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The structural flexibility found in human immunodeficiency virus (HIV) envelope glycoproteins creates a complex relationship
between antigenicity and sensitivity to antiviral antibodies. The study of this issue in the context of viral particles is particularly
problematic as conventional virus capture approaches can perturb antigenicity profiles. Here, we employed a unique analytical
system based on fluorescence correlation spectroscopy (FCS), which measures antibody-virion binding with all reactants contin-
uously in solution. Panels of nine anti-envelope monoclonal antibodies (MAbs) and five virus types were used to connect anti-
body binding profiles with neutralizing activities. Anti-gp120 MAbs against the 2G12 or b12 epitope, which marks functional
envelope structures, neutralized viruses expressing CCR5-tropic envelopes and exhibited efficient virion binding in solution.
MAbs against CD4-induced (CD4i) epitopes considered hidden on functional envelope structures poorly bound these viruses
and were not neutralizing. Anti-gp41 MAb 2F5 was neutralizing despite limited virion binding. Similar antigenicity patterns
occurred on CXCR4-tropic viruses, except that anti-CD4i MAbs 17b and 19e were neutralizing despite little or no virion binding.
Notably, anti-gp120 MAb PG9 and anti-gp41 MAb F240 bound to both CCR5-tropic and CXCR4-tropic viruses without exerting
neutralizing activity. Differences in the virus production system altered the binding efficiencies of some antibodies but did not
enhance antigenicity of aberrant gp120 structures. Of all viruses tested, only JRFL pseudoviruses showed a direct relationship
between MAb binding efficiency and neutralizing potency. Collectively, these data indicate that the antigenic profiles of free HIV
particles generally favor the exposure of functional over aberrant gp120 structures. However, the efficiency of virion-antibody
interactions in solution inconsistently predicts neutralizing activity in vitro.

Human immunodeficiency virus (HIV) is an integrating retro-
virus that establishes a permanent chronic infection. Accord-

ingly, the development of preventive measures to block HIV rep-
lication prior to host cell entry remains a major goal. It is widely
held that a successful HIV vaccine will have to provide sterilizing
protection against infection mediated in part by antibodies that
recognize conserved domains on HIV envelope proteins (gp120
and gp41) and block viral replication through humoral effector
mechanisms such as direct virus neutralization.

gp120 and gp41 form noncovalent complexes that in turn as-
semble into trimeric spikes on the surfaces of virions; these trimers
provide the major target for antiviral agents and antibodies. Areas
of broadest vulnerability across virus strains include the CD4 re-
ceptor binding site on gp120 (1–6), a high-mannose cluster in
gp120 (7–11) found primarily within the subtype B category of
viruses (12, 13), and a conserved domain termed the membrane-
proximal extracellular region (MPER) located at the base of gp41
(14–18). Certain cognate monoclonal antibodies (MAbs) to these
domains exhibit potent cross-reactive neutralizing activity (19,
20). More recently, it has been shown that a series of conserved
neutralizing antibody targets are formed by the quaternary struc-
ture of the envelope spike in concert with a unique carbohydrate
component (21–23). An additional set of conserved epitopes is
displayed after gp120 binds to CD4 (24–30) and assumes a con-
strained structure (18, 31–34). A subset of these CD4-induced
(CD4i) epitopes forms a coreceptor binding site that interacts
with chemokine receptors (CCR5 or CXCR4) in order to trigger
viral entry; additional CD4i epitopes are located elsewhere on
gp120 (35). One of the latter (A32) was recently defined as a major
target for antibody-dependent cellular cytotoxicity (ADCC) activ-
ity mediated by antibodies from HIV-infected persons (36–38).

At the same time, certain types of HIV particles (e.g., pseudo-

viruses and virus-like particles) are thought to harbor a significant
fraction of “misfolded” or “nonfunctional” trimers that fail to
present neutralizing domains (39, 40) but present other epitopes
in an aberrant context. It has been proposed that antibodies are
neutralizing only if they specifically bind functional trimers on
virion surfaces and ignore misfolded structures (40, 41). Thus, it
has been postulated that the binding of broadly neutralizing MAb
b12 or 2G12 to virions identifies intact, functional trimers on vi-
rions whereas the binding of MAbs such as those against CD4i
epitopes indicates the presence of misfolded, nonfunctional struc-
tures such as envelope monomers (40, 41). Conversely, misfolded
structures are believed to heavily skew immune responses toward
nonneutralizing antibodies (40, 41).

Given the potential heterogeneity of HIV envelope structures,
there is ongoing interest in determining the antigenic nature of
HIV virions and how this equates with sensitivity to neutralization
by cognate antibodies versus binding to nonneutralizing antibod-
ies. To date, analyses of envelope antigenicity on HIV particles
have relied heavily on various types of assays in which epitope
exposure is measured as a function of virion capture by immobi-
lized MAbs. The captured virions are typically detected by indirect
means such as infectivity assays (40, 42–46). This methodology
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has produced discordant findings regarding the neutralizing ver-
sus capture activities of anti-envelope MAbs (43). For example,
neutralizing anti-MPER MAbs capture virions only weakly (47),
whereas poorly neutralizing antibodies capture particles relatively
well (40). The latter effects have been attributed to a preponder-
ance of misfolded trimers on virion surfaces, potentially intro-
duced in part by the capture method, and/or to avidity effects that
can produce artificially strong virion binding to immobilized an-
tibodies (40, 45). A means to directly analyze antibody-virion in-
teractions with all reactants in solution could present a more un-
alloyed picture of surface epitope exposure under key in vivo
and/or in vitro conditions.

Fluorescence correlation spectroscopy (FCS) is a method that
allows real-time analyses of protein-protein interactions with all
reactants continuously in solution (48, 49). FCS has been used to
study the associations between HIV-1 integrase and fluorescently
labeled oligonucleotides and other high-molecular-mass protein-
DNA complexes (50). It has been used to study binding interac-
tion between HIV-1 integrase and LEDGF/P75 (51) but has not
yet been applied to protein interactions with HIV surface glyco-
proteins. A favorable feature of FCS is that fluorescently labeled
target proteins are continuously replenished by diffusion into a
small observation volume. This allows observation for extended
periods of time and, importantly, does not require immobiliza-
tion of reactants on solid substrates. Random diffusion of the fluo-
rophores results in time-dependent fluorescence intensity fluctu-
ations in the observed volume, which quantify diffusion rates that
are inversely proportional to the size of the labeled species. Thus,
FCS registers the binding of fluorescently tagged antibodies to free
virions as a function of changes in diffusion rate, given that virion-
bound antibody exhibits an 8-fold-lower diffusion rate than does
free antibody. The fraction of rapidly diffusing species (free anti-
body) that become more slowly diffusing (bound antibody) re-
flects the efficiency of virus-antibody binding as governed by the
relative antigenicity of a cognate epitope on a virion surface.

