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Very soon after the discovery of neutralizing antibodies (NAbs) toward human immunodeficiency virus type 1 (HIV-1) infec-
tion, it became apparent that characterization of these NAbs would be an important step in finding a cure for or a vaccine to
eradicate HIV-1. Since the initial description of broadly cross-clade NAbs naturally produced in HIV-1 patients, numerous stud-
ies have described new viral targets for these antibodies. More recently, studies concerning new groups of patients able to control
their viremia, such as long-term nonprogressors (LTNPs) or elite controllers, have described the generation of numerous enve-
lope-targeted NAbs. Recent studies have marked a new stage in research on NAbs with the description of antibodies obtained
from a worldwide screening of HIV-positive patients. These studies have permitted the discovery of NAb families with great po-
tential for both neutralization and neutralization breadth, such as PG, PGT, CH, and highly active agonistic anti-CD4 binding
site antibodies (HAADs), of which VRCO1 and its variants are members. These antibodies are able to neutralize more than 80%
of circulating strains without any autoreactivity and can be rapidly integrated into clinical trials in order to test their protective
potential. In this review, we will focus on new insights into HIV-1 envelope structure and their implications for the generation of

potent NAbs.

he isolation of new human immunodeficiency virus type 1

(HIV-1) envelope-specific neutralizing antibodies (NAbs) has
been a high priority since they were identified as potential targets
for vaccine design. Until recently, only a few recombinant NAbs
were available for clinical trials. The use of new technologies using
single-cell sorting of antigen-specific memory B cells together
with PCR amplification of immunoglobulin genes has allowed the
production of new antibodies, such as VRCO1 (Table 1). Further-
more, high-neutralization screening of short-term memory B cell
cultures has yielded PG9 and PG16 monoclonal antibodies
(MADs), which are broadly cross-reactive, and has defined a new
target on the gp120 envelope glycoprotein (81, 146). In naturally
infected HIV-1 patients, broadly neutralizing Abs (bNAbs) are
not commonly produced. Antibodies that are produced are often
directed against strain-specific or nonneutralizing determinant
sites. Only 10 to 25% of HIV-1-infected individuals generate neu-
tralizing antibody, and a minority of these individuals are able to
neutralize several strains with considerable breadth. The develop-
ment of a highly effective HIV-1 vaccine will likely depend on
success in designing immunogens that elicit bNAbs toward natu-
rally circulating strains of HIV-1 (66, 125, 127, 147). Until the last
few years, only four NAbs had been defined, but recently, more
than a dozen MAbs displaying substantial breadth have been iso-
lated. An understanding of their recognition sites, the structural
basis of their interaction with the HIV envelope, and their devel-
opment pathways provides new opportunities to design vaccine
candidates that will elicit bNAbs against this virus. For the major-
ity oflicensed vaccines, NAbs have been demonstrated to be one of
the best correlates of vaccine efficacy. Their neutralizing activities
could be therefore attributed to their capacity to either bind tightly
to functional envelope glycoproteins, and thereby block viral en-
try into the host cells, or initiate antibody-dependent cell-medi-
ated cytotoxicity (ADCC) or antibody-dependent cell-mediated
virus inhibition (ADCVI). These mechanisms are mediated via
the Fc regions of clustered immunoglobulin G1 (IgG1) or IgG3
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recognized by Fc receptors on cells of the innate immune system,
leading to the phagocytosis of infected cells upon opsonization,
and activation of the classical complement pathway (32, 56). In
this review, we will describe the latest insights into the character-
ization of envelope function during HIV-1 infection. We will then
discuss the generation and characterization of new potent broadly
cross-clade NAbs.

HIV-1 ENVELOPE GLYCOPROTEIN

The envelope glycoprotein of HIV-1 gp160 (Env) is synthesized in
the rough endoplasmic reticulum and subjected to extensive N
glycosylation, resulting in high-mannose chains linked to Asn res-
idues at either the Asn-X-Ser or the Asn-X-Thr glycosylation site.
gpl60 matures by enzymatic cleavage through the host protease
furin before anchoring at the membrane surface, in two subunits
associated by noncovalent interactions: the surface gp120 (SU)
and the transmembrane (TM) gp41 (45, 153). Both gp120 and
gp41 are involved in the interaction, recognition, and promotion
of the fusion of viral and cellular membranes and are the determi-
nants of viral tropism (16). The Env spikes are thought to be tri-
meric, and structure-based models forming heterotrimeric com-
plexes have been proposed using tomography by cryo-electron
microscopy (9, 119). The envelope proteins are the most immu-
nogenic compounds of HIV-1 particles because they are the only
viral protein expressed on the viral membrane. These Env spikes
of HIV-1, in their native configuration, elicit partially effective
humoral immune responses (107, 149) and represent obvious
vaccine targets.
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TABLE 1 HIV-1 Env-specific NAbs

Monoclonal
antibodies Isotype Epitope on: Epitope core Epitope type Clade neutralization Polyreactivity Reference(s)
2F5 IgG1 gp4l MPER 663-683, “>ELDKWA®*® Linear I1IB, MN, RF, SF2 Cardiolipin, 47, 106, 127
phospholipid, the
centromere B
autoantigen
4E10 IgG1 gp4l MPER 671-676, Linear (discontinous) A (DJ259, 92RW026, B (JR-FL, HxBc2), E Cardiolipin, histone, 47,161
S7INWF(D/N)IT®7® 92RW009), C (CM235, dsDNA, the systemic
(94ZW 106, 92THO001), F lupus erythematosus
DJ258, DU151) (BZ162,R1), G autoantigen SS-A/Ro
(G3, RU570)
Z13el Fab gp4l MPER 671-676, ”'"NWEDIT®7® Linear (conformational) B (JR-FL), C (94ZW109), E (CM235) Cardiolipin 161
HK20 1gG gp41 HR1 >62QQHLLQLTVWGIKQL®”® Linear (conformational) A 92RW009, B BC CH110.2, Not available 1,20,113
SF1262,C CRFO01 VI 1888,
92BR025 CRF02 VI 1090
PGY PGl16 IgG gp120 V2 and V3 loop Conformational A 94UG103, C 93IN905, IAVI Not available 146
trimer 92RW020 B C22,IAVIC18,
JRCSF, APV-17, TAVI C3, D
APV-6 92UG024,
CRF01_AE
CMU02
VRCO1 IgG gpl120 CD4 binding site Conformational 100% clade A, 96% 89% CRFO01_AE, Not available 27,151
clade B, 87% 81% CRF02_AG,
clade C, 88% 90% clade G,
clade D 100% CRF07_BC
B12 IgG1 gpl120 CD4 binding site Discontinous B primary JR-FL, JR-CSF, IIIB Not available 162
2G12 IgG1 gp120 Carbohydrate moieties in C2, Discontinous A/B Not available 57
C3,and V4
PGT IgG gp120 Man8/9 glycans on gp120 Conformationalgp120 ~70% of globally circulating HIV strains, Not available 100, 145
trimer especially PGT128
VRC PG04 IgG gp120 SRC CD4 binding site Conformational 88% of 162- 76% clade D, 93% Not available 31,151,157
pseudovirus panel clade F, 87%
(100% clade A, clade G, 87% of
90% clade A/E, 97-pseudovirus
100% clade A/G, panel (96% clade
949 clade B, 70% A, 88% clade B,
clade C) 80% clade C)
CHO01-04 IgG gp120 V2/V3 Conformational 36% (CHO02), 47% (CHO04) of 91 tier-2 CHO3 (ribonucleoprotein, 6,7
pseudoviruses centromere B), histone
antigen CHO1-CHO03
(HCV E2 protein or
gut flora)
HJ16 1gG gpl120 CD4bs V3, C1, C2 Conformational Preferentially D CI 13, CRF02_AG Not available 1,20
neutralized tier-2 VI 1090, and
isolates, A CA18, subtype B,
92RW009, C subtype A/D
isolate VI829
HGN194 IgG gp120 V3 loop RRSVRIGPGQTF Conformational All tier-1 viruses C 9B Bal.26, SF162, Not available 1,20

