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In natural infection, antibodies interact with HIV-1 primarily through nonfunctional forms of envelope glycoproteins (Env),
including uncleaved (UNC) gp160 and gp41 stumps. These antigens are important to fully characterize, as they may be decoys
that promote nonneutralizing responses and may also be targets for nonneutralizing effector responses. In this study, we com-
pared the antigenic properties of Env expressed in situ on pseudovirion virus-like particle (VLP) surfaces and soluble gp120 us-
ing harmonized enzyme-linked immunosorbent assays (ELISAs) and a panel of 51 monoclonal antibodies (MAbs). Only 32 of 46
soluble gp120-reactive MAbs recognized the primary UNC gp160 antigen of VLPs. Indeed, many epitopes were poorly exposed
(C1, V2, C1-C4, C4, C4-V3, CD4 induced [CD4i], and PGT group 3) or obscured (C2, C5, and C1-C5) on VLPs. In further studies,
VLP Env exhibited an increased degree of inter-MAb competition, the epicenter of which was the base of the V3 loop, where
PGT, 2G12, V3, and CD4 binding site specificities competed. UNC gp160 also underwent more drastic soluble CD4 (sCD4)-in-
duced conformational changes than soluble gp120, exposing CD4i, C1-C4, and V2 epitopes. A greater propensity of UNC gp160
to undergo conformational changes was also suggested by the induction of CD4i MAb binding to VLPs by a V3 MAb as well as by
soluble CD4. The same effect was not observed for soluble gp120. Taken together, our data suggest that membrane-expressed
UNC gp160 exists in a less “triggered” conformational state than soluble gp120 and that MAb binding to UNC gp160 tends to
have greater conformational consequences.

Studies have shown that soluble HIV-1 envelope glycoprotein
(Env) gp120 differs antigenically from the forms of Env that

reside on virus or infected cell membranes (1–4). Since antibodies
interact with HIV-1 particles via the latter in situ forms of Env, it is
important to fully characterize these differences.

Over the last 30 years, substantial information has been gath-
ered on the antigenic properties of both soluble (3, 5–19) and
membrane-expressed (4, 16, 17, 20–44) forms of Env. However,
few studies have reported direct comparisons (1, 3, 45). This is in
part due to a lack of harmonized assays by which to make such
comparisons, with soluble Env typically being analyzed by en-
zyme-linked immunosorbent assay (ELISA) and membrane Env
usually being investigated by flow cytometry, immunoprecipita-
tion, or virus capture (3, 34). One key early study compared the
reactivities of a large set of gp120-directed monoclonal antibodies
(MAbs) with Env expressed on the surfaces of HxB2-infected cells
and monomeric gp120 (3), revealing generally reduced epitope
exposure on membrane-expressed Env. Conversely, a few recently
isolated MAbs, including PG9, PG16, CH01-04, PGT141-2,
VRC03, and VRC06, can preferentially recognize native Env
trimer expressed on membranes (9, 17).

Uncertainties regarding the exact nature of membrane Env
rendered the significance of the above-mentioned comparative
studies somewhat unclear. The observation that nonneutralizing
MAbs (non-nAbs) can bind to the virus and infected cells con-
flicted with the previous widely held assumptions that virus par-
ticles express only native trimer and that MAb binding to trimers
is the essence of the neutralization event (33–35, 40, 42, 46–48).
This paradox was resolved by the finding of nonfunctional forms
of Env on HIV-1 surfaces (33, 40). Thus, membrane Env generally
is comprised of a mixture of Env isoforms that include the func-
tional Env trimer, uncleaved (UNC) gp160, and gp41 stumps (33).

During natural infection, nonfunctional forms of Env are
vastly preferred targets of antibodies, and as a consequence, serum
responses are overwhelmingly nonneutralizing. Nonfunctional
Env is important to understand in HIV-1 vaccine research for at
least three reasons: (i) it may be involved in virus inhibition by
other antibody mechanisms, such as antibody-dependent cell-
mediated viral inhibition (ADCVI); (ii) it is immunodominant
and therefore may act as an antigenic decoy that confers a valuable
fitness advantage on the virus by allowing it to better evade nAbs;
and (iii) it is possible that the non-nAb responses that rapidly
develop against nonfunctional forms of Env during natural infec-
tion are not independent from the later development of nAbs. In
fact, non-nAbs directed to nonfunctional Env may be stepping
stones in nAb ontogeny. Thus, we envision a scenario in which
nAbs may emerge from an early pool of non-nAbs that target
UNC gp160 and later acquire mutations allowing them to cross-
react with native trimers. For these reasons, to become better ac-
quainted with our adversary and its evasion tactics, we decided to
compare the antigenic topologies of membrane-expressed Env
(principally UNC gp160) and soluble gp120 in detail.

One way to dissect Env topology is to examine MAb cross-
competition relationships. Most work of this type has been done
with soluble gp120 (5, 6, 11, 16, 19). However, limited competi-
tions have been done on membrane Env by virus capture (22–25),
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by flow cytometry (2, 6, 9, 16–18), and by combinatorial neutral-
ization assays designed to measure synergistic or antagonistic
MAb binding to the native trimer (49–55). These studies shed
some light on the conformational differences between soluble
gp120 and membrane Env. For example, MAb VRC01 induces
CD4-induced (CD4i) MAb binding to soluble gp120 (18) but not
to the native trimer (2). In contrast, soluble CD4 (sCD4) induces
exposure of the V3 loop on the native trimer but not on soluble
gp120 (the latter is already fully exposed without added sCD4).
Other competitive relationships have been reported for mem-
brane Env that probably largely reflect MAb binding to UNC
gp160 (22–25). The observation that point mutations often have
disparate effects on MAb binding to the gp120 monomer and
native trimer further highlights the marked conformational dif-
ferences between these forms of Env (2, 4).

In this study, we built on the above-mentioned earlier studies
in two major ways. First, we took advantage of our newly devel-
oped virus-like particle (VLP) ELISA (42) to facilitate harmonized
comparisons between isolate-matched soluble and membrane-
expressed forms of Env. Second, we investigated the binding pat-
terns of several recently isolated novel MAbs in a comprehensive
panel that was used to probe soluble gp120 and VLP Env epitope
exposure and binding relationships. Our findings advance our
understanding of the interactions between membrane-expressed
Env and antibodies.

MATERIALS AND METHODS
Anti-HIV-1 Env monoclonal antibodies and gp120 C5-specific serum.
The MAbs used in this study were obtained from their producers, the
AIDS reagent repositories of the Medical Research Council (United King-
dom) and the NIH, or were purchased from commercial suppliers. De-
tailed information on all these MAbs is provided in the HIV Molecular
Immunology Database (http://www.hiv.lanl.gov/content/immunology
/ab_search). Our MAb panel included the following (originators given in
parentheses): EH21 (recognizes a peptide, TEKLWVTVYYGVPVWRE
ATT, consisting of gp120 residues 31 to 50, according to the HxB2 refer-
ence strain [J. E. Robinson, unpublished data]), 133/290, 133/11, 133/237
(M. Niedrig), 522-149 (G. Robey), MAG45, MAG95, MAG97, and
MAG104 (C. Y. Kang), all directed to the gp120 C1 segment (3, 11, 13,
56–60); A32, directed to a C1-C4 epitope (8, 11, 61); 212A, 3.12B, and 23B
(J. Robinson), directed to C1-C5 discontinuous epitopes (11); B12 (G.
Lewis), directed to a C2 epitope (3); M91 (F. di Marzo Veronese), 9301
(Dupont, Inc.), 8C6/1 (S. Ranjbar), 110.1 (Genetic Systems), 670-D (S.
Zolla-Pazner), and sheep antiserum D7324 (Aalto Bio Reagents, Ireland),
all directed to C5 epitopes (3, 11, 35); 8.22.2 (A. Pinter), G3-4 (M. Fung),
684-238, and SC258 (G. Robey), directed to the V2 loop (7, 10, 11); PG16
(D. Burton), directed to a quaternary V1/V2-dependent epitope (17);
G3-42, G3-211, G3-299, G3-508, and G3-537 (M. Fung), directed to C4
and C4-V3 epitopes (3, 12, 62); E51 and 17b (J. Robinson), directed to
CD4i epitopes (63); 2G12 (H. Katinger), directed to a unique glycan-
dependent epitope on gp120 (64, 65); LA21 and CO11 (J. Robinson),
directed to the gp120 V3 loop (38, 42); PGT121, PGT125, PGT130,
PGT135, and PGT136 (D. Burton), directed to 3 epitope clusters involv-
ing the base of the V3 loop of gp120 and the glycan N332 (16); b6, b12 (D.
Burton), 15e (J. Robinson), VRC01, and VRC03 (J. Mascola), directed to
epitopes that overlap the CD4 binding site (CD4bs) (18, 42, 66); VRC06
(J. Mascola), directed to a hybrid CD4bs/CD4i epitope (9); 7B2 and 2.2B
(J. Robinson), directed to the gp41 cluster I and II epitopes, respectively
(33); and 10e8 (J. Mascola and M. Connors), 2F5, and 4E10 (H. Katinger),
directed to the gp41 membrane-proximal ectodomain region (MPER)
(67, 68). MAbs M91, B12 8C6.1, and 110.1 are ascites fluid antibodies,
each with approximate IgG concentrations of 5 mg/ml.

