilized in a conformation corresponding to the
CD4-bound gp120 conformation.
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FIGURE 8 Conformations of CDR H3s from b12, m18, m14, and F105 antibodies. Residues Arg94 and Trp103 from the framework regions play critical
role in maintaining the H3 conformations by involving specific salt bridges at the bases. The differences in H3s are markedly noticed along the torso and tip
regions.
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The coreceptor binding site is highly conserved and a target for broadly
neutralizing antibodies. The exact localization of the coreceptor binding site
on gp120 is not known because of lack of crystal structure of the complex of
gp120 with a coreceptor but extensive mutagenesis studies allowed its
location around the bridging sheet (Fig. 4). Prior to CD4 binding the ele-
ments contributing to the binding site are dispersed over gp120 surface
(Fig. 4A) and masked by the V1-V2 variable loops, therefore, are not easily
accessible by neutralizing antibodies. The CD4i conformational changes in
gp120 lead to the formation of the coreceptor binding site and to enhanced
binding of CD4i antibodies which typically compete with the coreceptor for
binding to gp120. A number of CD4i antibodies including 17b, X5, 48d,
47e, E51, and 412d recognize highly conserved CD4i epitopes which over-
lap to various extents with the coreceptor binding site. The epitopes of 17b
and X5 are now known after the determination of the gp120 structure
complexed with Fab 17b or Fab X5 (Fig. 5).

The epitope of 17b overlaps significantly with the coreceptor binding
site. The long H3 dominates the 17b binding to gp120; H2 and residues
from the light chain also contribute (Fig. SA). The antlbody—antlgen inter-
face for the gp120-17b interactions buries only 455 A on gp120 and
445 A% on 17b. The epitope spans across the four-stranded bridging sheet
(Fig. SA) and has hydrophobic core flanked by basic residues. Although the
17b paratope is highly acidic, it does not make significant salt bridges with
the basic residues of gp120. In the 17b complex structure, a large gap is seen
between the V3 base and tips of the light chain. The H3 of 17b appears to be
rigid as can be seen only the minor changes between the free (Huang et al.,
2004) and bound (Kwong et al., 1998) H3 structures of 17b (Fig. 5B).
Importantly, the 17b epitope is well conserved among several HIV-1 isolates.
Of the 18 gp120 contact residues, 12 residues are conserved among all
HIV-1 isolates (Kwong et al., 1998).

The potent broadly neutralizing CD4i Fab X5 was selected from an
immunge phage display antibody library and binds with high-affinity
gp120s and gp140s from primary isolates from different clades even in the
absence of CD4; however, its binding is significantly (10- to 100-fold)
increased in the presence of CD4 (Moulard et al., 2002). Similar to 17b
X35 contacts several residues from the bridging sheet but also residues from
other regions, which are highly conserved (Fig. 5C, Table I). Notably, the
highly conserved Ile423 residue from 20, which was previously identified
as a hotspot (Darbha et al., 2004), shows a loss of 110 A2 in solvent-
accessible area on contact with X5. In contrast to 17b, the H3 of X5 under-
goes large conformational change on binding to gp120 with the maximum
of 17 A displacement for C, position at Gly100H (Fig. SD). This is one of the
largest induced fits ever observed for an antibody utilizing the flexibility of
its H3 loop. The H3 buries 440 A2 of solvent-accessible area when X5 binds
to gp120; the corresponding loss for the 17b H3 is only 270 A2. The long
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highly flexible H3 of X5 may tolerate less-conserved contact residues, for
example, Lys432, but at the same time make a tight binding with functional
hotspot residues, for example Ile423 as facilitated by the induced fit. This
perhaps might contribute to the broad and potent neutralizing ability of the
X35. Table I shows a list of 15 different isolates from three major clades
(A-C) that were potently neutralized by X5 antibody along with aligned
gp120 epitope residues. The gp120 residues that bind to X5 are highly
conserved and exposed as marked by asterisks and buried surface areas at
the bottom of each epitope residue in Table I. The very long H3 (22 residues)
contains four glycines, several charged (mainly acidic from 6 Asp residues)
and hydrophobic residues that could reach the parts of CD4i epitopes which
are hidden or sterically restricted to other CD4i nonneutralizing antibodies.
The acidic surface of the H3 of X5 may mimic the acidic N-terminal portion
of CCRS5 that is necessary for the gp120 binding. 17b exhibits similar acidic
properties due to three Asp and three Glu residues. The gp120 X5 epitope
residues at positions Arg327, Lys421, and Lys432 are basic, which are not
only compensated by the acidic surface of X5 but also form strong salt
bridges. Arg327 and Lys421 are conserved and make direct salt bridges
with Asp100G and Asp100D residues of H3, respectively, in the donor—
acceptor distances range between 2.6 and 2.9 A. The less-conserved Lys432
side chain contacts the carbonyl group of the bulky Trp100 which is the
perfect candidate for making polar, charged, or stacking interactions with
the Lys/GIn/Arg residues at position 432. Though 17b is also acidic no salt
bridges are made between gp120 residues and 17b. In addition, the signifi-
cant role of glycine residues in the H3 of X5 was explored by molecular
dynamic simulations. The glycine residues were found to contribute to the
H3’s flexibility. Taken together, the H3 of X5 appears to be the unique in the
mechanism and level of binding activity among known CD4i antibodies.
Figure 9A clearly shows how the long H3 of X5 can reach its epitope. An
alternative antibody binding mechanism to an exposed receptor binding site
of the SARS coronavirus was recently demonstrated (Prabakaran er al.,
2006a). The antigen combining site of the anti-SARS Fab m396 forms a
canyon to interact with the exposed parts of the receptor binding site
(Fig. 9B). It appears that b12 binds to its binding site on gp120 by a
mechanism similar to that of Fab m396 and not of Fab X5.