from clades A, B, and SS1196.1

and C, 11% of 3MW965.26,
tier-2 viruses 96ZM651.2 and
92BR025.9
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gp120 ENVELOPE GLYCOPROTEIN

gp120 represents the external part of the envelope glycoprotein
and is involved in the early steps of viral infection of target cells. It
consists of conserved (C) and variable (V) protein domains which,
when folded, comprise an inner domain, an outer domain, and a
bridging sheet (110). One of the viral defense mechanisms evolved
against antibody neutralization is the masking of key regions on
SU with glycans. In this respect, 20 to 24 N-glycosylation sites are
present on gp120. The V1/V2 and V3 variable regions are extend-
ed-loop structures which comprise a significant portion of the
gp120 surface features. Hypervariable regions/domains that form
exposed “loops” anchored at their bases by disulfide bonds (132)
are located near the surface of the molecule. TheV1/V2 loop is
subdivided into V1 and V2 by a disulfide bridge and is involved in
modulating viral tropism and resistance to neutralization (81, 98,
115). V1/V2 stabilizes proximal gp120-gp120 and/or gp120-gp41
associations either directly or indirectly through stiffening of V1/
V2-associated elements (55). V1/V2 consists of 50 to 90 residues
that contain two of the most variable portions of the virus, and
about 1 in 10 residues are N-glycosylated (111). The gp120 sub-
unit contains functional sites, such as the CD4 binding site
(CD4bs). CD4bs consists of a conserved pocket-like structure be-
tween the three gp120 units flanked by variable loops and the
chemokine coreceptor binding site for CXCR4 and/or CCR5 that
is exposed and/or formed after virus attachment to cells. The in-
ternal domain is near the point of contact with gp41 and the N and
C termini of gp120. Numerous broadly neutralizing human anti-
bodies have been identified that target epitopes on V1/V2 loops or
quaternary neutralizing epitopes (QNEs) formed by the interac-
tion of V2 and V3 and expressed on native Env trimers but not
soluble Env (37), including PG9 and PG16, which neutralize 70 to
80% of circulating HIV-1 isolates, Abs CHO1 to CHO04, which
neutralize 40 to 50% of isolates, and PGT141 to -145, which neu-
tralize 40 to 80% of strains (6, 145, 146). Most of the QNE-specific
Abs show sensitivity for an N-linked glycan at position 160 in V2
(HXB2 numbering) and show preferential binding to the assem-
bled viral spike structure over monomeric gp120 as well as sensi-
tivity to changes in V1/V2 and some V3 residues (65, 146). These
quaternary-structure-preferring V1/V2-directed Abs are among
the most common broadly neutralizing responses in infected do-
nors (86). Among them we find PG9 and PG16 (which neutralize
70 to 80% of circulating HIV-1 isolates), CHO1 to CH04 (which
neutralize 40 to 50% of isolates), and PGT141 to -145 (which
neutralize 40 to 80%) (6, 145, 146). The third variable loop (V3) of
HIV-1 gp120 is comprised of 35 amino acids (aa), which are ar-
ranged in a disulfide loop involving two cysteines and play an
important role in coreceptor selection (CCR5 or CXCR4), and is a
target site for NAbs (105, 157). Indeed, removal of a single N-
linked glycosylation site in the V3 loop (position 301) increases
the sensitivity of primary isolates to neutralization. Thus, sugars
that flank receptor-binding regions on gp120 protect primary
HIV-1 isolates from antibody-mediated neutralization (64). N-
linked residues are less present in gp120 regions that require struc-
tural plasticity and refolding during the infection process, al-
though glycans can also reside on structurally mobile and/or
flexible elements, such as the V4 and V5 loops of the outer domain
(e.g., from extended loop to a B-strand or a-helix). The hypervari-
able V4 loop is highly heterogenous due to several insertions and
deletions and, as a consequence, the increase of potential N-gly-
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cosylation sites (PNG) (2, 41). In contrast, V5 is less glycosylated
than V4 (21) and plays a role in CD4 binding and neutralizing
antibody responses (51, 71), as shown with VRCO1 (2, 41). These
host-derived carbohydrates protect the protein surface underlying
the gpl120 by masking them. The sugar microheterogeneities
thereby form a perfect immunological shield that leads to a de-
crease in the immune response directed against viral particles (19,
97,116).

gp120 IMMUNOGENICITY

During HIV-1 infection, gp120-specific Abs are naturally gener-
ated against conserved sites on the envelope that are crucial to host
receptor recognition or viral fusion (159). Immunological and
three-dimensional structural studies of Env have shown that these
regions were highly flexible during interaction with other surface
molecules, thus explaining how Abs specific for some variable
regions have neutralizing activity against diverse viruses. How-
ever, induction of NAbs by using rationally designed immunogens
has, so far, proven unsuccessful (68, 73, 114, 121, 122, 151, 159).
Indeed, gp120-specific Abs typically recognize neutralizing
epitopes located on variable loops (23, 86) or dominant nonneu-
tralizing conserved epitopes on Env (36, 96). This provides a ra-
tional basis for understanding the immunological cross-reactivity
of many MADs targeting the V1/V2 and V3 variable loops of gp120
and the quaternary neutralization epitopes (QNEs) formed by V2
and V3. The V3 loop and the “bridging sheet” contain the binding
site for the viral coreceptor (CCR5 or CXCR4) (4,46, 67,106). The
glycan-rich outer face of gp120 is also the target of the broadly
neutralizing MAb (bnMAb) 2G12 (14, 57, 116, 136) (Table 1). In
fact, 2G12 together with b12 were the first well-described broadly
active NADs against gp120 (Table 1). 2G12 shows an unusual in-
terlocked VH domain-swapped dimer generating an extended
and monovalent binding surface and recognizes clustered o 1—2-
linked mannose residues on the distal ends of oligomannose sug-
ars located on the carbohydrate-covered silent face of the gp120
outer domain. 2G12 displays a unique reversible kinetic mecha-
nism of neutralization and inhibits interactions between the V3
loop and the tyrosine sulfate-containing CCR5 amino terminus,
and thereby viral entry, by disturbing the formation of fusion
complexes (102). The capacity of monomeric or dimeric 2G12 to
mediate ADCC or to activate the complement system has been
clearly demonstrated in vitro (62, 137). B12 was derived from a
phage library in which heavy and light chains were randomly re-
asserted. B12 recognizes an epitope that overlaps the binding site
of gp120 to the CD4 receptor and efficiently neutralizes many
strains of HIV-1. B12 can also protect macaques from vaginal
challenge with simian-human immunodeficiency virus (SHIV)
(13, 162).

