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We have investigated whether nonneutralizing monoclonal antibodies (MAbs) to the gp120 subunit of the
envelope glycoprotein (Env) complex of human immunodeficiency virus type 1 (HIV-1) can interfere with HIV-1
neutralization by another anti-gp120 MAb. We used neutralizing (b12) and nonneutralizing (205-42-15,
204-43-1, 205-46-9) MAbs to the epitope cluster overlapping the CD4-binding site (CD4BS) on gp120. All the
MAbs, neutralizing or otherwise, cross-competed for binding to monomeric gp120, indicating the close topo-
logical proximity of their epitopes. However, the nonneutralizing CD4BS MAbs did not interfere with the
neutralization activity of MAb b12. In contrast, in a binding assay using oligomeric Env expressed on the
surface of Env-transfected cells, the nonneutralizing MAbs did partially compete with b12 for Env binding. The
surface of Env-transfected cells contains two categories of binding site for CD4BS MAbs. One type of site is
recognized by both b12 and nonneutralizing CD4BS MAbs; the other is recognized by only b12. Binding assays
for Env-gp120 interactions based on the use of monomeric gp120 or Env-transfected cells do not predict the
outcome of HIV-1 neutralization assays, and they should therefore be used only with caution when gauging the
properties of anti-Env MAbs.

Neutralization of human immunodeficiency virus type 1
(HIV-1) involves the binding of antibodies to the native, fu-
sion-competent envelope glycoprotein (Env) complex on the
surface of infectious virions (27, 45, 48, 56). Most of the known
neutralizing antibodies whose epitopes have been character-
ized and whose mechanisms of action have been explored work
by inhibiting the interactions of the virus with its receptors,
CD4 and the CCR5 or CXCR4 coreceptor (45, 66, 70, 71). In
the case of the 2G12 monoclonal antibody (MAb) to a glycan
epitope on gp120, inhibition of coreceptor binding probably
occurs indirectly (52, 57, 70, 72). The inhibitory actions of
MAbs can occur prior to attachment of the virus to the cell
surface or subsequent to a semispecific absorption of the virus
to ancillary receptors such as heparin sulfate proteoglycans
(62, 70). An exception is the 2F5 MAb to a conserved epitope
in the C-terminal region of the gp41 ectodomain, which prob-
ably neutralizes HIV-1 infectivity by interfering with receptor-
mediated conformational changes in the envelope glycopro-
teins subsequent to the virus-receptor interactions (70). By
analogy, the 4E10 and Z13 antibodies to epitopes proximal to
the 2F5 site are likely to have a similar mechanism of action
(63, 74, 75).

Neutralization assays performed with primary cells in vitro
have now been shown to predict, with reasonable confidence,
whether or not an animal can be protected from a viral chal-
lenge by antibodies in plasma (1, 18, 19, 29, 30, 31, 41, 45, 47,
59). In general, nonneutralizing antibodies are not protective
in these studies whereas neutralizing antibodies can be protec-
tive if they are present at a sufficiently high titer in the plasma
of a test animal at the time of challenge. The protective con-
centration of a test MAb can also usually be approximated
from an in vitro neutralization assay performed against the
challenge isolate: typically, sterile protection is achieved in vivo
if the plasma MAb concentration is around 100-fold greater
than that required to cause a 10-fold reduction in viral infec-
tivity (i.e., 90% neutralization) in vitro. Lower antibody con-
centrations can sometimes provide partial protection (31, 47).
This may be useful in the context of a vaccine intended to
induce both cellular and humoral immune responses (8, 45).

Most antibodies raised against the HIV-1 envelope glyco-
proteins during natural infection or after vaccination with
gp120 subunits are, however, nonneutralizing (4, 10, 30, 35, 36,
38, 45, 46, 49). Although these antibodies are ineffective, might
they somehow interfere with virus neutralization? Antagonism
has recently been reported between a nonneutralizing antibody
to the CD4-binding site (MAb F105) and the neutralizing
MAbs 2F5 and 2G12 (22). Furthermore, why nonneutralizing
antibodies do not neutralize HIV-1 has become controversial
because of the suggestion that such antibodies can successfully
bind to virions but do not then hinder the function of the
envelope glycoprotein complexes that mediate fusion and in-
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fection (73). The basis for this argument is that nonneutralizing
antibodies can bind to envelope glycoprotein epitopes on the
surface of Env-transfected cells or on virus particles (32, 42, 43,
73). The theoretical dangers of overinterpreting Env-binding
assays have been noted elsewhere (39); here, we address the
issue experimentally by studying the interactions between neu-
tralizing (MAb b12) and nonneutralizing MAbs directed at the
epitope cluster that overlaps the CD4-binding site (CD4BS) on
gp120.

