
50 criteria,
40/98 (41%) psVs were neutralized by$ 1 anti-V3 mAbs.

Conclusions:Using standard and new statistical methods of data analysis, 6/7 anti-V3 human mAbs displayed cross-clade
neutralizing activity and revealed that a significant proportion of viruses can be neutralized by anti-V3 Abs. The new
statistical method for analysis of neutralization data provides many advantages to previously used analyses.
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Introduction

Gp120, the surface subunit of the HIV-1 envelope (Env)
glycoprotein, is a critical target for antibodies (Abs) that neutralize
the virus and prevent infection (reviewed in [1]). Gp120 is bound
non-covalently to the transmembrane subunit gp41, and the two
glycoproteins are expressed on the virion surface as heterotrimers.
Gp120 serves as the virus attachment protein by binding to CD4
and the chemokine receptors CCR5 or CXCR4. Because of these
crucial functions in the virus infectious process, it is logical that
gp120 is a desired target for neutralizing Abs. However, gp120
displays astonishing agility in evading Ab neutralization

[2,3,4,5,6]. Indeed, HIV-1 gp120 is notorious for its genetic and
antigenic variability, while at the same time, its conserved regions
are poorly immunogenic and/or are not accessible on the surface
of the virion at all times [5,7,8,9,10,11,12].

Conserved Ab epitopes on gp120 have been identified based on
their recognition by broadly neutralizing human mAbs (reviewed
in [13]). Not surprisingly, these epitopes are located in the Env
regions critical for virus infectivity, which include the CD4-binding
site and the chemokine-receptor binding site which encompasses
the stem of the second variable (V2) loop, the third variable (V3)
loop, and the bridging sheet [14,15,16,17,18,19]. Recent analyses
of serum Abs from HIV-1+ subjects further confirm the



controls, four mAbs specific for anthrax or parvovirus antigens
(860, 1418, 3685, and 3706) were used to establish background
levels of neutralization.

The curves depicting the neutralizing activities of the seven anti-
V3 mAbs and the negative control mAb 1418 against nine of the
41 psVs are shown in Figure 5. Generally higher levels of
neutralization were detected in the TZM.bl assay than in the U87
assay described above. For example, in the TZM.bl assay, but not
the U87 assay, neutralization levels. 80% were frequently
observed. However, the background values from the negative
control mAbs were also higher in the TZM.bl assay than those
generated in the U87-based experiments (Figure 5 vs. Figure 2).
Comparably high background levels of neutralization were also
observed with the other three negative control mAbs tested in the
TZM.bl assay (data not shown). One should note, however, that
the high background levels observed in the TZM.bl assay might be
attributable to the particular psVs tested in the panel and not only
to the assay or target cells. For instance, background neutralization
of . 20% was consistently observed with psVs ZM214M.PL15 and
HXB2, but not with psVs MW965.26, 242-14, and H035.18
(Figure 5).

When 50% neutralization was used as a cut-off for positive
neutralization with the TZM.bl experimental data, 22 of 41 (54%)
psVs were neutralized, with IC50 values for neutralizing mAbs
ranging from, 0.39 to 48.54mg/ml (Figure 6). The median IC50

value for all mAb/psV combinations with IC50 of , 50 mg/ml was
1.91 mg/ml. When calculated for the 31 Tier 2 and chronic psVs
(i.e., excluding the data from Tier 1 psVs), the median IC50 was
23.77mg/ml. When assessed by AUC (Figure 7), the results were
similar: 23 of 41 (56%) psVs were neutralized, with significant
AUC values ranging from 0.23 to 1.00. No significant neutrali-
zation was measured using either IC50 or AUC with any of the
four negative control mAbs (Figures 6 and 7, and data not shown).

Using the AUC analysis, the Tier 1, Tier 2, and chronic viruses
showed different patterns of neutralization by the anti-V3 mAbs in
the TZM.bl assay. All 10 of 10 Tier 1 psVs with Envs from
subtypes A, AG, B and C were neutralized by$ 1 anti-V3 mAbs
(Figure 7). Indeed, a single anti-V3 mAb (3074) was able to
neutralize all of the 10 Tier 1 psVs, while each of the remaining six
anti-V3 mAbs neutralized 5 to 9 of the 10 Tier 1 psVs. The AUC
values achieved against the Tier 1 psVs were high, with a median
of 0.78 (range 0.24 to 1.00) for all positive mAb/psV combina-

Figure 2. Neutralization curves of anti-V3 mAbs against representative HIV-1 psVs tested using the U87 target cell. Seven anti-V3
mAbs (2191, 2219, 2557, 2558, 3074, 3869, and 447) were tested for neutralization against HIV-1 pseudoviruses using the U87 cell line as target cells.
MAb 860, specific for parvovirus, and a pseudovirus expressing the aMLV Env were used as negative controls in this assay. The titration curves from
eight selected psVs and the aMLV psV control are shown. Curve fitting was performed using the polynomial regression (quadratic) model described
in Materials and Methods. Fifty percent neutralization is denoted by the dashed line. Virus nomenclature is denoted as described in Figure 1.
doi:10.1371/journal.pone.0010254.g002
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V3 mAbs. Any single anti-V3 mAb was capable of neutralizing
28–42% of these psVs. Given the reactivity of these monoclonal
reagents, the data suggest that polyclonal anti-V3 Ab responses
will neutralize an even greater proportion of HIV-1 isolates than
any single anti-V3 mAb or cocktail of anti-V3 mAbs. Indeed, this
hypothesis is corroborated by recent findings showing that sera
from rabbits that were primed with gp120 DNA and boosted with
a V3-fusion protein exhibited a greater breadth of neutralizing
activity than pools of anti-V3 mAbs [32]. The accumulated data
on the breadth of the neutralizing activity of anti-V3 mAbs, from
immune sera induced with a vaccine focusing the Ab response on
V3 and from polyclonal serum anti-V3 Abs from infected
individuals [54] suggest that V3 is one of the Env epitopes of
HIV-1 that should be targeted by vaccines.