Recombinant gp120 monomer, sCD4, and CD4-IgG2. Recombinant
monomeric JR-FL gp120 produced in Chinese hamster ovary (CHO)
cells, CD4-IgG2, and sCD4 consisting of all the 4 outer domains were gifts
from Progenics Pharmaceuticals (Tarrytown, NY).

Env plasmids. The plasmid pCAGGS was used to express JR-FL Env
on virus-like particles (VLPs) (33, 69). Envs were all truncated at amino
acid 709 to produce a mutant termed gp160�CT, leaving a 3-amino-acid
gp41 cytoplasmic tail. This truncation increases native trimer expression
and produces pseudotyped virus that exhibits a neutralization sensitivity
profile similar to those produced with a full-length version of JR-FL
gp160, as we reported previously (70). Mutants were generated by
QuikChange (Agilent Technologies) and numbered according to the
HxB2 reference strain. The “SOS” mutations introduce an intermolecular
disulfide bond between gp120 and gp41 (71). UNC SOS and UNC wild-
type (WT) include K510S and R511S mutations at the primary gp160
cleavage site (42).

VLP production. VLPs were produced by transiently transfecting
293T cells with a pCAGGS Env-expressing plasmid and the subgenomic
plasmid pNL4-3.Luc.R-E-, using polyethyleneimine (42). Two days later,
supernatants were collected, precleared by low-speed centrifugation, and
pelleted at 50,000 � g in a Sorvall SS34 rotor. To remove residual medium,
VLP pellets were diluted with 1 ml of phosphate-buffered saline (PBS),
then recentrifuged in a microcentrifuge at 15,000 rpm, and resuspended
in PBS at 1,000 times the original concentration. VLPs were referred to as
WT-VLPs, UNC WT-VLPs, SOS-VLPs, or UNC SOS-VLPs, depending
on the form of Env displayed on their surfaces (72). VLPs were inactivated
using Aldrithiol (73), after which they were recentrifuged and washed
with PBS.

Native PAGE. VLP lysates treated with Triton X-100 and recombinant
gp120 were resolved by blue native PAGE (BN-PAGE), followed by West-
ern blotting to detect Env, as described previously (42, 46).

ELISAs using gp120 and VLPs. ELISAs were performed as described
previously (42). Briefly, Immulon II plates were coated overnight at 4°C
with recombinant gp120 at 5 �g/ml or VLPs at 20 times their concentra-
tion in transfection supernatants. Following a PBS wash and blocking,
MAbs were titrated against each antigen. Species-specific alkaline phos-
phatase anti-Fc conjugates (Accurate, Westbury, NY) and SigmaFAST
p-nitrophenyl phosphate tablets (Sigma) were then used to detect bind-
ing. Plates were read at 405 nm. The MAb concentration resulting in an
optical density (OD) of 0.5 (approximately 5 times background) was re-
corded as its titer.

In a competitive ELISA format, we used cold competitor MAbs at a
fixed concentration of 10 �g/ml to inhibit binding of titrated biotinylated
MAb to soluble gp120 or VLPs. MAbs were biotinylated using NHS-X-
biotin reagent (Calbiochem) according to the manufacturer’s instruc-
tions. Soluble CD4 was used at a concentration of 2 �g/ml. Biotinylated
MAbs were detected using streptavidin-alkaline phosphatase (Vector,
Burlingame, CA).

Neutralization assays. Neutralization assays were performed in three
different formats to determine the mechanism, as previously described
(69, 70). Brief descriptions of each format follow.

(i) Standard format. MAbs and VLPs were mixed for 1 h prior to
addition to CF2Th.CD4.CCR5 target cells for 2 h at 37°C. SOS-VLPs were
treated exactly as WT-VLPs, except that SOS-VLP infection was triggered
at the end of virus-cell incubation by adding 5 mM dithiothreitol (DTT)
for 10 min to break the gp120-gp41 disulfide, followed by a medium
exchange (69, 70).

(ii) Post-CD4 format. To measure neutralizing activity between the
CD4 and CCR5 binding steps, VLPs were preincubated with 3 �g/ml
sCD4 for 15 min at 37°C, followed by 1 h with titrated MAbs, before
addition to target cells expressing only the CCR5 coreceptor
(CF2Th.CCR5 cells) (74). As mentioned above, when SOS-VLPs were
used, 5 mM DTT was added at the end of virus-cell incubation for 10 min,
followed by a medium exchange.
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(iii) Post-CD4/CCR5 format. To measure neutralization after recep-
tor binding, SOS-VLPs were allowed to attach to target cells
(CF2Th.CD4.CCR5 cells) for 2 h. Unbound VLPs were washed away and
titrated MAbs were added, followed by 1 h of incubation. As mentioned
above, infection was then activated by a 10-min exposure to 5 mM DTT.

RESULTS

In addition to the native gp120/gp41 trimer, HIV-1 surfaces are
populated by nonfunctional forms of Env that include UNC
gp160 and gp41 stumps (33–35, 40, 42, 46–48). Relatively few
MAbs are able to recognize the functional Env trimer and neutral-
ize the virus. However, a wide range of MAb specificities can bind
to HIV-1 virus particles via nonfunctional Env. In this analysis, we
sought to improve our understanding of the antigenic properties
of soluble gp120 and Env present in situ on VLP surfaces by inves-
tigating both antigens with a comprehensive panel of MAbs.

Native PAGE analysis of the Env compositions of soluble
gp120 and VLPs. To better define the Env components of our test
antigens, we first examined WT-VLPs, SOS-VLPs, UNC SOS-
VLPs and soluble gp120 by BN-PAGE-Western blotting (Fig. 1).
JR-FL Env was chosen as our prototype because it is a tier 2 neu-
tralization-resistant primary isolate that expresses efficiently and
for which the gp160 precursor cleaves efficiently into gp120/gp41.
This Env also provides useful continuity with our previous work
(33, 42, 46, 70). Soluble gp120 was expressed in Chinese hamster
ovary (CHO) cells, and VLPs were expressed in 293T cells. Con-
ceivably, this difference in producer cells might cause host cell
type-related glycan variations not encoded by the respective Env
genes. However, there are in fact inherent differences in glycosy-
lation patterns between particulate Env and soluble gp120, re-
gardless of the producer cell. Soluble gp120 exhibits a greater pro-
portion of mature, complex glycans, presumably due to the
relative accessibility of its surface sugars to processing enzymes
(75–77). Furthermore, VLPs are heavily populated by an early
form of UNC gp160, termed gp160ER (ER stands for endoplasmic
reticulum) that, in contrast to mature UNC gp160, exhibits largely
untrimmed high-mannose glycans (46). Thus, the inherent differ-

ences in glycosylation patterns of membrane and soluble forms of
Env probably supersede the effects of any differences arising from
their expression in different mammalian cell lines.

Figure 1 shows the various forms of Env that decorate VLP
surfaces. WT-VLPs exhibited a prominent native Env trimer,
UNC gp160 monomer (consisting largely of gp160ER [46]), and
gp41 stumps (Fig. 1, lane 1). SOS-VLPs exhibited only native Env
trimer and UNC gp160 monomer (Fig. 1, lane 2). gp41 stumps
were absent, because the SOS disulfide bond links gp120 and gp41
subunits and thereby prevents gp120 shedding. UNC SOS-VLP
gp160 was largely monomeric, with faint traces of two oligomeric
species (Fig. 1, lane 3; also see Fig. 3 in reference 46). The mono-
mer consists largely of gp160ER, as evidenced by our prior obser-
vation that MAb 2G12 mediates a “supershift” of this monomer in
BN-PAGE shift assays, commensurate with the binding of two
2G12 IgG molecules to twin binding sites found uniquely on
gp160ER (33, 42, 46). The two oligomeric bands of UNC SOS-
VLPs are likely to be trimers of gp160ER (lower oligomer band)
and mature gp160, bearing some complex glycans (upper oli-
gomer band). Soluble gp120 was also predominantly monomeric,
with traces of a dimer that may arise through covalent (or possibly
noncovalent) interactions between gp120 protomers (Fig. 1, lane
4) (78, 79).

