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Abstract

During the entry process, the human immunodeficiency virus type 1 (HIV-1) envelope glyco-

protein (Env) trimer undergoes a sequence of conformational changes triggered by both

CD4 and coreceptor engagement. Resolving the conformation of these transient entry inter-

mediates has proven challenging. Here, we fine-mapped the antigenicity of entry intermedi-

ates induced by increasing CD4 engagement of cell surface–expressed Env. Escalating

CD4 triggering led to the sequential adoption of different pre-fusion conformational states of

the Env trimer, up to the pre-hairpin conformation, that we assessed for antibody epitope

presentation. Maximal accessibility of the coreceptor binding site was detected below Env

saturation by CD4. Exposure of the fusion peptide and heptad repeat 1 (HR1) required

higher CD4 occupancy. Analyzing the diverse antigenic states of the Env trimer, we

obtained key insights into the transitions in epitope accessibility of broadly neutralizing anti-

bodies (bnAbs). Several bnAbs preferentially bound CD4-triggered Env, indicating a poten-

tial capacity to neutralize both pre- and post-CD4 engagement, which needs to be explored.

Assessing binding and neutralization activity of bnAbs, we confirm antibody dissociation

rates as a driver of incomplete neutralization. Collectively, our findings highlight a need to

resolve Env conformations that are neutralization-relevant to provide guidance for immuno-

gen development.

Author summary

The trimeric human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (Env)

mediates HIV-1 entry into its target cells. Entry is initiated by sequential triggering of Env

upon interaction with its primary receptor CD4 and a coreceptor on target cells. The

ensuing structural rearrangements of the Env trimer bring the viral membrane in close

vicinity of the cellular membrane, enabling fusion. Resolving the structural differences

between the consecutive conformations Env adopts during the entry process is of high

interest, as different antigenic domains are exposed, which may affect the capacity of
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neutralizing antibodies to bind to Env and inhibit entry. Here, we compared the confor-

mation of unliganded closed Env with the transitional CD4-bound Env forms by studying

the antigenicity of cell surface–expressed Env with and without CD4 triggering. We show

that incremental triggering by soluble CD4 allows the capture of the full continuum of

conformational changes, including events that follow coreceptor interaction. Thus, the

setup we introduce here turns a simple binding assay into a powerful tool to study transi-

tional conformation changes in HIV-1 Env. Analyzing the capacity of Env-reactive anti-

bodies to recognize the diverse Env stages, our study reveals novel aspects of the binding

preferences of neutralizing antibodies that affect their inhibitory activity.

Introduction

Human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (Env) trimers, com-

posed of three gp41-gp120 heterodimers, initiate the virus entry process by binding to the pri-

mary receptor CD4 via a high-affinity binding site (referred to as CD4bs) on gp120. CD4

engagement triggers conformational changes that facilitate the binding of a coreceptor [1].

Subsequently, a second wave of conformational changes occurs within the gp41 subunit that

leads to the release of the hydrophobic fusion peptide (FP) and finally the fusion of the viral

and target cell membranes [2,3]. Important discoveries in recent years have highlighted that

native Env is conformationally flexible even in the absence of receptor triggers, shifting

dynamically between a closed ground state and activated open states resembling those trig-

gered by CD4 engagement [4,5].

CD4 triggering exposes neutralization-vulnerable epitopes shielded on the native trimer,

including the third hypervariable (V3) loop crown and the CD4-induced site (CD4i) [6–8].

Paradoxically, V3 crown and CD4i antibodies are abundant in HIV-1 infection but have only

a weak or no detectable neutralization activity at all because of their limited capacity to access

their epitopes on the closed Env trimer [9–12]. In contrast, the rare broadly neutralizing anti-

bodies (bnAbs) that are elicited [13] overcome the shielding restriction and neutralize a wide

spectrum of global HIV-1 strains [14]. Although the capacity to bind to the closed (pre-

CD4-bound) Env is generally thought to be critical for HIV-1 neutralizing antibody (nAb)

activity [4,15–17], the precise modes of action differ between individual nAbs and include

direct interference with CD4 or coreceptor engagement [18,19], arrest of Env in the ground

state [4,5,20], or acceleration of trimer decay by capturing Env in an activated state [4,21–23].

Despite detailed structural information on multiple Env conformations [2,24–26], certain

aspects of the entry process have not yet been fully unraveled. Soluble Env trimers, the basis of

much of our current knowledge of Env structure, do not fully represent the wild-type mem-

brane-embedded Env trimer [27–32]. Structural information on the native CD4-bound Env is

comparatively limited and stems from a small number of lower-resolution cryo–electron

tomography (cryo-ET) reconstructions [33,34]. Theoretically, each of the three gp120 proto-

mers of the Env trimer has the capacity to bind CD4 and the coreceptor. However, how many

CD4 and coreceptor molecules need to interact with an Env trimer in order for gp41 to

undergo the necessary conformational rearrangements remains unclear [35]. A requirement

of fewer than three CD4 proteins per Env has been proposed based on functional assays with

mixed Env trimers that contained one or two CD4 binding–deficient gp120 subunits [35–41].

Yet, only one structural study so far has provided information on an Env conformation with

partial CD4 occupancy using highly stabilized soluble Env trimers [42].
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Here, we developed a strategy to investigate the antigenicity of native, membrane-embed-

ded HIV-1 Env upon triggering with soluble CD4 (sCD4). The “on-cell sCD4-triggering

assay” we introduce allows fine antigenic mapping of the conformational dynamics of the full-

length Env trimer and resolution of dynamic changes in the antigenic landscape upon receptor

triggering. Assessing the capacity of bnAbs in recognizing differentially CD4-triggered Env

intermediates, we obtained novel insights into the interdependencies of bnAb binding and

neutralization.

Results

Induction of sequential, antigenically distinct HIV-1 Env states by sCD4

triggering

Recent discoveries have highlighted the intrinsic flexibility of the unliganded HIV-1 Env tri-

mer complex [4,5]. Here, we sought to derive detailed information on the shifts in epitope

exposure in CD4-unbound and CD4-bound forms of native, membrane-embedded HIV-1

Env by employing an experimental procedure we refer to as on-cell sCD4 triggering assay. The

assay assesses the capacity of Env-directed monoclonal antibodies (mAbs) to bind to Env tran-

siently expressed on cells in the presence of increasing concentrations of sCD4. Binding of

mAbs (S1 Table) to the differentially CD4-triggered Env was assessed by flow cytometry. We

used mAbs as indicators of specific conformational states and therefore sought to avoid condi-

tions in which the mAbs themselves would influence Env conformation. To define the appro-

priate conditions, we titrated each individual mAb over a wide concentration range in the

absence and presence of varying concentrations of sCD4 using cells expressing the Env of the

Tier 1B subtype B strain BaL.01 (Fig 1, S1, S3, S4 and S5 Figs). As exemplified by the V3

crown-specific mAb 1-79 (Fig 1 and S1 Fig), the sCD4-enhanced exposure of gp120 V3 crown

on BaL.01 Env is readily detectable after 10 minutes and increases up to a mAb dose of approx-

imately 10 μg/ml for all probed sCD4 concentrations (Fig 1A). Whereas 1-79 concentrations

higher than about 10 μg/ml resulted in increased staining of CD4-unbound and low-level

sCD4-triggered Env, the signal in presence of medium and high sCD4 concentrations started

to decline (Fig 1A), likely reflecting the onset of gp120 shedding, the release of gp120 from Env

trimers [21]. We next normalized all staining curves of 1-79 to their individual maxima

(1.0 = highest value measured at any particular sCD4 concentration) (Fig 1B). At lower 1-79

mAb concentrations (0.006–0.152 μg/ml), the normalized curves converge and tightly overlap

(Fig 1B). We refer to this as the basal epitope exposure curve of a mAb. The 1-79 basal epitope

exposure curve rises along with increasing sCD4 concentration, peaks at approximately 5 μM

sCD4, and decreases thereafter (Fig 1B). The native Env is known to continuously sample dif-

ferent conformations [5]. Antibodies specific for a conformation can bind and stabilize it,

which is referred to as “conformation capture.” As the conformational states are often short-

lived [5], the antibody concentration is expected to be a limiting factor in recognition. Employ-

ing the basal epitope exposure curves rather than staining curves obtained at higher antibody

concentrations is thus crucial if native and not antibody-enforced conformational states are to

be investigated. Extending the triggering/staining step to 60 minutes (Fig 1C and 1D) revealed

an increase in gp120 shedding, with maximum 1–79 staining of sCD4-triggered Envs decreas-

ing by up to 50% (Fig 1C). The increased staining of CD4-unbound and low-level sCD4-trig-

gered Envs highlighted that elongated reaction times provide more opportunities for

conformation capture (Fig 1C). These time- and antibody concentration–dependent effects

eventually amount to a flattening of the basal epitope exposure curve, obscuring its otherwise

distinct peak (Fig 1D).
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To gain a better insight into the time development of the basal epitope exposure curve, we

performed the on-cell sCD4 triggering assay with 1–79 mAb and second hypervariable (V2)

loop apex mAb PGT145 at a low concentration (0.1 μg/ml) and stopped the reaction at fre-

quent intervals (Fig 2 and S2 Fig). Although the staining intensity by both mAbs increased

during the 20-minute observation time, they were influenced differently by the sCD4 concen-

tration (Fig 2A and 2C). The PGT145 staining curves converged to a singular shape after

approximately 10 minutes (Fig 2D). In contrast, the 1–79 staining curves quickly reached max-

imum staining around the 5 μM sCD4 peak while continuing to increase at low or no sCD4

throughout the experiment (Fig 2B). Therefore, although one can limit the influence of confor-

mation capture by minimizing the detection mAb concentration, the on-cell triggering assay is

inherently dynamic, and the conformation capture will inevitably manifest itself in the varying

mAb binding on-rates depending on the sCD4 concentration. Nevertheless, after a minimum

incubation time of approximately 5 minutes, which is necessary to establish a clear basal epi-

tope exposure curve maximum, the sCD4 concentration corresponding to the curve maximum

remains stable even as the signal continues to increase (Fig 2B and 2D). It is this property of

the basal epitope exposure curve development that allows for the retrieval of information on

the conformational preference of antibodies by comparing the positions of their respective

basal epitope exposure curve maxima. Based on these analyses, we chose an optimal trigger-

ing/staining step of 20 minutes because we found no evidence for increased signal loss, and

thus gp120 shedding, versus shorter incubation times. In addition, the higher signal provided

by the longer, 20-minute incubation step allowed us to derive basal epitope exposure curves

Fig 1. Triggering conformational changes in cell surface–expressed BaL.01 Env by sCD4. HEK 293T cells expressing BaL.01 Env were

stained with indicated concentrations of V3 crown-directed mAb 1–79 in the presence of increasing concentrations of two-domain sCD4 for 10

minutes (A, B) or 60 minutes (C, D). The amount of antibody bound to the cell surface was quantified by flow cytometry. Dead cells were

excluded from analysis, and background signal from MuLV Env–expressing control cells was subtracted. MFI staining curves (A, C) or MFI

staining curves normalized to their maxima (relative MFI staining curves) (B, D) are plotted for every antibody concentration. Histogram plots

of the event distributions underlying the above MFI values are depicted in S1 Fig. Data represent a single experiment. Env, envelope

glycoprotein; HEK, human embryonic kidney; mAb, monoclonal antibody; MFI, mean of fluorescence intensity; MuLV, murine leukemia virus;

sCD4, soluble CD4; V3, third hypervariable.

https://doi.org/10.1371/journal.pbio.3000114.g001
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even for weakly staining mAbs and inhibitors (S3 and S4 Figs). The basal epitope exposure

curves retrieved in independent experiments showed an identical pattern (S5 Fig), allowing a

robust readout also from single experiments.

We acquired basal epitope exposure curves of BaL.01 Env for a panel of anti-Env mAbs

directed against antigenic sites on Env that are exposed upon CD4 engagement (Fig 3A, S3

and S4 Figs). This included mAbs directed to the V3 crown, the CD4i domain on gp120, and

the immunodominant cluster I of gp41 [7,8]. To probe the accessibility of the heptad repeat 1

(HR1) binding groove, which depends on CD4 engagement and is linked with a fusion-com-

petent activated Env state that allows HR1–heptad repeat 2 (HR2) interaction [43,44], we used

the HR2 peptide Fc-fusion protein C34-IgG1 [45]. To monitor the saturation of the cell sur-

face–expressed Env with sCD4, we utilized the tetrameric CD4-IgG2 molecule [46] as a detec-

tor (Fig 3A). As sCD4 and CD4-IgG2 compete for the same binding site, a decrease in

CD4-IgG2 staining intensity should reflect the decrease in free CD4 binding sites.

Comparison of the basal epitope exposure curves of the CD4-dependent antibodies revealed

a close similarity for the CD4i mAb 17b and V3 crown mAb 1-79. Epitope exposure curves of

both antibodies peak at approximately 5 μM sCD4, at which binding of CD4-IgG2 is already

greatly diminished, indicating a high CD4bs occupancy by sCD4 (Fig 3A). Considering that

the coreceptor binding site has substantial overlap with CD4i epitopes and includes the base of

the V3 loop [47–49], the peak of the basal epitope exposure curves of 1-79 and 17b indicates

the predominance of an Env conformation that is optimally primed for coreceptor interaction,

to which we refer hereafter as the optimal CD4i-triggered state. Binding of cluster I mAb 4B3

and of C34-IgG1 is not at its maximum at the optimal CD4i-triggered state and increases fur-

ther upon elevation of sCD4 concentrations (Fig 3A).