The neutralizing activity of CD4i antibodies could be significantly
reduced because of the steric restriction of access to their epitopes. The
conserved discontinuous segments of gpl20 overlapping with the
coreceptor-binding site are recognized by CD4i mAbs, which efficiently
bind to gp120 on CD4 binding. But, once the CD4 docks on to the receptor
site, the space needed for the antibody binding to its epitope is significantly
reduced. It was found that the size restriction effect leads to an inverse
correlation between the antibody neutralizing activity and its size (Labrijn
et al., 2003). As shown in Fig. 10, the available space between the CD4i
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X5/HIV gp120 m396/SARS-CoV RBD

FIGURE 9 Two different antigen-binding sites and binding modes CDRs. (A) In gp120-Fab
X35 antibody interaction, the long CDR H3 protrudes into the CD4i binding site. (B) Conversely,
in the SARS Env-Fab m396 antibody interaction, the antibody CDRs form like a canyon around
the protruding binding site.

epitope and the target cell membrane after CD4 attachment is estimated to
be about 85 A in the highest dimension (Labrijn et al., 2003). While com-
paring the dimensions of different formats of CD4i antibodies, IgG, Fab, and
scFv, as shown in Fig. 10 the antibody fragments in either Fab or scFv are
more effective than the whole IgG antibody molecule for getting into the
restricted binding site needed for neutralization. However, it should be noted
that other factors including avidity effects due to bivalency could contribute
to binding. For example, in some cases IgG1 X35 is more potent neutralizer
of some isolates than scFv X5 (Labrijn et al., 2003) and in vivo could have
much greater neutralizing activity due to the effector functions of its Fc.

B. Antibody Interactions with gp4l

Two most prominent gp41 antibodies are 2F5 and 4E10, which have
been isolated almost two decades ago by H. Katinger and his associates by
EBV immortalization of B lymphocytes from an HIV-1-infected individual.
On average 2FS appears to be more potent than 4E10 but 4E10 exhibits
broader neutralizing activity when tested in cell line/pseudovirus assays
(Binley et al., 2004). 2F5 and 4E10 recognize almost the same contiguous
but adjacent segments ELDKWA and NWF[D/N]IT, respectively, in the
Trp-rich environment of the MPER of gp41 (Fig. 11A). A 36-mer gp41
peptide, DP178 (T20) (aa 638-673) contains the ELDKWA region near to
its C-terminal region. This peptide plays an essential role in the fusogenic
structure formation and is a potent inhibitor of HIV infection in patients,
currently the only entry inhibitor in clinical use. The MPER, which includes



scFv

Target cell membrane

FIGURE 10 Steric restriction of access to CD4i epitopes on CD4 binding. (A) The sketch with molecules shown describes the attachment of HIV-1 from
viral membrane to the cell surface CD4 receptor. The binding of CD4 induces conformational changes resulting into the exposure of coreceptor binding site,
which is sterically restricted for the CD4i antibodies. Taken into considerations of the dimensions derived from structures of gp120, CD4, and possible
flexibility of CD4 molecule, a total distance of about 85 A between the gp120 and target cell membrane is measured. (B) Dimensions of antibodies in
different formats, Fv, Fab, and IgG molecules, are also shown. This clearly shows that CD4i antibodies of scFvs and Fabs have better access to the restricted
binding site for competing with the coreceptor than IgGs have.
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FIGURE Il Antibody interactions at the membrane-proximal region of gp41. (A) Schematic
diagram of gp41 shows the different important regions, FD, fusion domain, HR1, HR2-heptad
repeats, and TM, transmembrane domain. The location of membrane-proximal region contain-
ing the core 2F5 and 4E10 epitopes on the Trp-rich region of gp41 is indicated along with amino
acids sequence. Sequence numbering corresponds to HXB2 scheme. Crystal structures of Fab
2FS5 (B) and 4E10 (C) in complex with peptides from the MPER. The H3s of the antibodies are
shown in green.

the epitopes of 2F5 and 4E10, is highly conserved and mutations of the
hydrophobic residues Trp666, Trp670, and Trp672 in this region largely
affect the viral entry. However, attempts to use the MPER for elicitation of
2F5- or 4E10-like antibodies have met limited success. To understand better
the interactions of these antibodies with their epitopes, which could provide
some clues for development of effective vaccine immunogens, the crystal
structures of both 2F5 (Ofek et al., 2004) and 4E10 (Cardoso et al., 2005)
complexes with peptides from the MPER have been determined. Below these
structures are discussed in detail.

The crystal structure of 2F5 in complex with a 17-mer peptide is shown
in Fig. 11B where 2FS5 is in surface representation (Ofek et al., 2004). The
peptide (residues 654-670) lies at the CDR interface between the heavy and
light chains. It is in a relatively extended conformation and spans around
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25 A measured from Glu659 to Trp670 (the leading residues up to Glu659
are disordered in the structure). Two of the three turns, Asp664-Ala667 and
Trp666-Leu669, in the 2F5-bound gp41 peptide that belong to type I f-turn
are overlapping. Interestingly, three intrapeptide hydrogen bonds constrain
the conformations of only six residues from 664 to 669. The total surfaces
of 635 A% on 2F5 and 563 A2 on the gp41 peptide buried in the antibody—
gp41 peptide interactions are typical for an antibody-antigen interaction.
Most of the residues between GIn657 and Trp670, except Leu660 and
Ser668, directly bind to the antibody. Strikingly the contact region is not
only restricted to the CDRs of 2FS5, but also includes nonpolymorphic region
such as the N-terminus of the light chain. The 2F5 binding site on the peptide
is only on one exclusive face which accounts for 41% of the total peptide area
available for binding. This indicates that the unbound part of gp41 may
interact with other portions of the Env. An analysis of the gp41 peptide
surface reveals two major regions: one region which is bound to 2F5 is
charged while the other region which is occluded from 2F5 is hydrophobic.
The latter property of the surface further suggests for possible protein—
protein interactions that occlude from the 2F5 binding. The failures to elicit
2F5-like antibodies by peptides may be related to the lacking of appropriate
occlusion. Another hint for the mechanism of 2F5 binding is inferred form
the binding mode of the H3 itself. The length of the 2F5 H3 is 22 amino acids
which is the same as the length of the H3 of the CD4i antibody X5. Unlike
Fab X35, the 2F5 does not make any contact through the H3 tip but only at the
base (Fig. 11B, H3 is shown in green). The H3 tip has several hydrophobic
residues that present a protruding flat surface. This surface aligns with the
hydrophobic indole side chain from Trp670, the terminal residue of the gp41
peptide. The arrangement involving the 2F5 H3 and the gp41 peptide termi-
nal residue in a hydrophobic plane indicates a possibility that the apex of H3
could interact directly with the viral membrane or to accommodate 2F5 to
recognize the epitope closer to membrane proximal region. In agreement
with other biochemical and NMR studies, it appears that the 2F5 epitope is
relatively flexible, probably assuming different conformations depending on
the state of gp41. Interestingly, there is no evidence for any access restriction
due to size for 2F5.