Comparative antigenicities of Env expressed in situ on VLPs
and soluble gp120. Previous work showed that pseudovirion
VLPs bear relatively high quantities of nonfunctional Env com-
pared to live HIV-1 (20, 32, 33, 40, 80). However, nonfunctional
Env is a universal contaminant of all HIV-1 preparations and
dominates their antigenic landscape, regardless of its quantity. An
antigenic analysis of VLPs should therefore provide information
that is relevant to understanding the live, replicating virus. The
observation that nonneutralizing MAbs efficiently capture infec-
tious particles, even though they do not recognize the native
trimer (33–35, 40), confirms that nonfunctional Env exists on
intact virus particle surfaces and is not simply a derivative of non-
infectious matter that copurifies with HIV-1 particles. This being

FIG 1 Comparison of VLP Env and soluble gp120 by BN-PAGE. The Env components of various VLPs and soluble gp120 were resolved by BN-PAGE-Western
blotting and detected with anti-gp120 and anti-gp41 MAb cocktails. Ferritin was used as a size marker (GE Healthcare). Diagrams depict native trimer, UNC
gp160 monomer (mostly gp160ER), soluble gp120, and gp41 stumps. Complex glycans are indicated by blue “tree” structures and oligomannose glycans by green
“tree” structures. The SOS disulfide bond is depicted by red bars that link gp120 and gp41. Monomeric gp160ER, bearing largely only untrimmed high-mannose
glycans, is a major form of Env on all VLPs. The faint doublet of oligomers on UNC SOS-VLPs (lane 3) is likely to include trimers of mature gp160 and gp160ER.
Recombinant gp120 is largely monomeric, with a fraction of dimer.
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the case, it is clearly of interest to investigate the antigenic prop-
erties of nonfunctional Env.

UNC gp160 is likely to be a major immunodominant antigen
on viral membranes. This notion is supported by the observation
that VLPs bearing both native trimer and UNC gp160 (e.g., WT-
VLPs) exhibit antigenic properties similar to those of VLPs bear-
ing only UNC gp160 (e.g., UNC WT-VLPs), both of which effi-
ciently expose non-nAb epitopes (see Fig. 1 of reference 42). Given
that the native trimer is highly compact, it is perhaps not surpris-
ing that the more conformationally “open” UNC gp160 is more
immunogenic and may well be a driving force behind the largely
nonneutralizing responses observed in natural HIV-1 infection.
Since antibodies evidently interact with HIV-1 primarily through
this nonfunctional UNC gp160, information on its antigenic to-
pology is invaluable. Due to a lack of convenient assays to study
membrane-presented forms of Env, however, there has been a
relative shortfall of such information. To fill this knowledge gap,
we developed a simple VLP ELISA (42) that facilitates direct,
quantitative comparisons with soluble gp120 ELISAs.

Overview of MAb recognition of VLP Env and soluble gp120.
In a fresh attempt to identify conformational differences between
membrane-expressed and soluble Env, we evaluated the epitope
exposure patterns of all 4 antigens of Fig. 1 using a large panel of
MAbs; results are shown in Fig. 2. We did not study MAbs PG9
and PG16, directed to quaternary V1/V2 epitopes, since we were
primarily focused on binding to UNC gp160. In previous antige-
nicity studies, monomeric gp120 was usually captured by purified
sheep serum, D7324, raised against the C5 region (3, 10–13), os-
tensibly to render its orientation consistent and to eliminate any
possible conformational effects arising from direct gp120 adsorp-
tion. However, in the present study, we used monomeric gp120 to
directly coat ELISA wells so that we could assay D7324 binding. To
check what effect direct coating might have on epitope exposure
or conformational flexibility, we examined the binding of MAbs
2G12 and 17b to directly coated gp120 and D7324-captured gp120
in the presence and absence of sCD4. 2G12 bound equivalently to
both antigens, but 17b bound �5-fold more effectively to cap-
tured gp120 (data not shown). However, in the presence of sCD4,
17b binding to both gp120 presentations increased 50-fold (data
not shown). Thus, while direct coating partially occludes 17b
binding to gp120, it has little impact on its conformational state, as
judged by the amplitude of sCD4-induced conformational
changes.

In contrast to our previous study, we measured MAb endpoint
titers at an OD at 405 nm of 0.5 rather than 50% effective concen-
trations (EC50s). This allowed weak binding to be recorded and
factored into our calculations of relative antigenicity. The binding
titers in Fig. 2 are color-coded to emphasize stronger binding with
progressively warmer colors. The mean titers of each MAb against
the 3 VLP antigens are given, as are soluble gp120/mean VLP titer
ratios (Fig. 2, last two columns). Threefold and greater differences
in titer ratio were considered significant.

Our data indicate a generalized preference for gp120, as illus-
trated by the �10-fold-stronger mean MAb titer against mono-
meric gp120 than VLP antigens (see mean titers at the bottom of
Fig. 2). However, the individual MAb titers were not uniformly
different by a 10-fold margin (Fig. 2). Thus, as noted in the last
column of Fig. 2, while most MAbs preferentially recognized sol-
uble gp120 (gray cells), some bound both antigens equivalently
(white cells) and others bound better to VLPs (cyan cells). This

implies a conformational distinction between the antigens, rather
than a simple difference in their ELISA saturation. The �10-fold
difference in mean epitope exposure may in fact be an underesti-
mate considering that, as mentioned above, direct gp120 coating
may decrease the exposure of certain epitopes like 17b to gp120.

(i) Soluble gp120-preferring MAbs. Most MAbs, specifically
those directed to the C1, C1-C4, C1-C5, C2, C5, V2, C4, C4-V3,
and PGT group 3 epitopes, CD4i MAb E51, CD4-IgG2, and
CD4bs MAb 15e, exhibited a preference for soluble gp120, as in-
dicated by gray cells in the last column of Fig. 2.

MAbs targeting the extreme N terminus of the C1 region (res-
idues 31 to 78) reacted weakly with VLPs. However, those that
recognize C1 epitopes further downstream were nearly com-
pletely occluded, as were the C1-C5, C2, and C5 epitopes. Previ-
ously, Nyambi et al. showed that MAbs directed to the C-terminal
part of the C5 region, specifically, 670-D (epitope, residues 498 to
504) and 1331A MAb (epitope, residues 503 to 511) efficiently
capture HIV-1 (35). However, by ELISA, MAb 670-D did not
recognize any of the VLPs. Similarly, MAb 110.1 and serum
D7324, both directed to the extreme C terminus of the C5 region,
also failed to react with VLPs. In a previous study, two other C5
MAbs, 858-D and 989-D, also exhibited weak VLP reactivity (35).
Taken together, these data imply that like the C1 region, the C5
region is largely, if not completely, occluded on VLPs. In contrast,
the epitopes of MAbs against C1-C4, V2, C4, and C4-V3, MAb
E51 (in the absence of sCD4), PGT group 3 MAbs, and CD4-IgG2
were only partially occluded on VLPs.

(ii) Epitopes that are equally exposed on gp120 and VLP Env.
A second MAb group is indicated by white cells in the last column
of Fig. 2 and includes several nAbs (2G12, PGT groups 1 and 2,
b12, and VRC01) and nonneutralizing MAbs directed to the V3
loop (LA21 and CO11), CD4bs (b6), and CD4i (17b). In contrast
to the other members of their respective epitope clusters, MAbs
MAG104 (C1) and 8C6/1 (C5) also fell into this group. However,
in our calculations, we took all titers of �10 �g/ml as 10 �g/ml.
Therefore, the weak soluble gp120 binding and lack of VLP bind-
ing by these two MAbs could in fact indicate a preference for
monomeric gp120 that is consistent with the other MAbs in their
respective epitope groups.

(iii) VLP Env-preferring MAbs. A third group consists of
MAbs VRC03 and VRC06 (indicated by cyan cells in the last col-
umn of Fig. 2). Both MAbs preferentially bound to WT- and SOS-
VLPs, in line with their known preference for native Env trimer
(9). Unexpectedly, PGT130 also bound 3-fold more strongly to
SOS-VLPs than UNC SOS-VLPs, suggesting a modest trimer pref-
erence.

Differential recognition of VLP Envs. In addition to the mean
VLP and soluble gp120 titer differences discussed above, there
were some notable differences in MAb recognition of different
VLP types (Fig. 2). These falls into 3 categories: preferential rec-
ognition of WT-VLPs, SOS-VLPs, or UNC gp160. As stated above,
we took a �3-fold bias in titer as being significant.

