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The selection of human monoclonal antibodies (MAbs) specific for human immunodeficiency virus (HIV)
type 1 by binding assays may fail to identify Abs to quaternary epitopes on the intact virions. The HIV
neutralization assay was used for the selection of human MAb 2909, which potently neutralizes SF162 and
recognizes an epitope on the virus surface but not on soluble proteins. Three regions of gp120, the V2 and V3
loops and the CD4 binding domain, contribute to the epitope recognized by MAb 2909. The existence of such
a unique MAb, which defines a complex epitope formed by a quaternary structure, suggests that there may be
other new neutralizing HIV epitopes to target with vaccines.

Passive-immunization experiments with polyclonal and
monoclonal reagents have shown that antibodies (Abs) can
provide protection against infection with human immunodefi-
ciency virus type 1 (HIV-1) (1, 10, 11, 34). Defining the nature
of such protective Abs can best be done by studying the spec-
ificities and activities of monoclonal Abs (MAbs). Identifying
those Abs which would optimally be induced with a vaccine is
best analyzed by producing and characterizing human MAbs
with potent neutralizing activities. Nonetheless, to date, the
generation of human MAbs has been based entirely on the
selection of MAbs that bind to infected cells or to peptides or
proteins representing the viral envelope (4, 17, 33). Selection
on the basis of binding, rather than functional activity, gives
rise to many interesting but nonneutralizing MAbs (13) and
fails to define all of the antigenic structures that exist on the
surfaces of intact virus particles where quaternary interactions
occur as the result of viral proteins forming multimeric struc-
tures in the lipid bilayer of the virus envelope.

In order to determine if human B cells can target these
complex viral structures, and if Abs to these epitopes can
neutralize primary HIV isolates, we replaced the various bind-
ing assays with a luciferase neutralization assay to screen for
Ab-producing cells. Here we describe the first MAb selected by
this technique, MAb 2909, which recognizes a quaternary
structure present only on virions but does not react with pro-
teins solubilized from the virion. This MAb may provide a new
direction in the search for novel epitopes that can be targeted
by vaccines for the production of protective anti-HIV Abs.

Generation of MAb. MAb 2909 was produced by fusion of
Epstein-Barr virus-transformed peripheral blood mononuclear
cells (PBMCs) with heteromyeloma SHM-D33, as previously
described (17). The PBMCs used were derived from an asymp-
tomatic and antiretrovirus drug-naı̈ve subject who had been

infected with HIV for at least 15 years. At the time of study, his
viral load was 4,627 copies/ml, and his CD4 T-cell count was
848/mm3. During the previous 5 years, the subject’s viral load
increased from undetectable to the reported level, and his CD4
T-cell counts were relatively constant (�950/mm3).

To select the Epstein-Barr virus-transformed cells and then
the heterohybridoma, culture supernatants were screened us-
ing a single-cycle infectivity assay for neutralization of pseu-
dovirions SF162 (16). Pseudovirus SF162 was produced by
cotransfection into 293T cells of plasmid pNL4-3.Luc.R�E�

(NIH AIDS Research and Reference Reagent Program) and
plasmid pLRB826 expressing the env fragment from SF162
(provided by A. Pinter) (6, 22). As previously described (16),
the pseudovirus was preincubated with culture supernatants
and this mixture was then added to HOS-CD4/CCR5 cells
(NIH AIDS Research and Reference Reagent Program). The
cultures were incubated for 3 days, and luciferase activity in the
cell lysates was measured using a luminometer.

MAb 2909 belongs to immunoglobulin subclass G1 (IgG1)
and bears lambda light chains. The variable domain of the heavy
chain was sequenced by standard methods (20), and analysis of
the gene sequence (http://imgt.cines.fr) showed that the heavy
chain is a product of IgHV3-43, IgHJ6, and IgHD5-12.

