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We investigated the relative importance of binding site occupancy and epitope specificity in antibody neu-
tralization of human immunodeficiency virus (HIV) type 1 (HIV-1). The neutralization of a T-cell-line-adapted
HIV-1 isolate (MN) was analyzed with a number of monovalent recombinant Fab fragments (Fabs) and mono-
clonal antibodies with a range of specificities covering all confirmed gp120-specific neutralization epitopes.
Binding of Fabs to recombinant monomeric gp120 was determined by surface plasmon resonance, and binding
of Fabs and whole antibodies to functional oligomeric gp120 was determined by indirect immunofluorescence
and flow cytometry on HIV-infected cells. An excellent correlation between neutralization and oligomeric gp120
binding was observed, and a lack of correlation with monomeric gp120 binding was confirmed. A similar degree
of correlation was observed between oligomeric gp120 binding and neutralization with a T-cell-line-adapted
HIV-1 molecular clone (Hx10). The ratios of oligomer binding/neutralization titer fell, in general, within a
relatively narrow range for antibodies to different neutralization epitopes. These results suggest that the oc-
cupancy of binding sites on HIV-1 virions is the major factor in determining neutralization, irrespective of
epitope specificity. Models to account for these observations are proposed.

Antibody neutralization of viruses in vitro is an important
phenomenon, since there is generally a good correlation be-
tween in vitro neutralization and in vivo antiviral efficacy (13,
33). The plausible mechanisms of neutralization of enveloped
viruses have been debated from a number of standpoints. A
series of studies have proposed the importance of the binding
of a few antibody molecules to a virion to achieve neutraliza-
tion (few-hit theory) (13, 14, 24). Elsewhere it has been argued
that neutralization may result when the number of unoccupied
sites on a virion falls below a critical minimum that is required
for infectivity (occupancy model) (12, 20, 32). Another con-
sideration is the importance of epitope specificity. In simple
terms, does the binding of antibodies to distinct epitopes or
different functional regions of a viral protein engender more or
less neutralization, and thus can equal amounts of antibody
bound to different epitopes on the virion produce different
degrees of neutralization? A potential consequence of the in-
fluence of epitope specificity on neutralization is that different
antibodies may inhibit viral infection of a target cell at different
stages of the virus life cycle. In this respect, it has been argued
that inhibition of attachment of virus to the target cell is a
relatively rare mechanism of antibody neutralization and that
processes following attachment, such as virus-cell membrane
fusion, are more common targets (1, 13, 14, 22). Steric inter-
ference and physical constraints may also influence the neu-

tralizing ability of an antibody; the size (Fab fragment versus
immunoglobulin G [IgG] or IgM), orientation of attachment,
and valency of attachment are all epitope-specific factors to be
considered (13, 14). In the present study, we sought to inves-
tigate the importance of site occupancy and epitope specificity
in the neutralization of human immunodeficiency virus (HIV)
type 1 (HIV-1) by antibody.

Antibody neutralization of HIV-1 by antisera and monoclo-
nal antibodies (MAbs) is well documented (reviewed recently
in references 8, 27, 37, and 43). The neutralizing activity is
directed overwhelmingly at the surface (gp120) envelope gly-
coprotein (8, 27, 37), although neutralization also can be
mediated by transmembrane glycoprotein (gp41)-specific com-
ponents (30, 31). The neutralizing antibody response to T-cell-
line-adapted (TCLA) HIV-1 gp120 has been examined by the
preparation and characterization of MAbs of diverse origin,
allowing the identification of a number of neutralization epi-
topes on the envelope glycoproteins. The accessibility of such
epitopes is considerably greater on TCLA strains than on pri-
mary isolates of HIV-1 (5, 16, 26, 27, 41). On TCLA viruses,
neutralizing antibodies to gp120 have been described to react
with the hypervariable loops V1/V2 and V3; a discontinuous
epitope involving residues in the base of the V3 and V4 loops
(2G12 epitope), the CD4 binding site (CD4bs), and the related
C4 region; an epitope involving the CD4bs and residues in the
V2 loop (b12 epitope); an epitope induced by the binding of
CD4bs-specific antibodies; and an epitope partially induced
by CD4 binding (reviewed in references 8 and 37). Only two
gp120-specific neutralization epitopes have been well charac-
terized as being present on a majority of primary isolates (b12
and 2G12 epitopes).