(i) Preferential binding to WT-VLPs. MAbs that recognize
residues 61 to 78 of the gp120 C1 region preferentially bound
WT-VLPs over SOS-VLPs. This may be because the SOS mutant
involves a C5 mutation to create a novel gp120-gp41 disulfide,
which may partially obscure the structurally apposing C1 region.
Similarly, MAbs G3-4, 8.22.2, and SC258 all preferentially recog-
nized WT-VLPs, suggesting that the SOS mutation leads to partial
occlusion of the V2 loop. This was somewhat surprising, consid-
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FIG 2 Epitope exposure of soluble gp120 and VLP Env. VLPs and soluble gp120 were probed with a panel of MAbs directed to various gp120 and gp41 epitopes
by ELISA. aEpitope cluster recognized by each MAb: C represents conserved gp120 regions that are interspersed by variable loops (V). Letters in parentheses
identify linear (L) and discontinuous (D) epitopes. The amino acid numbering is based on the HxB2 Env sequence. bBinding titers were calculated as the MAb
concentration where its binding OD was 0.5 and are given in �g/ml. cThe mean VLP titer was calculated by averaging MAb titers of WT-VLPs, SOS-VLPs, and
UNC SOS-VLPs. Progressively warmer-colored cells indicate tighter binding. dRatio of gp120 titer and mean VLP titer. Gray cells indicate a gp120 preference;
cyan cells indicate a VLP preference. eMean titers of MAbs binding to each antigen. For soluble gp120, this titer excludes the gp41 MAbs. In all calculations, titers
of �10 �g/ml are taken as 10 �g/ml.
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ering the disparate structural positions of the V2 and the C5 re-
gions of gp120, and implies a transmitted effect. Nonneutralizing
gp41 MAbs 7B2 and 2.2B recognized WT-VLPs but not SOS-VLPs
(Fig. 2). Both epitopes were exposed on UNC WT gp160 (see Fig.
1 of reference 42) and gp41 stumps (see Fig. 6 of reference 42). The
SOS mutation may directly impact the 7B2 epitope and could
impose conformational constraints on the 2.2B epitope. In con-
trast, the gp41 MPER epitopes (2F5, 4E10, and 10e8) were equally
exposed on WT-VLPs and SOS-VLPs.

Although most of the binding patterns in Fig. 2 concern recog-
nition of UNC gp160, it is possible that in some cases trimer bind-
ing is a contributing factor. Thus, the preferential binding of V2
MAbs to WT-VLPs could be related to differential V2 loop expo-
sure on native Env WT and SOS trimers. To investigate this pos-
sibility, we tested the neutralizing activity of V2 MAb SC258 and
the related quaternary V1/V2 loop MAb PG16 against SOS and
WT-VLPs in the standard assay format (Fig. 3). Our previous
work revealed that SOS-VLPs and WT-VLPs exhibit largely indis-
tinguishable neutralization sensitivity profiles (70). Thus, MAbs
b12, PGT121, and PGT125 all neutralized WT and SOS viruses
equivalently. PG16 also neutralized both viruses equivalently (Fig.
3). Similar to the V3 MAb CO11, SC258 failed to neutralize either
virus (Fig. 3) (69, 70). Only MAb 2F5 preferentially neutralized
the SOS virus, as we reported previously (70). Together, these
findings suggest that the preferential V2 MAb recognition of WT
Env stems from increased binding to UNC gp160 and not to the
native trimer.

(ii) Preferential binding to SOS-VLPs. Several MAbs prefer-
entially bound SOS-VLPs over WT-VLPs, namely, A32, G3-211,

G3-299, 15e, and b12 (Fig. 2). Of these, cases with marginal dif-
ferences could simply relate to the somewhat higher expression of
SOS-VLP Env (Fig. 1, compare lanes 1 and 2; also see reference
42). The more significant differences (A32 plus sCD4, G3-299,
15e, and b12) probably reflect conformational distinctions be-
tween SOS and WT Env. It may not be a coincidence that all of
these MAbs recognize epitopes involving the C4 region. Since b12
is the only member of this group that neutralizes JR-FL (70) (Fig.
3 and data not shown) and equally neutralizes SOS and WT vi-
ruses, this increased C4 exposure is likely to be a feature of UNC
SOS gp160 rather than the native SOS trimer.

(iii) Preferential binding to UNC gp160. The epitopes of
MAbs MAG45, A32 plus sCD4, 8.22.2, G3-4, SC258, G3-211, G3-
537, G3-508, G3-299, G3-42, PGT135, PGT136, CD4-IgG2, 15e,
and 10e8 were all better exposed on UNC SOS-VLPs than SOS-
VLPs (Fig. 2). This suggests a preference for the UNC gp160
monomer (Fig. 1). In the case of CD4-IgG2, this is consistent with
its relatively weak affinity for the native trimer compared to other
forms of Env (81).

Summary of epitope exposure analyses. The antigenicity pat-
terns of Fig. 2 are summarized in Fig. 4. V3 and CD4bs epitopes
were exposed approximately equally on gp120 and VLPs. How-
ever, in all other cases, VLP epitope exposure was either reduced
(part of the C1, V2, and C4 regions) or altogether eliminated (part
of the C1, V5, and C5 regions). WT and SOS gp160�CT share
similar topologies, with the biggest difference being the differen-
tial exposure of gp41 cluster I and II epitopes.

Differential effects of sCD4 on MAb binding. To identify any
differences in receptor binding-induced conformational changes,

FIG 3 MAb neutralization of WT and SOS viruses in various assay formats. MAb neutralization of WT and SOS JR-FL viruses (an E168K N189A double mutant
[E168K�N189A] was used to knock in the PG16 epitope) was evaluated in various neutralization assay formats. The neutralization sensitivity profile of the
E168K�N189A mutant is identical to that of the parent virus.
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we measured the effect of sCD4 binding on the binding of a subset
of MAbs (Fig. 2). VLP binding of MAbs EH21, G3-42, and CO11
was marginally induced by sCD4. However, their binding to sol-
uble gp120 was largely unaffected. This difference is evidenced by
a 2-fold increase in binding ratio of all three MAbs in the last
column of Fig. 2. In contrast, C1-C4-specific MAb A32 binding
was induced by sCD4 on both VLPs and soluble gp120 to various
extents. Soluble CD4 had a more dramatic effect on CD4i MAb
(E51 and 17b) and V2 MAb G3-4 binding to VLPs than did soluble
gp120, as evidenced by a 5- to 10-fold change in ratio in the last
column of Fig. 2.

Although most VLP binding in Fig. 2 probably derives from
recognition of UNC gp160, since sCD4 induces dramatic confor-
mational changes in the trimer, nonneutralizing epitopes could be
revealed and therefore could at least partly explain the sCD4-in-
duced effects in Fig. 2. To investigate this possibility, we examined
MAb activities in a previously published post-CD4 neutralization
assay, using WT and SOS viruses (Fig. 3) (70). V3 MAb CO11 was
highly potent in this format, consistent with our previous report
(Fig. 3) (70). The extent of this neutralization enhancement was
far more pronounced than the relatively modest effect of sCD4 on
CO11 binding to VLPs by ELISA, suggesting that UNC gp160 still
dominates the binding patterns in Fig. 2, even in the presence of
sCD4. MAb 2F5 was also more potent in the post-CD4 format and
was also the only MAb effective in the post-CD4/CCR5 neutral-
ization format, consistent with the idea that only gp41-specific
MAbs can neutralize HIV-1 after full receptor engagement (Fig. 3)
(70). PGT MAb neutralization was unaffected by sCD4, consistent
with the idea that these MAbs neutralize at a relatively late step,
such as coreceptor binding. MAbs b12 and PG16 both exhibited
lower activity in the post-CD4 format (Fig. 3), consistent with
previous data (17, 70, 82, 83). SC258, G3-42, and A32 all remained
nonneutralizing in the post-CD4 format, suggesting that they do
not recognize the CD4-bound trimer. Taken together, these data
suggest that the increased MAb binding to VLPs in the presence of
sCD4 (Fig. 2) is largely governed by UNC gp160 and not the native
trimer.

Cross-competition analysis of VLP and soluble Envs. The de-

creased epitope exposure of VLP Env and the greater impact of
sCD4 binding both hint at a more compact topology that could
affect the binding relationships of ligands. To investigate, we
cross-competed MAbs in ELISAs with both antigens (Fig. 5). To
keep the resulting heat map sizes manageable, a subset of MAbs
were selected from Fig. 2, generally those with the highest affinity
of each epitope group. We omitted VRC03 and VRC06, as they are
heavily trimer preferring. We also excluded 2F5 and 10e8, leaving
4E10 as the sole representative of MPER MAbs. To enhance bind-
ing of 17b and A32 MAbs to VLPs, competitions were selectively
done in the presence of sCD4. In some cases, limited MAb avail-
ability prevented a full two-way competition analysis. Thus, for
example, supplies of G3-42 and G3-4 were sufficient only for their
use as biotinylated MAbs. For both MAbs, we confirmed that the
respective biotinylated MAb binding was specific, by demonstrat-
ing that the cold self-competitor reduced their binding to �1% on
both antigens (data not shown).