Functional characteristics of MAb 2909. By the luciferase
neutralization assay, 0.04 ng of MAb 2909 per ml was required
to give 50% neutralization of pseudovirus SF162 (Fig. 1A).
Simultaneous tests with a MAb to the CD4 binding domain
(CD4bd), MAb IgG1b12 (4), required 30 ng/ml for 50% neu-
tralization, while anti-V3 MAb 447-52D (18) required 35 ng/
ml; a MAb to a complex carbohydrate epitope, MAb 2G12 (39),
required 680 ng/ml, and an anti-gp41 MAb, 2F5 (28), required
3,900 ng/ml (Fig. 1A). Thus, the neutralizing activity of MAb 2909
against pseudovirus SF162 was 750- to 100,000-fold more po-
tent than those of other well-characterized anti-HIV MAbs.

MAb 2909 was also tested for neutralization against the
parental form of virus SF162 in the GHOST cell neutralization
assay (5) and the phytohemagglutinin (PHA)-stimulated PBMC
assay (14); 50% neutralizing dose levels for MAb 2909 were
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�100 ng/ml in the GHOST assay and �1.0 ng/ml in the PHA-
stimulated PBMC assay and significantly lower than those for
anti-V3 MAb 447-52D tested in parallel (Fig. 1B and C).

MAb 2909 was subsequently tested for neutralizing activity
against several primary isolates, including three from clade A
(VI191, CA1, and 92RW021), three from clade B (BX08, CA5,
and BaL), one from clade C (95ZW2036), and two from clade
F (93BR029 and CA20). None was neutralized when MAb
2909 was tested at 25 �g/ml. Virus neutralization was also
tested using a virus isolated from the subject from whose cells
MAb 2909 was isolated. This virus was isolated from PBMCs
obtained 18 months after the specimen was drawn and from
which heterohybridoma MAb 2909 was produced; this virus,
which may represent an escape mutant, was not neutralized by
MAb 2909 (data not shown). Thus, the neutralizing activity of
MAb 2909 is quite narrow, although strictly speaking it is not
isolate specific since it was induced in a patient whose virus is

not closely related to SF162 on the basis of the sequences of
the V1/V2 and C2 to V5 regions of env (data not shown).

Characterization of the epitope recognized by MAb 2909.
Surprisingly, this highly potent MAb 2909 was unreactive with
gp120 derived from SF162. Thus, parental virus SF162 ad-
justed to a concentration of 100 ng of p24/ml was solubilized
with Triton X-100 and the gp120 was captured on enzyme-
linked immunosorbent assay (ELISA) plates with sheep anti-
body to the C terminus of gp120 (Cliniqa Corporation, Fall-
brook, Calif.). MAb 2909 or other MAbs were then added at a
concentration of 10 �g/ml, and binding of MAbs was detected
using anti-human IgG conjugate, as previously described (15).
No reactivity of MAb 2909 with gp120 was observed, while
control MAbs 447-52D (anti-V3), IgG1b12 (anti-CD4bd), and
anti-V2 MAb 697 (14) showed strong binding to the proteins
(Fig. 2A). Additional ELISAs using oligomeric forms of SF162
gp140, which had not been exposed to detergent, also showed
no reactivity with MAb 2909 (Fig. 2B).

Subsequently, MAb 2909 was tested for its ability to bind to
intact virions. We used a virus capture assay in which various
MAbs were immobilized onto ELISA plates and free virus was
added to each well and allowed to interact with the bound
MAb. After extensive washing, the amount of bound virus was
quantitated by measuring p24 released after virus lysis (29).
MAb 2909 reacted with only 2 of 16 primary and T-cell line-
adapted viruses from clade B: SF162 (Fig. 3 and 4) and a
chimeric NL4-3 virus containing aBL-01 env that was not neu-
tralized by MAb 2909 (data not shown) (15, 31). The ability of
MAb to bind to SF162 virions and its inability to react with
soluble or recombinant molecules derived from the SF162 en-
velope suggest that the MAb targets a quaternary structure
present exclusively on the surfaces of intact virions.