In this study, we characterized and employed an FCS-based
system to evaluate epitope exposure on HIV particles in solution
as evinced by a panel of characterized anti-HIV envelope MAbs.
FCS binding patterns were then compared with neutralization
activities on matched target virions. This approach indicates that
epitopes marking aberrant envelope structures are poorly exposed
on CCR5- or CXCR4-tropic virions in solution whereas epitopes
marking functional epitopes are efficiently presented. At the same
time, the susceptibility of HIV to antibody-mediated neutraliza-
tion is not generally predicted by the efficiency of antibody-virion
binding in solution.

MATERIALS AND METHODS
Production of pseudoviruses and infectious molecular clones. To pro-
duce the HIV-1 NL4-3 infectious molecular clone, HEK293T cells were
transfected with a full-length pNL4-3 HIV genome expression plasmid
obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID (1), using FuGENE (Promega, Madison, WI) at
a reagent/DNA ratio of 3:1. To produce the infectious molecular clone of
transmitted/founder HIV-1AD17 virus (52), HEK293T cells were trans-
fected with the AD17 plasmid (kindly provided by B. Hahn, University of
Pennsylvania) at a FuGENE-to-DNA ratio of 3:1. The HIV-1JRFL, HIV-
1HXB2, and HIV-1BaL pseudoviruses were produced by cotransfection of
HEK293T cells with an Env-deficient HIV-1 backbone plasmid, pNL4-3-
�E-EGFP (53), along with Env expression plasmid (54, 55) pCAGGS-
JRFL or pCAGGS-HXB2 (kindly provided by J. Binley, Torrey Pines In-

stitute of Molecular Studies, San Diego, CA) or pHIV-1-BaL 0.1 (obtained
through the AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID). Control particles lacking Env (delE) were produced by
transfection with pNL4-3-�E-EGFP backbone alone.

HIV-1AD17 viruses and HIV-1BaL and HIV-1NL4-3 infectious molecu-
lar clones were also produced in SupT1-R5 cells. The relevant plasmids
were first used to transfect HeLa/Tat cells using FuGENE at a reagent/
DNA ratio of 3:1. The next day, SupT1-R5 cells were added to the trans-
fected HeLa/Tat cells and cocultured overnight. The infected SupT1-R5
cells in suspension were then separated from the adherent HeLa/Tat cells
and expanded to produce viruses over 3 days, at which time virus-con-
taining supernatants were harvested.

Supernatants were concentrated approximately 10-fold using PEG-it
virus precipitation solution (System Biosciences, Mountain View, CA)
overnight at 4°C. The antigen content of all pseudovirus preparations was
quantified using p24 and gp120 antigen capture enzyme-linked immu-
nosorbent assays (ELISAs). Infectivity was established using standardized
procedures (12) and quantified as a function of 50% tissue culture infec-
tive dose (TCID50) in TZM-bl cells.

To assess the amounts of free viral antigen in the final preparations,
concentrated virions were incubated at 37°C for 3 h in the presence or
absence of soluble CD4 (sCD4) (100 �g/ml), and then pelleted. gp120 and
p24 levels in the supernatants and pellets were assayed by antigen capture
ELISA. Less than 10% of the total gp120 and 10% of the total p24 antigen
were routinely detected in the supernatant fractions of all preparations in
the presence and absence of sCD4 treatment.

Antibodies. MAbs b12, 2G12, and 2F5 were purchased from Polymun
Scientific (Vienna, Austria). MAbs PG9, 17b, A32, C11, 19e, and F240
were expressed from plasmid clones in HEK293T cells using an IgG1
backbone for heavy-chain variable regions and either a �- or �-chain
expression vector for light-chain variable regions. MAbs were purified
from culture supernatants by protein A chromatography. The humanized
monoclonal anti-respiratory syncytial virus antibody Synagis (MedIm-
mune LLC, Gaithersburg, MD) and nonspecific human plasma IgG1
(Calbiochem, La Jolla, CA) were used as negative controls. All MAbs were
fluorescently labeled and purified with an Alexa Fluor 647 monoclonal
antibody labeling kit (Invitrogen, Molecular Probes, Eugene, OR). Briefly,
the Alexa Fluor 647 reactive dye has a succinimidyl ester moiety that reacts
efficiently with primary amines of antibody to form stable dye-protein
conjugates. Each labeling reaction was performed with 100 �g of a mono-
clonal antibody. The labeled antibody was separated from unreacted dye
by centrifugation through a spin column at 1,100 � g for 5 min. Recov-
ered antibodies were dialyzed against phosphate-buffered saline as neces-
sary. Dye-to-protein ratios were determined by measuring absorbance at
280 nm (protein) versus 650 nm (dye). Ratios varied from 3 to 5 depend-
ing on the antibody. Labeled antibodies were quantified by a UV-visible
(UV-vis) spectrometer (Nanodrop 2000; Thermo-Scientific, Wilming-
ton, DE).

FCS measurements. All FCS experiments used virus preparations di-
luted to 10 �g/ml p24 equivalent. gp120-to-p24 antigen ratios were typi-
cally 1:10 to 1:50; for the transmitted/founder HIV-1AD17 viruses, the
ratios were 1:100 and 1:200 with viruses grown in SupT1-R5 and
HEK293T cells, respectively. The 10-�g/ml p24 equivalent value typically
corresponded to TCID50/ml values in the range of 200,000 to 650,000
(BaL), 200,000 to 500,000 (JRFL), 100,000 to 300,000 (HXB2), 200,000 to
1,000,000 (NL4-3), 100,000 to 650,000 (HIVAD17 in SupT1-R5 cells), and
600,000 to 1,000,000 (HIVAD17 in 293T cells) as determined by TCID50