We chose to study the CD4BS epitope cluster for several
reasons. The CD4BS is important for receptor attachment, and
antibodies to this region prevent virus binding to the surface of
susceptible target cells (25, 50, 70). The site is highly conserved
across the genetic subtypes of HIV-1 group M, exemplified by
the ability of MAb b12 to neutralize multiple isolates (9, 68).
However, the binding sites for neutralizing and nonneutraliz-
ing MAbs within the CD4BS are only subtly different and there
is much overlap between them (53, 65). The influence of distal
amino acid polymorphisms on the CD4BS is another indicator
of the structural complexity of this region of gp120 (24, 44).
Finally, gp120 vaccines tested to date have not elicited CD4BS-
directed antibodies with significant neutralizing activity against
primary isolates (4, 10, 30, 38, 39). A better understanding of
the CD4BS epitope cluster could therefore be useful for the
rational design of HIV-1 vaccines.

MATERIALS AND METHODS

Reagents and plasmids. MAbs 205-43-1, 205-42-15, and 205-46-9 (Tanox)
have all been described previously (16, 17), as have MAb b12 (9, 53, 54) and
MAb 2G12 (52, 57, 69). Note that MAbs 205-43-1, 205-42-15, and 205-46-9 were
designated HT5, HT6, and HT7 in reference 17.

The pDsRed2-N1 plasmid, expressing DsRed2, a variant of Discosoma sp. red
fluorescent protein, was obtained from Clontech (Palo Alto, Calif.). Paraformal-
dehyde, bovine serum albumin (BSA), and glycine were from Sigma Chemical
Co. (St. Louis, Mo.).

Purified, monomeric gp120 from HIV-1 JR-FL was expressed in CHO cells
and was a gift from Paul Maddon and William Olson of Progenics Pharmaceu-
ticals, Inc. (Tarrytown, N.Y.) (66), as was the CD4-immunoglobulin G2 (IgG2)
molecule (68). The JR-FL SOS gp140 protein and the pPPI4-based plasmid used
to express the JR-FL Env protein gp140Twt have both been described elsewhere
(6, 7, 58). Briefly, the gp140Twt Env insert, encoding an envelope glycoprotein
lacking most of the cytoplasmic domain of gp41, was generated from a JR-FL
gp160 template by PCR (sense primer, 5�-GTCTATTATGGGGTACCTGTGT
GGAAAGAAGC, antisense primer, 5�-CGCAGACGCAGATTCGAATTAAA
CTCTATTCACTATAGAAAGTAC) and cloned into pPPI4 with the KpnI and
BstBI restriction enzymes. The Env glycoprotein produced was truncated after
position 708 due to the addition of a stop codon at position 709 (Env amino acid
numbering is based on the HXB2 sequence). This cytoplasmic tail truncation is
similar, but not identical, to the one described by Si et al. (60). Full-length Env
sequencing revealed two conservative changes, T415I and E647D, compared to
the database version of JR-FL (accession number U63632), but these are not
expected to have a significant impact on Env structure or function.

Cells and culture conditions. All cell cultures were maintained at 37°C in an
atmosphere containing 5% CO2. Human epithelial kidney (HEK) 293T cells
were grown in Dulbecco’s minimal essential medium (GIBCO, Grand Island,
N.Y.) containing 10% fetal calf serum (FCS), 2 mM L-glutamine, antibiotics (100
U of penicillin/ml, 100 �g of streptomycin/ml), and 0.5 mg of the neomycin
analog G-418/ml. Peripheral blood mononuclear cells (PBMC) were isolated
from healthy HIV-seronegative donors by Ficoll-Hypaque centrifugation, mito-
gen stimulated as previously described (67), and maintained in RPMI 1640
medium containing 10% FCS, 2 mM L-glutamine, antibiotics (100 U of penicillin/
ml, 100 �g of streptomycin/ml), and 100 U of interleukin 2/ml. HeLa-CD4-CCR5
cells were cultured in Dulbecco’s minimal essential medium supplemented with
10% FCS, L-glutamine, and antibiotics.

The source of the virus JR-FL and the construction of pseudotyped luciferase
reporter viruses bearing JR-FL envelope have been described elsewhere (20, 68).