The data in Fig. 5 were computed from competitions in which
a fixed excess (10 �g/ml) of cold competitor MAb (in some in-
stances supplemented with 2 �g/ml sCD4, as indicated) was
added to antigen-coated ELISA wells that were later overlaid with
a titrated biotinylated MAb. Each datum point is a function of
biotinylated MAb titer in the presence or absence of competitor,
taking the latter as the 100% binding reference point. In previ-
ous studies, biotinylated MAbs were used in competitions at
fixed, subsaturating dilutions rather than titrated as we did
here (5, 11, 19). Our relatively labor-intensive approach was
used to help minimize possible errors relating to the often sig-
nificantly different MAb affinities to gp120 and VLPs. Compet-
itive effects are coded by progressively warmer coloring, com-
mensurate with the strength of inhibition. Enhancements are
colored in cyan and, in exceptional cases (�1,000%), magenta.
The latter points are expressed to the nearest power of 10 to
maintain a compactness of Fig. 5. Bidirectional MAb competi-
tions may indicate epitope overlap, close proximity, or steric
effects. For convenience, we describe such MAb epitopes to be
“overlapping.” Unidirectional competitions indicate nonover-
lapping, conformational effects. As mentioned above, effects
are generally deemed significant when they differ from controls
�3-fold. Thus, the warm-colored cells showing competitive ef-
fects begin at 30% of control binding. Some competitions were
not done, largely to avoid redundancy, such as sCD4 competitions
with CD4bs MAbs or gp41 MAb binding to soluble gp120. In
other cases, data were omitted where binding was deemed too
weak. For example, due to their weak binding EH21, 17b and A32
were not used as competitors in VLP ELISAs (Fig. 5).

To facilitate comparisons between soluble gp120 and VLP Env,
the organizations of Fig. 5A and B are identical. Figure 5A and B
are each divided into sections depending on the neutralizing ac-
tivities of MAb competition pairs that in Fig. 5B are delimited by
the use of distinct VLP antigens. Thus, SOS-VLPs were used for
most gp120 MAbs, partly to take advantage of their high Env ex-
pression (Fig. 1, lane 2), which should ensure robust competi-
tions. Furthermore, the SOS disulfide bond eliminates possible
sCD4- or MAb-induced gp120 shedding that could complicate
data interpretation if WT-VLPs are used (84). However, in all
competitions involving MAbs 7B2 and 2.2B, WT-VLPs were used,
as these MAbs do not efficiently recognize SOS-VLPs (Fig. 2).

Since the Env on VLPs is heterogeneous (Fig. 1), MAbs can
possibly bind more than one form of Env, potentially complicat-

FIG 4 Summary of soluble gp120 and VLP Env epitope exposure. Schematic
representations of soluble gp120 and VLP Env epitope exposure are shown,
derived from the data of Fig. 2. The epitopes of the CD4 binding loop
(CD4BL), gp41 cluster I (Cl. I) and cluster II (Cl. II), and MPER are indicated.
The disulfide linkage on SOS gp160�CT is represented as “S-S.” Other abbre-
viations: FP, fusion peptide; NHR and CHR, N-heptad repeat and C-heptad
repeat, respectively; TMD, transmembrane domain. The mean titer of MAb
binding to each domain was calculated for each antigen. The relative exposure
of Env domains is labeled according to the color scheme in Fig. 2. Warmer
colors therefore indicate a greater epitope exposure; the most accessible re-
gions are red, and the least accessible segments are white. Gray domains indi-
cate unknown exposure due to a lack of MAbs.
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FIG 5 Ligand cross-competition on soluble gp120 and VLPs. MAb and sCD4 relationships were explored on soluble gp120 (A) and VLPs (B). Panels A and B
are organized in identical fashions to facilitate comparisons. Data are expressed as percentages derived from the ratio of titers of biotinylated MAb (horizontal
series) in the presence or absence of excess (10 �g/ml) unlabeled competitor (vertical series), wherein titers determined without competitor are taken as 100%.
Colors are used to emphasize inhibition and enhancement. Thus, inhibitions are shown as warm colors and enhancements are shown in cyan and magenta. In
cases where biotinylated MAbs were used in combination with sCD4 in a particular column, the reference control also included sCD4. Each datum is the average
of at least two repeats and is presented as the nearest whole number. In most cases, SOS-VLPs were used for panel B. However, as indicated, other VLPs were used
in some situations. For example, cells in which UNC VLPs were used are delimited by a blue box. Data that differ �3-fold between panels A and B, and in which
one or the other datum point lacks competition or inhibition (i.e., is �30% and �200%), are bordered by black boxes. ND, not done. aThe mean effect was
determined by averaging the horizontal numbers. bThe ratio of mean enhancements was determined by the following formula: mean percent effect on
VLPs/mean percent effect on soluble gp120. The ratio of mean inhibitions was determined by the following formula: mean percent effect on soluble gp120/mean
percent effect on VLPs. Ratios of �1 (dark blue shading) indicate a pronounced effect on soluble gp120, ratios of �1 (dark green) indicate a pronounced effect
on VLPs, and ratios of 1.0 (white) indicate no significant competition differences between the two antigens.
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ing the measurement of their competitive relationships. This is a
problem when non-nAbs (that bind only the UNC gp160 mono-
mer) cannot compete with nAbs for binding to the native trimer,
rendering competitions on SOS-VLPs futile. To address this prob-
lem, where necessary, we used UNC mutant VLPs, so that com-
petitions occurred on a level “playing field,” essentially only on
UNC gp160. Thus, in lower left section of Fig. 5B, bordered by a
blue box, for gp120 MAb competitors, we used UNC SOS-VLPs
and for 7B2 or 2.2B competitors, UNC WT-VLPs. Ultimately, the
use of parent or UNC VLPs may not be a significant factor, as
UNC gp160 probably dictates the outcome of most competitions
in Fig. 5B, regardless of the UNC mutation.

It is worth noting that in Fig. 5, 17b plus sCD4 competitor is
grouped with the neutralizing MAbs, because sCD4 induces the
17b epitope on native trimer, leading to potent neutralization
(70). However, when used alone, 17b does not neutralize effec-
tively and hence is grouped with the non-nAbs. Since neither
EH21 nor A32 neutralizes in any format (Fig. 3 and data not
shown) (70), these MAbs are grouped as non-nAbs even when
used with sCD4. As a result of this strategy, in Fig. 5B, nAbs com-
pete with other nAbs on both native trimer and UNC gp160 in the
top left section. In all the remaining sections of Fig. 5B, competi-
tions take place on UNC gp160 or, possibly, in the case of MAbs
7B2 and 2.2B, gp41 stumps.

As expected, competitor MAbs generally inhibited their biotin-
ylated counterparts (Fig. 5). In cases where we analyzed more than
one MAb directed to a single epitope cluster (CD4bs and PGT
epitopes), intracluster MAb competitions were observed. How-
ever, VRC01 exhibited poor inhibition of b6 and b12 on soluble
gp120, perhaps in part due to its relatively low soluble gp120 af-
finity (Fig. 2). Other MAbs whose epitopes are distinct but over-
lapping competed on both antigens. For example, MAbs CO11
(V3) and G3-508 (C4) both inhibited G3-42 (C4-V3) binding to
both antigens, consistent with a previous study (11).

Tertiary ligand combinations involving sCD4 require special
care to interpret. The patterns can be deconvoluted by following
three guidelines. First, when sCD4 is included with a competitor
MAb, the outcome is best judged in reference to the effects of the
MAb and sCD4 alone. This helps determine the relative contribu-
tion(s) of the MAb or sCD4 to the observed effect(s). For example,
on soluble gp120, 17b plus sCD4 mediated a net enhancement of
biotinylated 17b. To explain this confusing result, the inductive
effect of sCD4 engagement on the binding of biotinylated 17b may
be more dominant than the inhibitory effect of also including the
cold 17b competitor. Second, it is important to point out the dis-
tinction when using sCD4 with either competitor or biotinylated
MAb. Specifically, when 17b competes against biotinylated A32
plus sCD4, control assays also use biotinylated A32 and sCD4, so
any effect is solely mediated by 17b, not sCD4. In the reverse
format, any effect on biotinylated A32 binding by 17b plus sCD4
could stem from the effects of 17b, sCD4, or both. Third, when
sCD4 is added to both competitor and biotinylated MAbs, the
final sCD4 concentration is twice that of competitions in which
only one MAb has added sCD4 and therefore can lead to greater
effects. Thus, when EH21 plus sCD4 enhances A32 plus sCD4
binding to soluble gp120 (Fig. 5A), the effect probably comes from
a doubling of the sCD4 concentration and/or the effect of EH21.
Similarly, EH21-plus-sCD4-mediated enhancement of 17b plus
sCD4 on soluble gp120 is likely to be mediated by sCD4 rather
than EH21 (Fig. 5A).

Overview of competitive effects on VLP Env and soluble
gp120. We first examined the general properties of each antigen
(Fig. 5). To obtain an impression of the relative compactness and
flexibility, we compared the mean amplitudes of inhibitions and
enhancements. Thus, when significant enhancement or inhibition
was noted for either antigen, data for both antigens were used to
calculate overall mean enhancement and inhibitions (Fig. 6). This
revealed that inhibitions were marginally stronger on VLPs than
on soluble gp120 (mean values of 13.2% and 26.8%, respectively).
Enhancements were also markedly stronger on VLPs than gp120
(mean values of 46,870% and 4,580%, respectively). Consistent
with Fig. 2, sCD4 generally mediated more enhancement of MAb
binding to VLPs than to soluble gp120 (Fig. 5). Thus, for example,
sCD4 marginally enhanced CO11 binding to VLPs but had no
effect on its binding to soluble gp120 (Fig. 5).