Fig 2. Time resolution of on-cell sCD4 triggering to define basal epitope exposure curves. Time resolution of on-cell sCD4 triggering of

BaL.01 Env. Binding efficacy of V3 crown mAb 1–79 (A, B) and V2 apex bnAb PGT145 recognizing a quaternary epitope (C, D) (both at 0.1 μg/

ml) in response to increasing sCD4 at different time intervals. MFI staining curves (A, C) or MFI staining curves normalized to their maxima

(relative MFI staining curves) (B, D) derived as described in Fig 1 are plotted for all individual time points. Histogram plots of the event

distributions underlying the above MFI values are depicted in S2 Fig. Data represent a single experiment. bnAb, broadly neutralizing antibody;

Env, envelope glycoprotein; mAb, monoclonal antibody; MFI, mean of fluorescence intensity; sCD4, soluble CD4; V2, second hypervariable;

V3, third hypervariable.

https://doi.org/10.1371/journal.pbio.3000114.g002
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We next investigated the epitope exposure for a selection of bnAbs during sCD4 triggering

(Fig 3B, S3 and S4 Figs). In line with its known preference for intact closed trimer, the V2 apex

bnAb PGT145 showed high binding of CD4-unbound BaL.01 Env but no reactivity with the

optimal CD4i-triggered Env. The gp120-gp41 subunit interface bnAb PGT151 and the V3

high-mannose patch bnAb PGT121 also recognized CD4-unbound Env preferentially but

maintained substantial binding activity toward the optimal CD4i-triggered state. Whereas the

basal epitope exposure curve of bnAb 2G12 (known to interact exclusively with V3 glycans)

remained largely unaltered across the probed sCD4 triggering range, the two V3 high-man-

nose patch bnAbs—PGT128 and PGT135—showed a preference for the optimal CD4i-trig-

gered state. Binding of the two gp41-directed bnAbs, 4E10 (directed against the membrane-

proximal external region [MPER]) and VRC34.01 (directed against the FP), was gradually

enhanced by increased sCD4 triggering. Thus, similar to MPER mAbs [50,51], VRC34.01

appears to preferentially bind the CD4-bound Env. However, the basal epitope exposure

curves of the two bnAbs differ: 4E10 reached its epitope exposure plateau in an sCD4 range

close to the optimal CD4i-triggered state, whereas VRC34.01 epitope exposure did not reach a

plateau within the tested sCD4 doses. To assess the exposure of gp41 epitopes following CD4

C34-IgG1 HR1
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Fig 3. BaL.01 Env basal epitope exposure curves of mAbs and inhibitors. On-cell sCD4 triggering of BaL.01 Env with a 20-minute triggering step.

Basal epitope exposure curves for wnAbs/nnAbs, CD4-IgG2, and C34-IgG1 depicted in (A) and bnAbs depicted in (B) were selected from the relative

MFI staining curves of each individual antibody/inhibitor (S3 Fig) based on the following criteria: lowest concentration of the tested antibody/inhibitor

that yields at least a 10-fold-higher MFI signal over MuLV background at the peak. Histogram plots of the event distributions underlying the basal

epitope exposure curves are depicted in S4 Fig. bnAb, broadly neutralizing antibody; CD4bs, CD4 binding site; CD4i, CD4-induced site; Env, envelope

glycoprotein; HR1, heptad repeat 1; mAb, monoclonal antibody; MFI, mean of fluorescence intensity; MPER, membrane-proximal external region;

MuLV, murine leukemia virus; nnAb, nonneutralizing antibody; sCD4, soluble CD4; V2, second hypervariable; V3, third hypervariable; wnAb, weakly

neutralizing antibody.

https://doi.org/10.1371/journal.pbio.3000114.g003
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engagement in detail, we probed the binding patterns of a broader panel of gp41-reactive

mAbs comprising cluster I (immunogenic loop), cluster II (HR2), and MPER and FP-proximal

region (FPPR) mAbs in the on-cell sCD4 triggering assay (S6 Fig). With the exception of

MPER mAbs and the reported cluster II mAb 98–6 that showed overlapping patterns, all other

gp41 mAbs tested displayed a reactivity pattern identical to the cluster I mAb 4B3 (S6B and

S6C Fig, Fig 3A). Though none of the tested gp41 mAbs preferred the CD4-unbound Env con-

formation, the MPER-targeting bnAbs bound it most efficiently (S6C Fig).

Resistance to sCD4-induced conformational changes is associated with

higher neutralization shielding

Next, we probed the effects of sCD4 triggering on virus strains with different levels of general

neutralization sensitivity (tiers 1 and 2/3). We included the highly neutralization-sensitive Env

MN.3 (subtype B, tier 1A) [52], the relatively neutralization-resistant tier 2 Env JR-FL (subtype

B) [53], and the highly neutralization-resistant Env clone BG505.W6M.ENV.C2_T332N

(BG505_T332N) (subtype A, tier 2/3) [27,54]. Exposure of epitopes upon sCD4 triggering was

assessed at a single antibody concentration (10 μg/ml) that provided a satisfactory signal inten-

sity across all Env/antibody combinations tested. We probed epitope accessibility during grad-

ual sCD4 triggering for three groups of antibodies: (1) weakly neutralizing antibodies (wnAbs)

and nonneutralizing antibodies (nnAbs), (2) CD4bs-targeting mAbs, and (3) bnAbs (Fig 4, S7

and S8 Figs).

wnAb/nnAb epitope accessibility in the CD4-unbound stage and the sensitivity to

sCD4-triggered conformational changes reflect the known neutralization sensitivity/resis-

tance, open/closed conformation of the four virus strains (Fig 4 and S7A Fig). In particular,

binding of wnAbs/nnAbs to MN.3 is already substantial in the CD4-unbound state and further

boosted at low sCD4 concentrations. Compared to MN.3, the basal exposure of wnAb/nnAb

epitopes on BaL.01 is lower and can be enhanced at relatively modest sCD4 concentrations. In

contrast, the accessibility of wnAb/nnAb epitopes on JR-FL is low, and their full exposure

requires high concentrations of sCD4. Binding of all wnAbs/nnAbs to BG505_T332N is negli-

gible in the native state, and the sCD4 concentrations necessary to induce their binding are so

extreme that we were unable to reach saturation in our assay. Thus, sCD4 doses that suffice to

unshield tier 1 and tier 2 Envs failed to fully unmask neutralization-sensitive epitopes on the

more neutralization-resistant BG505 trimer.

bnAbs showed similar reactivity patterns in response to sCD4 triggering for all four Envs

(Fig 4 and S7B Fig), demonstrating that the conformational preference of bnAbs is well con-

served irrespective of the Env genotype and its general neutralization sensitivity/resistance.

The sCD4 triggering assay revealed that the open conformation of MN.3 extends even to

gp41 epitopes, as both cluster I and MPER epitopes are already accessible on CD4-unbound

Env, and their exposure does not increase upon sCD4 triggering (Fig 4 and S7 Fig). Assess-

ment of epitope exposure by a larger gp41 mAb panel and C34-IgG1 (S9 Fig) revealed that the

MN.3 trimer assumes a unique, minimally shielded conformation with fully accessible FPPR,

cluster I, cluster II, and MPER but effectively concealed FP and HR1 (S9A–S9C Fig). FP and

HR1 exposure upon sCD4 triggering closely paralleled the induction of V3 crown and CD4i

epitopes on MN.3 (S9D Fig).

Incomplete neutralization can occur despite high binding capacity to

native Env

We next probed the relevance of binding to closed (CD4-unbound) Env conformation for

antibody neutralization. A correlation between binding to native BaL.01 Env (mean of

Antigenicity of native and sequential CD4-induced states of HIV-1 Env
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fluorescence intensity [MFI] with staining antibody at 10 μg/ml) and neutralization activity

(area under the inhibition curve [AUC]) against BaL.01 in the TZM-bl pseudovirus assay sig-

nified a wide spectrum of nAbs (Fig 5A). V2 apex bnAbs, 2G12, and to a lesser extent PGT135

differed in this respect, showing comparatively weak neutralization activity despite high bind-

ing efficacy. These antibodies exhibited incomplete neutralization of the BaL.01 virus, i.e., an

inhibition curve with a top plateau below 100% (Fig 5B and 5C). We observed a similar inter-

relationship of V2 apex, 2G12, and PGT135 antibody binding and neutralization for MN.3 but

not for the more neutralization-resistant viruses JR-FL and BG505_T332N (S10 Fig). The

overall positive correlation between binding (MFI) and neutralization activity (AUC) was evi-

dent for all four viruses probed irrespective of the open/closed conformation of their native

Envs (S10A Fig). In line with the low-level impact of sCD4 triggering on BG505_T332N Env,

Fig 4. Comparison of the antigenic profiles and CD4-unbound state stability of divergent Envs. On-cell sCD4

triggering of MN.3, BaL.01, JR-FL, and BG505_T332N Envs and assessment of antibody/inhibitor binding at 10 μg/ml

with a 20-minute triggering step. MFI staining curves were derived as described in Fig 1. Respective relative MFI

staining curves are depicted in S7 Fig and histogram plots of the event distributions in S8 Fig. Data represent a single

experiment. BG505_T332N, BG505.W6M.ENV.C2_T332N; CD4bs, CD4 binding site; CD4i, CD4-induced site; Env,

envelope glycoprotein; mAb, monoclonal antibody; MFI, mean of fluorescence intensity; MPER, membrane-proximal

external region; nnAb, nonneutralizing antibody; sCD4, soluble CD4; V2, second hypervariable; V3, third

hypervariable; wnAb, weakly neutralizing antibody.

https://doi.org/10.1371/journal.pbio.3000114.g004
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inhibitor binding in the presence of increasing doses of sCD4 still showed a high correlation

with neutralizing activity against the respective virus (Table 1). Notably, this association was

rapidly lost for JR-FL and BaL.01, which are more sensitive to sCD4-induced conformational

changes (Table 1). The correlation for MN.3 Env was comparable across the entire sCD4

range, highlighting the lack of effective conformational shielding (Table 1).

HIV-1 bnAbs can differ substantially in their dissociation kinetics

A plausible explanation for the disparity in binding and neutralization observed for 2G12 and

V2 apex bnAbs would be high dissociation rates of these antibodies [22,55,56]. Alternatively,

Fig 5. Relationship between BaL.01 neutralization and Env binding capacity. (A) Correlation between the inhibitor

binding to the native, CD4-unbound BaL.01 Env (MFI data from Fig 4) and neutralization of the BaL.01 pseudovirus

expressed as the AUC derived from neutralization data shown in panels B and C. Pearson’s r coefficients and

respective P values were calculated taking into consideration either all probed inhibitors or all inhibitors excluding V2

apex bnAbs (PG9, PG16, PGT145, PGDM1400), 2G12, and PGT135. (B, C) Inhibition curves of BaL.01 pseudovirus

neutralization assay for (B) V2 apex bnAbs, 2G12, and PGT135 and (C) other mAbs and inhibitors. Binding/

neutralization relationships for MN.3, JR-FL, and BG505_T332N Envs as well as the corresponding inhibition curves

are depicted in S10 Fig. Data represent a single experiment. AUC, area under the inhibition curve; BG505_T332N,

BG505.W6M.ENV.C2_T332N; bnAb, broadly neutralizing antibody; CD4bs, CD4 binding site; Env, envelope

glycoprotein; mAb, monoclonal antibody; nnAb, nonneutralizing antibody; MFI, mean of fluorescence intensity; V2,

second hypervariable; wnAb, weakly neutralizing antibody.

https://doi.org/10.1371/journal.pbio.3000114.g005
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differences in Env binding and neutralization capacity could also result from the respective

assay conditions that may impact antibodies differentially. The on-cell sCD4 triggering assay

records binding at room temperature after a relatively short incubation, which may favor the

measurement of antibody on-rates. Measurement of neutralization activity involves prolonged

incubation, including a preincubation of antibody and virus at 37 ˚C, creating conditions that

can promote antibody dissociation. Prolonged incubation may also irreversibly inactivate tri-

mers (e.g., by arresting in nonfavorable conformations) or cause trimer dissociation accompa-

nied by gp120 shedding [4,21–23]. If present, these effects can impact the readout in both

binding and neutralization assays in a virus strain–, antibody-, time-, and temperature-depen-

dent manner. We thus sought to create an assay that enables measurement of antibody dissoci-

ation in absence of gp120 shedding. We generated a mutant Env, BaL.01 SOS, which contains

a disulfide bond linking gp120-gp41, thereby preventing gp120 dissociation [57]. BaL.01 SOS

can be triggered by sCD4 to the same extent as BaL.01 (S11 and S3 Figs). A time-dependent

loss in gp120 antibody signal was observed for BaL.01 wild type, which is in line with the ability

of gp120 to dissociate from BaL.01 but, as expected, not for BaL.01 SOS (S11 Fig and Fig 1). As

BaL.01 SOS expression was higher, BaL.01 SOS/BaL.01 binding ratios were normalized for

expression based on antibody 2G12 and the reactivity of both Envs with a large panel of anti-

bodies compared (S12 Fig). The cell surface–expressed wild-type BaL.01 and BaL.01 SOS

proved antigenically very similar. We only observed localized differences in antibody binding

to BaL.01 SOS compared to BaL.01 wild type that centered on CD4i and gp41 epitopes.