Binding of MAbs to monomeric gp120. The binding of biotin-labeled MAbs to
gp120 and its inhibition by unlabeled MAbs was measured by enzyme-linked
immunosorbent assay essentially as described elsewhere (16, 40). Briefly, gp120
was immobilized on plastic via adsorbed sheep antibody D7324 (Cliniqa Inc.,
Fallbrook, Calif.) to a conserved C-terminal epitope. Unlabeled MAb was added
at variable concentrations, and its binding was detected by using a goat anti-
human alkaline phosphatase conjugate and the AMPAK colorimetric detection
system. For cross-competition analysis, an unlabeled MAb was added to the
immobilized gp120 for 30 min, followed by a fixed amount of the same MAb or
a different biotin-labeled MAb. The binding of the labeled MAb was detected by
the use of a streptavidin alkaline phosphatase conjugate and the AMPAK system
(16, 40).

Conjugation of MAbs to fluorochromes. The protein content of purified MAb
preparations was quantified by the bicinchoninic acid method (Pierce, Rockford,
Ill.) with BSA as standard (61). MAbs were dialyzed against labeling buffer (50
mM H3BO3, 200 mM NaCl, pH 9.2) at 4°C, and then a 20-�l aliquot of fluores-
cein isothiocyanate (FITC) at 5 mg/ml in dimethyl sulfoxide was added for each
milligram of antibody present. After incubation for 2 h at room temperature,
unbound fluorochrome was removed from the labeled MAb by gel filtration with
a Sephadex G-25 column (Amersham Biosciences, Uppsala, Sweden).

Envelope glycoprotein expression and immunostaining assays. HEK 293T
cells were transiently cotransfected with plasmids by the calcium phosphate
precipitation method (Profection mammalian transfection system-calcium phos-
phate; Promega, Madison, Wis.). Briefly, 10 �g of the pPPI4-Env and 1 �g of
pDsRed2-N1 plasmids were cotransfected into HEK 293T cells in a six-well plate
containing 3 ml of culture medium without G-418. The cells were washed 15 h
later and then refed with 3 ml of the same culture medium. The immunostaining
procedure was performed 36 h after transfection. The transfected HEK 293T
cells (2 � 106 per sample) were harvested, washed with phosphate-buffered
saline (PBS), and incubated for 1 h at room temperature with 50 �l of a solution
containing a MAb. The cells were then washed with cold PBS and fixed in 2%
paraformaldehyde–60 mM sucrose in PBS, pH 7.4, for 15 min at room temper-
ature. After two washes with PBS containing 20 mM glycine (buffer A), the cells
were incubated for 15 min at room temperature with buffer A containing 1%
BSA and 0.05% NaN3 (buffer B). For indirect immunostaining, samples were
stained with 10 �g of goat F(ab�)2 anti-human IgG-FITC (Biosource Interna-
tional, Camarillo, Calif.)/ml in buffer B (45 min at room temperature), washed
three times, and resuspended in the same buffer for flow cytometry analysis. For
competition experiments, the unlabeled MAb (20 �g/ml) was added to the cells
for 30 min before the addition of FITC-labeled MAb (20 �g/ml) for 1 h at room
temperature. Stained cell suspensions were analyzed by using an Epics Elite flow
cytometer (Coulter Corporation, Hialeah, Fla.). FITC and DsRed2 excitation
was achieved by the use of a 488-nm Argon laser lamp, and the fluorescence
emissions were collected by using 525- and 575-nm band-pass filters, respectively.
The parameters used to select cell populations for analysis were forward- and
side-light scatter, followed by double-positive fluorescence. A total of 8,000
events within the double-positive population were collected for analysis. The
Env- and DsRed2-expressing plasmids were transfected at a ratio (10:1) previ-
ously determined to cause negligible interference between the two fluorescence
emission spectra while ensuring that �90% of the DsRed2-positive cells were
also Env positive (data not shown).

The cell surface Env-binding assays were performed at room temperature in
all cases, similar to the procedure used by Si et al. (60). While binding reactions
performed at 37°C might be preferable from a biological perspective, internal-
ization or other mechanisms of down-regulation reduced the levels of surface-
expressed Env and generally precluded the generation of meaningful data at
37°C. When small-scale studies were performed at 4°C, room temperature, and
37°C, the absolute levels of 2G12 and b12 binding were temperature dependent.
However, only minor influences of temperature on the b12/2G12 binding ratio
were observed.