assay (12). The reaction buffer for FCS measurements contained Dul-
becco modified Eagle medium (DMEM; Gibco-BRL) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, anti-
biotics, 0.1 mg of G418 (Gibco-BRL)/ml, and 0.05 mg of hygromycin
B/ml (complete medium). Pseudoviruses with 1-�g p24 equivalent con-
centrations in 100 �l reaction buffer were first treated for 90 min at 37°C
with 1.5 �l of nonspecific (Calbiochem) IgG1 (to produce a final IgG1
concentration of 100 �g/ml in reaction mixture) to block nonspecific
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binding. This was followed by addition of 1 �l Alexa Fluor 647-conjugated
MAbs to produce final reaction concentrations of MAbs in the range of 4.5
to 6.6 �g/ml. MAbs were allowed to interact with virions for 90 min at
37°C. For the study of CD4-induced conformational changes, viruses
were incubated for 90 min at 37°C with 1.5 �l of sCD4 (Biogen, Cam-
bridge, MA) to achieve a final reaction concentration of 100 �g/ml, along
with nonspecific IgG1 as described above. An aliquot (11 �l) of a given
reaction mixture was loaded onto a glass coverslip sample chamber and
sealed for spectroscopic measurements. FCS measurements were per-
formed using a confocal microscope (MicroTime 200; PicoQuant, Berlin,
Germany). The FCS system has single-molecule detection sensitivity. The
excitation laser (�ex, �635 nm) was reflected by a dichroic mirror to a
high-numerical-aperture (NA) oil objective (100�; NA, 1.3) and focused
onto the solution sample. The fluorescence was collected by avalanche
photodiodes through a dichroic beam splitter and a long-pass (655-nm;
Chroma) filter, thus eliminating the scattered excitation light and collect-
ing the fluorescence from the Alexa Fluor 647 probes in the region of
interest. FCS measurements were performed in a constant detection vol-
ume (1 fl). The lower and upper limits of detection of the FCS system are
10 pM and 100 nM, respectively (56). PicoQuant Symphotime software
was used to generate the autocorrelation curves and in analyzing the data.
The autocorrelation function of the fluorescence intensities is given by the
product of the intensity at time t, I(t), with the intensity after a delay time
�, I(t 	 �), averaged over a large number of measurements. The time t
refers to the actual time as the intensities are observed. We have collected
the data for each sample for 60 s. The delay time � is the difference in real
time between measurement of I(t) and I(t 	 �), typically in the range from
10
2 to 102 ms. If the intensity fluctuations are slow compared to �, then
I(t) and I(t 	 �) will be similar in magnitude. That is, if I(t) is larger than
the average intensity �I�, then I(t 	 �) is likely to be larger than �I�. If the
intensity fluctuations are fast relative to �, then the value of I(t) and I(t 	
�) will not be related. The most commonly used autocorrelation function
is given by

G(�) �
��I(0)�I(�)�

�I�2 (1)

where G(�) is the autocorrelation function of fluorescence fluctuations.
The data are typically the number of photon counts in a given time inter-
val, typically about a microsecond, which are due to a small number of
fluorophores. The intensity is dependent on the number of photons de-
tected from each fluorophore in a given period of time. The autocorrela-
tion function for a diffusional model is given by

G(�) � G(0)D(�) (2)

where G(�) is the autocorrelation function of fluorescence fluctuations,
G(0) is the amplitude when the delay time � is 0, and D is the diffusion
coefficient. The diffusion coefficient for the ith species traversing a three-
dimensional (3D) Gaussian volume with radius 
0 and half-axial height z0

is given by

Di(�) � �1 �
4Di�

�0
2 ��1 �1 �

4Di�

z0
2 ��1⁄2

(3)

The autocorrelation of multiple diffusing species is a linear combination
of the autocorrelations for each species separately. To fit with two species
with the same brightness of detected photon per time interval, the diffu-
sion model equation becomes

G(�) �
1

N2�N1D1(�) � N2D2(�)� (4)

The values of N1/(N1 	 N2) and N2/(N1 	 N2) are taken to represent the
percentage of diffusing free MAbs and bound MAbs to virions, respec-
tively. The diffusion coefficients of fluorescently labeled MAbs dramati-
cally decrease as a consequence of virion binding. Autocorrelation analy-
ses of the fluorescence intensity fluctuations (equations 2 to 4) reveal the
fraction of labeled MAb that acquires a lower diffusion rate in the obser-
vation volume when virions are present. The predicted diffusion coeffi-

cient (D1) of a fluorescently labeled immunoglobulin molecule (60
�m2/s) (57) is significantly higher than the coefficient (D2) predicted for
immunoglobulin bound to a 100-nm viral particle (5 �m2/s) modeled as
a sphere with a 50-nm radius of gyration (r), using the Stokes-Einstein
relation, D � kBT/(6��r), where kB is the Boltzmann constant, T is abso-
lute temperature, and � is the solvent viscosity (0.01 g/cm · s for water at
293 K). These predicted values matched coefficients measured during
routine calibrations with free immunoglobulins (61 � 4 �m2/s) or with
fluorescently labeled calibration beads (Invitrogen) known to be 100 nm
in diameter (7 � 2 �m2/s).

The percentage of total MAb (at given test concentrations) that shifts
into the more slowly diffusing species which is the virion-bound fraction
(N2/N1 	 N2) reflects the relative magnitude of cognate epitope exposure
in the target population of virions. Epitope exposure is taken as “positive”
if MAb binding on a target virus is above what is seen with delta Env
particles and negative-control antibodies. The final concentrations of la-
beled antibodies tested were based on the upper limit of fluorophore
concentration approximating 100 nM (56). Accordingly, labeled MAbs at
approximately 5-�g/ml (33 nM) final concentrations were used for FCS,
given dye/protein rations of 3 to 5. The precise amounts of MAbs used in
each experiment are indicated elsewhere in the text.

The FCS system was also characterized for the detection of immune
complexes that might be created if gp120 was shed from the virions during
the observation period. Protein complexes were generated experimentally
by incubating 100 �g/ml of BaL gp120 with 6 �g/ml of b12 or 2G12. FCS
analyses determined that these complexes exhibit diffusion coefficients in
the range of 39 to 43 �m2/s, distinct from predicted diffusion coefficients
for free antibody and virion-bound antibody. No species with such diffu-
sion coefficients were detected in any of our experiments.

Neutralization assays. Neutralizing activity was determined using
TZM-bl target cells as previously described (12). This assay measures Tat-
driven luciferase expression (relative luminescence units [RLU]) follow-
ing a single round of virus infection. To enable matched comparisons with
FCS measures, neutralization assays were performed with Alexa Fluor
647-labeled antibodies and workable amounts of viruses approaching
what was used in the FCS reaction chambers. Briefly, TZM-bl cells
(8,300/well) were cultured overnight in 96-well microtiter plates at 37°C.
Amounts of the HIVAD17 infectious virus; HIV-1NL4-3 and HIV-1BaL mo-
lecular clones; and HIV-1JRFL, HIV-1BaL, or HIV-1HXB2 pseudovirus
equal to 10 �g/ml p24 (final TCID50 values of 25,000 for HIVAD17, 30,000
for NL4-3, 22,000 for JRFL, 20,000 for BaL, and 5,200 for HXB2) were
incubated with 3-fold serially diluted concentrations of test antibodies
starting at 50 �g/ml for 1 h at 37°C and then added to the cells. Assay
controls included replicate wells of TZM-bl cells alone or TZM-bl cells
with virus in the absence of antibody. After 48 h at 37°C in a CO2 incuba-
tor, Bright-Glo reagent (Promega, Madison, WI) was added to the cells
and RLU were measured using a Victor 3 luminometer (PerkinElmer,
Waltham, MA). Values obtained in experimental wells were corrected for
background signal by subtracting RLU measurements in the absence of
virus. Percent infection or percent inhibition was calculated by dividing
the background-corrected RLU for each experimental well by the cor-
rected RLU for control wells containing only cells and virus. All assays
were carried out in triplicate.