CD4bs, V3 high-mannose patch, and V2 apex and subunit interface reactivity was comparable

(S12C Fig). Probing the dissociation of a panel of mAbs, CD4-IgG2, and sCD4 after binding to

BaL.01 SOS Env–expressing cells at 37 ˚C (Fig 6 and S13 Fig), we observed the highest dissoci-

ation rates for V2 apex mAbs, PGT135, and 2G12 (Fig 6A–6C). In contrast, the signal for

MPER bnAbs decreased very slowly or even increased slightly over time (Fig 6A and 6B).

Table 1. Correlation between antibody neutralization and binding to progressively more receptor-triggered forms of the same HIV-1 Env.

sCD4 [μM] Env

MN.3 BaL.01 JR-FL BG505_T332N

r P r P r P r P
Pearson correlation 80 0.5364 0.0264 � −0.1271 0.627 ns −0.08889 0.7344 ns 0.4389 0.078 ns

20 0.5236 0.031 � −0.00437 0.9867 ns 0.04003 0.8788 ns 0.6627 0.0037 ��

5 0.5365 0.0264 � 0.09431 0.7188 ns 0.248 0.3373 ns 0.7374 0.0007 ���

1.25 0.5249 0.0305 � 0.2269 0.3811 ns 0.5837 0.0139 � 0.7524 0.0005 ���

0.3125 0.5619 0.0189 � 0.4478 0.0715 ns 0.7892 0.0002 ��� 0.745 0.0006 ���

0.078125 0.4939 0.0439 � 0.6129 0.0089 �� 0.8114 <0.0001 ���� 0.7576 0.0004 ���

0 0.505 0.0387 � 0.5987 0.0111 � 0.8398 <0.0001 ���� 0.7722 0.0003 ���

Correlation between MFI of antibody binding to the cell surface–expressed CD4-unbound as well as progressively more CD4-bound MN.3, BaL.01, JR-FL, and

BG505_T332N Env and AUC for neutralization of the corresponding pseudovirus. CD4bs-directed inhibitors were excluded from the analysis, as their apparent affinity

toward Env in the on-cell sCD4 triggering assay is influenced by direct competition for binding with sCD4. Pearson’s r coefficients and respective two-tailed P values are

listed. High correlation/low P values are shaded in purple; low correlation/high P values are shaded in yellow.

Abbreviations: AUC, area under the inhibition curve; BG505_T332N, BG505.W6M.ENV.C2_T332N; CD4bs, CD4 binding site; Env, envelope glycoprotein; MFI, mean

of fluorescence intensity; ns, not significant; sCD4, soluble CD4.

� P < 0.05.

�� P < 0.01.

��� P< 0.001.

���� P< 0.0001.

https://doi.org/10.1371/journal.pbio.3000114.t001
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Antibody dissociation curves for wild-type BaL.01 closely resembled the patterns observed for

the SOS mutant with the expected exception of a rapid decline following sCD4 or CD4-IgG2

treatment known to induce gp120 shedding (S14 Fig). The fact that we observed equivalent

dissociation patterns of antibodies on both BaL.01 wild type and BaL.01 SOS confirms that the

decrease in binding we observe for certain antibodies is not due to shedding but indeed reflects

high dissociation rates.

Fig 6. Dissociation of inhibitors from the cell surface–expressed, CD4-unbound BaL.01 SOS Env. BaL.01 SOS

Env–expressing HEK 293T cells were stained with 5 μM biotinylated sCD4 or 10 μg/ml of other HIV-1 inhibitors that

were then allowed to dissociate at 37 ˚C until the cells were chemically fixed. The amount of bound inhibitor

remaining at the time of fixing was quantified by flow cytometry. Dead cells were excluded from analysis, and

background signal from MuLV Env–expressing control cells was subtracted. A separate aliquot of cells stained with

10 μg/ml of 2G12 mAb only after fixing served as an “Env expression control” for the total amount of Env present on

the cells at each dissociation time point. (A) MFI values for each inhibitor and Env expression control were normalized

to the dissociation time t = 0 (mean [SD] of three independent experiments). (B) The resulting relative MFI values for

each inhibitor were divided by the relative MFI value of the Env expression control for the respective time point (mean

[SD] of three independent experiments). (C) Relative MFI values for each inhibitor and Env expression control at

dissociation time t = 7 hours. Bars indicate the respective means of three replicate values depicted by symbols.

Underlying flow cytometry data are depicted in S13 Fig. CD4bs, CD4 binding site; CD4i, CD4-induced site; Env,

envelope glycoprotein; HEK, human embryonic kidney; HIV-1, human immunodeficiency virus type 1; mAb,

monoclonal antibody; MFI, mean of fluorescence intensity; MPER, membrane-proximal external region; MuLV,

murine leukemia virus; sCD4, soluble CD4; V2, second hypervariable; V3, third hypervariable.

https://doi.org/10.1371/journal.pbio.3000114.g006
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Structural antagonism with CD4-triggered Env promotes incomplete

neutralization by V2 apex bnAbs

Neutralization of HIV-1 before CD4 attachment is considered critical, as access of antibodies

to the CD4-engaged Env on cells may be more constrained, and rapid progression toward

fusion likely limits possibilities of antibody interference [58]. However, antibodies that retain

post-CD4-attachment activity may increase their window of opportunity and also potentially

neutralize the virus better in the setting of cell–cell transmission [18,59]. It is thus of high inter-

est to determine if and which bnAbs have a post-CD4-attachment activity. CD4 triggering has

been shown to have a negative effect on the binding of V2 apex bnAbs PG9 and PG16 [60], but

neutralization capacity of these and other bnAbs in presence of CD4 has thus far not been sys-

tematically investigated. Probing neutralization of BaL.01 by antibodies and other Env-

directed entry inhibitors in the presence of increasing doses of sCD4 (Fig 7A and S15 Fig), we

observed diverse patterns of both positive and negative neutralization cooperativity (Fig 7B

and 7C, S16 Fig). To assess if bnAbs retain neutralization activity post CD4 triggering, we cal-

culated the antibody-contributed inhibition in the coinhibition with sCD4 (Fig 7B and S16

Fig). When an antibody exhibited no additional inhibitory effect at the highest antibody and

sCD4 dose tested, we recorded this as loss of antibody-mediated neutralization (Fig 7C). Anti-

bodies with positive CD4 cooperativity gained in neutralizing activity. These included antibod-

ies directed to the V3 crown, the CD4i and HR2 peptides, in line with previous findings [61–

67]. CD4bs bnAbs showed no cooperativity with CD4, consistent with their shared binding

site with sCD4. Cooperativity of sCD4 with MPER bnAbs was positive but small (4E10) or

negligible (10E8). The effect of CD4 triggering differed for V3 high-mannose patch bnAbs.

PGT135 and 2G12 showed a positive cooperativity with a slightly improved neutralization

capacity in presence of CD4. In contrast, PGT121 and PGT128 displayed an intermediate neg-

ative cooperativity with CD4. Both showed reduced capacity to neutralize post-CD4 engage-

ment but retained considerable neutralization activity. bnAbs with strong negative CD4

cooperativity completely lost neutralization activity. The FP-directed bnAb VRC34.01 and all

probed V2 apex bNAbs fell into this category. Collectively, this suggests that the high off-rate

of V2 bnAbs in binding to the native Env and their incapacity to interact with CD4-triggered

Env are reflected in the incomplete neutralization commonly observed for these bnAbs.

Discussion

Definition of the various conformations the HIV-1 Env trimer can adopt is one of the main

gaps in the knowledge of the HIV-1 entry process and its neutralization [68,69]. Most

approaches toward this are technically complex and not easily scalable [31,33,34,41,42,70,71].

Here, we provide information on the antigenic landscape of multiple distinct receptor-trig-

gered Env forms with varying CD4bs occupancy that is based on a comparatively simple bind-

ing assay setup. Our study builds on a tremendous body of work dedicated to unraveling the

interactions of the Env trimer with CD4 and the conformational stages the trimer adopts upon

CD4 engagement [43–45,72–74]. To be able to explore Env in a close to native setting, we

assessed cell surface–expressed Env trimers by flow cytometry, a widely used setup [6–

8,51,60,75–77]. A fine-tuned composition of the assay—which controls for a range of factors

including temporal kinetics of CD4 triggering, allosteric effects of antibodies, and Env inacti-

vation through gp120 shedding—allowed us to trace and systematically investigate the varying

conformations of native and CD4-bound Env. Increasing the average occupancy of CD4bs on

the trimers manipulates the equilibrium of Env conformational states. The successive

CD4-triggered conformations that are generated at different sCD4 concentrations represent

the majority species at the given assay condition. As both unliganded and CD4-bound states
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Fig 7. Neutralization cooperativity between sCD4 and different HIV-1 nAbs/inhibitors. (A) Neutralizing activity of antibodies

against BaL.01 pseudovirus was assayed in the presence of increasing sCD4 concentrations (0–40 μM). Data represent a single

experiment. See S15 Fig for coinhibition curves of further nAbs/inhibitors with sCD4. (B) The percent effect of a nAb in the presence

of sCD4 was calculated relative to the residual infectivity measured with sCD4 at the respective concentration in the absence of nAb/

inhibitor. See S16 Fig for percent effect curves of further nAbs/inhibitors. (C) The difference between the area under the percent effect

curve of a nAb/inhibitor in the presence of 2.5, 5, 10, 20, or 40 μM sCD4 and the area under its percent effect curve in sCD4 absence

(i.e., its neutralization curve) was calculated and designated as ΔAUC. The neutralization cooperativity of a particular nAb/inhibitor

was then calculated as the sum of the five ΔAUC values. The color code of the bars denotes if nAbs/inhibitors retained (red) or lost

(blue) neutralizing activity at the highest nAb/inhibitor and sCD4 dose probed (see Fig 7B and S16 Fig). AUC, area under the

inhibition curve; CD4i, CD4-induced site; FPPR, fusion peptide–proximal region; HIV-1, human immunodeficiency virus type 1;

HR1, heptad repeat 1; mAb, monoclonal antibody; MPER, membrane-proximal external region; nAb, neutralizing antibody; sCD4,

soluble CD4; V2, second hypervariable; V3, third hypervariable.

https://doi.org/10.1371/journal.pbio.3000114.g007
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are metastable, our assay is best viewed as providing snapshots of a shifting equilibrium

between conformational states.

By exposing the Env to a wide range of sCD4 concentrations, we demonstrate a simple

strategy to promote successive receptor-induced Env states to form, allowing their detailed

antigenic characterization. What advances our setup over any described thus far is the estab-

lishment of individual basal epitope exposure curves for each antibody tested. With this, we

minimize the allosteric effects of antibody binding on Env that might obscure the true confor-

mational preference of antibodies. Our study shows how this limitation can be overcome and

how a simple Env binding setup can be turned into a powerful antigenic characterization tool.

Whereas our study focused solely on the effects of CD4 engagement on antibody epitope

exposure, extending these analyses in future studies to evaluate the allosteric effects of antibody

binding on the trimer and to explore potential multistep binding of antibodies to the trimer

will be of high interest. In the present study, we sought to limit the allosteric effects of antibod-

ies by carefully titrating antibody doses and restricting the readout to low doses. Differential

epitope exposure at high and low antibody doses that we note in these dose-finding experi-

ments (S3 Fig) is an indication of antibody-induced allosteric effects at higher antibody doses,

highlighting potential avenues for further investigations.

Our results complement recent investigations on the dynamic conformational rearrange-

ments of the HIV-1 trimer [5,41]. The on-cell sCD4-triggering assay allows for fine antigenic

mapping of the conformational dynamics of the full-length Env trimer and to resolve dynamic

changes in the antigenic landscape upon receptor triggering. By assessing the response of Env

trimers to sCD4, triggering the assay further delivers a measure of trimer stability of the

CD4-unbound state by disclosing how refractory a respective trimer to receptor-induced con-

formational changes is. This recommends our assay for screening of stable Env trimers consid-

ered for immunogen development.

Binding efficacy of nAbs to native HIV-1 Env is a known predictor of in vitro neutralization

potency [4,15,16,78]. Beyond confirming the strong link between neutralization and trimer

binding [4,15,16,78], our analyses provide the first survey, to our knowledge, of these relation-

ships that covers the probed Env from the native state through the full range of CD4-triggered

conformations. Our results further expand on prior findings by highlighting that exceptions

exist. Certain antibodies can bind the unliganded Env with high affinity but fail to completely

neutralize the corresponding virus as shown for the V2 apex bnAbs and 2G12 bnAb (Fig 5). A

high rate of antibody dissociation can result in reversible neutralization as previously shown

for 2G12 [22,56], and a high off-rate of bnAb binding has been suggested to result in incom-

plete neutralization [55]. Here, we observe incomplete neutralization occurring predominantly

for antibodies that display a high dissociation rate. Incomplete neutralization of HIV-1 is a

commonly noted phenomenon in different assay systems, and other factors such as differential

glycosylation and conformational heterogeneity of Env can affect its appearance [79–82]. In

the present study, we show that the high off-rate in binding to the native Env and incapacity to

recognize and neutralize CD4-triggered Env are two factors that may contribute strongly to

the incomplete neutralization by V2 bnAbs.