We next determined the mean competitive or enhancing ef-
fects of each MAb and sCD4, shown in columns on the right sides
of Fig. 5A and B. The respective data from Fig. 5A and B were then
calculated as a ratio (last two columns of Fig. 5A). Here, numbers
greater than 1 (green cells) imply a stronger inhibition or en-
hancement on VLPs. Consistent with Fig. 6, inhibitions and en-
hancements were generally more effective on VLP Env. Thus, for
example, sCD4 more effectively induced the 17b epitope on VLPs
(compare Fig. 5A and B). Notably, although sCD4 was responsible
for most of the enhancing effects, VRC01 and CO11 also surpris-
ingly induced net enhancements. The only MAbs that did not
show preferential effects on VLPs were 2G12 and EH21, which
were virtually impartial to the context of their epitopes. Overall,
this initial analysis implies that VLP Env exhibits increased
epitope overlap, consistent with its relatively compact structure,
and furthermore that VLP Env undergoes more dramatic confor-
mational changes in instances of enhancement.

Conformational differences between gp120 and VLP Env. Of
particular interest in Fig. 5 are competitions by mismatched MAb
pairs that reveal conformational relationships. Moreover, MAb-
MAb combinations with different outcomes in Fig. 5A and B im-
ply conformational differences between soluble gp120 and VLP
Env. Since these are of special interest, we describe them first. For
clarity, they are emphasized by bold black borders around indi-

FIG 6 Conformational flexibility of soluble gp120 and VLPs. The overall
mean inhibitions (red, orange, and yellow cells of Fig. 5; n � 53 data pairs) and
mean enhancements (magenta and cyan cells of Fig. 5; n � 21 data pairs) for
soluble gp120 and VLPs were calculated, where n is the total number of rele-
vant data points for calculations. In many cases, competitions or enhance-
ments were seen with only one antigen. However, data for both antigens were
included in the calculation.

Env Antigenicity on HIV-1 Membrane Surfaces

August 2013 Volume 87 Number 16 jvi.asm.org 9241

http://jvi.asm.org


vidual cells in the respective locations of Fig. 5A and B. As men-
tioned above, differences of 3-fold or greater are considered sig-
nificant. To emphasize qualitative differences, cells are boxed only
when the respective datum in Fig. 5A or B shows competition or
enhancement and the other shows little or no effect (i.e., the effect
is �30 and �200%; white cells). This rules out cases of lesser
interest, where a 3-fold difference occurs but where the inhibitory
or enhancing effects are in the same direction.

Competitions between nAbs. Focusing first on nAb-nAb
competitions, we next discuss the differential effects in the top left
quadrants of Fig. 5A and B (cells bordered by black boxes). Almost
all cases involved the PGT MAbs, suggesting that these epitopes
are at the nexus of competitive effects and impact many other
epitopes. For convenience, below, bidirectional competitions are
taken to imply epitope overlap, although they may also imply close
proximity or steric relationships. Specific cases follow.

(i) PGT121 inhibited 2G12 binding to VLPs but not soluble
gp120. In the reverse format, 2G12 strongly inhibited PGT121
binding to both antigens, consistent with a previous study (16).
This suggests that PGT121 and 2G12 epitopes overlap on VLPs,
but on soluble gp120, there is merely a nonoverlapping confor-
mational relationship. Although 2G12 inhibited both PGT MAbs,
PGT130 did not effectively inhibit 2G12, suggesting a conforma-
tional effect.

(ii) PGT130 inhibited PGT121 binding to VLPs to a 3-fold-
greater extent than on gp120. In contrast, PGT121 strongly inhib-
ited PGT130 binding to both antigens. Thus, there is a closer over-
lap between these epitopes on VLPs.

(iii) IgG1b12 enhanced PGT130 binding to soluble gp120 but
not to VLPs. In contrast, PGT130 did not affect b12 binding to
either antigen. Thus, there is a nonoverlapping conformational
relationship on soluble gp120 but not on VLPs.

(iv) VRC01 inhibited PGT130 binding to VLPs but not soluble
gp120. The reverse format was not tested. This implies a confor-
mational relationship of VRC01 and PGT130 on VLPs only.

(v) 17b exacerbated sCD4-mediated inhibition of PGT130
binding to soluble gp120. However, on VLPs, the inhibition was
weaker with 17b and sCD4 than with sCD4 alone, possibly due to
conflicting enhancing and inhibiting effects. In the reverse format,
PGT130 did not affect 17b plus sCD4 binding to either antigen.
This suggests a nonoverlapping conformational relationship of
PGT130 and 17b plus sCD4.

Competitions between nAbs and non-nAbs. We next consid-
ered competitions between nAbs and non-nAbs. These competi-
tions are in the top right and bottom left data quadrants in Fig. 5A
and B. Specific cases of interest (shown in Fig. 5 by black boxes)
were as follows.

(i) 2G12 inhibited G3-42 binding to VLPs but not to soluble
gp120. The reverse combination was not tested. This suggests a
conformational relationship on VLPs only.

(ii) VLPs exhibited greater CD4-mediated enhancement of
G3-42 and CO11 binding. The same was observed for 17b and
G3-4, but the datum was not boxed because enhancement was
observed on both antigens. The reverse format was not tested.
Thus, sCD4 has a more marked effect on several epitopes on VLPs
than on soluble gp120. As mentioned above, most, if not all, of
these effects are related to improved MAb binding to UNC gp160
in the presence of sCD4 (Fig. 2 and 3) (70).

(iii) PGT121 inhibited A32 plus sCD4 binding to VLPs but not
to soluble gp120. In the reverse format, A32 plus sCD4 also inhib-

ited PGT121 binding to VLPs more effectively. However, this is
difficult to distinguish from inhibition of PGT121 by sCD4 alone.
Overall, this suggests a conformational relationship between
PGT121 and A32 in the presence of sCD4 on VLPs.

(iv) PGT121 also inhibited b6 more effectively on VLPs than
on soluble gp120. In the reverse format, b6 inhibited PGT121
effectively on both antigens. This suggests a greater overlap be-
tween these epitopes on VLPs than on soluble gp120.

(v) In contrast, PGT121 inhibited 17b binding to soluble gp120
more effectively than it did on VLPs. In the reverse format, 17b
had no effect on PGT121. In contrast, a previous study found
modest X5 competition with PGT121 on soluble gp120 (17).
Overall, there appears to be a nonoverlapping conformational re-
lationship between PGT121 and 17b on gp120 but not on VLPs.

(vi) PGT121 inhibited CO11 on VLPs but not on soluble
gp120. In the reverse format, CO11 inhibited PGT121 on both
antigens. This indicates an overlap between these epitopes on
VLPs but merely a conformational relationship on soluble gp120.
CO11 also inhibited PGT130, but PGT130 was unable to compete
with CO11 in the reverse format, suggesting a conformational
effect. Overall, the competitions between PGT MAbs and CO11
were quite similar to those with PGT MAbs and 2G12 (Fig. 5). This
is perhaps not surprising since they all target epitopes that involve
parts of the V3 loop.

(vii) In contrast to PGT121, PGT130 did not exhibit any dif-
ferences in its ability to compete with non-nAbs on the two anti-
gens. In fact, PGT130 mediated very little competition in general.
However, like PGT121, PGT130 showed more competition of b6
on VLPs. Overall, this suggests that there is a consistent an overlap
between PGT and b6 epitopes on VLPs. The effects of b6 contrast
with those of neutralizing CD4bs MAbs b12 and VRC01, which
each exhibit distinct conformational relationships with PGT
MAbs, as mentioned above.

(viii) The C4 MAb G3-508 inhibited 17b plus sCD4 on VLPs
but not on soluble gp120. We did not test the reverse format.
However, 17b plus sCD4 did not inhibit G3-42, a MAb with a
related C4-V3 epitope. Thus, there appears to be a conformational
relationship between G3-508 and 17b in the presence of sCD4 on
VLPs but not on soluble gp120.

Competitions between non-nAbs. As for those in “Competi-
tions between nAbs and non-nAbs” above, competitions using
only nonneutralizing MAbs (lower right quadrants of Fig. 5A and
B) are all centered on UNC gp160. Specific cases of interest
(shown in Fig. 5 by black boxes) were as follows.

(i) Assays using EH21 or A32 with sCD4 as inhibitors showed
markedly more enhancement of MAbs 17b, G3-4, G3-42, and
CO11 on VLPs than on soluble gp120. However, inspection of
competitions using sCD4 alone reveals similar enhancements,
suggesting that sCD4 alone largely mediates these effects.