HIV-1 neutralization assays. Neutralization of the HIV-1 JR-FL primary
isolate by MAbs was determined by measuring the inhibition of virus replication
in mitogen-stimulated PBMC from normal donors, essentially as described else-
where (16, 67). Briefly, 50 �l of a nonneutralizing antibody was mixed with 50 �l
of b12 at appropriate concentrations and then incubated for 1 h at 37°C with 100
50% tissue culture infective doses of HIV-1 JR-FL (50 �l) before addition of the
virus-MAb mixture to 2 � 105 mitogen-stimulated PBMC (50 �l). The extent of
virus replication in the cultures was determined by measuring the extracellular
p24 antigen concentration after 6 to 7 days.

The luciferase-expressing Env-pseudotype virus HIV-1JR-FL was also used in
neutralization assays involving HeLa-CD4-CCR5 cells. Luciferase activity was
measured 72 h postinfection and used to determine the neutralization end point,
as described elsewhere (20).
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RESULTS

MAbs 205-43-1, 205-42-15, 205-46-9, and b12 react with
related epitopes that overlap the CD4-binding site on mono-
meric gp120. The four MAbs 205-43-1, 205-42-15, 205-46-9,
and b12 all bind to epitopes that overlap the CD4BS on mo-
nomeric gp120, each efficiently blocks the binding of soluble
CD4 to gp120, and each of them reciprocally cross-block the
binding of the other three (16) (data not shown). An example
of this cross-inhibition is that 205-43-1, 205-42-15, and 205-
46-9 each bound equivalently to monomeric gp120 from the
HIV-1 JR-FL strain and by doing so inhibited the binding of
b12 to the same protein (Fig. 1). Similar results were obtained
for the SOS gp140 protein, captured onto plastic via lectin
(data not shown). Thus, all four MAbs bind to topologically
related epitopes that are in close proximity to the CD4-binding
site on monomeric gp120. Moreover, the pattern of amino acid
substitutions in HxBc2 gp120 that disrupts the binding of each
MAb is characteristic of that for antibodies designated CD4BS
MAbs (16).

Nonneutralizing MAbs to CD4BS epitopes do not interfere
with HIV-1 neutralization by the b12 MAb to an overlapping

epitope. It was reported previously that MAbs 205-43-1, 205-
42-15, and 205-46-9 do not efficiently neutralize primary HIV-1
isolates, although they strongly neutralize T-cell-line-adapted
(TCLA) viruses (16, 17). In contrast, MAb b12 can neutralize
most primary isolates (9, 68). Since all four MAbs recognize
related epitopes, we determined whether the nonneutralizing
antibodies could interfere with the action of the neutralizing
antibody.

Preliminary experiments established that MAbs 205-43-1,
205-42-15, and 205-46-9, at concentrations up to 100 �g/ml,
had little or no neutralizing activity against the primary HIV-1
JR-FL isolate in PBMC, whereas b12 caused potent neutral-
ization with 50 and 90% infectious concentrations of approxi-
mately 0.25 and 1 �g/ml, respectively (Fig. 2 and data not
shown). We next mixed a fixed concentration of b12 (0.01, 0.1,
or 1 �g/ml) with HIV-1 JR-FL, together with a variable con-
centration of either 205-43-1, 205-42-15, or 205-46-9, and
added the MAb-virus mixture to the PBMC. In no case did the
presence of a nonneutralizing MAb either increase or decrease
the neutralization activity of b12 (Fig. 2a through c). This was
the case whether the nonneutralizing MAb was mixed with the
virus simultaneously with b12 (Fig. 2a through c) or added to
the virus 1 h prior to the addition of b12 to give additional time
for a binding reaction to occur (data not shown).

The above experiment was repeated on a clonal popula-
tion of luciferase-expressing pseudoviruses (HIV-1JR-FL) and
HeLa-CD4-CCR5 target cells. The results were similar to
those obtained in the PBMC assay with the HIV-1 JR-FL
primary isolate (Fig. 2d through f), except that a small amount
of additional neutralization occurred when the highest concen-
tration of MAb 205-46-9 was mixed with a low concentration
of b12 (Fig. 2f). This is probably a reflection of the limited
amount of neutralizing activity possessed by MAb 205-46-9
(16). However, we could find no evidence whatsoever that any
of the three nonneutralizing MAbs interfered with the activity
of the neutralizing MAb.

Binding of CD4BS MAbs to oligomeric Env on the surface of
Env-transfected cells. HIV-1 neutralization was achieved by
antibody binding to native oligomeric Env complexes on the
surface of infectious virions. The inability of MAbs 205-43-1,
205-42-15, and 205-46-9 to interfere with the neutralizing ac-
tivity of b12 would be most simply explained by their inability
to compete with b12 for binding to their related epitopes on
the virion surface. This would be consistent with their own lack
of neutralizing activity.