Primary isolates are clearly more relevant than TCLA strains of
HIV-1 to human infection. However, the paucity of neutraliz-
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ing antibodies to primary isolates, together with technical dif-
ficulties in measuring the binding of antibodies to functional
primary isolate envelope glycoproteins, precluded their use in
this study. As a result, we carried out analyses on TCLA vi-
ruses; the general principles established are, however, also
likely to apply to primary isolates. The strategy adopted was to
compare the binding of a number of antibodies to different
gp120 epitopes presented in the form of functional oligomeric
gp120 on infected cells with their capacity to neutralize the
corresponding virus. A concentration of MAb yielding half-
maximal binding (K50) and a neutralization titer of similar
magnitude (ID50) would be consistent with antibody occupancy
of virion binding sites playing a major role in HIV-1 neutral-
ization. Similar K50/ID50 ratios for different epitopes would
suggest that neutralization is broadly independent of the epi-
tope recognized. Alternatively, a highly divergent ratio would
imply a strong epitope-specific dependency.

Previous studies suggested a relationship between antibody
affinity for oligomeric gp120 and neutralization (16, 39, 42).
Here we carry out a quantitative and detailed analysis of the
neutralization of two TCLA viruses by a range of monovalent
recombinant Fab fragments (Fabs) and MAbs specific for all
confirmed TCLA neutralization epitopes on gp120. We report
that overall, neutralization correlates with the amount of an-
tibody estimated to be bound to the virus. Although subtle
epitope-specific effects may be present, there is no convincing
evidence that the binding of antibody to any distinct neutral-
ization epitope cluster yields a disproportionate effect on the
loss of infectivity. These data are consistent with the occupancy
model and demonstrate that epitope-specific and functional
domain-specific effects on neutralization are, at most, subtle.

MATERIALS AND METHODS

Antibodies. The recombinant Fabs b3, b6, b11, b12, b13, b14, DO8i, DA48,
and 3B3 (specific for the CD4bs), DO142-10 and Loop 2 (specific for the V3
loop), and L17 (specific for the V2 loop) were obtained by screening phage
display libraries for gp120 binding activity and HIV-1 neutralization as previously
described (3, 7, 39, 44). Fabs b3, b6, b11, b12, b13, b14, DA48, and DO8i have
been epitope mapped to residues which are considered to contribute to the CD4
binding region of gp120 or surrounding residues, and all have different fine
specificities (6a, 39). Fab 3B3, from C. Barbas, was derived from Fab b12 by
random mutagenesis in HCDR1 and HCDR3 and was selected for its increased
affinity for soluble gp120 (4). IgG1 b12 and IgG1 Loop 2 were obtained by
engineering the respective Fabs into IgG1 molecules (9). The anti-V3 loop Fabs
Loop 2 and DO142-10 have been mapped and described elsewhere (33, 44). Fab
L17 has been mapped to the V2 loop of gp120 (15). The human MAbs 19b (29)
and F91 and 48d (47, 55) were from J. Robinson, Department of Pediatrics,
University of Connecticut, Farmington; 2G12 (6, 50) was from H. Katinger,
Institute of Applied Microbiology, Vienna, Austria; and 447-52D (11, 19) was
from Cellular Products Inc., Buffalo, N.Y.

Cell culture and virus infection. H9 cells (from R. Gallo, National Institutes of
Health, Bethesda, Md.) were cultured in growth medium (GM; RPMI medium
with 10% fetal calf serum [FCS]) in 5% CO2. Infection of H9 cells with super-
natant containing infectious virus of the nonclonal MN isolate of HIV-1 was
done as follows. One million cells in 1 ml of medium were exposed to 104 50%
tissue culture infective doses of virus-containing supernatant for 2 h at 37°C.
After being washed, the cells were resuspended in GM and cultured for 8 to 10
days. At this time, 100% of the cells expressed large amounts of viral envelope
glycoprotein, as determined by indirect immunofluorescence staining with anti-
gp120 MAbs, but no CD4, as detected with MAbs to the first and fourth domains
of CD4, as previously described for the Hx10 clone of HIV-1 (42). The majority
of the viral gp120 observed at the infected cell surface was present on mature
virus particles associated with the cell membrane, as determined by immuno-
electron microscopic analysis (18a).

Analysis of antibody binding by flow cytometry. H9 cells infected with MN
virus as described above were washed twice in GM and resuspended at a con-
centration of 2 3 106 cells per ml. Fifty microliters of MAb previously diluted in
phosphate-buffered saline (PBS)–1% FCS (wash buffer [WB]) was added to 50
ml of cell suspension in a U-bottom, 96-well microtiter plate, and the mixture was
incubated with agitation at 37°C for 2 h. The cells were washed three times in WB
and then fixed overnight at 4°C in WB containing 1% formaldehyde. After two
further washes in WB, a 1:100 dilution of anti-human phycoerythrin was added
(Immunotech Inc., Marseille, France). The cells were washed twice as before and

then analyzed by flow cytometry by use of a FACScan (Becton Dickinson, San
Jose, Calif.) with Consort 30 software.