A key finding of our study is that we show several bnAbs to preferentially bind the

CD4-triggered Env. This may indicate a capacity of these antibodies to neutralize both pre-

and post-CD4 engagement, which needs to be explored. Inferring neutralization capacity post

CD4 triggering directly from binding activity alone is, however, not straightforward. Accessi-

bility of free virus and cell-bound virus may differ. Certain Env conformations that allow high

epitope accessibility may be sampled beyond a relevant step in entry that can be blocked. In

line with this, we observed an intriguing disparity for bnAb VRC34.01, which showed

enhanced binding upon CD4 triggering but decreased neutralization activity that will be
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interesting to tease apart in forthcoming studies. Overall, we found neutralization and binding

activity to correlate well for native and partially triggered trimer but not for the fully opened

trimer (Table 1). A strong correlation with native trimer fits with the notion that inhibition

prior to receptor engagement is important [4,15,16,78]. Adding to this, our data suggest that

neutralization in early stages of CD4 triggering may be possible for certain types of antibodies.

Current assay systems predominantly record pre-CD4-attachment neutralization effects of

antibodies [83]. Preincubation of antibodies and virions before addition to target cells favors

the pre-CD4-attachment activity. Proof of post-CD4-attachment neutralization activity has

long been established for MPER bnAbs but remained less studied for gp120 antibodies [22,59].

In light of our new findings, post-CD4-attachment activity should be systematically investi-

gated to understand if our current screening systems capture this activity properly and to

define its role in neutralization in vivo. Retaining neutralization activity beyond CD4 trigger-

ing may be key when antibody binding is reversible. Likewise, the capacity to neutralize post-

CD4 engagement has been implicated in blocking cell–cell transmission of HIV-1 where

engagement of CD4 is more rapid than in the setting of free virus infection [18,59].

Collectively, the findings we made using the on-cell sCD4 triggering assay contribute to a

refined view of the process of HIV-1 entry and its inhibition. Our study highlights a continued

need to resolve which Env conformations are neutralization-relevant. This will not only be

interesting from a mechanistic point of view but will also provide guidance for immunogen

development.

Material and methods

Cell lines, inhibitors, and plasmids

HEK 293T cells were obtained from the American Type Culture Collection and TZM-bl cells

[84] through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH. Cell lines were

maintained in DMEM, high glucose, pyruvate (Gibco, Thermo Fisher Scientific, Waltham,

MA, USA) supplemented with 10% heat-inactivated FBS (Gibco, Thermo Fisher Scientific,

Waltham, MA, USA), 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco, Thermo Fisher

Scientific, Waltham, MA, USA) at 37 ˚C, 5% CO2, and 80% relative humidity. The sources of

inhibitors and plasmids used in this study are listed in S1 and S2 Tables, respectively.

Production of recombinant two-domain sCD4 (sCD4-183_avi_his.bio)

A codon-optimized sequence corresponding to 183 N-terminal amino acid residues of mature

human CD4 followed by AviTag (Avidity, Aurora, CO, USA), GSG linker, and 8xHis-tag was

cloned into the pET-32a(+) (Merck KGaA, Darmstadt, Germany) expression vector so as to

contain only one additional N-terminal methionine residue. The resulting plasmid was

cotransformed together with the pBirAcm biotin ligase expression plasmid (Avidity, Aurora,

CO, USA) into SHuffle T7 Express Competent Escherichia coli (New England Biolabs, Ipswich,

MA, USA). Bacteria were kept under antibiotic selection pressure in TYH medium (2% w/v

tryptone, 1% w/v yeast extract, 1.1% w/v HEPES, 0.5% w/v NaCl, 0.1% [w/v] MgSO4

[pH = 7.3]) to maintain both plasmids. Bacterial cultures, of which the optical density at 600

nm reached 0.7–0.8, were induced with 50 μM Isopropyl β-D-1-thiogalactopyranoside in the

presence of 50 μM D-biotin for 20 hours at 16 ˚C. Cells were mechanically disrupted in extrac-

tion buffer (50 mM phosphate, 250 mM NaCl, 20 mM imidazole, 20% v/v glycerol, 0.2%

TWEEN-20 [pH = 7.4]). The recombinant protein in the soluble fraction was bound to Ni-

NTA Superflow resin (Qiagen, Venlo, the Netherlands). After washing with 60 resin volumes

of wash buffer 1 (50 mM phosphate, 250 mM NaCl, 20 mM imidazole, 20% v/v glycerol

[pH = 7.4]) and 20 resin volumes of wash buffer 2 (50 mM phosphate, 20 mM imidazole, 10%
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v/v glycerol [pH = 7.4]), the protein was eluted with 8 resin volumes of elution buffer (50 mM

phosphate, 250 mM imidazole, 10% v/v glycerol [pH = 7.4]). Finally, the protein was purified

by size-exclusion chromatography in FPLC buffer (50 mM phosphate, 10% v/v glycerol

[pH = 7.4]) on a HiLoad 26/600 Superdex 200 column/Äktaprime plus FPLC system (GE

Healthcare, Uppsala, Sweden).

Flow cytometric analysis of antibody binding to cell surface–expressed Env

A total of 1.25 × 105 HEK 293T cells per well were seeded in 1 ml of culture medium in 12-well

tissue culture plates and incubated at 37 ˚C. Twenty-four hours later, cells in each well were

transfected with a total of 1 μg DNA (Env expression plasmid and pCMV-rev expression

helper plasmid in 4:1 ratio) mixed with 3 μg 25-kDa linear PEI or 40-kDa PEI MAX (Poly-

sciences, Warrington, PA, USA) in 200 μl 150-mM NaCl. After settling the DNA-PEI com-

plexes by a short spin (3 minutes, room temperature, 300g), the cells were incubated for 36

hours at 37 ˚C. All subsequent steps were carried out at room temperature. Cells were har-

vested, pooled, and distributed into 96-well round-bottom tissue culture plates for the individ-

ual staining reactions. For each staining reaction, cells were washed once with 200 μl staining

buffer (DPBS [Gibco, Thermo Fisher Scientific, Waltham, MA, USA] with 2% heat-inactivated

FBS [Gibco, Thermo Fisher Scientific, Waltham, MA, USA], and 2 mM EDTA) and stained

for 20 minutes (unless indicated otherwise) in 20 μl of staining buffer with 10 μg/ml of primary

antibody (unless indicated otherwise) with or without the presence of sCD4. After washing

twice with 200 μl staining buffer, a secondary staining mix of 30 μl of staining buffer with

1:1,000 diluted APC-conjugated F(ab’)₂ fragment goat anti-human IgG (Jackson ImmunoRe-

search, West Grove, PA, USA) or APC-conjugated streptavidin (BioLegend, San Diego, CA,

USA) was added to the cells for 20 minutes. Following two washes with staining buffer, the

cells were resuspended in 100 μl staining buffer with 0.1 μg/ml propidium iodide (BD Biosci-

ences, San Jose, CA, USA). Flow cytometry data were acquired on the FACSVerse system (BD

Biosciences, San Jose, CA, USA) and analyzed using FlowJo 10 software (FlowJo, Ashland, OR,

USA). Arithmetic mean of APC fluorescence intensity (MFI) was calculated for the gated pro-

pidium iodide–negative single-cell population as a measure of primary antibody binding to

the live cells in each staining reaction.

For the experiments that required cell fixation, the protocol was conducted with the follow-

ing modifications: A four times greater number of cells was used per staining reaction. Instead

of propidium iodide in the final resuspension buffer, 1:1,000 Zombie Green Fixable Viability

Dye (BioLegend, San Diego, CA, USA) was included in the primary staining mix of 30 μl total

volume. After incubation with the primary staining mix, the cells were washed once with

200 μl DPBS, a further 200 μl of DPBS were added, and cells were put to 37 ˚C. At a specified

time point, the DPBS was replaced with a fixing solution of 3% paraformaldehyde in DPBS.

After 20-minute incubation at room temperature, the cells were washed twice with DPBS

before adding the secondary staining mix. For postfixation cell staining, a simultaneous pri-

mary/secondary staining step was used with APC-conjugated F(ab’)₂ fragment goat anti-

human IgG (Jackson ImmunoResearch, West Grove, PA, USA) diluted 1:1,000 in staining

buffer together with the primary mAb 2G12 at 10 μg/ml.

In the on-cell sCD4 triggering assay, the MFI values for cells subjected to the same experi-

mental conditions other than a different concentration of sCD4 were regarded as one data

series, the MFI staining curve. To obtain a relative MFI staining curve, each of the MFI values

within an MFI staining curve was divided by the maximum MFI value present within the same

MFI staining curve. In the inhibitor dissociation assay, the relative MFI values for each inhibi-

tor/control were calculated by dividing the MFI values for each time point by the MFI value
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for the time point t = 0. In the on-cell sCD4 triggering assay, the basal epitope exposure curve

was selected from the relative MFI staining curves of each individual antibody/inhibitor based

on the following criteria: lowest concentration of the tested antibody/inhibitor that yields at

least a 10-fold higher MFI signal over MuLV background at the curve maximum.

We used CD4-IgG2 as an indicator for CD4bs saturation to set an upper bound on the CD4

occupancy in the assay. CD4-IgG2 has a higher affinity compared to sCD4 because of the

capacity of multivalent binding. It further allows detection via the Fc. Employing CD4-IgG2 as

a reference point allowed us to define if and which CD4-triggered Env stages occur below satu-

rating conditions.

Production of Env-pseudotyped HIV-1 particles

A total of 2.25 × 106 HEK 293T cells were seeded in 20 ml of culture medium in a T75 flask

and incubated at 37 ˚C. Twenty-four hours later, cells were transfected with a total of 20 μg

DNA (Env expression plasmid and pNL-lucAM HIV-1 backbone plasmid in 1:3 ratio) mixed

with 60 μg 25-kDa linear PEI (Polysciences, Warrington, PA, USA) in 4 ml 150-mM NaCl. At

6–18 hours post transfection, the culture medium was exchanged. Culture supernatant was

harvested 48 hours post transfection, vacuum filtered through a 0.22-μm-pore-size membrane,

and frozen as pseudovirus stock.

Neutralization assay

The TZM-bl based pseudovirus neutralization assay was conducted essentially as previously

described [85]. TZM-bl cells (1 × 104) in 100 μl of culture medium containing 20 μg/ml

DEAE-Dextran (Amersham Biosciences, Uppsala, Sweden) were seeded in each well of white,

96-well, clear flat-bottom tissue culture plates (Greiner Bio-One, Kremsmünster, Austria) and

incubated at 37 ˚C. Twenty-four hours later, pseudovirus was preincubated with serially

diluted Env-directed inhibitors in culture medium for 1 hour at 37 ˚C or alternatively 20 min-

utes at room temperature for sCD4 coinhibition experiments. The pseudovirus-inhibitor mix-

ture (100 μl) was added to the TZM-bl cells. Luciferase reporter gene expression was assessed

48 hours post infection with Bright-Glo Luciferase Assay System (Promega, Fitchburg, WI,

USA) on the Dynex MLX luminometer (Dynex Technologies, Chantilly, VA, USA). Virus

input was chosen to yield virus infectivity corresponding to 10,000–40,000 relative light units

(RLU) on the medium sensitivity setting in the absence of inhibitors. Prism 7 software (Graph-

Pad Software, La Jolla, CA, USA) was used to fit 4-parameter logistic curves to the data and to

calculate the area under each neutralization curve (AUC).

To quantify the neutralization cooperativity of a nAb/inhibitor with sCD4, the percent

effect of a nAb in the presence of sCD4 was calculated relative to the residual infectivity mea-

sured with sCD4 at the respective concentration in the absence of nAb/inhibitor. The differ-

ence between the area under the percent effect curve of a nAb/inhibitor in the presence of 2.5,

5, 10, 20, or 40 μM sCD4 and the area under its percent effect curve in sCD4 absence (i.e., its

neutralization curve) was calculated and designated as ΔAUC. The neutralization cooperativity

of a particular nAb/inhibitor was then calculated as the sum of the five ΔAUC values.

Statistical analysis

Pearson’s r coefficients and respective P values were calculated using Prism 7 software (Graph-

Pad Software, La Jolla, CA, USA).
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Structure figure preparation

The structure figure was prepared with PyMOL Molecular Graphics System 1.7 software

(Schrödinger, New York, NY, USA) using the referenced protein structure database file.

Supporting information

S1 Fig. Histogram plots of on-cell sCD4 triggering with BaL.01 Env and 1-79 mAb. Data

related to Fig 1. HEK 293T cells expressing the HIV-1 BaL.01 Env were stained with the indi-

cated concentrations of 1-79 mAb in the presence of increasing sCD4 concentrations for 10 or

60 minutes. Inhibitor binding to MuLV Env–expressing cells in the absence of sCD4 is shown

as a measure of nonspecific cell surface staining. Only the fluorescence intensities of live cells

are displayed. Env, envelope glycoprotein; HEK, human embryonic kidney; HIV-1, human

immunodeficiency virus type 1; mAb, monoclonal antibody; MuLV, murine leukemia virus;

sCD4, soluble CD4.

(PDF)

S2 Fig. Histogram plots of time-resolved on-cell sCD4 triggering assays with BaL.01 Env.