As an initial approach to investigating why the different
CD4BS MAbs behave differently in neutralization assays, we
have studied their reactivity with Env-expressing cells by using
flow cytometry to quantitate the extent of antibody binding (44,
50, 60, 73, 75). Preliminary experiments showed that there was
a significant overlap between the fluorescence peak corre-
sponding to the specific labeling of Env by MAb and a peak of
nonspecific fluorescence, as noted previously (73). A proce-
dure similar to that developed by York et al. was therefore
adopted (73); we gated on the double-positive population of
cells that expressed both Env proteins and the coexpressed
DsRed2 fluorophore.

The b12 and 2G12 MAbs were titrated, and their binding to
gp140Twt Env on the surface of transfected HEK 293 cells was
determined (Fig. 3). Similar binding curves were generated for

FIG. 1. Inhibition of MAb b12 binding to monomeric gp120 by
MAbs 205-42-15, 205-43-1, and 205-46-9. (a) The binding of MAbs b12
(E), 205-42-15 (}), 205-43-1 (■ ), and 205-46-9 (Œ) to gp120 was
measured. An optical density at 490 nm (OD490nm) of 0.20 in this
assay represents an assay background (�). (b) The inhibition of biotin-
labeled b12 binding to gp120 by MAbs 205-43-1, 205-42-15, and 205-
46-9 was measured. The effect of the absence of competitor in this
assay is also noted (�).
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the 205-42-15, 205-43-1, and 205-46-9 MAbs (Fig. 3). The
binding of each of the CD4BS MAbs to cell surface Env was
saturable. The three nonneutralizing CD4BS MAbs had very
similar half-maximal binding concentrations of 0.27 to 0.57
�g/ml, whereas the neutralizing b12 MAb had a somewhat
lower affinity for cell surface Env, with half-maximal binding
occurring at 2.83 �g/ml (Fig. 3).

The gp140Twt Env protein contains gp120, the gp41 ectodo-
main, the membrane-spanning domain, and a truncated form
of the gp41 cytoplasmic tail. It possesses an unmodified cleav-
age site between gp120 and gp41, although the extent to which
Env cleavage occurs in Env-transfected cells is quite limited
and rarely exceeds 25% (6, 7, 73; S. Beddows and J. P. Moore,
unpublished data).

Competition between neutralizing and nonneutralizing
CD4BS MAbs for binding to oligomeric Env on the surface of
Env-transfected cells. Preliminary experiments in which the
various labeled and unlabeled MAbs were titrated showed that
inhibition of the binding of the labeled MAb was dose depen-
dent and saturable (data not shown). Maximal inhibition of the
FITC-labeled MAb was achieved when the unlabeled MAb (20
�g/ml) was added to the cells 30 min before the labeled MAb.
When the labeled and unlabeled MAbs were added to the cells
simultaneously, the maximal level of competition was achieved
only when the unlabeled MAb was present at a fivefold excess
over that of the labeled MAb. The binding experiments en-
abled us to determine that 20 �g/ml was an appropriate satu-
rating concentration to use for each MAb in subsequent com-
petition experiments.

Env-transfected cells were then incubated with 20 �g of each
competitor MAb/ml for 30 min before the addition of 20 �g of
FITC-labeled b12/ml and the measurement of b12 binding
(Table 1). Unlabeled b12 was an efficient inhibitor of the bind-

FIG. 2. MAbs 205-42-15, 205-43-1, and 205-46-9 do not interfere with neutralization of HIV-1 JR-FL by MAb b12. MAbs 205-42-15, 205-43-1,
and 205-46-9 at the concentration indicated, with or without (}) MAb b12 at 0.01 (E), 0.1 (‚), or 1 (�) �g/ml, were mixed with HIV-1 JR-FL
for 1 h prior to addition to PBMC (a, b, and c) or mixed with the HIV-1JR-FL Env-pseudotype virus for 1 h prior to addition to HeLa-CD4-CCR5
cells (d, e, and f). The outcome of infection was determined, and the percentage neutralization by the input antibodies was determined. The data
points overlapping the y axis were derived in the absence of MAb (i.e., at 0 �g/ml).