Measurement of antibody affinity for gp120 by surface plasmon resonance.
Association and dissociation constants were deduced from the kinetic rate con-
stants kon and koff, which were determined by surface plasmon resonance with a
BIAcore 2000. Coupling of gp120 to the sensor chip and antibody binding to and
elution from the immobilized antigen were achieved as described previously (39).
HIV-1MN gp120 was obtained from Harvey Holmes (Medical Research Council
AIDS Reagent Project, Potters Bar, United Kingdom).

HIV neutralization assay. To analyze MAbs for neutralization activity, we
used an assay based on the infection of HeLa cells expressing human CD4 and
the HIV long terminal repeat fused to lacZ (10), which we have described
previously (36). Infection of these cells with HIV-1 leads to the production of the
viral Tat protein, which transactivates the transfected LTR and activates the lacZ
gene; detergent lysis of the cells is followed by the addition of the soluble
substrate and then by a spectrophotometric readout in an enzyme-linked immu-
nosorbent assay format. The advantages of this assay system are that infection of
the cells can be detected within 24 to 36 h (approximately one cycle of replica-
tion) and that a reduction in infectivity by pretreatment of virus with antibody
can be quantitatively assessed rapidly. Briefly, 20 ml of a previously titrated
suspension of HIV was preincubated with dilutions of MAbs in Dubecco’s min-
imal essential medium (DMEM)–5% FCS for 2 h at 37°C in a total volume of 40
ml before the addition of 10 ml of HeLa cells at a concentration of 5 3 106

cells/ml. After 1 h of incubation at 37°C with agitation, the cells were washed in
PBS–10 mM EDTA and incubated with EDTA-trypsin (Gibco/BRL) for 15 min
at 37°C. After being washed in DMEM–5% FCS, the cells were cultured for a
further 24 to 36 h in flat-bottom 96-well microtiter plates. The medium was
aspirated, and the cells were lysed in a solution of PBS containing 0.5% Nonidet
P-40. An equal volume of a solution containing 16 mM chlorophenol red-b-D-
galactopyranoside (Boehringer Mannheim, Meylan, France) was added; after 30
min of incubation with the substrate at 37°C, the optical density (OD) was read
at 550 nm. The percentage of neutralization was calculated with the formula
100 2 {[(t 2 c)/(m 2 c)] 3 100}, where t represents the OD signal for the test
sample in the presence of a neutralizing MAb, c represents the background
signal in the absence of virus, and m represents the maximum signal obtained
with virus but no inhibitor. Values obtained from the measurements of antibody
binding and neutralization were evaluated for correlation by linear regression
analysis of the log10 values for ID50, K50, Kd, kon, and koff. These and the Student
t test and Mann-Whitney U tests were performed with the Statview program
(Abacus, Berkeley, Calif.).

RESULTS

Binding affinity of Fabs for monomeric gp120 does not cor-
relate with neutralizing ability. There is conflicting evidence
for the existence of a correlation between antibody affinity for
recombinant monomeric gp120 and neutralization, in that
some studies find a correlation (52), whereas others do not (16,
26, 39, 42). We wished to formally confirm or refute the notion
of such a correlation by using a broad panel of neutralizing
antibodies before proceeding to oligomeric gp120 binding and
neutralization studies. We carried out a thorough analysis us-
ing Fabs and MAbs representing all confirmed TCLA gp120
neutralization epitopes and recombinant soluble gp120 derived
from the MN strain of HIV-1. The approach chosen was sur-
face plasmon resonance, as this allows a precise, real-time
determination of the rates of association and dissociation. The
Kd values obtained for the antibodies are shown in Table 1;
they are similar to those previously described for strain LAI
gp120 (39) and are within the range of 1.9 3 1029 to 2.5 3
1028 M, a maximum variation of about 10-fold. A comparison
of these data with the ID50 values obtained for neutralization
(see below) revealed no obvious relationship, in concordance
with several earlier studies, and a statistical analysis showed no
significant correlation when Fabs of all specificities were con-
sidered together or divided into two functional groups (see
Table 3).