The interaction of 4E10 with a 13-residue peptide containing the se-
quence NWEDIT is topologically similar to that of 2F5 with its epitope
but differs in details (Cardoso et al., 2005 (Fig. 11C). The 4E10-bound
13-residue peptide has a helical conformation, in contrast to the 2F5-
bound peptide, and is similar to the 19-residue peptide structure from the
Trp-rich MPER determined by NMR. The key residues Trp672, Phe673,
Ile675, and Thr676 appear on the one side of the helix rendering a hydro-
phobic surface, which interacts with the 4E10 antibody. The residues
Trp672 and Phe673 use their side chains to plunge into a hydrophobic
pocket created by the CDRs at the antibody-combining site of 4E10.
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The total surfaces of 580 and 529 A2 are buried on 4E10 and the peptide,
respectively, on the binding. The 4E10 H3 does not make any contacts
through its tip similarly to 2F5 (Fig. 11B and C). As is in the case of 2F35,
this indicates a possibility that the H3 tip contacts the viral membrane or
other portions of the ectodomain of the intact virus. In agreement with this
possibility is biochemical analysis using Env on proteoliposomes demon-
strating enhanced binding of 2F5 and 4E10 in presence of lipid membrane
(Ofek et al., 2004). An interesting feature of the 4E10 are the five glycines
in the 18-residue long H3, which could certainly contribute to flexibility
that may be required for epitope recognition, particularly, two tryptophan
residues at the tip, at positions 100 and 100B, to reach the membrane.

These results suggest that conserved and steric constrains-free regions
are available as potential epitopes on gp41, for example the epitopes of 2F5
and 4E10. The two antibodies 2F5 and 4E10 share some of the structural
features and interaction patterns with the core gp41 epitopes, and also
specific features related to their distinct epitopes. How useful will be the
information for the MPER structures that are part of their epitopes for the
design of effective vaccine immunogens remains to be seen.

Recently, six novel gp41-specific hmAbs were identified that exhibit
broad neutralizing activity and bind to conformational epitopes that are
distinct from those of 2F5 and 4E10 (Zhang and Dimitrov, 2006; Zhang
et al., 2006). They do not compete significantly with 2F5 and 4E10 indicat-
ing that the localization of their epitopes is likely outside the MPER. The
conserved structures containing these epitopes are being characterized.

C. Mimicry of Receptors by Miniproteins and Antibodies

The conserved CD4bs on gp120 and structurally contiguous segments
including the f-hairpin rigid motif of CD4 prompted for the rational design
of CD4 mimics that could block the HIV entry (Huang et al., 2005a; Martin
et al., 2003a; Vita et al., 1999b; Zhang et al., 1999). The CD4-gp120
binding interactions mainly involve contiguous segments rendered by the
CD4 residues 31-35, 40-48, and 58-64 in which about 40% contribution
is from the CDR2-like fS-hairpin region containing the Phe43 hotspot.
A 31-amino acid long CD4 mimic specific for gp120 was initially designed
by grafting the major contributor of the CD4-binding component, the
CDR2-like loop of CD4 with a major hotspot Phe43, on a small structural
scaffold stabilized by a disulfide bond from scorpion toxin charybdotoxin
(Drakopoulou et al., 1998). Later, a mini-CD4 protein called CD4M9 with
28 amino acids using the scyllatoxin scaffold was designed, and its three-
dimension structure was solved by NMR (Vita et al., 1999b). Based on
the structural information derived from the CD4-gp120-17b complex,
CD4M9, CD4M32, and CD4M33 miniproteins were designed, and their
applications as possible therapeutics were tested by determining several
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thermodynamic and neutralization parameters. The NMR structure of
CD4M9 showed a well-defined S-hairpin with a phenylalanine residue at
the position 23, which is equivalent to CDR2 region of CD4, appeared to
retain some of the conserved gp120-CD4 interactions in the miniprotein—
gp120 docked complex. Finally, the crystal structures of CD4M33 and its
analogue F23 in complex with gp120 were determined and the extent of
molecular mimicry and neutralization breadth were analyzed (Huang et al.,
2005a). In spite of the highly flexible envelope, the conformation of gp120 in
these mimic complexes are very similar to that induced by CD4 (Fig. 12).
Interestingly, the f-hairpin CD4M33 engages in hydrogen bonding to the
strand $15 of gp120 in a similar way as CD4 does. This demonstrates
the successful attempt of grafting CD4-gp120 binding interface on to a
smaller scaffold. Thermodynamic characterization of gp120 binding to
these mimics showed that only half of the associated entropic changes
occur compared to CD4 binding. Nonetheless, these mimics induce the
same conformational change in gp120 as CD4 that are required for en-
hanced binding of 17b to gp120. The difference between CD4M33 and
F23 mimics is only that the phenyl ring in CD4M33 is replaced with a
biphenyl side chain of residue 23. This substitution significantly enhances
the structural mimicry of CD4 at this specific position (Huang et al., 2005a).
The successful structural mimicry by these miniproteins will prompt
researchers to further attempt to design native CD4-like mimics with greater
antiviral activity against HIV.

In the giant struggle between the HIV and the immune system, antibo-
dies with unique properties have evolved some of which mimic CD4 and
coreceptors but do not induce the same conformational changes as receptors
because that could lead to enhancement of infection. In addition, CD4 binds
to gp120 through its first domain, which is similar to the V domain of an
antibody. For example, the comparison between D1 domain of CD4 and

D1 (CD4) CD4M33

FIGURE 12 Mimicry of receptor CD4 by miniprotein CD4M33. The binding of gp120
(green) to the CD4 (first domain, D1 is only shown) on left and the miniprotein CD4M33 on
right are depicted in ribbon diagrams.
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VH domain of b12 is shown in Fig. 13A and B. The molecular views were
generated by translating the superposition of the two molecules based on the
disulfide bridge locations. Tyr53 residue positioned at H2 of b12 as labeled
in Fig. 13B was found critical—a Y53G point mutation greatly diminished
the binding of b12 to gp120 (Zwick et al., 2003). Based on the footprint
data, two fingers, H3 (Trp100) and H2 (Tyr53), were speculated to occupy
the hydrophobic pocket on gp120 surface. Since the H2 of b12 is the
equivalent of the C'C” or CDR2-like region of CD4, the b12 could be used
as a receptor mimic by further protein engineering of its H2.