RESULTS

Our approach was to examine antibody-virion interactions in so-
lution using a selection of virions representing different corecep-
tor tropisms, different sensitivities to neutralization, and direct
relevance to antiviral systems typically used to assess humoral an-
ti-HIV immunity and antiviral activities. Toward this end, we as-
sessed pseudovirions expressing the CCR5-tropic JRFL envelope
(a “tier 2” difficult-to-neutralize envelope); pseudovirions ex-
pressing the CCR5-tropic BaL envelope (a “tier 1” easily neutral-
ized envelope); pseudovirions expressing the HXB2 CXCR4-
tropic envelope (a “tier 1” easily neutralized envelope); and an
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infectious clone, NL4-3, which is highly related (�98% envelope
sequence homology) to the HXB2 envelope sequence. The latter
allowed us to compare highly related envelope sequences on in-
fection-competent viruses with those on replication-defective
pseudovirions.

FCS analyses of epitope presentation on virion-associated HIV
envelope were carried out with human anti-HIV envelope mono-
clonal antibodies (MAbs). Initial tests of the system were con-
ducted with MAb b12, which recognizes a conserved neutralizing
epitope in the CD4 binding site on gp120 (4, 58) that is preferen-
tially exposed on functional envelope spikes (40). As expected,
autocorrelation plots of Alexa Fluor 647-labeled MAb b12 (Fig. 1)
in the absence of virions could be fitted to a single-species diffu-
sion model, consistent with a diffusion coefficient of 65 �m2/s for
free immunoglobulin (57). However, in the presence of NL4-3
virus or JRFL, BaL, or HXB2 pseudovirus, autocorrelation curves
consistently fit a two-species diffusion model in which one species
exhibited a high diffusion coefficient (e.g., 65 �m2/s) and the
other showed a lower diffusion coefficient of approximately 8
�m2/s (Fig. 1). The latter value agrees with what is predicted for an
antibody bound to a 100-nm retroviral particle (5 �m2/s; see Ma-
terials and Methods). In the case of JRFL pseudoviruses, the
amount of total antibody exhibiting the lower diffusion rate was
56%; with BaL pseudoviruses, it was 44%; with HXB2 pseudovi-
ruses, it was 40%; and with NL4-3 viruses, it was 48% (Fig. 1).

Varying the number of virions in solution confirmed that the
slowly diffusing MAb species signals the formation of antibody-
virion complexes. A fixed concentration (6.6-�g/ml final concen-
tration) of MAb b12 was incubated with serial amounts (0.1
�g/ml to 50 �g/ml p24 equivalents) of JRFL or BaL pseudovirus or
the NL4-3 infectious virus. As shown in Fig. 2, dose-dependent

MAb binding was detected above 1-�g/ml p24 equivalent concen-
trations of each virus. No significant MAb binding was detected
between the 0.1- and 1-�g/ml p24 antigen equivalents. At the
highest achievable concentrations of virus (50 �g/ml p24 equiva-
lents), roughly 50 to 70% of MAbs adopted the low diffusion rate
indicative of virion binding.

To establish the signal-to-noise dynamics of the system, we
assessed the binding of Alexa Fluor 647-labeled, nonspecific hu-
man IgG1 or irrelevant Synagis MAb (6-�g/ml final concentra-
tions) to the viruses analyzed above (Fig. 3). When tested in the
absence of virus, both reagents fit single-species diffusion models
with 65-�m2/s diffusion coefficients, similar to MAb b12. How-
ever, in the presence of viruses the autocorrelation plots of the
antibodies were unchanged; no detectable fraction of antibody
exhibited a lower diffusion coefficient. Treatment of virions with
sCD4 (100 �g/ml) to trigger structural rearrangements in enve-
lope produced the same results. These data indicated that nonspe-
cific virion interactions in solution are beneath the level of detec-
tion in the FCS system.

A second set of experiments was carried out to assess the spec-
ificity of apparent MAb-virion binding signatures in solution.
Since MAb b12 binds the CD4 binding site, soluble CD4 (sCD4)
was expected to competitively reduce the fraction of MAb that
adopted the lower diffusion rate, if the latter was due to epitope-
specific interactions. Figure 4 shows analyses of Alexa Fluor 647-
labeled MAb b12 (6.6-�g/ml final concentration) with JRFL,
NL4-3, or BaL particles in the presence of sCD4 concentrations
from 0 �g/ml to 100 �g/ml. In the absence of sCD4, the autocor-
relation curves again fit a two-species diffusion model in which the
more slowly diffusing species (�8 �m2/s) was taken as virion-
bound antibody. This species represented 56%, 48%, and 44% of
the total antibody for JRFL, NL4-3, and BaL envelope particles,
respectively, in accordance with the experiments shown in Fig. 1.
At an sCD4 concentration of 100 �g/ml, the autocorrelation plots
obtained in the presence of all three virus types reflected only a
single species with diffusion coefficients matching free antibody
(65 �m2/s). This profile suggested that the binding of MAb b12 to
virions was extensively blocked by sCD4 in accordance with its

FIG 1 Correlation spectroscopy curves for the interaction of Alexa 647-la-
beled MAb b12 with various types of virus particles. Autocorrelation curves
obtained with antibody (6.6-�g/ml final concentration) alone are shown in
black; those obtained with antibody in the presence of the indicated viruses are
shown in red. The experiment was repeated three times with similar results.

FIG 2 The fraction of antibody adopting a lower diffusion rate in FCS is virion
dose dependent. The indicated viruses were titrated as a function of p24 anti-
gen equivalents (see Materials and Methods) and incubated with a fixed quan-
tity of Alexa Fluor 647-labeled MAb b12 (6.6 �g/ml). The relative fraction of
MAb b12 that exhibits a lower diffusion coefficient (�8 �m2/s) as a result of
virion binding in solution (see Materials and Methods) is shown. All experi-
ments were repeated three times, and average values are shown. Error bars
indicate standard deviations.
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epitope specificity. Interestingly, the dose-effect curves seemed
biphasic. There was a sharp decrease in bound MAb from 0 to 20
�g/ml sCD4, but from 20 to 100 �g/ml sCD4, the decline was
more gradual. This biphasic curve suggests that the test viruses
express two populations of gp120 that bind b12 and/or CD4 in a
different manner. This possibility could not be reliably elaborated
with the FCS configuration developed here but warrants more
detailed analyses with ancillary methods.

Converse experiments were conducted with Alexa 647-labeled
MAb 17b (5.5-�g/ml final concentration), which recognizes a
CD4i epitope on gp120 that is stabilized by CD4 binding. Tests
were conducted with the JRFL, NL4-3, and BaL envelope particles
in the absence or presence of serial sCD4 concentrations ranging
from 0 to 100 �g/ml (Fig. 4B). In the absence of sCD4, a small
fraction of MAb 17b (10 to 18% depending on the virus) adopted
the lower diffusion coefficient indicative of virion binding. How-
ever, this fraction increased with sCD4 concentration; at 100
�g/ml sCD4, roughly 54, 55, and 39% of MAb 17b reflected virion
attachment with JRFL, NL4-3, and BaL envelope particles, respec-
tively. Such dose-effect trends are entirely consistent with previ-
ous studies of the 17b epitope using various HIV envelope anti-
gens and infectivity systems (26, 59). Taken together, the data
obtained with MAbs 17b and b12 indicated that the FCS assay
system accurately reflects the expected exposure patterns of func-
tional receptor binding sites on virus particles in solution.