Numerous Abs, including NAbs 17b, X5, m18, and m14, have
been described for their capacity to bind to the CD4-induced site.
All of these contain long H3s regions that play a major role in their
mechanism of binding. The H3s regions of X5, m6, and m9 appear
to be very flexible and highly potent at neutralizing HIV (88, 105,
150, 158). Recent works from Corti et al. have described new and
potent bNAbs HGN194 and HJ16, directed against gp120 (20)
(Table 1). HJ16 was obtained from a donor infected with a clade C
virus. This antibody binds to CD4bs, thus preventing interaction
of HIV-1 with CD4. HJ 16 recognizes a discontinuous epitope on a
surface proximal to the CD4bs on gp120. This epitope is com-
pletely distinct and nonoverlapping with that recognized by
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CD4bs-specific antibody b12. HJ16 exhibits a broad neutralizing
activity comparable in breadth to that of b12. HJ16 and b12 pres-
ent complementarity in their neutralizing properties toward a
group of viruses, referred to as tier-2 isolates, which have moder-
ate sensitivity to antibody-mediated neutralization (20, 120).
HGN194 was isolated from memory B cells of a long-term non-
progressor (LTNP) infected with an HIV-1 clade AG circulating
recombinant form (CRF). This Ab recognizes a conformational
epitope in the V3 loop and neutralizes all tier-1 viruses (those with
a low sensitivity to antibody-mediated neutralization) across
clades but only 11% of tier-2 viruses tested by Wu et al. (148). In
vivo, administration of the IgG1 HGN194 in rhesus monkeys sig-
nificantly decreases virus titers after HIV-1 challenge and seems to
drastically affect viral reservoirs (148) (Table 1).

Numerous broadly gp120-specific NAbs were discovered using
amultistep strategy (146). A new approach of NAb screening from
a clade A-infected patient has been described; this approach com-
bines binding of Abs to recombinant gp120 and gp41 with a high-
throughput microneutralization assay, resulting in the improve-
ment of the quality of selected candidates. B cells from infected
donors obtained in the selection step were isolated (146). Pools of
the VH- or VL-region clones were subcloned into a human IgG1
constant domain context. The first described potent bNAbs were
PG9 and PG16. They are somatically related and appear to be
derived from the same recombination of heavy and light chains.
These antibodies have been identified by a large screening of 1,800
serum samples from HIV-positive donors. PG9 and PG16 both
target discontinuous epitopes involving the conserved regions of
V1, V2, and V3 loops and overlapping the CD4bs present in the
assembled viral spike. They are sensitive to a loss of the N332
glycan and a N160/K168 substitution in the V2 loop or an isoleu-
cine at position 215 in the C2 region (133) but are clearly distinct
from 2G12 (97, 146). Despite the vaunted diversity of the HIV-1
gp120 envelope and the high sequence variability in the V2 and V3
regions (146), neutralization assays indicate that the recognized
epitope is conserved in 70 to 80% of circulating viral isolates.
Recently, McLellan et al. (80) solved the atomic structure of PG9,
in complex with V1/V2, which allowed the identification of con-
served features that enable recognition of gp120 (80). PG9 over-
comes variability of the V1/V2 protein sequence by binding to the
atomic backbone of the protein rather than to the variable amino
acid side chains. Associated with the strong evolutionary conser-
vation of N332 glycans in gp120, PG9 is able to recognize 80% of
HIV-1 circulating strains. Interaction between PG9 and V1/V2
occurs mainly with N-linked glycan asPG9 binding the glycan at
position 160 on gp120. The third complementarity-determining
region (CDR) of the heavy chain (CDRH3) reaches through the
glycan shield to contact the protein-proximal N-acetylgluco-
samine area. In addition to glycan recognition, a strand in the
CDRH3 of PG9 forms intermolecular parallel B-sheet-like hydro-
gen bonds to V1/V2 strand C. Strand C is the most variableV1/V2
strand, and this sequence-independent means of recognition
probably allows for an increased breadth of recognition (81). The
net charge in B-strand C influences the interaction with PG9 and
PG16. The length and number of glycosylation sites in V2 confer
resistance to PG9 and PG16 by creating a hindrance in antibody
binding or hiding crucial residues of PG9 and PG16 epitopes
(108). The CDRH3 of PG9 comprises a hammerhead that occu-
pies a slot between two glycans on gp120, contacting the flanking
glycan surfaces and binding to the protein surface at its base (115).
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Cryo-electron microscopy results concerning the binding of PG9
with glycan 160 (Man5GIcNAc2) suggest this glycan to be of an
appropriate size such that it does not clash with the antibody light
chain and does not stretch between the tip and base of the PG9
CDRH3 (81). Thus, PGY is an example of the immune system
actually exploiting the viral glycan defenses by binding directly to
them. The changes in the heavy and light chains that allow for
glycan recognition occur during affinity maturation and provide a
possible explanation for the observed increase in PG9 (and PG16)
breadth and affinity. The overall neutralization sensitivity is the
consequence of characteristic molecular features of the V2 loop,
and neutralization by PG9/16 is balanced by the glycans, the net
positive charge and, possibly, the length of the V2 loop. Neutral-
ization by PG9 correlates strongly with that by PG16, indicating
that these Abs recognize a common HIV-1 epitope. This suggests
thata common surface of the paratope on PG9 and PG16 might be
involved in HIV-1 recognition. Substantial differences in se-
quence are found between PG9 and PG16 (28, 97). An analysis of
the antibody variable genes revealed two pairs of somatic variants,
each one containing a long heavy-chain complementarity deter-
mining region 3 (CDRH3). Long CDRH3 loops have been previ-
ously associated with polyreactivity of MAbs, such as 2F5, 4E10, or
1b12, which also bind different autoantigens, such as phospholip-
ids (cardiolipin, phosphatidylserin) or histone antigen (50, 141)
(Table 1).