Binding of Fabs and MAbs to functional oligomeric gp120.
Quantitative ligand binding studies can be carried out by indi-
rect fluorescence labeling of the surface of HIV-1-infected
cells followed by flow cytometric analysis. This system was used
to measure the binding of the panel of Fabs and MAbs to
HIV-1MN-infected H9 cells. Figure 1 shows the binding curves
obtained in one of five representative experiments. The anti-
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bodies are separated into three groups: CD4bs-specific Fabs,
variable loop-specific (V2 and V3) Fabs, and IgG MAbs. In-
spection of the binding curves for the CD4bs Fabs reveals large
differences in their relative affinities. 3B3 stands out as the
CD4bs-specific Fab requiring the lowest concentration to
achieve 50% binding (0.4 nM), whereas b13 requires the high-
est (.200 nM), a difference of .500-fold between the two
antibodies. Interestingly, the difference in Kd values for these
two Fabs on recombinant monomeric gp120 was ,5-fold. The
rank order of affinity of Fab binding to recombinant mono-
meric gp120 (Loop 2 . 3B3 . b12 5 DO8i . b11 . b3 .

b14 . b13 . DO142-10 . DA48 . L17) was markedly dif-
ferent from that obtained for binding to the mature oligomeric
form (3B3 . b12 . DO142-10 . Loop 2 . b11 . L17 . b6 .
DO8i . b14 . DA48 . b3 . b13), implying that there is no
general relationship between Fab binding to recombinant mo-
nomeric gp120 and that to functional oligomeric gp120. This
suggestion was confirmed by the general lack of correlation in
affinity measurements for the two forms of gp120 (see Table 3).
There was, however, a weak correlation between binding to
monomeric gp120 and that to oligomeric gp120 for the CD4bs-
specific Fabs when they were considered as a separate group.

FIG. 1. Fab (A, B, and C) and MAb (D) binding to HIV-1MN-infected H9 cells. Serial dilutions of Fabs and MAbs were incubated for 2 h at 37°C with MN-infected
H9 cells before the cells were washed and fixed in 1% formaldehyde overnight. The cells were then stained with an anti-human or anti-mouse IgG-phycoerythrin
conjugate and analyzed by flow cytometry. Each point represents 10,000 accumulated events, and the experiment shown is representative of five separate experiments.

TABLE 1. Fab binding and neutralization characteristics

Specificity Fab
Binding to gp120 monomera

Binding to gp120 oligomerb

(K50) (nM)
Neutralizationc

(ID50) (nM)
Ratiod

(K50/ID50)kon (M21 s21) koff (s21) Kd (nM)

CD4bs b3 6.5 3 104 4.1 3 1024 6.3 135 80.0 1.7
b6 NDe ND ND 38.0 21.7 1.8
b11 5.2 3 104 2.2 3 1024 4.2 18.7 40.0 0.5
b12 1.2 3 105 4.1 3 1024 3.4 1.70 4.30 0.4
b13 4.6 3 104 4.6 3 1024 10 .200 .200 ND
b14 5.1 3 104 3.4 3 1024 6.7 60.0 166.7 0.4
DO8i 1.5 3 104 5.2 3 1025 3.5 46.7 18.3 2.5
DA48 1.3 3 104 2.1 3 1024 16 118.0 61.7 1.9
3B3 9.8 3 104 2.2 3 1024 2.2 0.40 0.10 4.0

V3 loop DO142-10 1.6 3 104 1.8 3 1024 11 7.00 1.10 6.4
Loop 2 1.2 3 104 2.3 3 1025 1.9 13.0 3.70 3.5

V2 loop L17 2.4 3 104 5.9 3 1024 25 19.7 20.0 1.0

a MN-derived soluble gp120 was attached to the solid phase, and real-time kinetic measurements of Fab binding were made by surface plasmon resonance.
b Half-maximal binding of Fabs to oligomeric gp120 was determined by titration of Fabs on MN-infected cells and detection by indirect immunofluorescence and flow

cytometric analysis.
c Half-maximal neutralization was determined by preincubating serial dilutions of Fabs with a virus stock before infecting HeLa CD41 LTR-LacZ cells.
d The ratio of half-maximal Fab binding to half-maximal neutralization was determined for each Fab.
e ND, not done.
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Neutralizing IgG molecules to four distinct epitopes (CD4bs,
V3 loop, CD4i, and 2G12) were analyzed for binding to virion-
associated MN gp120, and binding curves for representatives
of these epitope clusters are shown in Fig. 1D. Again, a broad
spectrum of affinities was obtained, with the greatest difference
being observed between IgG1 b12 (K50, 0.1 nM) and 2G12
(K50, 150 nM), a difference of 1,500-fold (Table 2). A compar-
ison of the binding affinities for the two Fab fragments for
which there were corresponding IgG molecules (b12 and Loop
2) revealed that conversion to a bivalent ligand increased b12
avidity by 17-fold and Loop 2 avidity by about 2-fold, within the
expected range (33). The difference in the increases between
the two ligands may represent the ability of one MAb (IgG1
b12) to bind bivalently, whereas IgG1 Loop 2 may bind solely
with a single arm, resulting in a binding constant similar to that
obtained for the Fab fragment.