FCS with a broader panel of Alexa 647-labeled anti-envelope
MAbs was used to examine the antigenicity patterns of conserved
epitopes on various viruses. These experiments included the sub-

type B, CCR5-tropic transmitted/founder HIV variant AD17 (52)
produced from HEK293T cells transfected with an infectious mo-
lecular clone (see Materials and Methods). Test antibodies in-
cluded MAb 2G12, against a carbohydrate cluster on gp120 (10);
MAb PG9, a potent broadly neutralizing antibody against a con-
served epitope involving glycans and the variable loops of gp120
(21, 60–62); MAb A32, against a conformational CD4i epitope
comprising the gp120 C1 domain that is hidden on intact trimers
(37); MAb 19e, against a hybrid CD4i epitope (63); MAb C11,
against a conserved gp120 epitope that is poorly exposed on intact
trimers (64); MAb 2F5, against the membrane-proximal external
region (MPER) of gp41 (17); and F240, against a cluster 1 epitope
in gp41 (65, 66).

This MAb panel comprised divergent anti-HIV activities, with
MAbs 2G12, PG9, 2F5, and b12 characterized as typically neutral-
izing; F240 characterized as poorly neutralizing to nonneutraliz-
ing (65, 67, 68); and MAbs C11, A32, and 19e characterized as
entirely nonneutralizing (63, 69). Thus, the binding of MAb b12,
2G12, PG9, or 2F5 was expected to mark the presence of func-
tional envelope structures; the binding of MAb F240, A32, or C11
was expected to signal the presence of aberrant epitope exposures
within misfolded structures on virion surfaces. Similarly, the

FIG 3 Absence of nonspecific antibody interactions with virions in FCS. Flu-
orescence correlation plots with JRFL or BaL pseudovirus and NL4-3 virus in
the presence or absence of 100 �g/ml sCD4 are shown for Alexa Fluor 647-
labeled nonspecific human IgG1 (A) or for Alexa Fluor 647-labeled Synagis (6
�g/ml) (B). The experiment was repeated with similar results. FIG 4 Effects of soluble CD4 on the binding of anti-gp120 MAbs to virus

particles in solution. (A) Alexa-647 labeled MAb b12 (6.6 �g/ml) was tested for
binding to virions treated for 90 min at 37°C with sCD4 concentrations rang-
ing between 0 and 100 �g/ml. (B) Alexa 647-labeled MAb 17b (5.5 �g/ml) was
tested under the same conditions. The relative fraction of MAb that adopts a
lower diffusion coefficient (�8 �m2/s) as a result of virion binding (see Ma-
terials and Methods) is shown. All experiments were repeated three times, and
average values are shown. Error bars indicate standard deviations.
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binding of MAb 17b or 19e in the absence of CD4 should signal
aberrant structures. Synagis and nonspecific human IgG1 served
as negative controls, which exhibited no binding to any of the test
viruses (Fig. 5).

We verified that the test MAbs exhibited little or no envelope-
independent nonspecific interactions with virion surfaces in solu-
tion. This was assessed with “delta env” viruses (delE), produced
in the absence of an envelope expression construct (see Materials
and Methods). Test antibodies were labeled with Alexa Fluor 647
and tested at 4.5- to 6.6-�g/ml final concentrations against delE
virions in the presence and absence of 100 �g/ml sCD4. In each
case, the FCS data fit only a single-species diffusion model with the
signature diffusion coefficient (65 �m2/s) of free antibody. Spe-
cifically, an undetectable fraction of each MAb adopted a lower
diffusion rate indicative of virion binding (Fig. 5).

MAb binding patterns using pseudoviruses or molecular
clones produced in HEK293T cells are shown in Fig. 5, grouped
according to whether they bind functional gp120 epitopes (group
1), bind epitopes expected to be hidden on intact trimers in the
absence of CD4 (group 2), or recognize gp41 epitopes (group 3).
Among the group 1 MAbs, 2G12 adopted the lower diffusion co-
efficient signaling virion binding in all cases, ranging from over
60% with JRFL pseudoviruses to roughly 20% with HXB2 pseu-
doviruses. These measures were not appreciably altered by the
presence of sCD4. Notably, the MAb 2G12 binding fraction was
lower on HXB2 virions than on the NL4-3 infectious virus despite
the strong envelope sequence homology shared by the two types of
particles (Fig. 5A). As noted above (Fig. 4), MAb b12 binding was
also observed with all virus types in FCS, with the AD17 virus
showing the lowest b12 antigenicity. MAb binding was reduced in
the presence of 10 �g/ml sCD4 in all cases (Fig. 4 and 5A). Nota-
bly, the sCD4 inhibitory effect was lower on the AD17 infectious
virus and on HXB2 pseudovirions than on the other virus types
grown in HEK293T cells. As with MAbs 2G12 and b12, significant
fractions of PG9 exhibited virion binding (Fig. 5A), ranging from
30% to 50% depending on the virus. The fractions of virion-
bound antibody were not significantly altered in the presence of
sCD4.

Only minor fractions (�20%) of group 2 antibodies exhibited
virion-bound diffusion coefficients (Fig. 5B). The binding signals
for MAbs C11 and A32 were not substantially increased in the
presence of sCD4 as predicted by previous studies (70). MAb 19e
showed undetectable virion binding in the absence of sCD4 (Fig.
5B) but measurable binding in the presence of sCD4 (Fig. 5B). The
CD4-induced binding effect was least pronounced on HXB2 pseu-
dovirions. In general, these patterns agree with previous evidence
that this MAb is specific for a hybrid gp120-CD4 epitope (63).
Minor but detectable fractions of MAb 17b exhibited virion-
bound diffusion coefficients in the absence of sCD4 (Fig. 5B). As
expected, the fraction of virion-bound antibody increased in the
presence of sCD4. This increase varied among viruses and was
lowest with HXB2.

Between the group 3 MAbs, 2F5 exhibited minor binding to
JRFL, BaL, HXB2, and NL4-3 virions but substantial binding to
AD17 (Fig. 5C). In no case was the fraction of MAb 2F5 substan-
tially altered by sCD4 treatment. A consistent fraction (30% and
40%) of MAb F240 bound to all viruses in a manner that was not
altered by the presence of sCD4.