To further characterize the epitope recognized by MAb
2909, we used a competition ELISA format in which 100 �l of
a preparation of SF162 virions containing 100 ng of p24/ml was
preincubated with 100 �l of various human MAbs at an IgG
concentration of 20 �g/ml, namely, 2909, 447-52D, IgG1b12,
2G12 (anticarbohydrate complex) (3), 830A (anti-V2) (30),
670 (anti-C5) (43), soluble CD4 (Life Science Products, Bos-
ton, Mass.), or an irrelevant MAb 1418 (antiparvovirus B19)
(12). The SF162-MAb complexes were then added to ELISA
plates coated with 10 �g of MAb 2909 per ml. Subsequent to
extensive washing, the amount of bound virus was measured as
the amount of p24 released after addition of Triton X-100 to
the wells (29). Percent inhibition is expressed as follows: p24
from SF162-MAb complexes divided by p24 from uncom-
plexed SF162 times 100. SF162 virions preincubated with MAb
2909 served as a positive control, and MAb 2909 was shown to
cause 93% inhibition (Fig. 3B). Similar levels of competition
were found with MAb IgG1b12 and soluble CD4 (sCD4),
which inhibited SF162 binding to MAb 2909 by 97 and 89%,
respectively. MAbs 447-52D (anti-V3) and 830A (anti-V2) also
interfered with SF162 binding to MAb 2909 by 59 and 31%,
respectively, whereas neither MAb 670, MAb 1418, nor MAb
2G12 had any blocking effect (Fig. 3B). MAb 2G12, in fact, had
an effect opposite to those of all of the MAbs tested and
enhanced SF162 binding to MAb 2909 by 39%. All MAbs
tested, with the exception of MAb 1418, bound to the virus; as
shown in Fig. 3A, the six anti-HIV MAbs could all bind sig-
nificant levels of SF162, although MAbs 2909 and 447 were

FIG. 1. Neutralization of pseudotyped virus SF162 in the luciferase
assay (A) and of parental SF162 virus (B and C) in the GHOST cell
neutralization assay and the PHA-stimulated PBMC assay, respec-
tively. MAbs 447-52D (anti-V3), b12 (anti-CD4bd), 2G12 (anti-com-
plex carbohydrate), and 2F5 (anti-gp41) were used as positive controls,
given their well-established neutralizing activity, while MAb 1418 (an-
ti-parvovirus B19) served as a negative control. The error bars repre-
sent the standard deviations from the means of results from three
(A) or five (B) experiments.
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more efficient than the anti-CD4bd, anti-V2, and anti-C5
MAbs, as previously shown (30). The specificity of the compe-
tition assay is further demonstrated by the dose-dependent
inhibitory or enhancing effects of the various MAbs when they
were preincubated with SF162 virions at MAb concentrations
ranging from 0.001 to 10 �g/ml (Fig. 3C).

The ELISA-based competition experiments suggested that
the epitope recognized by MAb 2909 was composed of parts of
three regions of gp120: the CD4bd and the V2 and V3 loops.
Contribution of the CD4bd to the formation of the 2909 epi-
tope might be dominant, as MAb b12 and sCD4 were most
effective in competing with 2909 for binding to SF162. The

FIG. 2. Reactivities of MAbs in ELISA with detergent-solubilized gp120 (A) and with oligomeric SF162 proteins (B). Detergent-solubilized
gp120 was reacted with human MAbs 2909, 447 (anti-V3), b12 (anti-CD4bd), 697 (anti-V2), and 1418 (anti-parvovirus B19). (A) The horizontal
line represents the cutoff for the assay (mean optical density for MAb 1418 plus 3 standard deviations). Oligomeric SF162 gp140 (O-SF162gp140),
V2 deletion oligomeric gp140 (O-DV2gp140), and a mutant of oligomeric SF162gp140 in which the glycosylation site at position 154 was eliminated
(25) (O-GM154gp140) were reacted with human MAb 2909 or murine anti-V2 MAb G3.4 (19).