Other very recent studies have given rise to a number of Abs
with different properties of potency and breadth of neutralization
(100, 145, 146). A new family of NAbs was isolated by screening
antibody-containing memory B cell supernatants for broad neu-
tralizing activity from the top four elite neutralizers from approx-
imately 1,800 HIV-infected donors. The eliciting is based on a
score incorporating both breadth and potency. Antibody variable
genes were rescued from B cell clones showing cross-clade neu-
tralizing activity and expressing full-length IgGs. It was revealed
that all of the monoclonal Abs isolated from each individual do-
nor belong to a distant, but clonally related, cluster of Abs. Two of
six bNAbs (PGT125 to -128 and -130 to -131) that bind specifi-
cally to the Man8/9 glycans on gp120 have also been described
recently and are potently neutralizing across clades (100, 145)
(Table 1). A model of the Fab PGT128 complex with a fully gly-
cosylated gp120 outer domain reveals that the antibody penetrates
the glycan shield and recognizes two conserved glycans N332 and
N301 as well as a short B-strand segment of the gp120 V3 loop
(100). It was also observed that their neutralization of HIV may be
mediated by cross-linking Env trimers on the viral surface.
PGT128, the broadest of these Abs, neutralizes over 70% of glob-
ally circulating viruses and is, on average, an order of magnitude
more potent than the recently described PG9, PG16, VRCO1, and
VRCPG04 bnMADbs and two orders of magnitude more potent
than the prototype bnMAbs described earlier (4, 146, 151, 152).
PGT Abs neutralize the cell surface trimer with more potency than
their Fab and also exhibit the interesting property of being able to
reduce the half-life of the virus, while 2G12 had no effect on the
half-life of the virus. By electronic microscopy, it has been dem-
onstrated that PGT127 and -128 are able to cross-link with the
spikes on the surfaces of virus particles, thereby increasing their
affinity through avidity effects, but not on the surfaces of enve-
lope-expressing cells (100). These Abs target a sensitive conserved
and highly exposed epitope, including two glycans (N301/N332),
and V3 loop backbone components that make this region an at-
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tractive immunogen for vaccine design (145). In the same family
of bNAbs, PGT141 to -145 present a strong preference for quater-
nary epitopes similar to those described for PG9 and PG16. These
Abs neutralize around 40 to 80% of circulating HIV-1 isolates and
present the same properties of CDRH3 as PG9 or PG16, with an
extended CDRH3 loop and a B-hairpin tip able to penetrate the
N-linked glycan barrier and reach the protein surface beneath.
The inefficiency in isolating broadly reactive CD4bs-directed
NADs from human B cells is probably due to the use of immuno-
gens that are reactive with many HIV-1-specific antibodies, in-
cluding nonneutralizing antibodies. Recent observations on enve-
lope structure have been combined with computer-assisted
protein design to define recombinant forms of HIV-1 Env that
specifically interact with NAbs directed against the CD4 binding
site (70, 71, 151, 156). A resurfaced stabilized core (RSC) HIV-1
gp120 molecule, mimicking the site of initial CD4 receptor bind-
ing, has allowed the isolation of the CD4bs-specific MAb VRC
with extensive neutralization breadth. To isolate these MAbs, an-
tigen-specific memory B cell sorting was used, together with sin-
gle-cell PCR, to amplify IgG H- and L-chain genes from individual
B cell cDNA (117). Memory B cells able to bind to the RSC were
selected. The matched H- and L-chain genes were amplified and
cloned into IgG1 expression vectors that reconstitute the constant
regions allowing the expression of full IgG. Three Abs (VRCO1,
VRCO02, and VRCO03) were elicited by this strategy. Comparisons
of the nucleotide sequence of heavy and light chains revealed that
VRCO01 and VRCO02 are somatic variants of the same IgG1 clone.
The heavy-chain CDR3 of the two MAbs was composed of the
same 14 aa, while the heavy chain CDR3 of VRCO03 contained 16
aa. Both MADs are highly somatically mutated, with 32% of the
heavy chain variable gene (VH) and 17 to 19% of the kappa light
chain variable gene (VK) nucleotides divergent from putative
germ line gene sequences. VRCO03 was potentially derived from a
different 1gG1 clone, but its heavy chain was derived from the
same alleles as VRCO01 and VRC02. VRCO3 also presents a hyper-
somatic mutation with an unusual amino acid insertion in heavy-
chain framework 3 and with 30% of VH and 20% of VK nucleo-
tides derived from putative germ line gene sequences. Overall, the
three MADbs share common sequence motifs in heavy chain CDRI,
CDR2, and CDR3. A cryo-electron microscopic analysis of bind-
ing characteristics revealed that VRC01 and VRCO2 act as partial
CD4 agonists in their binding with gp120 and partially mimic the
interaction of CD4 with gp120 (135). This characteristic may ex-
plain their breadth, as interaction with CD4 is crucial for infec-
tion. In these studies, it was observed that among circulating
HIV-1 isolates tested for sensitivity to VRCO1, 173 of 190 were
neutralized and only 17 of 190 were resistant. Data for VRCO02 are
very similar. VRCO3 is less broad than VRCO01 and VRC02, neu-
tralizing only 57% of viruses (151). A structural analysis of these
resistant isolates showed important variations in the V5 region
(Table 1). However, the low VRCO1 resistance frequency suggests
that VRCO1 uses a recognition mechanism that allows binding
despite V5 variations. Studying the interaction of VRC01 with V5
shows that VRCO1 recognition of the V5 domain in gp120 is dif-
ferent than that seen with CD4. The V5 loop fits into the gap
between heavy and light chains. A model of the interaction be-
tween VRCOI and the Env functional trimer has recently been
proposed. In this model, VRCO1 locks the Env functional trimer in
a low-energy conformation and disables further rearrangements
that occur during virus entry (71). Thus, interaction with the
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more conserved residues at the loop base is sufficient for VRCO01
activity independently of variation in the top of the V5 loop (156).
Finally, the observation that VRCO01 does not display substantial
self-reactive or polyreactive properties could facilitate the use of
passive-protection studies in nonhuman primates and then in hu-
mans.

Recently, deep-sequencing technology combined with bioin-
formatics has been used for the first time to identify bNAD se-
quences from millions of variable heavy-chain sequences in HIV-
infected individuals (27, 152). This deep screening has allowed the
isolation of many antibodies, referred to as VRC and VRC-like
antibodies, including the bNAb VRCPG04 isolated from one do-
nor (with a virus subtyped as clade A1/D) and VRC-CH31 from
another donor. Those Abs are similar to VRCO1 in their breadth
and potency. They also bind to the CD4Bs, are highly affinity
matured, and are derived from the IgVH1-2 germ line gene.
PGV04 was sorted from single memory B cells of an elite neutral-
izer by using the RSC3 protein and a CD4bs-defective version for
selective isolation of potent CD4bs MAbs (152). VRC-PG04 has a
neutralizing profile distinct from those of CD4, b12, and VRCO1.
In the first neutralizing assays against a multiclade 162-pseudovi-
rus panel, PGV04 neutralized 88% of the pseudoviruses, while
PGY neutralized only 75% (31). Therefore, VRC-PG04 exhibited
enhanced breadth compared to PG9 with a similar potency. In a
second neutralization assay with a 97-pseudovirus panel, PG9,
PGV04, and VRCO1 neutralized 82%, 87%, and 93% of viruses,
respectively. Therefore, VRC01 and PGV04 have nearly the same
breadth and the same profile of neutralization. In addition, VRC-
PG04 showed no evidence of polyreactivity (31). Several alanine
substitutions affect CD4bs MAb neutralization and binding dif-
ferently; D279A substitution decreases neutralization by VRCO01
and CD4-IgG but does not affect neutralization by b12, while the
1420A and I423A substitutions decrease VRCO1 neutralization but
increase both CD4-IgG and b12 neutralization. However, each of
these three substitutions (D279A, 1420A, and 1423A) abrogates
PGV04 neutralization. The highly conserved nature of the resi-
dues that are important for VRC-PG04 recognition likely explains
how PGV04 is able to achieve broad neutralization.