The differences in MAb binding between the HXB2 pseudovi-
rus and the NL4-3 infectious virus (Fig. 5) suggested that the an-

tigenicity of virus particles in solution could vary according to
production conditions. To explore this question further, we gen-
erated viral particles using another method capable of yielding
enough material to facilitate the FCS analyses. Infectious molecu-
lar clones of BaL, NL4-3, and AD17 (designated BaL SupT1,
NL4-3 SupT1, and AD17 SupT1, respectively) were generated in
the SupT1-R5 suspension cell line (see Materials and Methods)
and tested against the groups of MAbs. As shown in Fig. 5D, the
efficiency of group 1 MAb binding to the BaL SupT1 and NL4-3
SupT1 viruses was similar to what was observed with the corre-
sponding HEK293T-derived viruses (Fig. 5A). MAbs 2G12 and
b12, but not PG9, showed substantially less efficient binding to the
AD17 SupT1 virus than to its counterpart produced in HEK293T
cells. The binding of group 2 MAbs to the BaL SupT1 virus (Fig.
5E) was similar to what was observed with the corresponding
pseudovirus (Fig. 5B). The efficiency of MAb 19e binding was
increased by sCD4 treatment, indicating that a hybrid CD4i
epitope was formed on the virion surfaces. However, even after
sCD4 treatment the efficiency of binding of SupT1-R5-derived
viruses to MAb 19e was less than what was seen with the
HEK293T-derived counterparts. Similarly, the ability of sCD4 to
enhance the efficiency of MAb 17b binding to SupT1-R5-derived
viruses (Fig. 5E) was less than what was observed with the
HEK293T-derived viruses. The SupT1-R5-derived viruses also
produced somewhat different group 3 MAb binding profiles (Fig.
5F) than those produced using HEK293T cells (Fig. 5C). Group 3
MAb binding was generally lower on AD17 SupT1 viruses than on
viruses produced in HEK293T cells. Conversely, MAb 2F5 and
MAb F240 bound BaL SupT1 and NL4-3 SupT1 viruses, respec-
tively, somewhat more efficiently than their HEK293T cell-de-
rived counterparts. It was also noteworthy that MAb F240 binding
to NL4-3 SupT1 was significantly increased in the presence of
sCD4 (P � 0.01; t test), whereas such conditions did not induce
significant changes in F240 binding to the BaL SupT1 and AD17
SupT1 viruses or to NL4-3 viruses grown in HEK293T cells (P �
0.05).

It was important to determine that the FCS binding signals
comprised interactions with infectious virions. This was accom-
plished by testing the MAbs for their ability to neutralize the same
viruses used in FCS, following the rationale that a binding anti-
body must be interacting with infectious particles if it inhibits
infection. Accordingly, we performed neutralization assays that
were deliberately aligned with the FCS studies, using matched vi-
rus preparations and Alexa 647-labeled antibodies. Given their
generally superior antigenicity, the HEK293T cell-derived pseu-
doviruses and the NL4-3 virus were used for these experiments.
Neutralizing activity (Fig. 6) was assessed in a standardized in vitro
assay using TZM-bl target cells (12). To enable precise cross-com-
parisons, the concentration ranges of labeled antibodies and
amounts of virus tested paralleled what was used in FCS (e.g.,
Fig. 5).

Among the group 1 MAbs, 2G12 neutralized all viruses, MAb
b12 neutralized all viruses except AD17, and MAb PG9 neutral-
ized only the AD17 virus and HXB2 pseudovirus (Fig. 6). The lack
of MAb PG9 neutralizing activity against the JRFL and BaL pseu-
doviruses agrees with previous tests with viruses expressing these
envelopes (21). Among the group 2 MAbs, C11 and A32 did not
neutralize any of the test viruses (Fig. 6) in accordance with their
inefficient virion binding apparent in the FCS analyses (Fig. 5).
MAb 17b neutralized the CXCR4-tropic HXB2 pseudovirus and
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FIG 5 Anti-envelope MAb binding to viral particles in solution. Viruses were produced in either HEK293T cells (A to C) or SupT1 cells (D to F) and tested at
10-�g/ml p24 equivalent concentrations with or without 100 �g/ml sCD4. The indicated groups of MAbs were tested at 4.5- to 6.6-�g/ml final concentrations
(see Materials and Methods). Binding data for MAbs b12 and 17b from Fig. 4 with JRFL, BaL, and NL4-3 viruses are included in panels A and B, respectively. The
relative fraction of MAb that adopts a lower diffusion coefficient (�8 �m2/s) as a result of virion binding (see Materials and Methods) is shown. All experiments
were repeated at least three times, and average values are shown. Error bars indicate standard deviations.
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NL4-3 infectious virus but not the CCR5-tropic pseudoviruses
(Fig. 6). This neutralization bias did not track with unusually
strong MAb binding to unliganded NL4-3 or HXB2 virions (i.e.,
those tested in the absence of sCD4) compared to the other virus
types. For example, a comparison of unliganded viruses showed
that the percentages of virion-bound MAb were equivalent (less
than 20%) with the BaL pseudovirus and the NL4-3 virus. How-
ever, only the latter virus was neutralized (Fig. 6). Labeled MAb
19e also exhibited neutralizing activity against HXB2 and NL4-3,
albeit less potent than that of MAb 17b (Fig. 6). Between the group
3 MAbs, 2F5 neutralized all viruses in the panel with various de-
grees of potency (Fig. 6), whereas F240 neutralized only the HXB2
pseudovirus to a minor extent.

The relationship between the efficiency of MAb binding to
soluble virions and neutralizing activity was evaluated in two
ways. First, MAbs that neutralized more than one test virus were
used to compare FCS binding measures (percent antibody bound)
with corresponding neutralizing potencies (percent neutraliza-
tion observed with the antibody concentration used in FCS). As
shown in Fig. 7A, none of the MAbs produced a clear relationship
between neutralizing potency and the capacity to bind virions in
solution. Second, viruses that were neutralized by multiple MAbs
were used to compare FCS binding measures (percent antibody
bound) with neutralization sensitivity (percent neutralization ob-
served with the antibody concentration used in FCS). As shown in
Fig. 7B, the neutralizing effects of test MAbs against JRFL were
directly and significantly related to the fraction of antibody that
bound to virions in solution. Although comparable trends were
seen with the other viruses, they were not statistically significant.

DISCUSSION

It is widely held that HIV virions express a mixture of functional
and misfolded/nonfunctional envelope structures (39–41) that
determine their overall antigenicity and susceptibility to antiviral
antibodies. However, it is not entirely clear how these antigenic
profiles link to neutralization sensitivity, mechanisms of neutral-
ization, or binding to antibodies that might mediate other (“non-
neutralizing”) forms of humoral immunity. Answers to these
questions can provide important guidance for designing antiviral
strategies such as vaccines to raise protective antibody responses.
Accordingly, there have been intensive efforts to address this issue
by probing soluble versions of HIV envelope proteins, cell-cell
fusion systems (70–73), or captured virions (40, 42–46) with
anti-envelope antibodies thought to mark key antiviral targets.