FIG. 3. Titration curves for CD4BS MAb binding to cell surface
Env. HEK 293T cells were cotransfected with pPPI4-gp140Twt and
pDsRed2-N1. The immunostaining procedure was performed with dif-
ferent concentrations of b12 (F) or 2G12 (E), 205-46-9 (■ ), 205-42-15
(}), or 205-43-1 (Œ) followed by 10 �g of FITC-labeled goat F(ab�)2
anti-human IgG/ml. Nonspecific fluorescence due to the secondary
antibody was subtracted from the mean of the fluorescence intensity
values. The data shown were obtained from two independent experi-
ments of similar design. The half-maximal binding concentrations for
each MAb were 2.83 �g/ml for b12, 0.57 �g/ml for 205-46-9, 0.27 �g/ml
for 205-42-15, 0.46 �g/ml for 205-43-1, and 2.43 �g/ml for 2G12.
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ing of FITC-b12, the mean value for b12 inhibition in each
experiment being defined as 100% for normalization purposes
(Table 1). As expected, MAb 2G12 did not interfere with
FITC-b12 binding, the extent of inhibition (0 to 25%) being
negligible in an assay of this type (Table 1). In contrast, the
CD4-IgG2 molecule, which interacts with the CD4BS on
gp120, was nearly as efficient as b12 at inhibiting FITC-b12
binding (Table 1).

The three nonneutralizing CD4BS MAbs, 205-42-15, 205-
43-1, and 205-46-9, only partially inhibited the binding of
FITC-b12 to cell surface Env. The extent of inhibition varied
from 44 to 53% depending upon the particular MAb used
(Table 1) and was markedly less than the inhibition achieved
by b12 and CD4-IgG2 in the same experiments (Table 1).
Thus, despite their having an affinity higher than that for b12
for cell surface Env (a lower half-maximal binding concentra-
tion [Fig. 3]), the nonneutralizing CD4BS MAbs are less ef-
fective than b12 at blocking FITC-b12 binding.

We next determined how the binding of the nonneutralizing
CD4BS MAbs was affected by b12, by CD4-IgG2, and by each
other. To do this, we performed competition experiments sim-
ilar to those described above but with FITC-labeled 205-46-9
or 205-43-1. The b12 MAb and the CD4-IgG2 molecule each
efficiently inhibited the binding of FITC–205-43-1 and FITC–
205-46-9, whereas 2G12 had no significant effect (Table 1).
However, in contrast with their limited ability to compete with
FITC-b12 for cell surface Env binding, the three nonneutral-
izing CD4BS MAbs each completely inhibited the Env binding
of FITC–205-43-1 and FITC–205-46-9 or nearly so (Table 1).

We treated the three nonneutralizing CD4BS MAbs as a
single competition group to compare the extent to which they
and b12 could inhibit binding of the FITC-labeled MAbs.
Thus, the average inhibition of FITC-b12 binding by the three
nonneutralizing MAbs was 49% � 15%, that of FITC–205-
46-9 binding was 97% � 18%, and that of FITC–205-43-1
binding was 121% � 32%. The inhibition of FITC-b12 binding

by the nonneutralizing MAbs was significantly different from
their inhibition of FITC–205-46-9 or FITC–205-43-1 binding
(P � 0.01; Mann-Whitney U test). In contrast, the inhibition of
FITC-b12 binding by b12 was 100% (by the normalization
definition), that of FITC–205-46-9 binding was 106%, and that
of FITC–205-43-1 binding was 89%. These values are not sig-
nificantly different from each other.

Thus, binding of the neutralizing MAb b12 and nonneutral-
izing CD4BS MAbs to cell surface Env can be discriminated by
their sensitivity to inhibition by nonneutralizing CD4BS MAbs.
The binding of b12 is only partially sensitive to the nonneu-
tralizing CD4BS MAbs; that of the nonneutralizing is fully
sensitive.

These various observations are best explained by there being
two categories of binding sites for CD4BS MAbs present on
the surface of Env-transfected cells: one category is unique to
b12 (and CD4-IgG2); the second is shared with MAbs to non-
neutralizing CD4BS MAbs. A likely explanation for the pres-
ence of the two categories of binding site involves the incom-
plete cleavage of Env.

DISCUSSION

In this study, we show that three nonneutralizing MAbs to
CD4BS-related epitopes do not interfere with the neutraliza-
tion of a HIV-1 primary isolate by a MAb, b12, to an overlap-
ping, closely related epitope. The epitopes for all four of the
MAbs are proximal to the CD4-binding site on gp120, all four
antibodies efficiently inhibit the binding of soluble CD4 to
monomeric gp120, and all cross-block each other’s binding to
gp120. Hence, all four MAbs recognize very similar overlap-
ping epitopes on monomeric gp120 yet only MAb b12 effi-
ciently neutralizes primary HIV-1 isolates. All four MAbs,
however, do neutralize TCLA viruses (36), so the potential for
HIV-1 primary isolate neutralization is clearly present in all
four. Why, then, do primary isolates, exemplified here by
HIV-1 JR-FL, resist inhibition by MAbs 205-43-1, 205-42-15,
and 205-46-9 while remaining susceptible to MAb b12?