The Fab m18 is another CD4bs antibody with broad neutralizing activi-
ty which was recently identified (Zhang et al., 2003) and its crystal structure
solved (Prabakaran et al., 2006b). Its VH domain that is comparable to D1
of CD4 is shown in Fig. 13C. The most remarkable feature of this antibody
is the H3 structure which highly resembles the CDR2-like part of CD4
(Fig. 13D). The m18 H3 adopts not only a fS-hairpin but forms a rigid
structure with cross-linking hydrogen bonds throughout the torso region
of H3, and importantly has a Phe residue at the position 99 analogous to
the hotspot Phe43 of CDR2-like loop in CD4. The unexpected structural

I
34

VHof m18 \} { CDR2-like H3 of m18
CD4

FIGURE 13 Comparisons of CD4 D1 domain with VH domains of CD4bs antibodies b12
and m18. (A) D1 domain CD4 (green) with Phe43 in sticks. (B) VH domain of b12 antibody
(cyan) with Tyr53 at the CDR H2 in sticks. (C) VH domain of m18 antibody (blue) with Phe99
at the CDR H2 in sticks. (D) Backbone skeletal views of the CDR2-like region of CD4 and the
H3 of m18 indicate a common f-hairpin structure with a phenylalanine residue at the tip.
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similarities including hotspot Phe residues and robust f-sheet features
observed (Fig. 13D) suggest for possible protein grafting of H3 to mimic
the CDR2-like C’'C"” of CD4, which might provide a useful strategy for
developing antibody-based CD4 mimetic to inhibit HIV entry.

Not only CD4bs antibodies mimic CD4 but also CD4i antibodies,
which mostly bind to the coreceptor binding site, mimic certain features of
the HIV coreceptors. Unlike the case of CD4 and its mimics, there is no 3D
structure available of a coreceptor. However, the crystal structures of
several CD4i Fabs were solved and they revealed mechanisms and atomic-
level details for three interesting features: posttranslational mimicry of
coreceptor by tyrosine sulfation of antibody, an alternative molecular
mechanism controlling such sulfation, and highly selective V(H)-gene
usage (Choe et al., 2003; Huang et al., 2004). This is another demonstration
of the adaptive capabilities of the immune system when confronted by
extraordinary viral defenses.

VI. The Env as Vaccine Immunogen and Target
for Inhibitors

The development of an effective vaccine against HIV is an international
public health priority and the role HIV envelope plays in infection makes it a
primary target for such efforts. A multitude of approaches have been
attempted that are eloquently summarized in numerous recent reviews
(D’Souza et al., 2004; Duerr et al., 2006; Koff et al., 2006; Letvin, 2005;
McMichael, 2006; Singh et al., 2005; Slobod et al., 2005; Spearman, 2006;
Wang, 2006). From this work, it is clearly possible to create vaccines that
induce cellular responses that will protect against disease progression by
suppressing viral loads once infection occurs. However, none have been able
to achieve the penultimate goal of preventing infection entirely. This goal
will require an Env-based vaccine that induces a protective antibody re-
sponse. Here, we will summarize the prevailing approaches how to use the
Env for eliciting broadly neutralizing antibodies and their epitopes as targets
for inhibitors with special emphasis on the common challenges.

A. The Relationship Between Viral Neutralization
and Protection

A guiding principle of current HIV vaccine efforts is that antibodies that
neutralize HIV in vitro can protect animals from HIV infection in vivo. This
principle is based on three observations:

i. In an expanding number of passive challenge studies, macaques
treated with mAbs or pooled, high-titered antisera that neutralized in vitro
were protected from cell-free SHIV virus challenge (Baba et al., 2000;
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Emini et al., 1992; Ferrantelli et al., 2003, 2004; Hofmann-Lehmann
et al., 2001a,b, 2002; Mascola et al., 1999, 2000, 2003a; Nishimura et al.,
2002; Parren et al., 2001; Putkonen et al., 1991; Ruprecht et al., 2001;
Shibata et al., 1999; Van Rompay et al., 1998; Zhang et al., 2004a). The
antibodies that have demonstrated the best efficacy are IgG1b12, 2G12,
2FS, and HIVIg. Strong cellular responses do not enhance the protection
to SHIV challenge provided by passively transferred antibodies (Mascola
et al., 2003b).

ii. Second, in natural infection, autologous neutralizing responses exert
selective pressure on HIV evolution iz vivo (Albert et al., 1990; Arendrup
et al., 1992; Bradney et al., 1999; Eichberg et al., 1992; Montefiori et al.,
1991; Parren et al., 1999; Reitz et al., 1988; Richman et al., 2003; Watkins
et al., 1993; Wei et al., 2003). HIV evades this selective pressure by several
mechanisms such as introducing new N-linked glycosylation residues to
present a protective glycan shield (Back er al., 1994; Chackerian et al.,
1997; Derdeyn et al., 2004; Kolchinsky ez al., 2001; Quinones-Kochs
etal.,2002; Reitter et al., 1998; Wei et al., 2003), conformational or entropic
masking of vulnerable epitopes (Kwong et al., 2002), shedding monomeric
envelope proteins that enhance the dominance of nonneutralizing epitopes
(Burton and Montefiori, 1997), or by simple epitope variation. While it
is discouraging that the antibodies cannot control the infection, the obser-
vation that HIV has to evade these antibodies suggests that they have an
impact.

iii. Long-term nonprogression is associated with the presence of high-
titered broadly neutralizing responses (Cao et al., 1995; Cecilia et al., 1999;
Hutto et al., 1996; Kloosterboer et al., 2005; Pilgrim et al., 1997; Scarlatti
et al., 1996; Zhang et al., 1997). Although others have postulated that this
connection is more tenuous (Montefiori et al., 1996) because a direct link
between the levels of neutralizing antibodies and disease progression cannot
be established (Cecilia et al., 1999), the recent studies connecting evasion
with neutralization suggest that perhaps the antibody responses in these
patients may be better able to contain the virus long term.

Based on these observations, it is easy to conclude that vaccines that
stimulate such neutralizing responses would be highly desirable. Thus,
significant efforts have been directed to developing immunogens that induce
antibodies with broadly neutralizing specificities.