FIG. 3. Mapping the 2909 epitope by ELISA. The ability of MAbs to bind intact SF162 virions is shown by the amount of p24 released from
virions bound to the same human MAbs used for experiments shown in Fig. 2A. In addition, MAbs 2G12 (anti-carbohydrate complex), 830A
(anti-V2), and 670 (anti-C5) were used. The horizontal line indicates the cutoff for the assay (mean level of binding to MAb 1418 plus 3 standard
deviations) (A). The ability of various MAbs and sCD4, used at concentration of 20 �g/ml, to block the binding of SF162 virions to MAb 2909 is
shown as “% inhibition” in panel B, where the horizontal line indicates the cutoff value (mean inhibition by MAb 1418 plus 3 standard deviations).
MAb 2909 serves as its own positive control. MAb 2G12 enhanced the binding of SF162 virions to MAb 2909. (C) A dose-response curve in which
various MAbs and sCD4 were used in the competition ELISA at concentrations from 0.001 to 10 �g/ml is shown.
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enhancing effect of 2G12 on SF162 binding to 2909 is more
difficult to explain but may be due to 2G12-induced conforma-
tional changes in gp120. This effect may be indirect, as 2G12
binds to an epitope dependent on glycosylation sites N295 in
the C2 region, N332 in the C3 region, and N392 in the V4 loop
(36).

To determine directly the contribution of the V2 and V3
loops to the 2909 epitope, the binding of MAb 2909 to three
previously described mutants of SF162 was studied (37). As
shown in Fig. 4A, MAb 2909 strongly bound to intact virions of
wild-type SF162 and to mutants lacking the V1 region (DV1)
but did not react at all with mutants lacking V2 (DV2) or V3
(DV3). Simultaneous control experiments using nine addi-
tional human anti-HIV MAbs directed against V2, V3, CD4bd,
C5, and gp41 confirmed the presence of these regions on the
wild-type and DV1 forms or SF162 and the absence of the V2
and V3 epitopes from DV2 and DV3 mutants, respectively
(Fig. 4A).

The participation of V2 but not V1 in the 2909 epitope was
confirmed using an immunoprecipitation technique. Intact
wild-type SF162 virions and SF162 mutants (200 to 400 ng of
p24 per ml) were incubated with human MAbs overnight at

room temperature. The complexes were precipitated with pro-
tein G-Sepharose. After being washed with phosphate-buffered
saline, the precipitate was resuspended in Laemmli buffer,
boiled for 5 min, and then subjected to sodium dodecyl sulfate–
10% polyacrylamide gel electrophoresis and electroblotted
onto a nitrocellulose membrane. Membranes were immuno-
blotted with biotinylated anti-C5 MAb 1331A (2) and strepta-
vidin conjugated with alkaline phosphatase. The proteins were
detected using an enhanced-chemiluminescence detection sys-
tem (Pierce, Rockford, Ill.) and then exposed to film. MAb
2909 reacted with SF162 and DV1 but not with DV2, while
MAb 447 (anti-V3) bound to all three viruses. MAb1418, used
as negative control, did not react with any of the viruses (Fig.
4B). The MAbs 2909 and 447 immunoprecipitated whole viri-
ons, not only the envelope glycoproteins which may have been
shed from virions, since p24 was also coprecipitated and de-
tected by biotinylated anti-p24 human MAb 241 (29; data not
shown).