In contrast to VRC01, VRC-PG04 did not enhance 17b or X5
binding to its epitope (the CD4-induced [CD4i] site) in the core-
ceptor region on the gp120 monomer (31). VRC-PG04 displayed
both a heavy-chain variable gene (VH) mutation frequency and a
level of affinity maturation similar to those observed with VRCO1-
03. The VRC-PG04 Fab was crystallized in complex with a gp120
core from the recombinant clade A/E 93THO057 that was previ-
ously crystallized with VRCO1 (156). The crystallized complex
showed strong similarity with the one obtained with VRCO1, de-
spite different donor origins and only 50% amino acid identity in
the HC variable region. An overlay of the heavy chains of VPG04
and VRCO1 revealed small differences, but critical interactions in
the Asp®®® gp120 salt bridge to Arg’”' VRCO1 were maintained in
VRC-PGO04. The remarkable convergence in recognition observed
with VRCO1, VRC03, and VRC-PG04 suggests a similar mecha-
nism of HIV-1 gp120 recognition, conserved between infected
donors. The precision required for this mode of recognition likely
arises as a consequence of the multiple mechanisms of immune
evasion that protect the site of CD4 attachment on HIV-1 gp120
(19). Thus, precise H-binding is required for the convergence in
structure that enhances regions with hydrophobic interactions
and focuses precisely on the initial site of CD4 receptor attach-
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ment (152, 156, 157). Surprisingly, this convergence in epitope
recognition is not matched in antibody sequence identity. Indeed,
10 antibodies that bind RSC3 use the IGHV1-2*02 germ line and
accrue 70 to 90 nucleotide changes. Even if these mature Abs share
the same epitope recognition, only two residues from the germ
line IGHV1-2%02 allele mature to give the same amino acids (152).
Both of these changes occur at a hydrophobic contact in the crit-
ical region 2 (CDRH2). Despite this divergence in maturation, a
comparison of the VRCO1, VRC03, and VRC-PG04 paratopes
shows that many of these changes are of a conserved chemical
character. Overall, these observations suggest that affinity matu-
ration does converge with epitope recognition even if there is di-
vergence in specific residue maturation and that VRC-PGO04,
VRCO01, b12, and CD4-IgG recognize the CD4bs in somewhat
different ways.

Isolation of single memory B cells from the blood of HIV-
infected individuals using parts of the HIV Env protein has been
also described recently (117, 118). Variable regions of the light and
heavy chains of the antibody genes expressed by B memory cells
were amplified by a new strategy of PCR and then used to produce
new MADs (118). Different primers were designed to amplify even
highly mutated antibody genes from B cells by binding to less-
mutated parts of the antibody sequences (117). As is the case for
other recently described HIV-specific bNAbs, the most potent
new bNAbs identified show an unusually high degree of somatic
hypermutation (152). Regarding their capacity to efficiently neu-
tralize HIV-1 strains, several antibodies were selected, including
the VRCO1 variant NIH45-46 and 3BNC60. These Abs showed
binding patterns similar to that of VRCO1 on gp120. New classes
of highly active agonistic anti-CD4 binding site antibodies
(HAADs) that expose the coreceptor binding site on gp120 and
mimic binding of the host receptor CD4 have also been described
(118). This antibody class shares IgVH and IgVL consensus se-
quences, including the contact residues between VRCO1 and the
HIV spike. In five different donors, these antibodies originate
from only two closely related IgVH genes and three IgVL genes.
The variable portions of the heavy chain of the most potent new
bNAbs and VRCO1 have about 68% of their amino acid sequence
in common and also share a origin in that they are derived from
two related germ line genes, IgVH1-2 and IgVH1-46. In addition,
the crystal structure of the Fab region of one of the new bNAbs,
3BNC60, was similar to VRCO1, suggesting that it binds gp120 in
a similar way and by mimicking CD4 binding and disrupting the
envelope trimers. More recently, the structure of the most potent
clonal variant of VRCO01, NIH45-46, has been described in more
detail (27). This antibody resembles VRCO1 but includes a four-
residue insertion (residues 99a to 99d) within CDRH3, a property
acquired by somatic hypermutation. Three of these residues are
important in the binding to gp120 and neutralization activities. In
comparison with VRCO1 neutralization data, NTH45-46 was more
potent than VRCO1 on 62 of the viruses tested from a panel of 82
tier-2 and -3 viruses representing all known clades but still less
potent than 3BNC117 (118, 151). In the same study (27), the
ability of VCRO3 to bind gp120 and to increase neutralizing activ-
ity by modifying the contact zones with gp120 was attempted by
constructing a new variant of NIH45-46 by tryptophan substitu-
tion. The mutant obtained showed enhanced potency of neutral-
ization since it neutralizes six NIH45-46-resistant strains, making
this antibody, NIH45-465"*W, one of the rare MAbs that could be
a candidate in the design of a new vaccine.
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In order to elicit NAbs from the sera of an African donor in-
fected with a clade A strain of HIV-1 (125), Bonsignori et al. used
a combination of different methods of memory B cell isolation,
clonal or oligoclonal culture systems, single-cell flow sorting, Ep-
stein-Barr virus (EBV) transformation, and recombinant anti-
body cells (6). A family of Abs from the same clonal lineage of
bNAbs was identified, such as quaternary bNAbs (CHO1 to
CHO04), CD4 binding site (VRCO01-like) bNAbs (CH30, CH31, and
CH32), V3 NADb (CH19), and a novel gp41 NAD against the 3-gly-
can gp41 site. CH11.CHO1 to -04 antibodies recognize a confor-
mational epitope on the V2/V3 region. Similarly to MAbs PG9
and PG16, CHOl to CHO4 recognize an epitope on a single
protomer that is usually, but not exclusively, conferred to the
gp120 envelope glycoprotein by trimer formation (6, 22, 144).
MAbs CHO1 to CHO04 bind a PG9/PG16-like conformational
epitope but present differences in their breadths of neutralization
and residue sensitivities compared to those of PG9/PG16. They
neutralize 36% (CHO02) to 47% (CHO04) of 91 tier-2 pseudoviruses.
However, when CHO1 and VRC-CH31 are combined, they neu-
tralized 86 of 91 of HIV-1 strains (95%) (7). The CHO1 to -04
antibodies share similar V(D)] rearrangements, the same length of
CDRH3, and high degrees of similarity to CDRH3 and CDRL3,
thus indicating that they belong to the same clonal family. Somatic
mutations of the VDJ nucleotide sequences of CHO1 to CH04
(11.5 to 14.3%) are similar to those of MAbs PG9 (11.9%) and
PG16 (13.2%). In the same way as for anti-gp41 MPER NAbs,
MAb CHO3 is autoreactive for ribonucleoprotein, centromere B,
and histone antigens, and MAbs CHO1 to CHO3 are polyreactive
with the hepatitis C virus E2 protein or gut flora antigens. This
autoreactivity could potentially and indeed does probably induce
tolerance mechanisms, such as anergy or deletion (50, 141). Like
PG9/PG16, CHO1/CHO04 NADs present a long region 3 (HCDR3).
This suggests a common mechanism of generation or selection of
Abs with a long CDHR3.