B. Nonneutralizing Antibodies and Protection?

Antibodies that score positive in an in vitro neutralization assay can
mediate protection iz vivo. However, can an antibody that scores negative in
such an assay be as effective? The literature suggests that there is a significant
subset of these binding but nonneutralizing antibodies that impact HIV
disease progression and possibly even transmission. Binding/nonneutralizing
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antibodies against virus surface glycoproteins have been shown to protect
against infection in other virus systems, including Sindbis virus (Stanley
et al., 1986), Venezuelan equine encephalomyelitis virus (Mathews and
Roehrig, 1982), herpesvirus (Dix et al., 1981), and vesicular stomatitis
virus (Lefrancois, 1984). For HIV, the most compelling evidence of nonneu-
tralizing but protective antibodies comes from tests of DNA/MVA vaccines
in macaques. Here, vaccines containing pol, gag, and env sequences (encod-
ing the first 270 amino acid residues of the ADA envelope) afforded stronger
protection against mucosal SHIV 89.6P challenge than matched vaccines
containing only gag and pol (Amara et al., 2002). Since the more effective
vaccine containing env did not raise neutralizing antibodies against the
challenge virus, the enhanced protection was attributed to high titers of
anti-envelope binding antibodies. A more recent macaque study showed
that the viral containment and immune preservation conferred by a DNA/
adenovirus vaccine was significantly enhanced by inclusion of chimeric
gp140 sequences that were heterologous with respect to the challenge SHIV
(Letvin et al., 2004). Although the investigators attributed this protection to
cross-reactive cellular responses raised against conserved HIV envelope
sequences, this study did not rule out a role for nonneutralizing antibodies.
In sum, these nonneutralizing antibodies appear to protect against disease via
mechanisms overlooked by conventional in vitro viral neutralization assay.
The most common mechanism attributed to “nonneutralizing” control is
Fc receptor-mediated or complement-mediated inhibitory or cytolytic activ-
ity. For instance, antibody-dependent cell-mediated cytotoxicity (ADCC)
(reviewed in Ahmad and Menezes, 1996; Gomez-Roman et al., 2006) has
been associated with improved control of viremia and CD4+ counts in HIV-
infected patients (Ahmad et al., 2001; Forthal et al., 1999, 2001) and slower
disease progression in SIV-infected macaques (Banks et al., 2002). One
recent study observed a correlation between ADCC activity and reduced
viral load in rhesus macaques after mucosal challenge with SIV (Gomez-
Roman et al., 2005). Fc-mediated effector mechanisms have also been
attributed to the enhanced neutralizing efficacy of HIV+ or SIV+ serum
observed when MDM or immature dendritic cells (iDC) are used as cellular
targets instead of activated PBMCs (Holl et al., 2004, 2006a,b). In fact,
mAbs that present minimal neutralizing activity in PBMC-based assays can
be highly inhibitory in MDM- or iDC-based assays (Holl ez al., 2006a).
These mAbs recognize portions of the native envelope spike that are exposed
on “dead” spikes that are expressed on native virions but are unable to
mediate fusion because they are uncleaved or have lost the gp120 portion
(Moore et al., 2006; Zanetti et al., 2006; Zhu et al., 2006). How these
nonneutralizing antibodies may impact HIV transmission remains unan-
swered. Although a clear-cut protective mechanism for nonneutralizing
anti-HIV antibodies is not established, it is nevertheless prudent to consider
Env-based vaccine candidates that may stimulate such inhibitory activities.
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C. Antibodies against CD4i Epitopes: Perceptions,
Realities, and Opportunities

Humoral responses against gp120 epitopes exposed during viral entry
may provide new opportunity for vaccine development. These responses
warrant attention because they recognize some of the most conserved and
functionally important regions of the HIV envelope. The question at hand is
whether these responses (and the antigens that raise them) are worth pursu-
ing as vaccines. Unfortunately, the view of CD4i epitopes as a vaccine target
has been colored by the recent findings discussed below.

I. Potency of CD4i Antibodies and CCR5 Expression

Using computational models based on the crystal structure of CD4-
bound gp120, it has been suggested that CD4i epitopes are actually occluded
during entry (Labrijn et al., 2003). Support for this model was generated by
showing that IgG1 X35, which recognizes a CD4i epitope, is profoundly less
effective than the smaller Fab or scFv fragments of the same antibody at
neutralizing a small panel of primary RS using isolates (Labrijn et al., 2003).
However, for some isolated IgG1 X35 is more potent than the smaller frag-
ments likely due to the avidity effect because of its bivalency. In addition, the
neutralizing activities of antibodies to CD4i epitopes are dependent on assay
conditions. We have found over 100-fold differences in the levels of CCRS
expression between TZM-bl cell line commonly used in neutralization
assays and PHA-activated PBMCs (Choudhry et al., 2006b). Platt ef al.
(1998, 2005) have shown that the entry kinetics of RS isolates are exquisite-
ly sensitive to the levels of CCRS expressed on the target cell. In fact, using
artificial cell lines as targets, they demonstrated that viruses become increas-
ingly susceptible to entry inhibitors, such as T-20, as the levels of CCRS drop
below <10* molecules/cell. Binley ez al. (2004) further emphasized this
point by showing that the neutralizing efficacy of Fab XS is significantly
improved in PBMC-based neutralization assays as compared to cell line-
based assays. While it is not known how much CCRS is expressed on the
cells initially targeted by HIV, numerous studies have determined the
expressed levels of CCRS on various mucosal and lymphoid tissues to be
significantly lower than 10* per cell, well in the range that CD4i antibodies
may be effective.

2. CD4i Epitopes and HIVISIV Infection

It is clear that CD4i epitopes are raised during HIV infection, since
hmAbs that recognize CD4i epitopes in the coreceptor binding site have
been derived from HIV+ persons (Robinson et al., 1992; Xiang et al.,
2002a). Last year, it was reported (Decker et al., 2005) that sera from most
HIV-infected persons contain antibodies that were extremely potent and
cross-reactive in the presence of small amounts of sCD4, which presumably
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stabilizes the exposure of CD4i epitopes. It was further shown that the titers
of broadly neutralizing antibodies that are detected in the CD4-triggered
neutralization assay correlated strongly with the abilities of the sera to block
the binding of a biotinylated human mAb (19¢) to a CD4i epitope on gp120-
CD4 complexes in ELISA. These findings have led to the perception that
high-tittered responses to CD4i epitopes are found in all HIV-infected
persons and are therefore meaningless and irrelevant to vaccine design.