A data set obtained mostly in a previous study (42) with the
HIV-1 molecular clone Hx10 was also included in Table 2 to
allow a comparison of neutralization and MAb affinity for two
different viruses. For many of the MAbs, saturation staining
was not achieved, even at the highest concentration tested;
increasing the incubation time did not lead to saturation
(results not shown), suggesting a very low affinity. For these
MAbs, we estimated the minimum 50% binding values; the
true K50 values therefore will be higher. As with the MN-in-
fected cells, MAb binding to Hx10-infected cells varied sub-
stantially: MAb 110.5 had the highest affinity (K50, 0.05 nM),

whereas a number of MAbs to the C4 and V2 regions had a K50
of .50 nM, representing a difference of .1,000-fold.

Neutralization by Fabs and MAbs. In order to evaluate the
neutralization activity of the Fab and IgG molecules analyzed
in this study, we used a previously described system based on
the HIV-1 Tat-induced transactivation of the HIV-1 long ter-
minal repeat fused to the lacZ reporter gene in human CD41

HeLa cells. Neutralization curves for a representative experi-
ment are shown for Fabs in Fig. 2A to C and for MAbs in Fig.
2D. ID50s for the Fab and IgG molecules showed variation
over a range greater than 3 orders of magnitude (Tables 1 and
2), a range similar to that observed with Hx10 virus in a pre-
vious study (42).

Analysis of the correlation between Fab and IgG binding
and neutralization. Visual inspection of the values suggested a
relationship between neutralization and Fab binding to func-
tional oligomeric gp120. In order to quantify the relationship,
we analyzed the parameters by linear regression and calculated
the strength and significance of the correlations. Table 3 sum-
marizes the data obtained from scatter plots of neutralization
versus antibody binding to oligomeric and monomeric gp120.

A strong (r 5 0.9) and highly significant relationship was
observed between log K50 for functional oligomeric gp120 and
log ID50, but no significant correlation was found between log
K50 for monomeric gp120 and log ID50 (r 5 0.41). Likewise, no
correlation was demonstrated between kon and koff rates for
binding to monomeric gp120 and neutralization or between
affinities for Fab binding to monomeric gp120 and oligomeric
gp120. When CD4bs-specific Fabs were considered in isola-
tion, there was an excellent correlation between oligomeric
gp120 binding and neutralization (r 5 0.92). There was a weak
correlation between monomeric gp120 binding by CD4bs-spe-
cific Fabs and neutralization; this result may have arisen from
the weak correlation between binding to monomeric gp120 and
binding to oligomeric gp120 observed for this set of Fabs (Ta-
ble 3). As observed for the Fabs, MAb binding to functional
oligomeric gp120 from both the MN and Hx10 viruses corre-
lated strongly with neutralization (Table 3). When the binding
of CD4bs-specific MAbs to both Hx10 and MN was compared
with neutralization, an excellent correlation was observed (r 5
1.0). A less strong, but nevertheless highly significant, correla-
tion was observed when the binding of all antibodies to both
viruses was compared with neutralization (r 5 0.88) (Fig. 3).

Importance of virion site occupancy and epitope specificity
in antibody neutralization. We estimated the antibody neutral-
ization efficiency for a given epitope by calculating the K50/
ID50 ratio for oligomeric gp120 (Tables 1 and 2). Significantly
different ratios between antibodies against distinct epitopes
would indicate that epitope-specific differences exist in neu-
tralization efficiency. Neutralization of the virus would then
occur at different levels of occupancy for different epitopes
or epitope clusters. Despite the large ranges in K50 and ID50,
most of the ratios in Tables 1 and 2 fell within a relatively
narrow range, with a few exceptions. For the CD4bs-specific
Fabs, most values were close to 1, as was that for the V2 loop-
specific Fab. The V3 loop-specific Fabs had slightly higher val-
ues, suggesting a potentially greater neutralization efficiency.
The K50/ID50 values for the IgG molecules for both MN and
Hx10 viruses were more variable than those for the Fab mol-
ecules. For most the ratio was relatively close to 1, as for the
Fabs. However, there were notable outliers, namely, IgG1 b12,
447-52D, and 48d for MN and IgG1 b12 and G3-299 for Hx10,
where the values were closer to 10. It is unclear why a variation
of such magnitude exists for these different antibodies, in par-
ticular because the values for K50 and ID50 used to calculate
the ratios correlate with high significance (Table 3). It is un-