Recently, the human mAb2909, isolated by immortalization of
peripheral blood mononuclear cells (PBMC) from asymptomatic
and drug-naive HIV-1 patients (38), has been shown to bind to a
quaternary structure on virions expressing only V2, V3, and the
CD4 binding site but not to soluble monomeric gp120 (17, 37).
This antibody demonstrates a high neutralizing activity for pri-
mary isolates such as SF162. Its neutralizing activity against SF162
is 750- to 100,000-fold more potent than those of other well-char-
acterized NAbs. HIV-1 SF162 contains a rare polymorphism con-
sisting of a single-amino-acid substitution in the V2 domain (K'*°
nonpermissive for N glycosylation). This substitution leads to the
loss of the conserved N-linked glycosylation site that is essential
for the epitope of PG9 and PG16 (146). The occurrence of MAb
2909 suggests the possible existence of additional oligomer-spe-
cific Abs that may possess broader neutralizing activity.

gp41 ENVELOPE GLYCOPROTEIN

The binding of gp120 to CD4 and the viral coreceptors results in
conformational changes and triggers the establishment of a “fu-
sion complex” composed of gp41 trimers (29, 91, 113). gp41 is the
transmembrane (TM) domain for the entire envelope glycopro-
tein and thus anchors the viral spikes in the bilayer lipid mem-
brane of viral particles and, as stated above, plays an important
role in membrane fusion and cell entry. It presents an extracellular
domain, a TM domain, and an intracytoplasmic domain. gp41
sequences are more conserved than those of gp120 and contain
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only four N-glycosylation sites on their ectodomain. These glyco-
sylation sites are highly conserved and appear to contribute to
optimal viral replication efficiency (58). The N-terminal hydro-
phobic region consists of the fusion peptide (aa 512 to 527), a
polar region (PR, aa 525 to 543) that is also called the fusion
peptide proximal region (FPPR), the N-terminal heptad repeat
(NHR or HR1) (546 to 581), and the C-terminal heptad repeat
(CHR or HR2). These regions are folded as a-helices and linked by
aloop, generally referred to as the immunodominantloop (598 to
604), containing a disulfide bridge. A highly conserved trypto-
phan-rich membrane-proximal ectodomain/external region
(MPER; 660 to 683) is also present (15). Finally, the membrane-
spanning domain or transmembrane (MSD/TM) and the intracy-
toplasmic tail or C-tail are two other hydrophobic regions present
at the C-terminal portion. A complete structural description of
whole-molecule gp41 is not yet clearly defined. A crystallized in-
tact trimer is currently unavailable, because it seems that large
portions appear to be in constant motion, probably as part of the
conformational masking defense of potential epitopes from NAbs
(30, 80).

gp41 IMMUNOGENICITY

gp41 is largely occluded by quaternary interactions within native
Env (18, 126, 153, 155, 158). During the fusion process, confor-
mational changes occurring after interaction with gp120 expose
different gp41 regions accessible for NAbs. Some of these exposed
regions are essential for the infection process, and blocking them
can inhibit infection and neutralize the virus (Table 1). The NAbs
2F5, Z13el, and 4E10 can specifically bind Env and block a late
stage of the fusion process (26, 92, 93, 130, 160). Despite great
efforts, high NAD titers against any of the conserved sites on Env
have not yet been elicited (61, 68, 101). Recently, the HK20 gp41-
specific antibody was obtained from immortalized memory B cells
from an HIV-1-infected individual (20) (Table 1). This Ab targets
the conserved hydrophobic pocket in HR1. The crystal structure
of HR1-specific human MAb HK20 in complex with the 5-helix
domain of gp41 shows that HK20 binds to the same region as that
recognized by D5, a human antibody directed against the N-hep-
tad region (83) but differs significantly from D5 in terms of con-
tact sites and shows a role for somatic mutations in affinity mat-
uration (77). These aspects influence the potency and breadth of
neutralization, which are higher for HK20 than for D5 and depend
on somatically mutated residues. In addition, it was shown that in
the case of HK20, the scFv is at least 15-fold more potent in neu-
tralization than IgG, which is consistent with a limited accessibil-
ity to the target site (112). The gp41 footprints of HK20 and D5
and the global structural principles employed by the two antibod-
ies are similar. Since HK20 targets HR1 instead of MPER or gly-
cans in this region, it has the conceptual advantage over 4E10 and
2F5 of avoiding potential autoreactivity (112). HK20 presents an
intermediate breadth of neutralization, preferentially to clades A
and C, which did not correspond with the subtype of the infected
patient, which was CRF02_AG as described in reference 1. Cross-
reactive antibodies to the NHR have also been detected in HIV-1-
positive sera, indicating its immunogenic potential (104). More-
over, the NHR trimer-specific D5 NAb was generated from a
native single-chain variable fragment library. In the same way as
the T-20 peptide, D5 inhibits the assembly of the fusion interme-
diate in vitro (83). D5 was derived from B cells of HIV-naive sub-
jects and has not been subject to extensive somatic hypermuta-
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tion, with only seven non-complementarity-determining region
amino acid changes from germ line sequences. Unlike b12, 2F5,
and 4E10, D5 IgG does not have an atypically long heavy chain
CDR3. Unlike 2G12, D5 does not require a “domain-swapped”
structure for neutralization activity. D5 retains antiviral activity
against primary HIV isolates when converted to an IgG1 format.
Finally, and most importantly, D5 was elected by binding to
IZN36 and 5H, which are synthetic antigens with well-defined
structures mimicking the 6-helix bundle structure. In addition,
new NAbs, such as 8K8 and DN9, with limited potency against the
NHR trimer of HIV-1, have been isolated by screening of a phage
display library (94). Antigen binding and monoclonal Ab compe-
tition experiments using 8K8, DN9, and D5 strongly suggest that
the epitopes of 8K8 and DN are closely related but differ from the
D5 epitope. D5 preferentially binds to NHR mimetics in the ab-
sence of CHR peptide, thus indicating a significant cross-reactivity
of D5 with immobilized 6-helix (77, 83). Similarly, C34 HR2 pep-
tide competes efficiently with 8K8 and DN9 binding to immobi-
lized NHR mimetics (e.g., 5-helix and IZN36), but not with D5.
The 3764 Fab has also been shown to bind to the NHR region with
the same efficiency for the free mimetics of the NHR coiled-coil-
like N35CCG-N13 (94) and for the interaction with CHR peptide
in the form of a 6-helix bundle (42, 43).