The extent of cross-reactivity displayed by the anti-V3 mAbs is
not surprising in light of the structural and bioinformatics data
published in recent years which show the presence of several
conserved structural elements in the V3 loop. Huang et al. [43]
demonstrated three regions of the V3 loop: a base which is
attached to the gp120 core, a flexible stem, and a crown, consisting
of , 14 amino acids at the center of the loop which contains all
epitopes recognized by anti-V3 mAbs [40,41,42,44,55,56,57].
One of the conserved features of the V3 crown is the presence of
the GPG motif at the tip of the loop that propels the distal tip of
the V3 crown to adopt a uniqueb-hairpin structure. MAb 447, for
example, interacts with this conserved GPG turn via hydrophobic
interactions, and with the main chain of the N-terminal V3b-
strand flanking the GPG turn, rendering this mAb unaffected by
side-chain differences in the highly variable V3 N-terminalb-
strand [40,42,53]. These studies also reveal that the reactivity of
mAb 447 is restricted by a polar interaction with the side chain of
the R residue in the GPGR motif found mainly among viruses
of subtype B but infrequently in other subtypes.

From the crystal structures of V3 peptides bound by different
mAbs, additional conserved elements in the V3 epitopes have been
identified that provide the structural basis for anti-V3 cross-
reactivity. The cross-reactivity of mAb 2219, for example, is due to
its ability to recognize conserved residues on the hydrophobic face
of V3, composed of residues flanking the GPG tip [41], and
further studies indicate that the 2219 epitope occurs in 30% of
worldwide isolates [53]. Additional data based on viral bioinfor-
matics and modeling studies demonstrate that the variability in V3

is, in fact, restricted to a small zone on the surface of the
hydrophilic face of the V3 loopb-hairpin [58]. Thus, there is
considerable structural conservation of V3, which is consistent
with the requirement for V3 to participate in coreceptor binding
regardless of the amino acid sequence variability this region
displays.

It is noteworthy that the breadth attained by individual anti-V3
mAbs assessed by IC50 values, i.e., 28% to 42% against 98 psVs, is
not dissimilar to that of other broadly neutralizing mAbs such as
b12 and 2G12 which, respectively, neutralized 35% and 32% of
162 viruses tested in the same U87 assay and assessed by the same
criterion [15]. It is also comparable with the breadth of
neutralization recently reported for mAb HGN194, which
recognizes a conserved epitope in the V3 crown [59]. The anti-
MPER mAbs 2F5 and 4E10 show broader activity (60% and 98%,
respectively), as do the newly isolated mAbs PG9 (79%) and PG16
(73%) that recognize quaternary neutralizing epitopes composed
of portions of the V2 and V3 loops on HIV-1 virions. As noted
above, however, the polyclonal response to a neutralizing domain
such as V3 or the CD4 binding site may have much greater
breadth than that displayed by any single mAb, or indeed, by a
cocktail of mAbs.

The issue of the concentration of individual mAbs and
polyclonal Abs needed for protectionin vivohas received much
attention, and the consensus has undergone vast changes as new
data have emerged. Whereas early passive immunization exper-
iments with mAbs suggested that extremely high levels of serum
Ab concentrations were needed for protection [60,61], recent data
from a SHIV/macaque model suggest that as little as 30–60mg/
ml of an effective mAb may be sufficient to protect against a low
dose challenge, comparable to that occurring in nature [62]. Thus,
the levels of potency offered by the various broadly neutralizing
anti-gp41 and gp120 mAbs, including those specific for V3, may
well offer the requisite protection given their medianin vitroIC50

values of, 30 mg/ml (see Results and [15]).
In addition to providing data documenting the breadth and

potency of anti-V3 mAbs, this study demonstrates the utility of a
new method for objective statistical analysis of neutralization data.
In the past, low levels of Ab-mediated neutralization have been
essentially overlooked, as neutralizing activities have convention-
ally been presented as the titers or Ab concentrations required to
reach various arbitrary neutralization levels; indeed, inhibitory Ab

Table 2. Summary of data on psV neutralization by anti V3 mAbs.

Env subtype Category or stage of infection No. psVs neutralized* Total psVs tested % neutralized Assay

All 56 98 57% U87 & TZM.bl

All except Tier 1 46 88 52% U87 & TZM.bl

A, AG, B & C Tier 1 10 10 100% TZM.bl

B & C Tier 2 9 24 38% TZM.bl

B Acute 12 17 71% U87

B Tier 2 6 12 50% TZM.bl

B Chronic (Progressor & LTNP) 9 10 90% U87

B Chronic 4 7 57% TZM.bl

A unknown 3 10 30% U87

C Tier 2 3 12 25% TZM.bl

C unknown 8 10 80% U87

D unknown 1 10 10% U87

*Positive neutralization defined by p, 0.001 in AUC analysis with$ 1 anti-V3 mAb(s).
doi:10.1371/journal.pone.0010254.t002
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