TABLE 2. IgG binding and neutralization characteristics

Virus Specificity Antibody
K50 for

oligomeric
gp120 (nM)a

Neutralization
(ID50) (nM)b

Ratio
(K50/ID50)c

MN CD4bs IgG1 b12 0.10 0.010 10
F91 65 68 1.0

V3 loop Loop 2 4.1 1.6 2.5
19b 3.0 2.5 1.2
447-52D 0.60 0.050 12

CD4i 48d 8.0 1.6 5.0
Other 2G12 150 .200 ,0.80

Hx10d CD4bs 15e 20 4.8 4.2
21h 20 6.0 3.3
F91 8.0 2.4 3.3
IgG1 b12 0.80 0.070 11

C4 G3-299 .50e 4.1 .12
G3-519 .50 98 .0.50
G3-536 .50 270 .0.18
G3-508 .50 190 .0.27

V3 110.5 0.050 0.20 0.25
9284 0.12 0.93 0.13
BAT123 0.080 0.13 0.62
110.I 0.50 1.3 0.38
8/38c 67 67 1.0

V2 G3-136 .20 7.7 .2.6
G3-4 .70 44.4 .1.6
BAT085 .70 133.4 .0.52

CD4i 48d 5.0 1.3 3.8
Other 2G12 2.5 1.3 1.9

a Half-maximal binding of MAbs to oligomeric gp120 was determined as de-
scribed in Table 1, footnote b.

b Half-maximal neutralization was determined as described in Table 1, foot-
note c.

c The ratio of the concentration yielding 50% MAb binding to 50% neutral-
izing concentration was determined for each MAb.

d Most of this data set is taken from a previous study (42). Data for MAbs F91,
IgG1 b12, and 2G12 were obtained in the present study.

e Saturation staining was not achieved under the experimental conditions used.
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likely that this variation represents differential antibody inter-
ference with different functional domains of gp120, since the
antibodies that displayed the greatest divergence in neutraliza-
tion efficiency came from diverse epitope clusters. Thus, IgG1
b12, 447-52D, and 48d represent three distinct functional re-
gions of gp120: the CD4bs, the V3 loop, and the CD4i epitope.
Other antibodies to these epitopes had values close to 1. That
this variation is not due to epitope-specific effects is further
demonstrated by the difference in the K50/ID50 ratios between

Fab b12 (0.4) and Fab 3B3 (4.0). Fab 3B3 is an affinity-im-
proved, closely related variant of Fab b12 and, by definition,
binds to an almost identical epitope. The K50/ID50 values there-
fore would be expected to be very similar, and the observed
difference is an indication of the range of data scatter.

In order to confirm that antibodies to one functional domain
were not more potent neutralizers than those to other do-
mains, we carried out a statistical analysis in which we com-
pared the K50/ID50 values for CD4bs-specific antibodies with
those for non-CD4bs-specific antibodies (results not shown).
No significant difference was seen with either the unpaired
t test or the Mann-Whitney U test between CD4bs-specific li-
gands (Fab or IgG molecules or both) and non-CD4bs-specific
ligands (V2 or V3 loop, CD4i epitope, and 2G12 epitope). In
summary, analysis of the individual data as well as statistical

FIG. 2. Neutralization of MN virus produced in H9 cells by Fabs (A, B, and C) and MAbs (D). A virus-containing supernatant was incubated with serial dilutions
of Fabs or MAbs for 2 h at 37°C before addition to HeLa CD41 LTR-LacZ cells. After incubation for 2 h at 37°C, the cells were washed, trypsinized, and cultured
for 24 h. The cells were then lysed, and the OD at 405 nm was measured after addition of the substrate. The OD values obtained were expressed as the percent inhibition
of infection compared to that in the presence of virus and absence of inhibitory antibody (positive control) or absence of virus (negative control).

FIG. 3. Neutralization as a function of MAb binding to oligomeric envelope
glycoproteins. Log10 pooled ID50 and K50 values obtained from both viruses for
all Fab and IgG molecules analyzed in this study were plotted on the y and x axes,
respectively. Simple linear regression analysis showed the correlation to be
strong (r 5 0.882) and highly significant (P , 0.0001).

TABLE 3. Analysis of correlation between antibody
binding and neutralization

Comparison r a Approxi-
mate Pb

All Fabs
Monomer binding vs neutralization 0.41 0.24
Monomer kon vs neutralization 20.15 0.68
Monomer koff vs neutralization 0.22 0.54
Oligomer binding vs neutralization 0.9 0.00020
Monomer vs oligomer binding 0.46 0.19

CD4bs Fabs
Monomer binding vs neutralization 0.71 0.074
Oligomer binding vs neutralization 0.92 0.0013
Monomer vs oligomer binding 0.76 0.046

Specific MAbs
Oligomer binding vs neutralization (MN) 0.98 0.00080
Oligomer binding vs neutralization (Hx10) 0.82 0.0020
Oligomer binding vs neutralization

(MN 1 Hx10)
0.84 0.00010

CD4bs oligomer binding vs neutralization
(MN 1 Hx10)

1.0 0.00010

All MAbs (oligomer binding vs neutralization) 0.77 0.00010

a Calculated by simple linear regression of log10 ID50 plotted as a function of
log10 kon, koff, Kd, or K50.

b Calculated with F and t tests.