Data related to Fig 2. HEK 293T cells expressing the HIV-1 BaL.01 Env were stained with

0.1 μg/ml of 1-79 or PGT145 mAb in the presence of increasing sCD4 concentrations for up to

21 minutes. Inhibitor binding to MuLV Env–expressing cells in the absence of sCD4 is shown

as a measure of nonspecific cell surface staining. Only the fluorescence intensities of live cells

are displayed. Env, envelope glycoprotein; HEK, human embryonic kidney; HIV-1, human

immunodeficiency virus type 1; mAb, monoclonal antibody; MuLV, murine leukemia virus;

sCD4, soluble CD4.

(PDF)

S3 Fig. Determining the basal epitope exposure curves of Env-directed inhibitors on

BaL.01 Env. Data related to Fig 3 and S4 Fig. Env-directed inhibitors were titrated in the on-

cell sCD4 triggering assay with a 20-minute triggering step. MFI staining curves and relative

MFI staining curves were derived as described in Fig 1. MFI staining curves with less than

10-fold higher signal over MuLV background at the peak and the corresponding normalized

MFI staining curves are plotted as dashed curves. Data represent a single experiment. Env,

envelope glycoprotein; MFI, mean of fluorescence intensity; MuLV, murine leukemia virus;

sCD4, soluble CD4.

(PDF)

S4 Fig. Histogram plots of on-cell sCD4 triggering assays with BaL.01 Env and various

Env-directed inhibitors. Data related to Fig 3 and S3 Fig. HEK 293T cells expressing the HIV-

1 BaL.01 Env were stained with various Env-directed inhibitors at the indicated concentrations

in the presence of increasing concentrations of sCD4 for 20 minutes. Inhibitor binding to

MuLV Env–expressing cells in the absence of sCD4 is shown as a measure of nonspecific cell

surface staining. Only the fluorescence intensities of live cells are displayed. Env, envelope gly-

coprotein; HEK, human embryonic kidney; HIV-1, human immunodeficiency virus type 1;

MuLV, murine leukemia virus; sCD4, soluble CD4.

(PDF)

S5 Fig. Reproducibility of the on-cell sCD4 triggering assay. HEK 293T cells expressing the

HIV-1 BaL.01 Env were stained with the indicated concentrations of the CD4i mAb 48d in the

presence of increasing sCD4 concentrations for 20 minutes. (A) MFI staining curves and rela-

tive MFI staining curves were derived as described in Fig 1. (B) Histogram plots corresponding

to data shown in panel A. Inhibitor binding to MuLV Env–expressing cells in the absence of
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sCD4 is shown as a measure of nonspecific cell surface staining. Only the fluorescence intensi-

ties of live cells are displayed. The experiments were performed on two different days using dif-

ferent cell batches. CD4i, CD4-induced site; Env, envelope glycoprotein; HEK, human

embryonic kidney; HIV-1, human immunodeficiency virus type 1; mAb, monoclonal anti-

body; MFI, mean of fluorescence intensity; MuLV, murine leukemia virus; sCD4, soluble CD4.

(PDF)

S6 Fig. sCD4-triggered exposure of antibody epitopes on the gp41 subunit of cell surface–

expressed BaL.01 Env. (A) Domain organization of HIV-1 gp41 with locations of major anti-

body epitope clusters (HXB2 numbering). Depicted is a crystal structure of stabilized soluble

X1193.c1 Env trimer (PDB ID 5FYJ). All three gp120 subunits are in gray; three gp41 subunits

are in either black, dark gray, or rainbow (blue to red). On-cell sCD4 triggering of BaL.01 Env

was carried out with inhibitors at a fixed concentration of 10 μg/ml with a 20-minute trigger-

ing step. MFI (B) and relative MFI (C) staining curves of gp41-directed mAbs in BaL.01 on-

cell sCD4 triggering assay were obtained as described in Fig 1. (D) Histogram plots corre-

sponding to data shown in panels B and C. Inhibitor binding to MuLV Env–expressing cells in

the absence of sCD4 is shown as a measure of nonspecific cell surface staining. Only the fluo-

rescence intensities of live cells are displayed. Data represent a single experiment. CT, cyto-

plasmic tail; Env, envelope glycoprotein; HIV-1, human immunodeficiency virus type 1; mAb,

monoclonal antibody; MFI, mean of fluorescence intensity; MuLV, murine leukemia virus;

PDB, Protein Data Bank; sCD4, soluble CD4; TM, transmembrane region.

(PDF)

S7 Fig. Triggering conformational changes on cell surface–expressed HIV-1 Envs of differ-

ent origin and general neutralization resistance. Related to Fig 4 and S8 Fig. MFI staining

curves of selected gp120- and gp41-directed inhibitors from the on-cell sCD4 triggering assay

with HIV-1 MN.3, BaL.01, JR-FL, and BG505_T332N Envs depicted in Fig 4 were normalized

to their maxima. For clarity, the resulting relative MFI staining curves are shown separately for

wnAbs/nnAbs and CD4bs-directed reagents (A) and for bnAbs (B). BG505_T332N, BG505.

W6M.ENV.C2_T332N; bnAb, broadly neutralizing antibody; CD4bs, CD4 binding site; Env,

envelope glycoprotein; HIV-1, human immunodeficiency virus type 1; MFI, mean of fluores-

cence intensity; nnAb, nonneutralizing antibody; sCD4, soluble CD4; wnAb, weakly neutraliz-

ing antibody.

(PDF)

S8 Fig. Histogram plots of on-cell sCD4 triggering assays of different HIV-1 Envs. Related

to Fig 4 and S7 Fig. Binding of a panel of HIV-1 Env–directed inhibitors at 10 μg/ml in the

presence of increasing sCD4 concentrations to HEK 293T cells expressing the HIV-1 MN.3,

BaL.01, JR-FL, and BG505_T332N Envs. Inhibitor binding to MuLV Env–expressing cells in

the absence of sCD4 is shown as a measure of nonspecific cell surface staining. Only the fluo-

rescence intensities of live cells are displayed. BG505_T332N, BG505.W6M.ENV.C2_T332N;

Env, envelope glycoprotein; HEK, human embryonic kidney; HIV-1, human immunodefi-

ciency virus type 1; MuLV, murine leukemia virus; sCD4, soluble CD4.

(PDF)

S9 Fig. Tracking sCD4-induced conformational changes of MN.3 Env with C34-IgG1. (A,

B) MFI staining curves of selected gp120- and gp41-directed inhibitors from on-cell sCD4 trig-

gering of MN.3 Env were obtained as in Fig 4. MFI staining curves are shown for all (A) or

only gp41-directed inhibitors (B) for clarity. (C, D) MFI staining curves normalized to their

maxima (relative MFI staining curves) are shown for gp41-targeting mAbs (C) and selected

gp120- and gp41-directed inhibitors (D). (E) Underlying flow cytometry data in the form of
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histogram plots. Inhibitor binding to MuLV Env–expressing cells in the absence of sCD4 is

shown as a measure of nonspecific cell surface staining. Only the fluorescence intensities of

live cells are displayed. Data represent a single experiment. Env, envelope glycoprotein; mAb,

monoclonal antibody; MFI, mean of fluorescence intensity; MuLV, murine leukemia virus;

sCD4, soluble CD4.

(PDF)

S10 Fig. Relationship between inhibitor binding to cell surface–expressed HIV-1 Env and

neutralization of a virus pseudotyped with the corresponding Env. Related to Fig 5. (A)

Correlation between the MFI of inhibitor binding to the native, CD4-unbound MN.3, BaL.01,

JR-FL, and BG505_T332N Env (MFI data from Fig 4) and the AUC derived from neutraliza-

tion data of the corresponding pseudovirus shown in panel B. Pearson’s r coefficients and

respective P values were calculated taking into consideration either all probed inhibitors or all

inhibitors excluding V2 apex bnAbs (PG9, PG16, PGT145, PGDM1400), 2G12, and PGT135.

(B) Neutralization assay of HIV-1 pseudovirus carrying MN.3, BaL.01, JR-FL, and

BG505_T332N Envs with multiple cases of incomplete neutralization. Data represent a single

experiment. AUC, area under the inhibition curve; BG505_T332N, BG505.W6M.ENV.

C2_T332N; bnAb, broadly neutralizing antibody; Env, HIV-1 envelope glycoprotein; HIV-1,

human immunodeficiency virus type 1; MFI, mean of fluorescence intensity; MuLV, murine

leukemia virus; sCD4, soluble CD4; V2, second hypervariable.

(PDF)

S11 Fig. Triggering conformational changes in cell surface–expressed BaL.01 SOS Env by

sCD4. HEK 293T cells expressing the HIV-1 BaL.01 SOS Env were stained with the indicated

concentrations of the CD4i mAb 17b in the presence of increasing sCD4 concentrations for 10

minutes (A, B) or 60 minutes (C, D). MFI staining curves (A, C) and relative MFI staining

curves (B, D) were derived as described in Fig 1. (E) Histogram plots corresponding to data

shown in panels A–D. Inhibitor binding to MuLV Env–expressing cells in the absence of

sCD4 is shown as a measure of nonspecific cell surface staining. Only the fluorescence intensi-

ties of live cells are displayed. Data represent a single experiment. CD4i, CD4-induced site;

Env, envelope glycoprotein; HEK, human embryonic kidney; HIV-1, human immunodefi-

ciency virus type 1; mAb, monoclonal antibody; MFI, mean of fluorescence intensity; MuLV,

murine leukemia virus; sCD4, soluble CD4.

(PDF)

S12 Fig. Comparison of the antigenic profiles of cell surface–expressed BaL.01 wild-type

and BaL.01 SOS Envs. HEK 293T cells expressing the MuLV, HIV-1 BaL.01, or HIV-1 BaL.01

SOS Env were stained with 5 μg/ml of the indicated HIV-1 Env–directed inhibitors. The

amount of antibody bound to the cell surface was quantified by flow cytometry. Dead cells

were excluded from analysis, and background signal from the MuLV Env–expressing control

cells was subtracted from the signal of the HIV-1 Env–expressing cells. The resulting MFI val-

ues are depicted in panel A and the derived BaL.01 SOS/wild-type MFI ratios in panel B. To

correct for general difference in expression between the two Envs and to allow for an easier

visual readout of binding differences, the MFI ratios from panel B were normalized to the MFI

ratio of mAb 2G12 (C). Env, envelope glycoprotein; HEK, human embryonic kidney; HIV-1,

human immunodeficiency virus type 1; mAb, monoclonal antibody; MFI, mean of fluores-

cence intensity; MuLV, murine leukemia virus.

(PDF)

S13 Fig. Histogram plots of flow cytometry data from inhibitor dissociation assay with

BaL.01 SOS Env. Related to Fig 6. BaL.01 SOS Env–expressing HEK 293T cells were stained
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with 5 μM biotinylated sCD4 or 10 μg/ml of other HIV-1 inhibitors that were then allowed to

dissociate at 37 ˚C until the cells were chemically fixed at the indicated time points. Cells that

were stained with 10 μg/ml of 2G12 mAb only after fixing served as an “Env expression con-

trol” to depict the changing amount of Env on the cell surface during the experiment. (A, B, C)

Histogram plots from three independent experiments. Inhibitor binding to MuLV Env–

expressing cells at t = 0 is shown as a measure of nonspecific cell surface staining. Only the

fluorescence intensities of live cells are displayed. Env, envelope glycoprotein; HEK, human

embryonic kidney; HIV-1, human immunodeficiency virus type 1; mAb, monoclonal anti-

body; MFI, mean of fluorescence intensity; MuLV, murine leukemia virus; sCD4, soluble CD4.

(PDF)

S14 Fig. Dissociation of inhibitors from the cell surface–expressed, CD4-unbound BaL.01

Env. Data from the dissociation assay were acquired and processed as described in Fig 6. (A)

MFI values for each inhibitor and Env expression control were normalized to the

dissociation time t = 0. (B) The resulting relative MFI values for each inhibitor were divided by

the relative MFI value of the Env expression control for the respective time point. (C) Relative

MFI values for each inhibitor and Env expression control at dissociation time t = 7 hours.

(D) Underlying flow cytometry data in the form of histogram plots. Inhibitor binding to

MuLV Env–expressing cells at t = 0 is shown as a measure of nonspecific cell surface staining.

Only the fluorescence intensities of live cells are displayed. Data represent a single experiment.

Env, envelope glycoprotein; MFI, mean of fluorescence intensity; MuLV, murine leukemia

virus.

(PDF)

S15 Fig. Raw coinhibition curves of different Env-directed inhibitors with sCD4. Related to

Fig 7 and S16 Fig. Neutralization potency of different Env-directed inhibitors against BaL.01

pseudovirus was assayed in the presence of increasing sCD4 concentrations. The percent coin-

hibition value was set relative to the infectivity measured with no inhibitor present. Data depict

a single experiment or a representative experiment of two to three conducted. Env, envelope

glycoprotein; sCD4, soluble CD4.

(PDF)

S16 Fig. Synergy of BaL.01 virus inhibition by different Env-directed inhibitors and sCD4.

Related to Fig 7 and S15 Fig. Neutralization potency of different Env-directed inhibitors

against BaL.01 pseudovirus was assayed in the presence of increasing sCD4 concentrations.

The percent effect value of an inhibitor was set relative to the infectivity measured with sCD4

at the specified concentration in the inhibitor absence. Data depict a single experiment or a

representative experiment of two to three conducted. Env, envelope glycoprotein; sCD4, solu-

ble CD4.