In general, such efforts face several caveats. Analyses of soluble
glycoproteins may not reflect the impact of cell surface proteolysis
(74), interactions with lipid bilayers, and/or matrix contacts (75–
77) on trimeric envelope structure. Similarly, cell-cell fusion sys-
tems may not replicate the envelope-matrix interactions that oc-
cur on budding virions (78) or represent the spectrum of envelope
structures that occurs on free virions. Data from virus capture
assays may be biased by mechanical forces (e.g., via centrifuga-

FIG 6 Neutralizing activity of anti-envelope MAbs on JRFL, BaL, or HXB2
pseudovirus or AD17 or NL4-3 virus in vitro. Assays were carried out with the
indicated viruses and concentrations of Alexa Fluor-labeled MAbs using
TZM-bl cells as target cells (see Materials and Methods). All assays were per-
formed in triplicate. Average values are shown; error bars indicate standard
deviations.
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tion) applied to virions, avidity effects, and/or indirect detection
of antibody-virion complexes (40, 45). Solution-based antibody
binding was previously used to explore virion-associated envelope
antigens (79); however, the method involved washing and fixation
steps followed by negative-stain electron microscopy to image vi-
rion-bound antibody. Thus, data from this approach are derived
from visual surveys of a limited range of selected particles.

Here, we employed a unique FCS-based method that probes

the antigenicity of infectious virion populations with all reactants
continuously in solution. This approach not only mitigates the
aforementioned caveats but also estimates in vivo and/or in vitro
conditions where contacts between soluble HIV particles and cog-
nate antibodies occur during infection.

In initial tests with MAb b12, FCS readily distinguished bound
and unbound antibody in the observation volume as a function of
relatively lower versus higher diffusion rates, respectively (Fig. 1).

FIG 7 Comparisons of neutralizing activity with binding efficiency in FCS. Data from Fig. 5 for the indicated MAbs were compared with neutralizing effects at
the concentrations used for FCS. The latter values were derived from the dose-effect curves in Fig. 6. Relationships were tested by linear regression analyses; a P
value of �0.05 was taken as significant. (A) For each MAb, percent binding to the indicated viruses was compared with neutralizing potency. (B) For each virus,
MAb binding in FCS was compared with neutralization effect. Antibodies are color coded as in Fig. 6.
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This reflects the fact that FCS obviates the need for manipulations
to remove unbound antibody. The system also distinguishes spe-
cific and nonspecific antibody interactions as evinced by findings
that the MAb b12 binding signal (i.e., the slowly diffusing anti-
body species) was inhibited by sCD4 on all types of viruses tested
(Fig. 4 and 5), MAbs did not produce a binding signal on enve-
lope-deleted particles (Fig. 5), and non-HIV-specific antibodies
did not adopt lower diffusion rates in the presence of HIV-1 viri-
ons (Fig. 3 and 5). Having established that FCS is serviceable for
studying HIV, we employed it for more comprehensive analyses of
viral antigenicity.

Based on available data (40), MAb b12 was used as a bench-
mark probe for functional structures on viral particles. This MAb
exhibited appreciable solution binding across the viruses ex-
pressed in HEK293T cells (Fig. 5). The MAb also inhibited infec-
tion in matched neutralization assays (Fig. 6), establishing that the
virions bound by MAb b12 in FCS include ones that are infectious.
MAb 2G12, which also recognizes functional structures, was also
consistently neutralizing but exhibited more variable binding ef-
ficiencies across viruses. Among viruses, MAb b12 bound the
HXB2 pseudovirus and the AD17 infectious virus with lowest ef-
ficiency in solution. In both cases, sCD4 caused comparatively
weak inhibition of binding (Fig. 5). Notably, efficient MAb b12
binding and strong sCD4 blocking were observed with the NL4-3
infectious virus, which expresses a nearly identical envelope se-
quence. MAb 2G12 also bound the NL4-3 virus more efficiently
than the HXB2 pseudovirus. Taken together, the data indicate that
b12 and 2G12 interactions in solution are envelope dependent but
not specifically determined by envelope sequence, coreceptor tro-
pism, or viral phenotype.

The group 2 anti-gp120 MAbs served to evaluate the antigenic-
ity of functional envelope trimers that expose CD4i epitopes, in-
cluding the coreceptor binding site, in response to CD4-gp120
interactions. The fraction of MAbs 17b or 19e that bound to par-
ticles in solution variably increased in the presence of sCD4 (Fig. 4
and 5) in an envelope-dependent manner. The least extensive
changes in CD4i antigenicity were evident with the BaL and HXB2
pseudoviruses (Fig. 5) and the AD17 infectious virus, suggesting
that certain virus types express a lower percentage of envelopes
capable of CD4-induced structural conversions in solution. The
marginal increase in MAb 19e binding to sCD4-treated HXB2
pseudoviruses is noteworthy since MAb 19e relies on CD4 to form
part of its cognate epitope (63). Thus, sCD4 binding efficiency
may be especially low on HXB2 virions. Nevertheless, the FCS
patterns indicate that functional structures are generally antigenic
across different virus types.

The group 2 MAbs C11, A32, and 17b further served as a means
to probe unliganded virions for the expression of misfolded/non-
functional envelope structures such as nontrimeric gp120-gp41
complexes, aberrantly constrained gp120 in the absence of CD4,
or virion-bound monomeric gp120 (39–41). In the absence of
sCD4, a consistently small percentage of these MAbs (20% or less)
bound to any virus produced in HEK293T cells (Fig. 5). Notably,
cryo-electron tomography of AT-2-inactivated BaL virions indi-
cated that MAb 17b can bind to a certain fraction of envelope
trimers in the absence of sCD4 (80). Such binding could explain
the limited FCS binding signals that we observed (Fig. 5).

None of the antibodies tested here exhibited a clear relation-
ship between neutralizing activity and binding to virion popula-
tions in solution (Fig. 7A). As noted above, neutralizing activity

served as an indicator of binding to infectious virions. Addition-
ally, in tests of unliganded (i.e., absent sCD4), HEK293T cell-
derived viruses, only the JRFL pseudovirus exhibited a statistically
significant direct relationship between neutralization sensitivity
and antibody binding in solution (Fig. 7B). One obvious explana-
tion for this disconnect was that certain MAbs were sometimes
neutralizing despite inefficient solution binding to the unliganded
virions. For example, MAb 17b selectively neutralized NL4-3 and
HXB2 (Fig. 6 and 7) even though it bound to these and other
unliganded virus types with similarly poor efficiencies (Fig. 5 and
7). These data suggest that MAbs such as 17b may inhibit infection
by targeting a postattachment structure, in which cognate epitope
exposure is transiently enhanced, before putative steric restric-
tions of the coreceptor binding site occur (81). However, the bind-
ing data do not clarify why the CXCR4-tropic viruses seemed to be
more sensitive to such effects. For example, MAb 17b showed
equivalent binding to NL4-3 (which it neutralized) and to JRFL
(which it did not neutralize) in the presence of soluble CD4 (Fig.
5B). Detailed analyses of surface-bound virions may be needed to
resolve the mechanisms of neutralization by antibodies such as
MAb 17b.