3516 PARREN ET AL. J. VIROL.



analysis provided no evidence for strong epitope-specific ef-
fects on the efficiency of neutralization.

DISCUSSION

In this study, we show that antibody neutralization of two
TCLA HIV-1 isolates, one a biological isolate and the other a
molecular clone, is statistically highly correlated with binding
affinity for mature oligomeric gp120 expressed on the surface
of infected cells. In contrast, there is no significant correlation
between neutralization by the panel of antibodies and binding
to recombinant monomeric gp120. Overall, the most straight-
forward interpretation of our data is an occupancy model (Fig.
4) (see below), whereby neutralization is determined primarily
by the fraction of antibody sites occupied on virions irrespec-
tive of epitope recognized.

In a recent study (51), we found that antibodies to all the
neutralization epitopes on gp120, including the CD4bs, V2 and
V3 loop, and 2G12 epitopes, neutralize HIV-1MN and Hx10 at
least in part by blocking attachment of virus to cells. Indeed,
the only antibody that did not interfere with HIV-cell attach-
ment was the anti-gp41 MAb 2F5, which interacts with an
epitope close to the transmembrane domain of the molecule.
Taken together, the data of Ugolini et al. (51) and the present
study suggest two plausible mechanisms for HIV-1 neutraliza-
tion. The first invokes coating of the viral surface, which ob-
structs the close approach of virus and target cell membranes,
as the principal mechanism. Individual epitopes play a minor
role in this model because of the size of the antibody molecule
relative to the proximity of the neutralization epitopes on

gp120 to the CD4 binding region (Fig. 4). In this model, the
high degree of glycosylation (about 50%) of gp120 reduces
antibody accessibility to the protein surface to a relatively low
level. The available protein surface is further reduced on the
virion surface by the heterodimeric interaction of gp120 with
gp41 and the homotrimerization of gp41 and gp120. Neutral-
ization epitopes, such as the CD4bs, V2 and V3 loop, and
2G12 epitopes, are known to be proximal and are probably
located within a confined region termed the “neutralizing face”
(28). However, there is sufficient separation to ensure that the
binding of IgG to an epitope such as the V3 loop does not
inhibit the binding of either soluble CD4 or IgG to oligomeric
gp120 or vice versa (Fig. 4b). For attachment of virus to the
target cell to occur, it is presumed that multiple contacts in a
localized area must be established. Unlike the binding of sol-
uble CD4, this process may be readily inhibited by antibodies
to epitopes other than the CD4bs, since the binding of an array
of CD4 molecules anchored to the membrane has far more
stringent geometric constraints than does the binding of indi-
vidual soluble CD4 molecules (Fig. 4c). An antibody bound to
gp41 would probably project less from the surface of the virion
than an antibody bound to gp120, potentially explaining the
reason why MAb 2F5 is unable to interfere with HIV-cell
attachment. Fabs would provide a smaller steric interference
with HIV-cell binding, but since two Fab molecules would be
expected to bind in place of one IgG molecule, the overall
effect on virus-cell binding would probably be similar. The K50/
ID50 ratios for MAbs and Fabs are 3.6 6 1.8 and 2.2 6 3.9,
respectively (t test, P 5 0.25; Mann-Whitney U test, P 5 0.53),
indicating that there is no significant difference in the neutral-
ization efficiencies of these two sets of ligands. As discussed
above, minor variations in the ability of individual antibodies to
interfere with virus-cell binding may come from the orientation
of the antibody molecule with respect to the gp120 oligomer or
from cross-linking of epitopes by bivalent binding to two gp120
molecules. Thus, in this model, the important factor in neu-
tralization is the fraction of virion binding sites occupied; epi-
tope-specific and functional domain-specific effects are rele-
gated to a secondary role.

The second, related mechanism is based on the idea that two
sites on gp120 are thought to interact with the target cell: the
CD4bs and a site for interaction with a chemokine receptor. In
this model, efficient virus-cell binding can be achieved only by
the interaction of HIV-1 gp120 with both CD4 and the appro-
priate coreceptor. Thus, neutralizing antibodies that do not
bind to the CD4bs bind to a site overlapping the chemokine
receptor binding site and thereby also block viral attachment.
Evidence to support such a model comes from recent studies in
which neutralizing MAbs to regions of gp120 other than the
CD4bs interfered with a gp120-CCR5 interaction (49, 54).
Similar results have been obtained in our laboratory: neutral-
izing MAbs prevented the interaction of TCLA soluble gp120
from strains IIIB and MN with CXCR4 (24a). Further exper-
iments designed to establish the correct model are under way.