Unfortunately, this perception may be a misinterpretation of these
results. First, it was demonstrated that increases in neutralizing potency
can be observed in HIV+ serum in the presence of sCD4 (Decker et al.,
2005). They also showed that HIV+ sera competed with mAb 19 for
binding to gp120-CD4 complexes using an assay that tested percentage
blocking with a single dilution of serum. Such assays, however, do not
demonstrate the presence of a high binding titer of anti-CD4i antibodies.
Second, it was proposed that the responses to the highly conserved domains
may constrain the breadth of the viral quasispecies that occur during natural
infection and drive the evolution of the virus to protect these epitopes
(Decker et al., 2005). This hypothesis is consistent with observations from
SIVMneCL8 infection of rhesus macaques where the neutralization sensitive
and mildly pathogenic strain becomes resistant and highly pathogenic in
part by introducing N- and O-linked glycosyl residues in the V1 region that
occludes its coreceptor binding (Chackerian et al., 1997; Kimata et al.,
1999a,b).

This perception also begs the question whether lead vaccine candidates
that are intending to target responses to the CD4-binding domain (CD4BD)
should be abandoned given the evidence that responses directed to the
CDA4BD are highly prevalent in HIV infection and are associated with
progression to AIDS (Hioe et al., 2001). CD4BD antibodies have also been
shown to inhibit antigen presentation (Hioe et al., 2000, 2001; Tuen et al.,
2005). We would argue that in the absence of well-designed safety and
animal protection studies that would exclude one epitope or another, it is
prudent to consider immunogens designed to effect responses toward any
of these epitopes. Therefore, it is reasonable to propose and to test whether
a preexisting humoral or mucosal response directed to CD4i epitopes
could afford protection against primate lentiviral infection. Several indirect
observations from the literature suggest that the answer is yes.

i. Infection of macaques with macrophage tropic SIV strains, such as
SIVmac1A11 (Luciw et al., 1992), SIVmac17E-Cl, or SIVmac316 (Puffer
et al.,2002), leads to a transient or attenuated viremia. These CD4-indepen-
dent isolates (Puffer et al., 2002) can generate potent neutralizing responses
that may have a role in controlling the observed viremia and in the protec-
tion generally observed in subsequent challenge of infected macaques with
highly pathogenic SIV strains.
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ii. SIV strains that are deficient in either variable loops or specific
glycosylation sites that occlude the coreceptor interacting domain in the
SIV spike protein are CD4 independent, and highly susceptible to neutrali-
zation by SIV immune sera and mAbs that recognize these CD4i epitopes
(Johnson et al., 2002, 2003a,b). Attenuated versions of these SIV isolates
induce antibody responses capable of neutralizing the “neutralization resis-
tant” SIVmac239 in vitro (Reitter et al., 1998), and protecting against
SIVmac239 challenge (Mori et al., 2001).

iii. Protection in cohorts of individuals that were exposed to HIV but
remain uninfected has been associated with the presence of mucosal or
serum antibodies to HIV that, in some studies, exhibited neutralizing activi-
ty. In one cohort, this protection was associated with antibody titer to
epitopes expressed on CD4-gp120 complexes but not HIV-specific T cell
responses (Nguyen et al., 2006).

iv. While passive protection studies have delineated a clear correlation
between the neutralizing efficacy of antibodies in vitro and their ability
to passively protect against SHIV challenge in vivo, formulations of poly-
clonal HIVIg (which contains antibodies to these CD4i epitopes, among
others), 2G12, and 2F5 demonstrated protective efficacy from vaginal
challenge while similar infusions with mixtures of 2G12, and 2F5 did not
(Mascola et al., 2000). This is despite the observations that HIVIg/2G12/
2F5 and 2G12/2F5 formulations demonstrated equivalent neutralization
titer in vitro.

In addition, it appears that fitness during transmission is enhanced if the
virus expresses/exposes the coreceptor binding domain on the viral spike.
Taken together, we believe the preponderance of evidence suggests that
vaccines that target such CD4i epitopes may have provided some level of
protection against transmitted virus and logically coincides with ongoing
vaccine development efforts in the field.

D. The Hunt for the Right Immunogen

The daunting part of this challenge is the evasive power provided by the
sequence diversity of the Env. It was quickly apparent that standard vaccine
approaches using killed virus or soluble monomeric gp120 or gp160 as
immunogens generated only “type-specific” immunity, and neutralized only
the source virus of the immunogen or its very close relatives (Burton et al.,
2004). Today, the effort is to identify immunogens or immunization strate-
gies that induce antibody responses that exhibited a broader neutralizing
and/or protective phenotype. The immunogen approaches can be grouped in
two broad overlapping categories based on whether the respective antibodies
target epitopes on the virion spike or epitopes (such as CD4i) that appear
during entry.
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I. Generating Antibodies That Target the Virion Spike Before
Binding to Receptors

Five of the most broadly neutralizing antibodies, 2G12, b12, 447-52D,
2FS5, and 4E10, recognize conserved epitopes that are expressed on the viral
spike before binding to receptors, leading some investigators to suggest that
the optimal vaccine candidate should induce antibodies that preferentially
bind to the viral spike (Burton et al., 2004; Fouts et al., 1997; Parren and
Burton, 2001). Efforts to reach this goal have focused on the following
approaches:

i. Adding or removing As# residues to alter the level of N-linked glyco-
sylation that shields the CD4bs. By exposing the deep CD4BS pocket, the
hope is the resulting immunogen will induce broadly neutralizing antibodies
like b12 (Koch et al., 2003).

ii. Expressing the outer domain of gp120 (Yang et al., 2004). The outer
domain is exposed on the envelope spike and contains binding surfaces for
2G12, IgG1b12, and broadly neutralizing anti-V3 loop antibodies.

iii. Expressing soluble forms of the oligomeric envelope trimer to mimic
the spike as it appears on the HIV virion. Typically, investigators have
expressed these proteins as fusions between gp120 and the ectodomain of
gp41 (reviewed in Cho, 2003). These constructs typically generated prepara-
tions consisting of mixtures of monomeric and oligomeric forms. Recent
efforts have improved consistency and yields of trimeric forms by introdu-
cing disulfide links between the proximal domains of gp120 and gp41 (called
SOS or SOSIP envelopes) (Beddows et al., 2005; Binley et al., 2000), using
envelope genes derived from HIV strains with highly stable spikes (Lian
et al.,2005; Sharma et al., 2006; Srivastava et al., 2002; Zhang et al., 2001),
creating HIV-SIV envelope chimeras (Center et al., 2004), or fusing the
envelope ectodomain to non-HIV sequences that preferentially form trimers
(Pancera et al., 2005; Yang et al., 2000, 2002). In an effort to produce soluble
spikes with an antigenic profile more consistent with the native virion,
investigators have produced the SOS and SOSIP variants in cell lines that
overexpress furin, a protease which cleaves gp120—gp41 fusion into its
respective domains.