It has long been argued that the resistance of primary iso-
lates to neutralization by anti-Env MAbs lies at the level of the
native oligomeric envelope glycoprotein complex (15, 27, 36,
38, 45, 46, 48, 50, 51, 55, 60, 64). Specifically, we have proposed
that the structure of this complex has evolved to resist the
binding of MAbs to most of its surface, including epitopes that
are proximal to the CD4BS (37, 38, 48). Moreover, we have
argued that resistance to neutralizing antibodies is essential for
the persistence of a lentivirus such as HIV-1 in vivo (45, 48).
This argument is supported by observations that primary iso-
lates of several other lentiviruses are neutralization resistant
(2, 11, 33, 34) and that neutralization-sensitive lentiviruses
revert to a resistance phenotype in vivo (3, 5, 14, 23, 60). HIV-1
variants with a global neutralization-resistance phenotype have
also arisen after the passage of neutralization-sensitive viruses
in the presence of neutralizing serum in vitro (24, 44). In both
cases, the phenotypic determinants were located in the enve-
lope glycoprotein complex, affecting the overall topology of the
native Env oligomer rather than any one specific neutralization
epitope (24, 44).

There is good evidence that antibodies to the CD4BS func-
tion by preventing attachment of the virion to CD4 on the

TABLE 1. Competition of FITC-conjugated CD4BS MAbs

Epitope cluster and
unlabeled MAb

Inhibition of indicated
FITC-conjugated MAb binding

to surface-expressed JR-FL
Env by unlabeled MAbsa:

b12 205-46-9 205-43-1

Neutralizing CD4BS
b12 100 106 (30) 89 (47)
CD4-IgG2 80 (7) 101 (18) 105 (16)

Nonneutralizing CD4BS
205-46-9 51 (18) 100 119 (16)
205-42-15 44 (18) 126 (2) 113 (12)
205-43-1 53 (8) 91 (4) 100

Neutralizing-complex epitope
2G12 9 (14) 20 (19) 0 (0)

a Competition between CD4BS MAbs and other agents for binding to cell
surface Env. The binding signals were normalized so that the binding of each
FITC-labeled MAb by the same unlabeled MAb represented 100% competition.
The extent of inhibition achieved by the other test MAbs was expressed relative
to this value. The percentage inhibition values shown are the means and standard
deviations (in parentheses) derived from two independent experiments. The
actual levels of competition for FITC-b12 by b12, of FITC-205-46-9 by 205-46-9,
and of FITC-205-43-1 by 205-43-1 were 60, 30, and 30%, respectively.
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target cell (26, 50, 70). We believe that the reason why the
nonneutralizing MAbs to CD4BS-related epitopes neither
neutralize HIV-1 JR-FL nor interfere with the neutralizing
activity of b12 is simply because the nonneutralizing CD4BS
MAbs fail to bind to the native envelope complexes on the
virion that mediates fusion. On this argument, the nonneutral-
izing CD4BS MAbs are irrelevant to the neutralization process
because they remain in solution, unable to interfere with the
virus-cell attachment and fusion process. Whether the same is
true of nonneutralizing MAbs to other epitopes on gp120 and
gp41 will require additional studies in this or different experi-
mental systems, but we believe that the CD4BS will not turn
out to be a special case among the known neutralization
epitopes. It will also be necessary to further study why TCLA
strains are sensitive to neutralizing antibodies that fail to neu-
tralize closely related primary viruses; how Env proteins from
TCLA viruses compare with those from primary isolates in
Env-binding and competition assays such as those we have
used here is presently under investigation. We expect that it
will be difficult to discriminate between the binding of b12 and
the nonneutralizing CD4BS MAbs to TCLA Env on the sur-
face of Env-transfected cells (assuming all the test MAbs neu-
tralize the particular TCLA virus under study). However, this
supposition will require experimental confirmation and clearly
other outcomes are possible.