As described above, gp41 comprises several functional regions
which play a major role in fusion of the virus and host cell mem-
branes. These regions are not static during the infection process
but retain a degree of flexibility. For instance, HR regions form a
six-helix coiled-coil bundle playing an important role in both the
early and late stages of the membrane fusion process (16, 58, 74,
76, 90) including the formation of the fusion pore (90, 123, 124).
The Fab 3674 is directed against the helix bundle and neutralizes
diverse laboratory adapted B strains of HIV-1 and primary isolates
of subtypes A, B, and C (43). This structure was described for
other NAbs and shows neutralizing activity against primary iso-
lates (142). MPER contains the epitopes of three well-known
bNAbs, 2F5, 4E10, and Z13 (12, 161). Recently, MPER-specific
antibodies were characterized for an individual chronically in-
fected with subtype C (CAP206). These antibodies present a great
breadth of neutralization and were targeted to the distal MPER
centered on the D674 asparagine residue (40). Isolation of a novel
MPER-specific NAb (CAP206-CH12) from the same individual
has also been achieved through the amplification of Ig gene frag-
ments from single memory B cells (87). This MADb overlapped the
4E10 and Z13el epitopes and neutralized the same subset of vi-
ruses sensitive to the plasma antibodies. CAP206-CH12 used the
same VH and VK Ig gene families as the 4E10 NAD, and its
CDRH3 sequence showed strong similarities with that of Z13e1 as
aresult of shared ] gene usage. CAP206-CH12 presents a low neu-
tralization activity and limited potency, similar to Z13el, and re-
acted with viruses of subtypes C and B. While the CAP206-CH12
MAD was polyreactive, unlike 2F5 and 4E10, it did not bind lipids
with high avidity. These data suggest the possibility of convergent
evolution among HIV-1 gp41 MPER MAbs. CAP206-CH]12 uti-
lized VH1-69 and VK3-20 in a manner similar to that seen with
gp41 antibody 4E10. Other gp41 antibodies, such as D5 and HK20
that bind to the stalk of gp41, also utilize VHI1-69. VH1-69-de-
rived antibodies are hydrophobic and seem to show a preference
for regions of virus envelopes that are in close proximity to viral
membranes. CAP206-CH12 shares the same YYYYMD motif in
its CDRH3 as Z13el and has a shorter CDRH3 that presents some
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flexible residues adjacent to the Tyr motif but lacks the hydropho-
bic residue W or F present in 4E10 and the Z13el CDRH3 apex
crucial for neutralization (11, 60). MPER-specific Abs present in
naturally infected patients are not as broadly neutralizing as 2F5 or
4E10 (8, 15, 89).

Recent studies using chimeric pseudoviruses presenting
epitopes in a context more closely related to the MPER structure
suggest that MPER-specific NAbs are relatively rare or absent dur-
ing natural infection. However, the fact that new NAbs map to a
different region in MPER than 2F5 and 4E10 provides hope by
suggesting that NAbs may be vaccine induced (49, 69). In animal
models, 2F5 has been shown to interrupt HIV-1 mucosal trans-
mission and confers protection against SHIV infection (79). The
2F5 antibody was isolated from human immortalized B cells and
recognizes an epitope lying between glutamic acid 662 and alanine
667 (ELDKWA). Studies have shown, with an expression library
and protection against protease experiments, that this epitope is in
fact wider (EQELLELDKWASLWN). By addition of a leucine at
each side (LELDKWASL), the affinity of 2F5 for its epitope is
increased more than 2,000 times (82, 95, 100, 134). In models
studying the involvement of the viral membrane using POPC (1-
oleyl-2-palmolityl-sn-glycero-3-phosphocholine) and POPC/
cholesterol in the recognition and binding to its epitope, it has
been shown that 2F5 does not interact with the membrane before
fixation (139). In the absence of a hydrophobic environment, 2F5
and 4E10 are unable to bind to the MPER region (95). Recently, it
was shown that the binding of 2F5 causes peptide docking on the
membrane and increases the ability of the MAD to be intrusive
(33). 2F5 induces a confined local disorder in the membrane
which can promote exposure and interaction with gp41. The 2F5
epitope contains a B-turn conformation and immunogen which
when presented in a membrane context may better mimic the
epitope and consequently improve the binding of this Ab (134).
Moreover, the polyspecificity of 2F5 and 4E10 and autoreactivity
by binding to cardiolipin could explain the low activity of these
antibodies in vivo since the immune system depletes all B cells
which produce autoreactive Abs (47) or induce tolerance mecha-
nisms (140), even if occasionally, some autoreactivity can be re-
lated to the development of HIV bNAbs at the cellular level and at
the level of serum antibodies, as is the case for 9G4 bNAbs that
present self-reactivity to systemic lupus erythematosus (SLE) and
neutralizing properties (63).

The 4E10 NAb is also a promising MPER-specific Ab that has
been isolated from B cells of HIV patients. It binds a deeper
epitope than the 2F5 epitope in the MPER and presents neutral-
izing activities against primary isolates and laboratory strains of
HIV-1. 4E10 binds to a highly conserved linear epitope on MPER
STINWE(D/N)IT®’® (161). Crystallographic structures of the
epitope have been characterized and form a large helical shape
with the important residues on the same side of the helix (44). The
antigen reacts only with residues of the base and center of the loop
of CDRH3. However, much of this loop is not involved in binding
to the antigen. The top of the loop of CDRH3 of 4E10 forms a flat
hydrophobic surface which suggests a possible interaction with
the membrane of the virus. Structural models predict formation
of the epitope of 2F5 and 4E10 to be highly dependent on the
presence of membrane, since affinity of 4E10 increases in the pres-
ence of lipids (75). The W®%, F*”, and T*’® residues seem to be
crucial for 4E10 binding since their replacement with alanine res-
idues drastically reduces affinity (10). The ' NWFDITNWLWYI
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K% sequence is optimal for 4E10 recognition. In resistant strains,
the pattern NWF(N/D)IT indicates that the 4E10 epitope is com-
plex and would even be discontinuous (44). Mass spectrometry
studies reveal that 4E10 binds to the N terminus of gp120 and gp41
on the native conformation (130). It has been suggested that the
pattern NWF(N/D)IT forms a cryptic epitope accessible only dur-
ing the intermediate stages of the merger/fusion. It seems that
4E10 has a higher affinity for the membrane than 2F5, thus con-
ferring the capacity to promote peptide extraction from the bi-
layer lipid membrane (33). The 4E10 Ab also has a polyspecificity
for autoantigens, such as histone or double-stranded DNA (ds-
DNA). The Z13 Fab is also a derived MPER-specific Ab. This Ab,
derived from an expression library, recognizes an epitope located
on the C terminus of the 2F5 epitope, which overlaps the 4E10
epitope. The epitope of Z13 is centered on the sequence 'NWF
DIT®%, but this sequence is dependent on the conformation of the
motif and changes such as N glycosylation of asparagine 674
(D®*) or exposure to a native protein. This Ab is able to weakly
neutralize several clades, such as B, C, and D (161).