iv. Minimizing the conformational or entropic masking of the con-
served neutralizing domains by introducing mutations that restrain the
movement of gp120 (Kwong et al., 2002; Xiang et al., 2002b). This concept
is derived from studies showing that the binding of broadly neutralizing
antibodies such as b12 and 2G12 consistently realized minimal entropic
change in gp120. This contrasts sharply with other less effective antibodies
such as F105 which generate significantly larger entropic changes. Given the
range of movement possible between the inner and outer domains of enve-
lope indicated by the crystal structures, it was proposed that the virus may
evade neutralization by using an entropic mask or a conformational barrier
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that antibodies must overcome to actually bind. Introducing mutations that
limit this movement, such as replacing the tryptophan with a serine in
position 375, and reduce the entropic requirements for antibody binding
may improve the chances of inducing the preferred antibody specificities.

v. Mimicking the high-mannose-type oligosaccharides that are pre-
sented on HIV envelope and recognized by 2G12 (reviewed in Wang,
2006). Recently, constructs have been described that mimic the binding
site of 2G12 using organic scaffolds decorated with synthetic oligomannose
structures. These structures are recognized by 2G12 to varying degrees. The
immunogenicity of these constructs has not been described.

vi. Mimicking the MPER of the envelope spike recognized by 2F5 and
4E10 (reviewed in Zwick, 20035). It has been recently appreciated that the
lipid membrane and hydrophobic context of the epitope is critical for
antibody binding (Haynes et al., 2005a). This observation may explain the
dearth of success using peptide-based mimics of the eptiope to induce 2F5-
and 4E10-type responses and has rejuvenated efforts to develop new mimics.
Several novel constructs have been presented (Brunel et al., 2006; Luo et al.,
2006); however, immunogenicity data are limited.

Unfortunately, where they have been evaluated, the immunogen strate-
gies described above typically fail to elicit antibodies capable of neutralizing
more than a minor fraction of primary isolates (Beddows et al., 2005;
Graham, 2002; Selvarajah et al., 2005). To make matters worse, it was
recently hypothesized that B cells responding to MPER epitopes are deleted
because the lipid portion of their target epitope is considered “self”
(Haynes er al., 2005b). This hypothesis would explain why such responses
are so infrequently observed. It also suggests that induction of a response
directed to the MPER may require immunogens capable of breaking
one’s natural tolerance to the cell membrane. Whether IgG1b12 and 2G12
recognized similarly tolerized epitopes is unclear. Certainly, designing vac-
cine immunogens that would target responses against these epitopes repre-
sents a daunting immunological, structural, and potentially, regulatory
challenge.

2. Generating Antibodies That Target Entry Intermediates

As summarized earlier, the coreceptor-binding domain is a structure that
is highly conserved among HIV, SIV, and HIV-2. This has prompted inves-
tigators to develop immunogens that induce antibodies that target this
structure. One such immunogen is the gp120-CD4 complex, which forms
when the virus attaches to cell surface receptor CD4. Studies in mice, goats,
and more recently rhesus macaques have all shown that broadly neutralizing
antibody responses are elicited by immunization with various forms of a
gp120-CD4 complex (Bower et al., 2004; Celada et al., 1990; Devico et al.,
1996; Fouts et al., 2002; Gershoni et al., 1993; Kang et al., 1994). Three
groups of immunogens have been developed that attempt to represent
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gp120-CD4 complex. The first group consists of complexes between soluble
envelope protein subunits (gp120) and soluble human CD4 (Bower et al.,
2004; Celada et al., 1990; Devico et al., 1996; Fouts et al., 2000, 2002;
Gershoni et al., 1993; He et al., 2003; Varadarajan et al., 2005). These
immunogens are produced by simply mixing the two soluble components
together to allow them to bind and form complexes or expressing the gp120
and sCD4 as a genetically tethered chimeric molecule. An example of such a
chimera is the full-length single chain (FLSC) which is genetic fusion be-
tween gp120g,; and the D1-D2 domain of CD4 (Fouts et al., 2000). The
second group consists of soluble envelope proteins complexed with human
mADb, A32 (Liao et al., 2004). A32 binds to an epitope defined by the C1-C4
region on HIV envelope subunit, gp120 and, like CD4, is known to induce
the expression of the coreceptor binding domain within gp120 (Liao et al.,
2004; Wyatt et al., 1995). Again these complexes are produced by admixing
the two components to allow them to bind in solution to form complexes
(Liao et al., 2004). The third are complexes between gp120 and a CD4
mimic peptide, CD4M9 (Fouts et al., 2002; Varadarajan et al., 2005; Vita
et al., 1999a). Unfortunately, the affinity of the CD4M9 for gp120 is
insufficient to permit formation of a stable complex in solution from the
two components (Vita et al., 1999a). Stable complexes can be expressed,
however, as chimeric fusion protein, SCBalL/M9 (Fouts et al., 2000) or
gp120-M9 (Varadarajan et al., 2005), where the gp120g,. or gp120jrpr,
respectively, are genetically tethered to CD4M9 by a short amino acid linker.
Stable complexes have also been created using CD4M33 (Martin et al.,
2003b), a modified CD4M9 that exhibits an affinity for gp120 closer to
that of CD4 (Huang et al., 2005a). The presumption is that these complexes
all exhibit the antigenic features presented when the HIV envelope spike
interacts with cell surface CD4. Thus far, only the gp120-CD4 admixed or
cross-linked complexes have been shown to elicit neutralizing antibody
response. The others are still being evaluated. Whether the resulting neu-
tralizing response arises from the exposure of cryptic epitopes either enhanc-
ing their own immunogenicity or alter the immunogenicity of other extant
epitopes on gp120 (Celada et al., 1990; DeVico et al., 1995) is still unclear.
Either instance would enhance the potential for gp120-CD4 complexes to
elicit broadly cross-reactive CD4i antibodies.