(PDF)

S1 Table. Origin and specificity of HIV-1 Env–directed inhibitors. Env, envelope glycopro-

tein.

(PDF)

S2 Table. Origin of plasmids.

(PDF)

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data

used in all figures.

(XLSX)

Antigenicity of native and sequential CD4-induced states of HIV-1 Env

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000114 January 16, 2019 21 / 26

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000114.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000114.s015
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000114.s016
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000114.s017
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000114.s018
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000114.s019
https://doi.org/10.1371/journal.pbio.3000114


Acknowledgments

We thank Jacqueline Weber and Therese Uhr for technical assistance and Mellissa Robbiani

for editorial help.

Author Contributions

Conceptualization: Branislav Ivan, Alexandra Trkola.

Formal analysis: Branislav Ivan.

Funding acquisition: Alexandra Trkola.

Investigation: Branislav Ivan, Zhaozhi Sun, Harini Subbaraman.

Methodology: Branislav Ivan.

Project administration: Alexandra Trkola.

Supervision: Nikolas Friedrich, Alexandra Trkola.

Validation: Branislav Ivan.

Writing – original draft: Branislav Ivan.

Writing – review & editing: Branislav Ivan, Nikolas Friedrich, Alexandra Trkola.

References
1. Wyatt R, Sodroski J. The HIV-1 envelope glycoproteins: fusogens, antigens, and immunogens. Sci-

ence. 1998; 280(5371):1884–8. Epub 1998/06/25. PMID: 9632381.

2. Pancera M, Zhou T, Druz A, Georgiev IS, Soto C, Gorman J, et al. Structure and immune recognition of

trimeric pre-fusion HIV-1 Env. Nature. 2014; 514(7523):455–61. Epub 2014/10/09. https://doi.org/10.

1038/nature13808 PMID: 25296255.

3. Melikyan GB, Markosyan RM, Hemmati H, Delmedico MK, Lambert DM, Cohen FS. Evidence that the

transition of HIV-1 gp41 into a six-helix bundle, not the bundle configuration, induces membrane fusion.

J Cell Biol. 2000; 151(2):413–23. Epub 2000/10/19. PMID: 11038187.

4. Haim H, Salas I, McGee K, Eichelberger N, Winter E, Pacheco B, et al. Modeling virus- and antibody-

specific factors to predict human immunodeficiency virus neutralization efficiency. Cell Host Microbe.

2013; 14(5):547–58. https://doi.org/10.1016/j.chom.2013.10.006 PMID: 24237700.

5. Munro JB, Gorman J, Ma X, Zhou Z, Arthos J, Burton DR, et al. Conformational dynamics of single HIV-

1 envelope trimers on the surface of native virions. Science. 2014; 346(6210):759–63. Epub 2014/10/

10. https://doi.org/10.1126/science.1254426 PMID: 25298114.

6. Sattentau QJ, Moore JP, Vignaux F, Traincard F, Poignard P. Conformational changes induced in the

envelope glycoproteins of the human and simian immunodeficiency viruses by soluble receptor binding.

J Virol. 1993; 67(12):7383–93. Epub 1993/12/01. PMID: 7693970.

7. Sattentau QJ, Moore JP. Conformational changes induced in the human immunodeficiency virus enve-

lope glycoprotein by soluble CD4 binding. J Exp Med. 1991; 174(2):407–15. Epub 1991/08/01. PMID:

1713252.

8. Thali M, Moore JP, Furman C, Charles M, Ho DD, Robinson J, et al. Characterization of conserved

human immunodeficiency virus type 1 gp120 neutralization epitopes exposed upon gp120-CD4 binding.

J Virol. 1993; 67(7):3978–88. Epub 1993/07/01. PMID: 7685405.

9. Decker JM, Bibollet-Ruche F, Wei X, Wang S, Levy DN, Wang W, et al. Antigenic conservation and

immunogenicity of the HIV coreceptor binding site. J Exp Med. 2005; 201(9):1407–19. https://doi.org/

10.1084/jem.20042510 PMID: 15867093.

10. Rusert P, Krarup A, Magnus C, Brandenberg OF, Weber J, Ehlert AK, et al. Interaction of the gp120

V1V2 loop with a neighboring gp120 unit shields the HIV envelope trimer against cross-neutralizing anti-

bodies. J Exp Med. 2011; 208(7):1419–33. Epub 2011/06/08. https://doi.org/10.1084/jem.20110196

PMID: 21646396.

11. Seaman MS, Janes H, Hawkins N, Grandpre LE, Devoy C, Giri A, et al. Tiered categorization of a

diverse panel of HIV-1 Env pseudoviruses for assessment of neutralizing antibodies. J Virol. 2010; 84

(3):1439–52. https://doi.org/10.1128/JVI.02108-09 PMID: 19939925.

Antigenicity of native and sequential CD4-induced states of HIV-1 Env

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000114 January 16, 2019 22 / 26

http://www.ncbi.nlm.nih.gov/pubmed/9632381
https://doi.org/10.1038/nature13808
https://doi.org/10.1038/nature13808
http://www.ncbi.nlm.nih.gov/pubmed/25296255
http://www.ncbi.nlm.nih.gov/pubmed/11038187
https://doi.org/10.1016/j.chom.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24237700
https://doi.org/10.1126/science.1254426
http://www.ncbi.nlm.nih.gov/pubmed/25298114
http://www.ncbi.nlm.nih.gov/pubmed/7693970
http://www.ncbi.nlm.nih.gov/pubmed/1713252
http://www.ncbi.nlm.nih.gov/pubmed/7685405
https://doi.org/10.1084/jem.20042510
https://doi.org/10.1084/jem.20042510
http://www.ncbi.nlm.nih.gov/pubmed/15867093
https://doi.org/10.1084/jem.20110196
http://www.ncbi.nlm.nih.gov/pubmed/21646396
https://doi.org/10.1128/JVI.02108-09
http://www.ncbi.nlm.nih.gov/pubmed/19939925
https://doi.org/10.1371/journal.pbio.3000114


12. Pantophlet R, Burton DR. GP120: target for neutralizing HIV-1 antibodies. Annu Rev Immunol. 2006;

24:739–69. https://doi.org/10.1146/annurev.immunol.24.021605.090557 PMID: 16551265.

13. Rusert P, Kouyos RD, Kadelka C, Ebner H, Schanz M, Huber M, et al. Determinants of HIV-1 broadly

neutralizing antibody induction. Nat Med. 2016; 22(11):1260–7. https://doi.org/10.1038/nm.4187 PMID:

27668936

14. Burton DR, Hangartner L. Broadly Neutralizing Antibodies to HIV and Their Role in Vaccine Design.

Annu Rev Immunol. 2016; 34:635–59. Epub 2016/05/12. https://doi.org/10.1146/annurev-immunol-

041015-055515 PMID: 27168247.

15. Sattentau QJ, Moore JP. Human immunodeficiency virus type 1 neutralization is determined by epitope

exposure on the gp120 oligomer. J Exp Med. 1995; 182(1):185–96. PMID: 7540648.

16. Parren PW, Mondor I, Naniche D, Ditzel HJ, Klasse PJ, Burton DR, et al. Neutralization of human

immunodeficiency virus type 1 by antibody to gp120 is determined primarily by occupancy of sites on

the virion irrespective of epitope specificity. J Virol. 1998; 72(5):3512–9. Epub 1998/04/29. PMID:

9557629.

17. Tong T, Crooks ET, Osawa K, Binley JM. HIV-1 virus-like particles bearing pure env trimers expose

neutralizing epitopes but occlude nonneutralizing epitopes. J Virol. 2012; 86(7):3574–87. https://doi.

org/10.1128/JVI.06938-11 PMID: 22301141.

18. Abela IA, Berlinger L, Schanz M, Reynell L, Gunthard HF, Rusert P, et al. Cell-cell transmission enables

HIV-1 to evade inhibition by potent CD4bs directed antibodies. PLoS Pathog. 2012; 8(4):e1002634.

https://doi.org/10.1371/journal.ppat.1002634 PMID: 22496655.

19. Trkola A, Dragic T, Arthos J, Binley JM, Olson WC, Allaway GP, et al. CD4-dependent, antibody-sensi-

tive interactions between HIV-1 and its co-receptor CCR-5. Nature. 1996; 384(6605):184–7. Epub

1996/11/14. https://doi.org/10.1038/384184a0 PMID: 8906796.

20. Guttman M, Cupo A, Julien JP, Sanders RW, Wilson IA, Moore JP, et al. Antibody potency relates to

the ability to recognize the closed, pre-fusion form of HIV Env. Nat Commun. 2015; 6:6144. Epub 2015/

02/06. https://doi.org/10.1038/ncomms7144 PMID: 25652336.

21. Poignard P, Fouts T, Naniche D, Moore JP, Sattentau QJ. Neutralizing antibodies to human immunode-

ficiency virus type-1 gp120 induce envelope glycoprotein subunit dissociation. J Exp Med. 1996; 183

(2):473–84. PMID: 8627160.

22. Ruprecht CR, Krarup A, Reynell L, Mann AM, Brandenberg OF, Berlinger L, et al. MPER-specific anti-

bodies induce gp120 shedding and irreversibly neutralize HIV-1. J Exp Med. 2011; 208(3):439–54.

https://doi.org/10.1084/jem.20101907 PMID: 21357743.

23. Lee JH, Leaman DP, Kim AS, Torrents de la Pena A, Sliepen K, Yasmeen A, et al. Antibodies to a con-

formational epitope on gp41 neutralize HIV-1 by destabilizing the Env spike. Nat Commun. 2015;

6:8167. https://doi.org/10.1038/ncomms9167 PMID: 26404402.

24. Julien JP, Cupo A, Sok D, Stanfield RL, Lyumkis D, Deller MC, et al. Crystal structure of a soluble

cleaved HIV-1 envelope trimer. Science. 2013; 342(6165):1477–83. Epub 2013/11/02. https://doi.org/

10.1126/science.1245625 PMID: 24179159.

25. Lyumkis D, Julien JP, de Val N, Cupo A, Potter CS, Klasse PJ, et al. Cryo-EM structure of a fully glyco-

sylated soluble cleaved HIV-1 envelope trimer. Science. 2013; 342(6165):1484–90. Epub 2013/11/02.

https://doi.org/10.1126/science.1245627 PMID: 24179160.

26. Stewart-Jones GB, Soto C, Lemmin T, Chuang GY, Druz A, Kong R, et al. Trimeric HIV-1-Env Struc-

tures Define Glycan Shields from Clades A, B, and G. Cell. 2016; 165(4):813–26. Epub 2016/04/27.

https://doi.org/10.1016/j.cell.2016.04.010 PMID: 27114034.

27. Sanders RW, Derking R, Cupo A, Julien JP, Yasmeen A, de Val N, et al. A next-generation cleaved, sol-

uble HIV-1 Env Trimer, BG505 SOSIP.664 gp140, expresses multiple epitopes for broadly neutralizing

but not non-neutralizing antibodies. PLoS Pathog. 2013; 9(9):e1003618. Epub 2013/09/27. https://doi.

org/10.1371/journal.ppat.1003618 PMID: 24068931.

28. Harris A, Borgnia MJ, Shi D, Bartesaghi A, He H, Pejchal R, et al. Trimeric HIV-1 glycoprotein gp140

immunogens and native HIV-1 envelope glycoproteins display the same closed and open quaternary

molecular architectures. Proc Natl Acad Sci U S A. 2011; 108(28):11440–5. https://doi.org/10.1073/

pnas.1101414108 PMID: 21709254.

29. Guttman M, Garcia NK, Cupo A, Matsui T, Julien JP, Sanders RW, et al. CD4-induced activation in a

soluble HIV-1 Env trimer. Structure. 2014; 22(7):974–84. Epub 2014/06/17. https://doi.org/10.1016/j.

str.2014.05.001 PMID: 24931470.

30. Wang H, Cohen AA, Galimidi RP, Gristick HB, Jensen GJ, Bjorkman PJ. Cryo-EM structure of a CD4-

bound open HIV-1 envelope trimer reveals structural rearrangements of the gp120 V1V2 loop. Proc

Natl Acad Sci U S A. 2016; 113(46):E7151–E8. https://doi.org/10.1073/pnas.1615939113 PMID:

27799557.