In several in vivo pharmacokinetic studies and phase I/II clin-
ical trials, intravenous high doses of the three neutralizing anti-
bodies, 4E10, 2F5, and 2G12, were given in combination to 14
HIV-1-infected individuals at weekly intervals over 3 months. The
results showed that these three Abs are able to maintain an unde-
tectable viral load in patients in whom infection had been sup-
pressed by antiviral therapy (59). These studies also showed that
4E10 administration is not highly immunogenic, with rare IgM
raised against 4E10 but no IgG. Clearance and half-life of 4E10 are
identical to those of other classical therapeutic Abs.

CONCLUSIONS

Passive administration of rare human Env-specific monoclonal
bNADbs to rhesus macaques can protect them against SHIV chal-
lenge (52-54, 78, 80, 84). Detection of high gp120-specific NAb
titers was correlated to protection in 31% of vaccinated humans in
the recent RV144 Thai trial (48, 109). Furthermore, clues gleaned
from the breakthroughs from the protocol G and the very recent
Center for HIV/AIDS Vaccine Immunology (CHAVI) studies
have confirmed that a major goal of HIV-1 vaccine development is
to design highly immunogenic Env antigens capable of inducing
NAbs (24, 80, 127). Data from human clinical trials demonstrate
that the first generation of soluble protein and vectored Env im-
munogens are safe and immunogenic. However, the Abs gener-
ated are only effective on highly sensitive strains. From the recent
literature on HAADs and/or PG NAbs, and their cross-reactivity
among circulating viruses, gp120 seems to be an important target
immunogen even if the coverage of neutralization is not complete
and despite the fact that the glycan shield could evolve and mask
potential epitopes. Using gp41 as a target for a prophylactic vac-
cine can be another important alternative. However, targeted
gp41 epitopes are accessible during a short time window occurring
while the conformational changes triggered by the fusion process
are ongoing. The recently described HK20 epitope may be consid-
ered a serious candidate for an anti-HIV vaccine approach. In-
deed, conserved Env epitopes targeted by NAbs are poorly immu-
nogenic because they either are masked by the glycan shield (3,
149), appear transiently (34), are sterically hindered (67, 119), or
must overcome entropy for Ab binding. Another important point
is that conserved epitopes (particularly in gp41) present homolo-
gies with self-proteins that could trigger tolerance mechanisms
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(47, 50, 141). Finally, even when Abs can neutralize infecting
strains, their effect is transient due to escape mutations (107, 149).
To date, immunization of nonhuman primates and humans with
HIV-1 Env monomers or trimers has failed to induce bNAbs.
Induced Abs are mainly effective on easily neutralized tier-1
strains but have weak neutralization abilities for tier-2 and tier-3
strains (35, 80). Poor cross-reactivity of vaccine-elicited NAbs ap-
pears to be related to the restricted repertoire of induced Abs and
to the complexity of the native viral spike structure. Strikingly,
most of the NAbs described in the literature are IgG. The study of
neutralizing responses in the mucosal compartment is crucial for
the challenge to design a new vaccine. Several studies have de-
scribed the potential role of mucosal secretory IgA to locally block
infection. The involvement of anti-Env secretory IgA that blocks
both transcytosis and infection has been well described (5, 25,
138). Secretory IgA from parotid saliva or milk that was also de-
scribed to recognize different epitopes on gp160, such as V1V2
and/or gp41, could also have neutralization cross-reactive prop-
erties (39, 143). However, the role of IgA remains controversial,
and seric IgA seems to be also associated with a loss of response in
the Thai trial.

The role of NAbs in the containment of viral replication in
infected individuals seems to be uncertain, and in most cases,
NAbs do not protect against disease progression (1). However,
NAbs may neutralize the virus during the first step of infection
and may help in the induction of adaptive immunity against HIV
to prevent or delay the progression to AIDS. Detection of NAbs
depends on the in vitro neutralization assays used, and standard-
ization of the assays is essential in order to be able to compare the
magnitudes and qualities of NADb responses from sera or other
fluids from HIV-infected patients, uninfected HIV-1 exposed per-
sons, and vaccinated humans. Viral mechanisms to prevent neu-
tralization include high variability and extensive glycosylation of
the envelope proteins, envelope trimerization and shedding, as
well as late exposure of functionally important entry domains by
conformational changes induced upon CD4 binding. These are
also the difficulties encountered in the design of immunogens able
to induce NAbs upon vaccination. Finally, solutions to improve
access of neutralizing molecules, such as antibody heavy chain or
Fab, to crucial residues or key regions can be found by looking at
what occurs in animal models. Recently, camelid Abs, which con-
sist of a unique heavy chain and have some properties superior to
those of classical antibodies, have been described. Llama heavy
chain antibody fragment (VHH) that neutralizes and recognizes
epitopes on CD4bs has been characterized (131). The VHH anti-
bodies are small enough to interfere during formation of the viral
synapsis and thus inhibit the crucial early steps of infection. Other
animals producing Abs with the same properties, such as sharks
and cartilaginous fishes (131, 132), could provide new insights
into anti-HIV vaccine development.

The development of an HIV vaccine has proven to be a formi-
dable scientific challenge given the extreme genetic variability of
the virus, lack of good animal models, lack of knowledge of all of
the mechanisms involved in immunity, and certain limitations in
current technology. However, existing and recent data would ap-
pear to suggest that the ability of a candidate vaccine to generate a
bNAD response against multiple epitopes in the Env glycoprotein
will be of high importance. Faced with a very accomplished escape
mechanism with the sole aim of thwarting and circumventing the
entire spectrum of immune strategies employed by our immune
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system, we must distinguish between immunogenicity and anti-
genicity and every aspect of the immune response. Recent ad-
vances in the development of new immunogens or new bNAbs in
combination with the deepening of our knowledge of the struc-
ture of the envelope glycoprotein and its interaction with neutral-
izing antibodies can show the way for the development and design
of a new and effective vaccine able to prevent or contain HIV
infection and/or progression to AIDS.
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