Despite the strong correlation between antibody affinity for
oligomeric gp120 and neutralization found here, there were
clear differences in the neutralization efficiencies of a small
number of antibodies; however, these do not change the major
conclusion of this paper. It seems unlikely that this finding
represents the result of ligand binding to more or less func-
tionally sensitive domains on gp120, since these antibodies
belong to different epitope clusters. Possible explanations for
the outliers are experimental error in K50/ID50 ratios for anti-
bodies with low ID50 values or secondary effects due to anti-
body-induced shedding (36), epitope cross-linking (this may
explain why the K50/ID50 values for the Fab molecules were

FIG. 4. Model for proposed interactions between the virion envelope glyco-
proteins and neutralizing IgG and CD4. These molecules are depicted roughly to
scale based on their respective molecular weights and their known (IgG and
soluble CD4 [sCD4]) or implied (gp120 and gp41) structures. (A) Envelope
glycoprotein trimer on the viral surface. (B) Glycoprotein trimer with an IgG
antibody molecule bound to the V3 loop on gp120. Soluble CD4 binding to the
CD4bs is still possible. (C) Glycoprotein trimer with various numbers of antibody
molecules associated; binding to membrane CD4 and/or coreceptor molecules is
sterically inhibited.
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within a narrower range than those for the IgG molecules),
and/or minor orientation differences for antibodies binding to
a given epitope.

Our study confirms unequivocally previous observations
which showed that antibody binding to functional oligomeric
gp41-gp120 complexes correlates with neutralization (16, 39,
42). However, there are a few reports that indicate that some
antibodies may bind relatively well to virion-associated oligo-
meric gp120 without neutralizing the virus. An anti-V2 MAb
(62c) bound to Hx10-infected H9 cells but was unable to neu-
tralize this virus even at relatively high concentrations (45).
Likewise, Stamatatos and colleagues (46) found that the bind-
ing of another anti-V2 MAb (G3.4) to primary isolate virion
gp120 did not correlate with neutralizing activity. In both cases,
however, the apparent affinity constant could not be deter-
mined accurately. In the first study, binding saturation of MAb
62c was not reached (45). In the second study, virion gp120-
antibody complexes were measured in an enzyme-linked im-
munosorbent assay only after oligomeric gp120 was disrupted
into monomeric gp120 by detergent (46). The severe limita-
tions of such a format for performing affinity measurements
have been eloquently discussed by Fouts et al. for a very similar
assay (16).

Synergy in neutralization has been described between MAbs
recognizing the CD4bs and the V2 (53) or V3 (21, 23, 25, 38,
48, 53) loop. This effect, however, is rather weak. Moreover,
the idea that the binding of a MAb to one functional domain
of gp120 increases the affinity of another MAb for another
domain and thereby causes synergistic neutralization is fully
consistent with the occupancy model.

Passive transfer studies with an animal model showed that a
potent neutralizing antibody can protect against challenge with
primary isolates of HIV-1 and implied that a vaccine that
induced such an antibody could be successful in preventing
transmission (18, 35). The finding presented in the present
study, that antibody affinity is of primary importance in HIV
neutralization, may have practical consequences for vaccina-
tion. It suggests that antibodies to all conserved and well-
exposed epitopes on the mature envelope may be equally ef-
fective in virus neutralization and that it may therefore be
unnecessary to target multiple epitopes. We suggest that vac-
cine design efforts should focus on increasing the immunoge-
nicity of the native oligomeric (mature) envelope for presen-
tation to the immune system irrespective of the epitope
involved. This suggestion is based on the assumption that neu-
tralization is an indicator for protection. In the case of HIV-1,
we and others have indeed shown an excellent correlation
among antibody affinity, neutralization, and protection against
HIV-1 challenge of hu-PBL-SCID mice (17, 18, 34, 40). An
antibody against the V3 loop, for example, protected the mice
against a TCLA virus which was neutralized, but this antibody
was ineffective against primary viruses which were not (17). We
further found a good association between protective doses of a
potent neutralizing antibody and the neutralization sensitivi-
ties of both TCLA and primary viruses (34, 35). Bachmann et
al. recently suggested a breakdown in the correlation between
protection against vesicular stomatitis virus and in vitro neu-
tralization for a subset of high-affinity antibodies against the
vesicular stomatitis virus surface glycoprotein (2). While many
studies have shown a good correlation between in vitro neu-
tralization and protection, this observation is not without pre-
cedence, and such disparities have also been described for
other viruses (13, 33). However, for HIV-1 the correlation
appears to hold, and eliciting neutralizing antibodies should be
a major goal of HIV-1 vaccine development.
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