In accordance, MAb 19e, which is specific for a hybrid gp120-
CD4 epitope, also exhibited neutralizing activity against the
CXCR4-tropic viruses despite undetectable binding in FCS anal-
yses without sCD4. Other neutralizing anti-gp120 antibodies that
are exquisitely dependent on gp120-CD4 complex formation,
including ones that we have recently described (38), may act
through similar mechanisms. However, it should be noted that
although unconjugated MAb 19e neutralizes certain HIV-2 vari-
ants treated with sCD4 (82), it typically does not neutralize HIV-1
strains (83), including the viruses tested here (data not shown).
We speculate that dye conjugation altered the binding character-
istics of MAb 19e to facilitate the modest neutralizing activity that
we observed with the Alexa Fluor-labeled MAb (Fig. 6). The anti-
gp41 MAb 2F5 was another example where virus neutralization
occurred despite sparse virion binding in FCS (Fig. 5, 6, and 7).
The only virus type that was efficiently bound by MAb 2F5 was
AD17 grown in HEK293T cells, indicating that this particular en-
velope may have unique structural aspects.

The relationship between virion binding in solution and neu-
tralizing activity was complicated further by MAbs such as PG9
and F240. Anti-gp41 MAb F240 was distinct in that it exhibited
little or no neutralizing activity despite generally efficient binding
across viruses. This agrees with previous studies showing that
MAb F240 is nonneutralizing yet capable of capturing viral parti-
cles (68). Notably, such binding may have some significance for
antiviral immunity, as it was shown that passive immunization of
macaques with MAb F240 provided partial protection from sim-
ian-human immunodeficiency virus (SHIV) challenge (68). Vi-
rion binding by MAb F240 has been attributed to the recognition
of gp41 “stumps” (41), which have been distinguished from func-
tional envelope structures by their susceptibility to certain pro-
teases (84). We attempted to address this question using protease
treatment methods (84) that were reported to selectively degrade
nonfunctional structures from viruslike particles. However, appli-
cation of the method to the virions used here produced equivocal
data; for example, the binding of MAbs b12 and 2G12 was also
abrogated. It is possible that the protease sensitivities of envelope
structures could vary according to virion production and/or bind-
ing assay conditions. We cannot exclude the possibility that MAb
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F240 marks the presence of a misfolded form of gp41 common to
many viruses. At the same time, evidence that sCD4 significantly
enhances MAb F240 binding (Fig. 5F) to NL4-3 SupT1 viruses
suggests that epitope exposure may not be exclusive to gp41
stump-like structures, at least on certain virus types. In any case, it
is possible that the potential antiviral properties of MAb F240
could be substantially influenced by virus type and/or production
method.

MAb PG9 was neutralizing against the HXB2 and AD17 viruses
but not the JRFL virus, in accordance with previous studies (85),
yet bound to all virus types with similar efficiencies in FCS. The
broad neutralizing activity reported for MAb PG9 (85) clearly
establishes that it binds infectious virions in the context of in vitro
infectivity assays. Since FCS showed binding in the absence of
neutralization, MAb PG9 may also bind noninfectious virions
and/or nonfunctional envelope structures on particles in solution.
The available information (60, 61, 85) indicates that PG9 may
bind envelope trimers in a range of orientations, some of which
may explain our observations.

Notably, the polyreactivity linked with a variety of anti-HIV
envelope MAbs did not apparently perturb our observations.
Among the MAbs in our panel, MAb 2F5 was the most likely
candidate in this regard. It is well established that anti-MPER an-
tibodies are variably autoreactive with certain cellular proteins
and phospholipids (86, 87) and may establish membrane lipid
interactions to enable neutralizing activity (88–91). However, in
the system used here MAb 2F5 did not exhibit detectable binding
to delE particles in solution (Fig. 5), indicating little or no binding
to non-HIV antigens. A recent study that compared capture assay
formats suggested that anti-MPER MAbs bind misfolded enve-
lope structures trapped on virions and neutralize via interactions
with fusion intermediates formed postattachment (45). Our find-
ings are consistent with a postattachment neutralization mecha-
nism, although the FCS analyses failed to show sCD4-induced
changes in MAb 2F5-virion binding in contrast with previous ob-
servations (79, 92). At the same time, the reported impact of CD4
on MPER epitope exposure has been variable (15, 92–95). Our
data cannot exclude the possibility that MPER epitopes are in-
duced by envelope interactions with cell surface CD4 (20), which
differs from sCD4 in several respects (96, 97).

A practical difficulty presented by HIV derived from cell cul-
tures is that envelope antigenicity can be influenced by virus pro-
duction method. We explored this issue here to a limited extent by
comparative examination of NL4-3, BaL, and AD17 virions pro-
duced in SupT1 cells. One expectation was that the alternative
method might increase the antigenicity of putative misfolded en-
velope structures. However, this was not the case. The overall pat-
terns of gp120 antigenicity in the absence of sCD4 were roughly
the same on viruses produced in SupT1 and HEK293T cells (Fig.
5), although the absolute MAb binding efficiencies varied to a
minor degree. The most apparent difference was that sCD4 induc-
tion of group 2 MAb binding was lower on the SupT1 viruses even
though all test viruses contained equivalent antigen content, and
regardless of production method, gp41 epitopes showed more
variability in antigenicity depending on virus production method.
Compared to their counterparts produced in HEK293T cells, the
SupT1-derived NL4-3 viruses exhibited higher 2F5 and F240 an-
tigenicity, which moderately increased in the presence of sCD4.
Conversely, the antigenicity of these epitopes on SupT1-derived
AD17 virus was lower. Thus, the comparative analyses indicate

that it may be difficult to predict how the antigenic profiles of
virions in solution will change according to virus production
method, although we recognize that more exhaustive tests with
FCS might clarify the issue.

Considered in aggregate, our data provide a view of HIV-anti-
body interactions with all reactants continuously in solution, a
condition that is relevant to certain in vitro systems and/or aspects
of natural HIV infection. Under these conditions, the antigenic
profiles of HIV particles tend to favor efficient binding to func-
tional over misfolded structures. However, since binding occurs
without neutralization and neutralization occurs through multi-
ple mechanisms, antigenicity profiles do not always predict the
neutralization sensitivity. Cases where antibody-virion interac-
tions occur in the absence of conventional neutralizing activity
further introduce the possibility for other antiviral mechanisms,
such as Fc receptor-dependent processes, to come into play during
infection. In this regard, FCS may provide a useful tool for inter-
preting the design and outcome of passive immunization and vac-
cine studies and for characterizing vaccines based on viral parti-
cles.
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