Three recent studies have generated rather different results using various
forms of gp120-CD4 complex immunogens (He ez al., 2003; Liao et al.,
2004; Varadarajan et al., 2005). However, these studies suffer from one of
either two major flaws. First, they evaluate the immunogenicity of their
constructs in animal models (mice or guinea pigs) that are heterologous to
the CD4 moiety used in their immunogens (human sCD4). It has been
known since 1990, when the first studies of gp120-CD4 complexes
appeared, that substantial levels of anti-CD4 antibodies are elicited when
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the CD4 used in the complex is from a species (i.e., humans) different from
the one (i.e., rodents) that is immunized (Celada et al., 1990). Human CD4
is highly immunogenic in rodents and biases responses to a gp120-CD4
complex away from the conserved gp120 epitopes. This obscures the immu-
nogenic properties of the constrained HIV envelope moiety in favor of anti-
CD4 responses. That said, two independent reports (Bower et al., 2004;
Srivastava et al., 2004) including one single-chain gp120-CD4 immunogen
tested in mice (Bower et al., 2004) show that broadly neutralizing antibody
fractions can be isolated from animals immunized with heterologous
gp120-CD4 complexes that do not recognize CD4.

Second, immunogens which do not truly mimic structure presented by
the gp120-CD4 complex were used. One study (Liao et al., 2004) used
gp120 conformationally constrained by the A32 mAb as an immunogen.
It has been proposed that A32 binds to gp120 in such a way that it is a “CD4
mimic” as judged by the exposure of CD4i epitopes recognized by the mAbs
17b and 48d (Wyatt et al., 1995). Guinea pigs immunized with covalent
conjugates of gp120(Bal) and A32 mounted neutralizing antibody
responses that were by and large indistinguishable from those elicited by
gp120(BaLl) alone. We have found that the gp120 conformational changes
induced by A32 and CD4 are distinct as judged by differential reacti-
vity with CD4i antibodies such as 19e that recognize epitopes in the brid-
ging sheet of envelope (Fouts et al., unpublished data). Notably, serum
antibody responses to this epitope are thought to constrain viral diver-
sity in vivo (Decker et al., 2005). This observation may explain why the
A32-gp120(BaL) complexes elicited a different pattern of reactivity than
our gp120-CD4 complexes.

Other approaches are also being utilized to target the CD4i epitopes.
The most common is to remove the hypervariable V1, V2, and/or V3 regions
of the envelope that are the primary target of the “type-specific” antibody
responses and that shield the conserved neutralizing epitopes (reviewed in
Cho, 2003). More recently, investigators have developed constructs derived
from the envelope sequences of CD4-independent isolates that have been
adapted to grow on cell lines devoid of CD4 (Hoffman et al., 1999;
Kolchinsky et al., 2001) or isolated from a patient with high level of broadly
neutralizing antibodies (Quinnan et al., 1999; Vujcic and Quinnan, 19935;
Zhang et al., 2002). These envelopes contain structural alterations that
provide more receptive interactions with the coreceptor such as fewer
N-linked glycosylation or shifting the V1-V2 loops.

As the full spectrum and potential of CD4i epitopes is only recently
becoming apparent, it is difficult to argue that CD4i epitopes are poor targets
for vaccine development (Labrijn et al., 2003). In addition, it is not known
whether mAbs specific for CD4i epitopes are protective in passive transfer
studies in rhesus macaques. In this regard, until passive transfer studies are
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carried out using mixtures of mAbs specific for CD4i epitopes and shown to
be negative, it is premature to exclude this strategy based on iz vitro neutrali-
zation data alone. It should also be recognized that immunization with
gp120-CD4 complexes can dramatically change the immunodominance pro-
file of gp120 (Denisova et al., 1996; Fouts et al., 2002; Kang et al., 1994; Fouts
etal.,unpublished data), and it is possible that this leads to the immunogenicity
of previously silent epitopes that elicit protective responses iz vivo.

E. The Env as Target for Inhibitors

The entry process for HIV is also a prime target for therapeutics. Early
efforts to interfere with entry utilized polyclonal antibody preparations
developed from HIV+ patients (HIVIg) or mAbs (2G12, 2F5, 4E10), each
of which exhibited exceptional neutralizing capacity in vitro (reviewed in
Choudhry et al., 2006a). Unfortunately, these preparations did not provide
much in the way therapeutic utility despite their safety. When they did impact
viral load, the effect was transient with resistant viruses quickly emerging.
A key breakthrough came with the licensure of T-20, or enfuvirtide. Target-
ing the HR1 of gp41 (reviewed in Weiss, 2003), this drug was the first in its
class to reach the marketplace and is at the forefront of an army of other
inhibitors making their way through clinical development. These drugs
generally fall within four broad groups and are being developed for both
therapeutic and vaginally or rectally applied microbicidal indications.

i. Antibodies. Given their safety record, clinical development of anti-
bodies for HIV therapy continues. Promising new candidates target CD4
and CCRS, attempting to minimize the chances of evasion by targeting
cellular receptors instead of the envelope (Dimitrov, 2004).

ii. Peptides. This group is populated by Fuzeon and a variety of follow-
on candidates, each targeting the helical region of gp41. The main challenge
with this group is delivery. Fuzeon requires intramuscular administration
twice daily making it a rather unfavorable choice for patients. Newer
delivery methods and formulations are being developed that may help
solve this problem (Markovic, 2006; Pierson and Doms, 2003a,b).

iii. Lectins. A variety of lectins have been shown to inhibit HIV by
binding to the mannose structures that cover the envelope spike. These
drugs are currently being developed for vaginal or rectal use as microbi-
cides; however, they have potential therapeutic utility (De, 2005; Pierson
and Doms, 2003a). Cyanovirin (CV-N) is currently the furthest in clinical
development.

iv. Small compounds. This group is where the bulk of the new inhibitors
fall. Thus far, only Maraviroc, a small molecule antagonist that targets
CCRS has reached Phase III. As a group, these drugs are proving to be
highly effective at reducing viral load but are falling out of development
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because of a variety of safety problems (De, 2005; Kadow et al., 2006;
Markovic, 2006; Pierson and Doms, 2003a).

The drugs and their respective targets are eloquently described in many
recent reviews some of which are cited above. Given the wealth of research
directed to understanding the nuances of HIV entry, we do not anticipate
that this pipeline of drug candidates will dry anytime soon.

VIl. Conclusions

HIV has evolved a number of strategies to escape host immune surveil-
lance, prominently by modifications to its Env. Latest advances in our
understanding of its structure at atomic level of detail promise to provide
us with new tools to design effective vaccines and inhibitors. In spite of the
significant progress, the contribution to the development of vaccines and
therapeutics of the wealth of information about the Env structure is still
relatively small. However, current developments promise to revolutionize
the way therapeutics and vaccines will be designed in the future. It remains
to be seen whether this promise will materialize.
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