Antigenicity of native and sequential CD4-induced states of HIV-1 Env

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000114 January 16, 2019 23 / 26

https://doi.org/10.1146/annurev.immunol.24.021605.090557
http://www.ncbi.nlm.nih.gov/pubmed/16551265
https://doi.org/10.1038/nm.4187
http://www.ncbi.nlm.nih.gov/pubmed/27668936
https://doi.org/10.1146/annurev-immunol-041015-055515
https://doi.org/10.1146/annurev-immunol-041015-055515
http://www.ncbi.nlm.nih.gov/pubmed/27168247
http://www.ncbi.nlm.nih.gov/pubmed/7540648
http://www.ncbi.nlm.nih.gov/pubmed/9557629
https://doi.org/10.1128/JVI.06938-11
https://doi.org/10.1128/JVI.06938-11
http://www.ncbi.nlm.nih.gov/pubmed/22301141
https://doi.org/10.1371/journal.ppat.1002634
http://www.ncbi.nlm.nih.gov/pubmed/22496655
https://doi.org/10.1038/384184a0
http://www.ncbi.nlm.nih.gov/pubmed/8906796
https://doi.org/10.1038/ncomms7144
http://www.ncbi.nlm.nih.gov/pubmed/25652336
http://www.ncbi.nlm.nih.gov/pubmed/8627160
https://doi.org/10.1084/jem.20101907
http://www.ncbi.nlm.nih.gov/pubmed/21357743
https://doi.org/10.1038/ncomms9167
http://www.ncbi.nlm.nih.gov/pubmed/26404402
https://doi.org/10.1126/science.1245625
https://doi.org/10.1126/science.1245625
http://www.ncbi.nlm.nih.gov/pubmed/24179159
https://doi.org/10.1126/science.1245627
http://www.ncbi.nlm.nih.gov/pubmed/24179160
https://doi.org/10.1016/j.cell.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27114034
https://doi.org/10.1371/journal.ppat.1003618
https://doi.org/10.1371/journal.ppat.1003618
http://www.ncbi.nlm.nih.gov/pubmed/24068931
https://doi.org/10.1073/pnas.1101414108
https://doi.org/10.1073/pnas.1101414108
http://www.ncbi.nlm.nih.gov/pubmed/21709254
https://doi.org/10.1016/j.str.2014.05.001
https://doi.org/10.1016/j.str.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24931470
https://doi.org/10.1073/pnas.1615939113
http://www.ncbi.nlm.nih.gov/pubmed/27799557
https://doi.org/10.1371/journal.pbio.3000114


31. Ozorowski G, Pallesen J, de Val N, Lyumkis D, Cottrell CA, Torres JL, et al. Open and closed structures

reveal allostery and pliability in the HIV-1 envelope spike. Nature. 2017. https://doi.org/10.1038/

nature23010 PMID: 28700571.

32. Alsahafi N, Debbeche O, Sodroski J, Finzi A. Effects of the I559P gp41 change on the conformation and

function of the human immunodeficiency virus (HIV-1) membrane envelope glycoprotein trimer. PLoS

ONE. 2015; 10(4):e0122111. Epub 2015/04/08. https://doi.org/10.1371/journal.pone.0122111 PMID:

25849367.

33. Liu J, Bartesaghi A, Borgnia MJ, Sapiro G, Subramaniam S. Molecular architecture of native HIV-1

gp120 trimers. Nature. 2008; 455(7209):109–13. Epub 2008/08/01. https://doi.org/10.1038/

nature07159 PMID: 18668044.

34. Tran EE, Borgnia MJ, Kuybeda O, Schauder DM, Bartesaghi A, Frank GA, et al. Structural mechanism

of trimeric HIV-1 envelope glycoprotein activation. PLoS Pathog. 2012; 8(7):e1002797. Epub 2012/07/

19. https://doi.org/10.1371/journal.ppat.1002797 PMID: 22807678.

35. Magnus C, Regoes RR. Analysis of the subunit stoichiometries in viral entry. PLoS ONE. 2012; 7(3):

e33441. Epub 2012/04/06. https://doi.org/10.1371/journal.pone.0033441 PMID: 22479399.

36. Salzwedel K, Berger EA. Cooperative subunit interactions within the oligomeric envelope glycoprotein

of HIV-1: functional complementation of specific defects in gp120 and gp41. Proc Natl Acad Sci U S A.

2000; 97(23):12794–9. https://doi.org/10.1073/pnas.230438497 PMID: 11050186.

37. Yang X, Kurteva S, Ren X, Lee S, Sodroski J. Subunit stoichiometry of human immunodeficiency virus

type 1 envelope glycoprotein trimers during virus entry into host cells. J Virol. 2006; 80(9):4388–95.

https://doi.org/10.1128/JVI.80.9.4388-4395.2006 PMID: 16611898.

38. Klasse PJ. Modeling how many envelope glycoprotein trimers per virion participate in human immuno-

deficiency virus infectivity and its neutralization by antibody. Virology. 2007; 369(2):245–62. https://doi.

org/10.1016/j.virol.2007.06.044 PMID: 17825343.

39. Salzwedel K, Berger EA. Complementation of diverse HIV-1 Env defects through cooperative subunit

interactions: a general property of the functional trimer. Retrovirology. 2009; 6:75. https://doi.org/10.

1186/1742-4690-6-75 PMID: 19671162.

40. Khasnis MD, Halkidis K, Bhardwaj A, Root MJ. Receptor Activation of HIV-1 Env Leads to Asymmetric

Exposure of the gp41 Trimer. PLoS Pathog. 2016; 12(12):e1006098. https://doi.org/10.1371/journal.

ppat.1006098 PMID: 27992602.

41. Ma X, Lu M, Gorman J, Terry DS, Hong X, Zhou Z, et al. HIV-1 Env trimer opens through an asymmetric

intermediate in which individual protomers adopt distinct conformations. Elife. 2018; 7. https://doi.org/

10.7554/eLife.34271 PMID: 29561264.

42. Liu Q, Acharya P, Dolan MA, Zhang P, Guzzo C, Lu J, et al. Quaternary contact in the initial interaction

of CD4 with the HIV-1 envelope trimer. Nat Struct Mol Biol. 2017; 24(4):370–8. https://doi.org/10.1038/

nsmb.3382 PMID: 28218750.

43. Furuta RA, Wild CT, Weng Y, Weiss CD. Capture of an early fusion-active conformation of HIV-1 gp41.

Nat Struct Biol. 1998; 5(4):276–9. PMID: 9546217.

44. Haim H, Si Z, Madani N, Wang L, Courter JR, Princiotto A, et al. Soluble CD4 and CD4-mimetic com-

pounds inhibit HIV-1 infection by induction of a short-lived activated state. PLoS Pathog. 2009; 5(4):

e1000360. https://doi.org/10.1371/journal.ppat.1000360 PMID: 19343205.

45. Si Z, Madani N, Cox JM, Chruma JJ, Klein JC, Schon A, et al. Small-molecule inhibitors of HIV-1

entry block receptor-induced conformational changes in the viral envelope glycoproteins. Proc

Natl Acad Sci U S A. 2004; 101(14):5036–41. https://doi.org/10.1073/pnas.0307953101 PMID:

15051887.

46. Allaway GP, Davis-Bruno KL, Beaudry GA, Garcia EB, Wong EL, Ryder AM, et al. Expression and char-

acterization of CD4-IgG2, a novel heterotetramer that neutralizes primary HIV type 1 isolates. AIDS

Res Hum Retroviruses. 1995; 11(5):533–9. Epub 1995/05/01. https://doi.org/10.1089/aid.1995.11.533

PMID: 7576908.

47. Rizzuto C, Sodroski J. Fine definition of a conserved CCR5-binding region on the human immunodefi-

ciency virus type 1 glycoprotein 120. AIDS Res Hum Retroviruses. 2000; 16(8):741–9. Epub 2000/05/

29. https://doi.org/10.1089/088922200308747 PMID: 10826481.

48. Rizzuto CD, Wyatt R, Hernandez-Ramos N, Sun Y, Kwong PD, Hendrickson WA, et al. A conserved

HIV gp120 glycoprotein structure involved in chemokine receptor binding. Science. 1998; 280

(5371):1949–53. Epub 1998/06/25. PMID: 9632396.

49. Wang WK, Dudek T, Zhao YJ, Brumblay HG, Essex M, Lee TH. CCR5 coreceptor utilization involves a

highly conserved arginine residue of HIV type 1 gp120. Proc Natl Acad Sci U S A. 1998; 95(10):5740–5.

Epub 1998/05/20. PMID: 9576954.

Antigenicity of native and sequential CD4-induced states of HIV-1 Env

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000114 January 16, 2019 24 / 26

https://doi.org/10.1038/nature23010
https://doi.org/10.1038/nature23010
http://www.ncbi.nlm.nih.gov/pubmed/28700571
https://doi.org/10.1371/journal.pone.0122111
http://www.ncbi.nlm.nih.gov/pubmed/25849367
https://doi.org/10.1038/nature07159
https://doi.org/10.1038/nature07159
http://www.ncbi.nlm.nih.gov/pubmed/18668044
https://doi.org/10.1371/journal.ppat.1002797
http://www.ncbi.nlm.nih.gov/pubmed/22807678
https://doi.org/10.1371/journal.pone.0033441
http://www.ncbi.nlm.nih.gov/pubmed/22479399
https://doi.org/10.1073/pnas.230438497
http://www.ncbi.nlm.nih.gov/pubmed/11050186
https://doi.org/10.1128/JVI.80.9.4388-4395.2006
http://www.ncbi.nlm.nih.gov/pubmed/16611898
https://doi.org/10.1016/j.virol.2007.06.044
https://doi.org/10.1016/j.virol.2007.06.044
http://www.ncbi.nlm.nih.gov/pubmed/17825343
https://doi.org/10.1186/1742-4690-6-75
https://doi.org/10.1186/1742-4690-6-75
http://www.ncbi.nlm.nih.gov/pubmed/19671162
https://doi.org/10.1371/journal.ppat.1006098
https://doi.org/10.1371/journal.ppat.1006098
http://www.ncbi.nlm.nih.gov/pubmed/27992602
https://doi.org/10.7554/eLife.34271
https://doi.org/10.7554/eLife.34271
http://www.ncbi.nlm.nih.gov/pubmed/29561264
https://doi.org/10.1038/nsmb.3382
https://doi.org/10.1038/nsmb.3382
http://www.ncbi.nlm.nih.gov/pubmed/28218750
http://www.ncbi.nlm.nih.gov/pubmed/9546217
https://doi.org/10.1371/journal.ppat.1000360
http://www.ncbi.nlm.nih.gov/pubmed/19343205
https://doi.org/10.1073/pnas.0307953101
http://www.ncbi.nlm.nih.gov/pubmed/15051887
https://doi.org/10.1089/aid.1995.11.533
http://www.ncbi.nlm.nih.gov/pubmed/7576908
https://doi.org/10.1089/088922200308747
http://www.ncbi.nlm.nih.gov/pubmed/10826481
http://www.ncbi.nlm.nih.gov/pubmed/9632396
http://www.ncbi.nlm.nih.gov/pubmed/9576954
https://doi.org/10.1371/journal.pbio.3000114


50. Chakrabarti BK, Walker LM, Guenaga JF, Ghobbeh A, Poignard P, Burton DR, et al. Direct

antibody access to the HIV-1 membrane-proximal external region positively correlates with neutrali-

zation sensitivity. J Virol. 2011; 85(16):8217–26. https://doi.org/10.1128/JVI.00756-11 PMID:

21653673.

51. Huang J, Kang BH, Pancera M, Lee JH, Tong T, Feng Y, et al. Broad and potent HIV-1 neutralization by

a human antibody that binds the gp41-gp120 interface. Nature. 2014; 515(7525):138–42. https://doi.

org/10.1038/nature13601 PMID: 25186731.

52. Shaw GM, Hahn BH, Arya SK, Groopman JE, Gallo RC, Wong-Staal F. Molecular characterization of

human T-cell leukemia (lymphotropic) virus type III in the acquired immune deficiency syndrome. Sci-

ence. 1984; 226(4679):1165–71. Epub 1984/12/07. PMID: 6095449.

53. Koyanagi Y, Miles S, Mitsuyasu RT, Merrill JE, Vinters HV, Chen IS. Dual infection of the central ner-

vous system by AIDS viruses with distinct cellular tropisms. Science. 1987; 236(4803):819–22. Epub

1987/05/15. PMID: 3646751.

54. Wu X, Parast AB, Richardson BA, Nduati R, John-Stewart G, Mbori-Ngacha D, et al. Neutralization

escape variants of human immunodeficiency virus type 1 are transmitted from mother to infant. J Virol.

2006; 80(2):835–44. Epub 2005/12/28. https://doi.org/10.1128/JVI.80.2.835-844.2006 PMID:

16378985.

55. Yasmeen A, Ringe R, Derking R, Cupo A, Julien JP, Burton DR, et al. Differential binding of neutralizing

and non-neutralizing antibodies to native-like soluble HIV-1 Env trimers, uncleaved Env proteins, and

monomeric subunits. Retrovirology. 2014; 11:41. https://doi.org/10.1186/1742-4690-11-41 PMID:

24884783.

56. Platt EJ, Gomes MM, Kabat D. Kinetic mechanism for HIV-1 neutralization by antibody 2G12 entails

reversible glycan binding that slows cell entry. Proc Natl Acad Sci U S A. 2012; 109(20):7829–34.

https://doi.org/10.1073/pnas.1109728109 PMID: 22547820.

57. Binley JM, Sanders RW, Clas B, Schuelke N, Master A, Guo Y, et al. A recombinant human immunode-

ficiency virus type 1 envelope glycoprotein complex stabilized by an intermolecular disulfide bond

between the gp120 and gp41 subunits is an antigenic mimic of the trimeric virion-associated structure. J

Virol. 2000; 74(2):627–43. PMID: 10623724.

58. Labrijn AF, Poignard P, Raja A, Zwick MB, Delgado K, Franti M, et al. Access of antibody molecules to

the conserved coreceptor binding site on glycoprotein gp120 is sterically restricted on primary human

immunodeficiency virus type 1. J Virol. 2003; 77(19):10557–65. Epub 2003/09/13. https://doi.org/10.

1128/JVI.77.19.10557-10565.2003 PMID: 12970440.

59. Reh L, Magnus C, Schanz M, Weber J, Uhr T, Rusert P, et al. Capacity of Broadly Neutralizing Antibod-

ies to Inhibit HIV-1 Cell-Cell Transmission Is Strain- and Epitope-Dependent. PLoS Pathog. 2015; 11

(7):e1004966. https://doi.org/10.1371/journal.ppat.1004966 PMID: 26158270.

60. Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, et al. Broad and potent neutraliz-

ing antibodies from an African donor reveal a new HIV-1 vaccine target. Science. 2009; 326(5950):285–

9. Epub 2009/09/05. https://doi.org/10.1126/science.1178746 PMID: 19729618.

61. Potts BJ, Field KG, Wu Y, Posner M, Cavacini L, White-Scharf M. Synergistic inhibition of HIV-1 by CD4

binding domain reagents and V3-directed monoclonal antibodies. Virology. 1993; 197(1):415–9. Epub

1993/11/01. https://doi.org/10.1006/viro.1993.1604 PMID: 8212576.

62. Sullivan N, Sun Y, Sattentau Q, Thali M, Wu D, Denisova G, et al. CD4-Induced conformational

changes in the human immunodeficiency virus type 1 gp120 glycoprotein: consequences for virus entry

and neutralization. J Virol. 1998; 72(6):4694–703. PMID: 9573233.

63. Nagashima KA, Thompson DA, Rosenfield SI, Maddon PJ, Dragic T, Olson WC. Human immunodefi-

ciency virus type 1 entry inhibitors PRO 542 and T-20 are potently synergistic in blocking virus-cell and

cell-cell fusion. J Infect Dis. 2001; 183(7):1121–5. https://doi.org/10.1086/319284 PMID: 11237840.

64. Lusso P, Earl PL, Sironi F, Santoro F, Ripamonti C, Scarlatti G, et al. Cryptic nature of a conserved,

CD4-inducible V3 loop neutralization epitope in the native envelope glycoprotein oligomer of CCR5-

restricted, but not CXCR4-using, primary human immunodeficiency virus type 1 strains. J Virol. 2005;

79(11):6957–68. https://doi.org/10.1128/JVI.79.11.6957-6968.2005 PMID: 15890935.

65. Wu X, Sambor A, Nason MC, Yang ZY, Wu L, Zolla-Pazner S, et al. Soluble CD4 broadens neutraliza-

tion of V3-directed monoclonal antibodies and guinea pig vaccine sera against HIV-1 subtype B and C

reference viruses. Virology. 2008; 380(2):285–95. Epub 2008/09/23. https://doi.org/10.1016/j.virol.

2008.07.007 PMID: 18804254.

66. Yoshimura K, Harada S, Shibata J, Hatada M, Yamada Y, Ochiai C, et al. Enhanced exposure of

human immunodeficiency virus type 1 primary isolate neutralization epitopes through binding of CD4

mimetic compounds. J Virol. 2010; 84(15):7558–68. https://doi.org/10.1128/JVI.00227-10 PMID:

20504942.

Antigenicity of native and sequential CD4-induced states of HIV-1 Env

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000114 January 16, 2019 25 / 26

https://doi.org/10.1128/JVI.00756-11
http://www.ncbi.nlm.nih.gov/pubmed/21653673
https://doi.org/10.1038/nature13601
https://doi.org/10.1038/nature13601
http://www.ncbi.nlm.nih.gov/pubmed/25186731
http://www.ncbi.nlm.nih.gov/pubmed/6095449
http://www.ncbi.nlm.nih.gov/pubmed/3646751
https://doi.org/10.1128/JVI.80.2.835-844.2006
http://www.ncbi.nlm.nih.gov/pubmed/16378985
https://doi.org/10.1186/1742-4690-11-41
http://www.ncbi.nlm.nih.gov/pubmed/24884783
https://doi.org/10.1073/pnas.1109728109
http://www.ncbi.nlm.nih.gov/pubmed/22547820
http://www.ncbi.nlm.nih.gov/pubmed/10623724
https://doi.org/10.1128/JVI.77.19.10557-10565.2003
https://doi.org/10.1128/JVI.77.19.10557-10565.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970440
https://doi.org/10.1371/journal.ppat.1004966
http://www.ncbi.nlm.nih.gov/pubmed/26158270
https://doi.org/10.1126/science.1178746
http://www.ncbi.nlm.nih.gov/pubmed/19729618
https://doi.org/10.1006/viro.1993.1604
http://www.ncbi.nlm.nih.gov/pubmed/8212576
http://www.ncbi.nlm.nih.gov/pubmed/9573233
https://doi.org/10.1086/319284
http://www.ncbi.nlm.nih.gov/pubmed/11237840
https://doi.org/10.1128/JVI.79.11.6957-6968.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890935
https://doi.org/10.1016/j.virol.2008.07.007
https://doi.org/10.1016/j.virol.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18804254
https://doi.org/10.1128/JVI.00227-10
http://www.ncbi.nlm.nih.gov/pubmed/20504942
https://doi.org/10.1371/journal.pbio.3000114


67. Madani N, Princiotto AM, Schon A, LaLonde J, Feng Y, Freire E, et al. CD4-Mimetic Small Molecules

Sensitize Human Immunodeficiency Virus to Vaccine-Elicited Antibodies. J Virol. 2014; 88(12):6542–

55. https://doi.org/10.1128/JVI.00540-14 PMID: 24696475

68. Pancera M, Changela A, Kwong PD. How HIV-1 entry mechanism and broadly neutralizing antibodies

guide structure-based vaccine design. Curr Opin HIV AIDS. 2017; 12(3):229–40. https://doi.org/10.

1097/COH.0000000000000360 PMID: 28422787.

69. Ward AB, Wilson IA. The HIV-1 envelope glycoprotein structure: nailing down a moving target. Immunol

Rev. 2017; 275(1):21–32. https://doi.org/10.1111/imr.12507 PMID: 28133813.

70. Iliopoulou M, Nolan R, Alvarez L, Watanabe Y, Coomer CA, Jakobsdottir GM, et al. A dynamic three-

step mechanism drives the HIV-1 pre-fusion reaction. Nat Struct Mol Biol. 2018; 25(9):814–22. https://

doi.org/10.1038/s41594-018-0113-x PMID: 30150645.

71. Wang H, Barnes CO, Yang Z, Nussenzweig MC, Bjorkman PJ. Partially Open HIV-1 Envelope Struc-

tures Exhibit Conformational Changes Relevant for Coreceptor Binding and Fusion. Cell Host Microbe.

2018; 24(4):579–92 e4. https://doi.org/10.1016/j.chom.2018.09.003 PMID: 30308160.

72. Haim H, Strack B, Kassa A, Madani N, Wang L, Courter JR, et al. Contribution of intrinsic reactivity of

the HIV-1 envelope glycoproteins to CD4-independent infection and global inhibitor sensitivity. PLoS

Pathog. 2011; 7(6):e1002101. https://doi.org/10.1371/journal.ppat.1002101 PMID: 21731494.

73. Madani N, Princiotto AM, Zhao C, Jahanbakhshsefidi F, Mertens M, Herschhorn A, et al. Activation and

Inactivation of Primary Human Immunodeficiency Virus Envelope Glycoprotein Trimers by CD4-Mimetic

Compounds. J Virol. 2017;91(3). https://doi.org/10.1128/JVI.01880-16 PMID: 27881646.

74. Johnson J, Zhai Y, Salimi H, Espy N, Eichelberger N, DeLeon O, et al. Induction of a Tier-1-Like Pheno-

type in Diverse Tier-2 Isolates by Agents That Guide HIV-1 Env to Perturbation-Sensitive, Nonnative

States. J Virol. 2017; 91(15). https://doi.org/10.1128/JVI.00174-17 PMID: 28490588.

75. Berman PW, Nakamura GR. Adhesion mediated by intercellular adhesion molecule 1 attenuates the

potency of antibodies that block HIV-1 gp160-dependent syncytium formation. AIDS Res Hum Retrovi-

ruses. 1994; 10(5):585–93. https://doi.org/10.1089/aid.1994.10.585 PMID: 7917519.

76. Sattentau QJ, Zolla-Pazner S, Poignard P. Epitope exposure on functional, oligomeric HIV-1 gp41 mol-

ecules. Virology. 1995; 206(1):713–7. PMID: 7530400.

77. Julien JP, Sok D, Khayat R, Lee JH, Doores KJ, Walker LM, et al. Broadly neutralizing antibody

PGT121 allosterically modulates CD4 binding via recognition of the HIV-1 gp120 V3 base and multiple

surrounding glycans. PLoS Pathog. 2013; 9(5):e1003342. https://doi.org/10.1371/journal.ppat.1003342

PMID: 23658524.

78. Fouts TR, Binley JM, Trkola A, Robinson JE, Moore JP. Neutralization of the human immunodeficiency

virus type 1 primary isolate JR-FL by human monoclonal antibodies correlates with antibody binding to

the oligomeric form of the envelope glycoprotein complex. J Virol. 1997; 71(4):2779–85. Epub 1997/04/

01. PMID: 9060632.

79. Doores KJ, Burton DR. Variable loop glycan dependency of the broad and potent HIV-1-neutralizing

antibodies PG9 and PG16. J Virol. 2010; 84(20):10510–21. https://doi.org/10.1128/JVI.00552-10

PMID: 20686044.

80. Kim AS, Leaman DP, Zwick MB. Antibody to gp41 MPER alters functional properties of HIV-1 Env with-

out complete neutralization. PLoS Pathog. 2014; 10(7):e1004271. https://doi.org/10.1371/journal.ppat.

1004271 PMID: 25058619.

81. McCoy LE, Falkowska E, Doores KJ, Le K, Sok D, van Gils MJ, et al. Incomplete Neutralization and

Deviation from Sigmoidal Neutralization Curves for HIV Broadly Neutralizing Monoclonal Antibodies.

PLoS Pathog. 2015; 11(8):e1005110. https://doi.org/10.1371/journal.ppat.1005110 PMID: 26267277.

82. Wibmer CK, Gorman J, Ozorowski G, Bhiman JN, Sheward DJ, Elliott DH, et al. Structure and Recogni-

tion of a Novel HIV-1 gp120-gp41 Interface Antibody that Caused MPER Exposure through Viral

Escape. PLoS Pathog. 2017; 13(1):e1006074. https://doi.org/10.1371/journal.ppat.1006074 PMID:

28076415.

83. Sarzotti-Kelsoe M, Bailer RT, Turk E, Lin CL, Bilska M, Greene KM, et al. Optimization and validation of

the TZM-bl assay for standardized assessments of neutralizing antibodies against HIV-1. J Immunol

Methods. 2014; 409:131–46. https://doi.org/10.1016/j.jim.2013.11.022 PMID: 24291345.

84. Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D. Effects of CCR5 and CD4 cell surface concen-

trations on infections by macrophagetropic isolates of human immunodeficiency virus type 1. J Virol.

1998; 72(4):2855–64. PMID: 9525605.

85. Rusert P, Mann A, Huber M, von Wyl V, Gunthard HF, Trkola A. Divergent effects of cell environment

on HIV entry inhibitor activity. AIDS. 2009; 23(11):1319–27. PMID: 19579289.

Antigenicity of native and sequential CD4-induced states of HIV-1 Env

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000114 January 16, 2019 26 / 26

https://doi.org/10.1128/JVI.00540-14
http://www.ncbi.nlm.nih.gov/pubmed/24696475
https://doi.org/10.1097/COH.0000000000000360
https://doi.org/10.1097/COH.0000000000000360
http://www.ncbi.nlm.nih.gov/pubmed/28422787
https://doi.org/10.1111/imr.12507
http://www.ncbi.nlm.nih.gov/pubmed/28133813
https://doi.org/10.1038/s41594-018-0113-x
https://doi.org/10.1038/s41594-018-0113-x
http://www.ncbi.nlm.nih.gov/pubmed/30150645
https://doi.org/10.1016/j.chom.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30308160
https://doi.org/10.1371/journal.ppat.1002101
http://www.ncbi.nlm.nih.gov/pubmed/21731494
https://doi.org/10.1128/JVI.01880-16
http://www.ncbi.nlm.nih.gov/pubmed/27881646
https://doi.org/10.1128/JVI.00174-17
http://www.ncbi.nlm.nih.gov/pubmed/28490588
https://doi.org/10.1089/aid.1994.10.585
http://www.ncbi.nlm.nih.gov/pubmed/7917519
http://www.ncbi.nlm.nih.gov/pubmed/7530400
https://doi.org/10.1371/journal.ppat.1003342
http://www.ncbi.nlm.nih.gov/pubmed/23658524
http://www.ncbi.nlm.nih.gov/pubmed/9060632
https://doi.org/10.1128/JVI.00552-10
http://www.ncbi.nlm.nih.gov/pubmed/20686044
https://doi.org/10.1371/journal.ppat.1004271
https://doi.org/10.1371/journal.ppat.1004271
http://www.ncbi.nlm.nih.gov/pubmed/25058619
https://doi.org/10.1371/journal.ppat.1005110
http://www.ncbi.nlm.nih.gov/pubmed/26267277
https://doi.org/10.1371/journal.ppat.1006074
http://www.ncbi.nlm.nih.gov/pubmed/28076415
https://doi.org/10.1016/j.jim.2013.11.022
http://www.ncbi.nlm.nih.gov/pubmed/24291345
http://www.ncbi.nlm.nih.gov/pubmed/9525605
http://www.ncbi.nlm.nih.gov/pubmed/19579289
https://doi.org/10.1371/journal.pbio.3000114