(ii) MAb b6 inhibited 17b on soluble gp120 but not on VLPs.
However, competition was not observed in the reverse format on
soluble gp120 and was not tested on VLPs due to weak 17b bind-
ing. Taken together, this suggests a conformational relationship of
17b and b6 on soluble gp120.

(iii) The C4 MAb G3-508 inhibited CO11 on VLPs but not on
soluble gp120. The reverse format was not tested. This is consis-
tent with a relationship of the C4 and V3 regions, at least on VLPs,
and also accounts for the existence of MAbs like G3-42 that rec-
ognize C4-V3 composite epitopes (12).

(iv) CO11 remarkably enhanced 17b binding on VLPs but not
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on soluble gp120, suggesting that CO11 triggers a conformational
change in the bridging sheet of VLP Env that allows 17b to bind.
Although this induction was potent, it fell short of the inductive
effect of sCD4 on 17b binding to VLPs.

Other notable MAb-MAb relationships. Notable MAb rela-
tionships that are not boxed in Fig. 5 are described below.

(i) Inhibitory effects. (a) In contrast to VRC01, b6 and b12
inhibited 17b binding to soluble gp120, as reported previously
(11). On VLPs, 17b binding was inhibited by b12 but not b6, as
mentioned above.

(b) Unexpectedly, 2G12 inhibited A32 binding to soluble
gp120. This is inconsistent with earlier reports (11, 19). Whether
this discrepancy is related to differences in the gp120 isolate used,
the producer cell line, or assay methodology is unclear. In the
presence of sCD4, this competition was absent on both antigens.
In the reverse format, A32 did not inhibit 2G12, suggesting a pos-
sible conformational relationship.

(c) Soluble CD4 inhibited PGT MAbs on both antigens but was
more potent on VLPs (16).

(d) In gp41 competitions using WT-VLPs, 2.2B was partially
inhibited by both 7B2 and 4E10. However, no competition was
observed in the reciprocal format, suggesting a conformational
relationship. There were no significant competitions between
gp120 and gp41 MAbs.

(e) The C4 MAb G3-508 inhibited PGT121 on both antigens.
(ii) Enhancing effects. (a) VRC01 enhanced 17b binding to

soluble gp120, consistent with earlier reports (6, 18). Interestingly,
this effect also occurred on VLPs. Since earlier work has shown
that VRC01 binding does not induce 17b binding on the native
trimer (18), this effect probably occurs on UNC gp160.

(b) A32 induced 17b binding to soluble gp120, as reported
previously (11). However, in the reverse format, 17b also en-
hanced A32 binding to soluble gp120 (11, 19). 17b and A32 bind-
ing were too weak to make a similar experiment with VLPs feasi-
ble.

(c) EH21 enhanced A32 binding to soluble gp120. Previously,
MAb M85, which recognizes an epitope similar to that recognized
by EH21, had no effect on A32 binding to HxB2 gp120. This dis-
crepancy may be due to the difference in either Env strains or
MAbs (11).

(d) Both b6 and 17b marginally induced G3-4 binding to sol-
uble gp120, consistent with a previous study (11). The effect of b6
was not observed on VLPs.

(e) A32 binding (in the presence or absence of sCD4) to soluble
gp120, and in some cases to VLPs, was exacerbated in the presence
of 17b, CO11, or EH21.

DISCUSSION

Due to methodological limitations, the antigenicity of Env ex-
pressed in situ on lipid membranes has not been comprehensively
studied until now. In this study, we used a unified ELISA method
to facilitate direct, harmonized comparisons of membrane-bound
and soluble Envs over a range of MAb concentrations, with the
intent to update and expand on the topological information
gleaned from earlier studies (3, 6, 9, 10, 12, 22–24, 34, 35, 41). Our
VLP ELISA was found to be sensitive and to exhibit a considerable
dynamic range, as evidenced by dramatic (�105-fold) binding
increases (Fig. 5), supporting the reliability of this approach.

Most of the binding patterns in our study concern the immu-
nodominant form of membrane Env, namely, UNC gp160. Gath-

ering more information on membrane UNC gp160 is important
for several reasons. First, it is the major antigen through which
antibodies bind free HIV-1 virus and infected cells, and therefore,
it probably functions as a decoy antigen whose raison d’être may
largely be to deflect antibody responses away from the native
trimer. Indeed, we observed very strong binding of non-nAbs to
VLPs, particularly those directed to V3 and CD4bs epitopes (Fig.
2). Second, based on the data of Fig. 2, it is possible that the germ
line precursors of broad neutralizing antibodies (bnAbs) may ini-
tially interact with UNC gp160 rather than the native trimer, sim-
ply because it is an attractive and immunodominant antigen.
Thus, UNC gp160 could be an integral part of nAb ontogeny,
which might culminate in the appearance of mutations that allow
cross-reactivity with the native trimer. If so, the competitive rela-
tionships on UNC gp160 in Fig. 5 could be important in dictating
if and when nAbs develop. For example, b6-like nonneutralizing
CD4bs antibodies might overlap the epitopes of PGT-like MAb
precursors on UNC gp160 and therefore might interfere with the
propagation and eventual development of mature PGT-like
bnAbs. Third, UNC gp160 and gp41 stumps may impact virus
opsonization, capture, and effector functions such as ADCVI,
complement-mediated cellular inhibition effects, and/or transcy-
tosis (61, 85–91).

Three lines of evidence suggest that membrane-expressed
UNC gp160 is relatively compact. First, VLPs expose fewer
epitopes than soluble gp120 (Fig. 4). There is also a clear trend of
lower affinity for those MAbs that do bind. Thus, epitopes appear
to be partially or fully hidden in a more compact conformation.
Second, UNC gp160 exhibits increased competitive or enhancing
MAb relationships, consistent with a generally greater proximity
of epitopes (Fig. 6). Indeed, a previous study reported that soluble
gp120 derived from a neutralization-resistant isolate exhibited
more epitope proximities than soluble gp120 from a sensitive
strain (19), showing that context can affect conformation. The
greater proximities of multiple epitopes of UNC gp160 therefore
suggest relatively compact conformation. Third, UNC gp160 un-
dergoes more pronounced sCD4-induced conformational
changes (Fig. 2). This suggests that gp120 can take on any of a
range of conformational states (92), depending on its context, as
shown in Fig. 7. Thus, if the native Env trimer is completely un-
triggered, UNC gp160 is somewhat more triggered, followed by
soluble gp120, fully triggered sCD4-bound forms of Env, and
gp120 cores (92). This model is perhaps best supported by con-
sidering CD4i epitope exposure as an arbiter of coreceptor expo-
sure or “triggering.” Thus, the 17b (CD4i) epitope is constitutively
exposed on the gp120 core, even in the absence of sCD4, consis-
tent with full triggering (5, 92). Other forms of Env expose 17b less
effectively but undergo conformational changes in the presence of
sCD4 to expose this epitope. Thus, 17b is less well exposed on the
full-length gp120 monomer and undergoes an �50-fold induc-
tion upon sCD4 binding (Fig. 2). VLPs expose the 17b epitope
even less effectively and undergo an even more dramatic, 1,500-
fold, induction upon the addition of sCD4 (Fig. 2). The unique
induction of the 17b epitope by CO11 binding to VLPs suggests an
inherent propensity for UNC gp160 conformational changes (Fig.
5). Finally, 17b fails to bind to the JR-FL native trimer (33) or
neutralize infection (70), consistent with an untriggered resting
state. The remarkable induction of 17b neutralization by adding
sCD4 (�100,000-fold [70]) and the associated structural changes
observed by cryo-electron microscopy (cryo-EM) (93) suggest
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that the native trimer undergoes a massive rearrangement as it
achieves a fully triggered state. Assuming that after CD4 trigger-
ing, each form of Env reaches a similar state of induction regard-
less of its initial state, then the less triggered the ground state, the
more profound are the changes that occur when sCD4 is added.

gp120 exists in a progressively less triggered state with the in-
creasing complexity of its presentation. More specifically, pro-
gressive increases in compactness occur upon the addition of vari-
able loops to the gp120 core and upon further addition of gp41,
expression in membranes, and gp120/gp41 processing. Thus, the
relatively untriggered state of UNC gp160 compared to soluble
gp120 might be expected, considering that, like the native trimer,
it resides in a plasma membrane, that it includes gp41, and also
that it is a precursor of the native trimer.

An alternative explanation for the different antigenicities of
monomeric gp120 and VLPs in Fig. 2 may relate to their glycosy-
lation. gp160ER is a prominent form of Env species on VLP sur-
faces (46) and exhibits a relatively sparse coat of immature high-
mannose glycans. For this reason, it may be particularly accessible
to MAb and therefore immunodominant. In contrast, mono-
meric gp120 exhibits a substantial fraction of high-mass complex
glycans (76). However, despite its thicker glycan blanket, soluble
gp120 was more accessible to MAbs than VLP Env (Fig. 4), sug-
gesting that another factor(s) accounts for the decreased MAb
accessibility to VLP Env. As mentioned above, the context of the
gp120 moiety in the form of UNC gp160 in membranes is proba-
bly more important in determining its antigenicity than its glyco-
sylation pattern.