An alternative perspective has, however, been provided: it is
argued that nonneutralizing MAbs bind to their epitopes on
fusion-competent envelope glycoprotein complexes but that
this binding does not interfere with the function of these com-
plexes (73). According to this hypothesis, attachment and fu-
sion either take place irrespective of the presence of the bound
MAb or else the envelope glycoprotein complex in some way
shakes off the MAb as it attaches to its cellular receptors and
then undergoes the conformational changes which drive the
fusion process (73). The data that support such an argument
are derived from binding assays that employ virions or Env-
transfected cells. In such assays, the binding of nonneutralizing
MAbs to envelope glycoproteins from neutralization-resistant
primary isolates can clearly be demonstrated (73). Indeed, we
show here that nonneutralizing CD4BS MAbs not only bind
Env-transfected cells but can also partially reduce the binding
of the neutralizing MAb b12 to the same cells (Fig. 3). The
reactivity of MAbs with Env on the surface of Env-transfected
cells clearly does not predict how they perform in neutraliza-
tion assays. For TCLA HIV-1 strains, a good correlation be-
tween cell surface MAb binding and virus neutralization can,
however, be obtained with virus-infected cells (55).

An observation that helps explain the limitations of cell
surface Env-binding assays is that nonneutralizing CD4BS
MAbs only partially inhibit the Env binding of FITC-b12,
whereas b12 and CD4-IgG2 are more effective competitors
(Table 1). This is despite the fact that the nonneutralizing
MAbs actually have a higher affinity than b12 for cell surface
Env (Fig. 3). Moreover, in the reciprocal competition, b12 and
the nonneutralizing CD4BS MAbs behave equivalently as in-
hibitors of the binding of the FITC-labeled, nonneutralizing
MAbs. One explanation for these related observations is that
there are two categories of b12-binding site on cell surface
Env: one category is accessible to all CD4BS MAbs, including
b12, and to CD4-IgG2, whereas the other site is available only

for the binding of b12 and CD4-IgG2. If this is the case, a
logical extension is that only the latter, b12-unique binding
sites are relevant to Env function whereas the sites accessible
to the other CD4BS MAbs (and b12) are present on defective
forms of Env that are irrelevant to Env function (39).

The most obvious, but not the only, Env defect that could
affect MAb binding is the lack of cleavage of gp120 from gp41.
This process occurs inefficiently in Env-transfected cells (6, 7,
60, 73), and only approximately 25% of the Env species present
on the cell surface are cleaved under the conditions of our
experiments. Indeed, there is a correlation between the bind-
ing of a MAb to cleaved Env on the cell surface and its neu-
tralization activity, but this is not observed when cleavage-
defective Env is expressed instead (60; Z. Si, C. Phan, E.
Kiprilov, and J. Sodroski, unpublished results). Moreover, non-
neutralizing CD4BS MAbs bind preferentially to recombinant,
oligomeric uncleaved gp140 proteins whereas b12 binds pref-
erentially to cleaved Env on the surface of virus-infected cells
(46). Further studies will be required to resolve exactly how
Env cleavage affects antibody binding.

An additional influence on how antibodies react with Env
may be the interaction between Env and Gag on the cell or
virion surface. The presence of Gag is known to affect how Env
is stained by antibodies on the surface of transfected cells (21),
and the cytoplasmic domain of gp41, which contains the Gag
interaction site, can modify the reactivity of MAbs with both
the gp120 and gp41 components of the Env ectodomain (13).
Studies in other experimental systems have also shown that
assays which rely on Env expression on the cell surface can
yield results different from those derived by using assays of
viral infectivity (12; R. W. Doms, personal communication).
Overall, conclusions derived from Env-binding assays cannot
always be extrapolated to cover what occurs when an infectious
virus encounters its cellular receptors.

Concerns can also be expressed about the use of virion-
binding assays as surrogates for neutralization assays (39, 48),
although we have not addressed these issues experimentally
here. If virions contain binding sites for antibodies that are
present either on defective forms of Env or on Env complexes
that have already transited from the native to postfusion form,
such binding sites would have no relevance to antibody-medi-
ated neutralization. They would have no function for an anti-
body to impair. However, alternative arguments can also be
made about why virion-binding and neutralizing assays could
give different results; for example, variation in the rates at
which different antibodies bind to virion-associated Env would
probably influence binding and neutralization assays to differ-
ent extents.

HIV-1 neutralization requires that an antibody binds to the
surface of a fusion-competent envelope glycoprotein complex
on the virion surface; when sufficient such complexes have
been occupied, the infectivity of the virion is compromised (25,
26, 28, 45). This is particularly so for antibodies directed to the
CD4BS (26, 45, 50, 70). We believe the preponderance of
accumulated evidence suggests that nonneutralizing antibodies
have no involvement in this process simply because they are
unable to bind to functional, untriggered Env complexes on
virions. Whether additional or alternative mechanisms also
apply will require further studies.
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