Conclusions. An HIV neutralization assay was implemented
as a screening tool with the specific purpose of selecting MAbs
with neutralizing activities that preferentially target structures
found on intact virus particles that may not exist on soluble

FIG. 4. Binding of MAb 2909 to wild-type SF162 and its mutants with deletions of the V1 (DV1), V2 (DV2), and V3 (DV3) regions.
(A) Binding of 2909 and control MAbs to intact virions was tested using the virus capture assay. The control MAbs were specific to V3 (447 and
2191), V2 (697 and 830A), CD4bd (b12 and 1570), C5 (1331A), gp41 (240 and 246), and parvovirus B19 (1418; negative control). The horizontal
line indicates the cutoff (mean binding with MAb 1418 plus 3 standard deviations). (B) Immunoprecipitation analysis of MAb reactivities with
wild-type SF162 and its mutants. MAb 2909 (lanes 1, 4, and 7) precipitated SF162 and DV1 but not DV2, while MAb 447-52D (lanes 2, 5, and
8) precipitated all three viruses. Control MAb 1418 (lanes 3, 6, and 9) showed no reactivity with any of the tested viruses.
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viral proteins. The first MAb produced using this technique
was MAb 2909, which has the characteristics that were sought:
high neutralizing activity for primary isolate SF162 and speci-
ficity for a complex epitope consisting of V2, V3, and the
CD4bd that is present exclusively on the surfaces of intact
virions but not on soluble viral proteins.

From models of gp120 based on crystallographic data, all
three envelope regions that contribute to the 2909 epitope are
located close to each other on the neutralizing face of mono-
meric gp120 (23). Additional experimental data based on im-
munochemical analyses and the effect of envelope mutations
on virus infectivity and tropism demonstrate interactions be-
tween V3 and C4 (a dominant part of the CD4bd) (27, 41),
between V3 and V2 (21, 32), and between V2 and the CD4bd
(26, 35).

The data presented here suggest that the relationship be-
tween V2, V3, and the CD4bd in the monomeric form of gp120
is further changed upon the oligomerization of the envelope
proteins on the surface of the virus, resulting in the formation
of an entirely new epitope. The existence of quaternary epi-
topes associated with trimeric envelope spikes was previously
suggested by studies of polyclonal sera of chimpanzees infected
with primary HIV isolate DH012; the epitope of the neutral-
izing Abs in that study was highly conformational, involving
elements contributed by all of the variable domains of gp120.
It was suggested that such an epitope might require the inter-
action of adjacent gp120 molecules since V1/V2 and V4, the
most critical elements forming the epitope, are located on
opposing sides of monomeric gp120 (7, 8). Similarly, the epi-
tope recognized by MAb 2909 may be formed by the quater-
nary interactions of separate gp120 molecules in the trimeric
protein spike on the surface of the virion.

The unusually high potency of MAb 2909 for SF162; the
shallow shape of the neutralization curve (Fig. 1A); the in-
volvement of V2, V3, and the CD4bd in the formation of the
2909 epitope; and the participation of these regions of the
envelope in binding to the receptor and coreceptor on target
cells suggest that MAb 2909 may block virus infectivity by
preventing virus binding to both CD4 and the chemokine re-
ceptors. The data further suggest that the virus binding site
either (i) is a small area, equal to that which can be recognized
by an antibody paratope (�700 to 900 Å2 [40]), a concept that
complies with the constitutive association of CD4 and CCR5 in
the cell membrane (38, 42), and/or (ii) is protected by over-
lapping flaps, i.e., variable loops, in the oligomeric form of the
envelope glycoprotein spike. The latter hypothesis suggests
that HIV utilizes modes employed by other viruses to protect
their receptor binding sites and may explain the generally poor
binding to intact virus particles of MAbs specific for the
CD4bd and the CD4i epitope found in the gp120 bridging
sheet (9, 24, 30).

Finally, the existence of a reagent that defines the native
oligomeric form of gp120, and the promise of more such re-
agents selected with the new screening technique, may prove
exceptionally useful in determining which candidate vaccines
based on recombinant oligomers possess biologically and im-
munologically relevant structures, a potential criterion for ac-
celerated movement through the vaccine pipeline.
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