The epitope exposure patterns of VLP Env (summarized in
Fig. 4) reveal that while CD4bs, V3, 2G12, PGT121, PGT125,
PGT130, and all gp41 epitopes were well exposed, other
epitopes either were poorly exposed (C4, CD4i, C1-C4, V2,
PGT135, and PGT136) or were nearly completely occluded
(C1, C2, C5, and C1-C5) (Fig. 2). The high exposure of non-
neutralizing V3 and gp41 epitopes may explain their high im-
munogenicity (71) and their possible role as antigenic decoys.

The C1 and C5 epitopes are largely occluded on UNC gp160,
presumably due to their interactions with gp41. The poor C5 ex-
posure may explain the inefficient processing of gp160 into gp120

and gp41 by furin, due to limited accessibility. Our data may re-
flect the possible biological roles of UNC gp160 during infection
and immune responses. Thus, for example, the lack of effective
A32 or V2 loop MAb binding to surface UNC gp160 (Fig. 2) may
limit the antibody-dependent cellular cytotoxicity (ADCC) activ-
ity (61) or 	4
7 capture that has been reported to be associated
with these determinants (94, 95). Thus, in light of the conforma-
tional differences observed in our study, we recommend that
VLPs or similar membrane-expressed forms of Env be used in
assays in place of soluble forms of Env for the routine assessment
of relevant anti-Env responses and biological activities, so that we
can assign proper weight to these effects.

Our antigenicity data (Fig. 2) largely agree with earlier studies
(3, 6, 9, 10, 12, 41), although there were some discrepancies (22–
24, 34, 35) that might be related to differences in the particular
Env-virus isolate, producer cell lines, or assay methodology. In
agreement, the V3 loop and gp41 cluster I epitopes were well ex-
posed and the C2 and V2 domains were partially occluded. How-
ever, the CD4bs, 2G12, gp41 cluster II, and MPER epitopes were
only modestly exposed by virus capture but were well exposed in
our ELISAs. Furthermore, some C5 epitopes were well exposed by
virus capture (35) but not in VLP ELISA (Fig. 2) or flow cytometry
(3). The use of MAb 670-D in our study allowed us to bridge
previous virus capture data with our ELISA data. Although 670-D
captured HIV-1 (35), it failed to bind VLPs (Fig. 2). The basis for
these discrepancies is more likely to be assay related. Having com-
pared these assays, we suggest that VLP ELISA data are more reli-
able, due to this test’s high interassay consistency and low nonspe-
cific binding. The fact that our data are derived from titrations
rather than single MAb dilutions adds to their reliability (20, 32,
33, 40, 80).

VLP ELISAs facilitated a detailed investigation of MAb binding
relationships (Fig. 5), the findings of which were interpreted in-
formatively by the use of Venn diagrams (Fig. 8). Bidirectional
competitions are indicated as epitope overlaps, although they may
also reflect close proximity or steric effects. Some MAb binding
relationships were consistent on both soluble gp120 and VLP an-
tigens (Fig. 8). For example, b12 was inhibited only by other
CD4bs MAbs and sCD4. Others were specific to one or the other
antigen. Some relationships were reported previously (6, 11, 17,
22–24, 44), while others are unique. The latter largely involve the
PGT MAbs, which are the nexus of the increased epitope overlaps
on VLP Env (Fig. 8). The differences between the antigens largely
relate to changes in the conformation of surface loops. Thus, for
example, on VLPs, PGT121 inhibited CO11 and 2G12 far more
effectively. At the other end of the spectrum, the EH21 MAb did
not have any notable effects on other epitopes, consistent with its
epitope being largely isolated on both antigens (11, 19).

The PGT121 epitope overlaps with more MAbs than PGT130 and
therefore is the overall focal point. Both MAbs exhibit relationships
with 2G12, CO11, and CD4bs MAbs. Considering the N332-depen-
dent epitopes of PGT MAbs at the base of the V3, the relationships
with V3 MAbs and 2G12 are not surprising. The relationships with
CD4bs MAbs are more revealing. The CD4bs-PGT MAb relationship
was examined in more detail than previously (17), using different
CD4bs MAbs and reciprocal competitions. This revealed complex
and variable relationships, depending on the particular MAbs stud-
ied. While there are many similarities between PGT121 and PGT130
MAbs, there were a few interesting distinctions, some of which oc-
curred on only one antigen. Perhaps most notable of these was the

FIG 7 Spectrum of Env triggering states. Various forms of Env are aligned
according to their inferred state of triggering, as judged by their relative expo-
sure of CD4i epitopes, in the absence and presence of soluble CD4 ligand (gray
circles). As in Fig. 1, complex glycans are indicated by blue tree structures and
oligomannose glycans by green tree structures.
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FIG 8 Visual interpretation of ligand binding relationships on soluble gp120 and VLP Env. The ligand binding relationships from Fig. 5 are interpreted
as Venn diagrams for gp120 (A) and VLPs (B). Each epitope footprint is depicted as a circle. Bidirectionally competing epitopes are shown as intersecting
circles. Nonoverlapping, conformational effects are shown as contacting circles. MAbs with no effect on others are shown as isolated circles. For clarity,
competitive effects are depicted in the central diagrams of panels A and B. Enhancements by sCD4 or MAbs (b12, VRC01, and CO11) are shown as
additional diagrams emanating from the two central ones. For clarity, the color scheme of Fig. 5 is used. Thus, competitions are depicted by progressively
warmer colors in the shared space of intersecting circles. Similarly, enhancements are depicted as cyan and magenta circles in the outer Venn diagrams.
Black intersecting areas indicate untested relationships of tertiary ligand combinations that are expected to be competitive. Because a single circle did not
provide sufficient space to depict all the binding relationships of MAbs b6, G3-42, VRC01, and sCD4, these ligands are in some cases depicted by two
circles.
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b12 enhancement of PGT130 but not PGT121 on soluble gp120 but
not on VLPs. Together, these patterns imply a nonoverlapping con-
formational relationship of PGT and CD4bs epitopes. Possibly, the
orientation of MAb binding to these epitopes can occasionally cause
steric clashes, resulting in unpredictable, MAb-specific binding pat-
terns. The generally increased competition around PGT epitopes re-
flects the closer spatial relationships on UNC gp160.

The relationships in Fig. 8 exhibit some general similarities
with earlier data, but also some differences (6, 11, 16, 18, 19, 22,
24). One example is the effect of VRC01 on 17b. Consistent with
earlier reports, VRC01 enhanced 17b binding to soluble gp120 (6,
18). Unexpectedly, and in contrast to previous flow cytometry
data, this enhancement also occurred on VLPs (6, 18). Since
VRC01 does not enhance 17b neutralization (see Fig. S7 in refer-
ence 18), it is likely that VRC01 induces 17b binding to UNC
gp160, not the native trimer. The reasons for this discrepancy may
be methodological and may relate to relative UNC gp160 expres-
sion. Interestingly, the VRC01-mediated enhancement of 17b
binding to VLPs is similar to CO11-mediated induction of 17b on
VLPs mentioned above, again showing the increased conforma-
tional flexibility of UNC gp160 upon MAb and sCD4 binding.

Recently, a high-resolution structure of membrane-extracted
UNC gp160 was reported to be a trimer with antigenic properties
similar to those of cell surface-expressed Env (96). Although only
a small panel of nAbs and no nonneutralizing antibodies were
used in the study of Mao et al. (96) considering the crucial role of
gp120-gp41 processing in the assembly of native trimers (33), it is
likely that nonneutralizing epitopes are exposed on these ex-
tracted UNC trimers, as they are on the membrane-associated
UNC gp160 reported here. Considering that the study by Mao et
al. used the same Env, JR-FL, as we used in this study, it is perhaps
surprising that the extracted UNC gp160 is trimeric, whereas it is
largely a monomer in membranes (Fig. 1). This apparent contra-
diction might be explained by our observation in BN-PAGE that
UNC gp160 tends to multimerize or aggregate over time after it is
extracted from membranes (data not shown).

In conclusion, our data provide new information on the major
targets of the overwhelmingly dominant nonneutralizing re-
sponse to natural HIV-1 infection. Despite this lack of neutraliza-
tion, IgG engagement with these antigens is a key aspect of the
interplay between HIV and antibodies during natural infection.
Since these interactions may be associated with certain protective
effects, our results may have broad implications for pathogenesis
and vaccine design. A similar MAb cross-competition analysis is
now under way using VLPs that have been protease digested to
clear nonfunctional Env, leaving essentially only native Env
trimer (42, 46). This should improve our understanding of
functional Env topology and the interrelationships of neutral-
izing antibodies.
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