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HIV-1 envelope glycoprotein (Env) fuses viral and cell mem-
branes, allowing entry of the virus into host cells to initiate 
infection. The Env polypeptide chain is produced as a pre-
cursor, gp160, which trimerizes to (gp160)3 and then under-
goes cleavage into two noncovalently associated fragments: 
the receptor-binding fragment gp120 and the fusion frag-
ment gp41 (1). Three copies each of gp120 and gp41 form the 
mature envelope spike (gp120/gp41)3, which is the major 
viral surface antigen and therefore a critical target for vac-
cine development. Gp120 binds to host primary receptor 
CD4 and then to coreceptor (e.g., CCR5 or CXCR4), trigger-
ing large conformational changes and a cascade of refolding 
events in gp41 that lead to membrane fusion (2, 3) (fig. S1). 

The failure of monomeric gp120 as a vaccine candidate 
in a large efficacy trial (4, 5) led to the notion that an im-
munogen mimicking the native, functional envelope trimer 
would be needed to induce effective, broadly neutralizing 
antibody (bnAb) responses by vaccination. In particular, 
bnAbs (except those recognizing the membrane-proximal 
external region (MPER) (6)) were thought to bind only the 
untriggered, native Env trimer (7). Attempts to produce 
such an Env preparation have met with only limited success 
(8, 9). Moreover, we lack an accurate standard for a native, 
functional trimer because most Env preparations, both sol-

uble and membrane-bound, in-
cluding those on the surface of 
infectious virions, show consid-
erable structural instability and 
heterogeneity, leading to con-
flicting interpretations. For in-
stance, based on virus-capturing 
assays, some groups conclude 
that certain “non-neutralizing” 
(including strain-specific neu-
tralizing) epitopes are exposed 
on the native, functional Env 
trimer, while others believe there 
are both functional and non-
functional Envs present on the 
surface of infectious viral parti-
cles (10–13). Furthermore, the 
uncleaved ectodomain of trimer-
ic (gp160)3, designated gp140, is 
often considered to mimic the 
native state of Env. Recombinant 
gp140 trimers derived from se-
lected strains are stable and ho-
mogeneous, with certain desired 
antigenic properties (14–16), but 
we cannot know how closely 
they resemble functional and 
untriggered Env spikes without a 
good native-trimer reference. Are 
these soluble gp140 trimers, all 
with certain non-neutralizing 
epitopes (e.g., V3 loop) exposed, 

really the best surrogate for a native Env trimer. If not, how 
can we improve them? Recent work on conformational dy-
namics of the Env spikes on the virion surface suggests that 
the native trimer transitions among three distinct prefusion 
conformations (17). If this is true for difficult-to-neutralize 
clinical isolates, how can the functional trimer limit access 
to the non-neutralizing epitopes that overlap with the func-
tionally important sites, such as the CD4 binding site and 
the V3 loop? 

We have previously screened many HIV-1 primary iso-
lates and identified two (clade A 92UG037.8 and clade C 
C97ZA012) that yield stable, homogeneous gp140 trimers (6, 
14). The two Envs have about 74% sequence identity. Their 
divergence, typical for cross-clade comparisons, samples a 
range of Env diversity. Additional stable, clade-C trimers 
have since been reported (18), but we have not yet detected 
a clear “stability signature”. Our previous immunogenicity 
studies using either gp120 or gp140 immunogens derived 
from these two isolates failed to show any autologous neu-
tralizing antibody responses, although V3-specific antibod-
ies were present in the sera of immunized animals (19, 20). 
We surmised that the non-neutralizing V3 epitopes must 
not be exposed on the native Env trimers of these strains, 
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A major goal for HIV-1 vaccine development is production of an immunogen 
to mimic native, functional HIV-1 envelope trimeric spikes (Env) on the 
virion surface. We lack a reliable description of a native, functional trimer, 
however, because of inherent instability and heterogeneity in most 
preparations. We describe here two conformationally homogeneous Envs 
derived from difficult-to-neutralize primary isolates. All their non-
neutralizing epitopes are fully concealed, independent of their proteolytic 
processing. Most broadly neutralizing antibodies (bnAbs) recognize these 
native trimers. Truncation of their cytoplasmic tail has little impact on 
membrane fusion, but it diminishes binding to trimer-specific bnAbs while 
exposing non-neutralizing epitopes. These results yield a more accurate 
antigenic picture than hitherto possible of a genuinely untriggered and 
functional HIV-1 Env; they can guide effective vaccine development. 
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despite their accessibility on the corresponding soluble 
gp140 trimers (14). Indeed, V3 accessibility is the one anti-
genic characteristic of the stable uncleaved gp140s (14) and 
of the BG505 SOSIP.664 trimer (15, 21, 22) that does not cor-
relate with neutralization. The V3 loop is only slightly ex-
posed in the SOSIP crystals structure (21), but the molecule 
in solution presumably visits a wider range of confor-
mations when not bound by one or more conformation-
specific antibodies, as in crystal and cryoEM structures. 

To study the antigenic characteristics of intact, native 
Env trimers, we generated 293T cell lines stably transfected 
with either 92UG037.8 or C97ZA012 gp160 (fig. S2). Efficient 
fusion with TZM.bl cells (23), completely blocked T20 (1 
μM) (fig. S3A), showed that there were fully functional enve-
lope trimers on the cell surfaces. Approximately 50% of 
gp160s were cleaved into gp120 and gp41 both inside the 
cells and on the cell surfaces (fig. S3B). 

We analyzed antibody binding to cell-surface Env by a 
fluorescence-activated cell sorting (FACS) assay (see table S1 
for antibodies used and references) (24). Antibody 2G12, 
which recognizes a glycan-dependent epitope on gp120, 
bound the cell-surface Env equally well with and without 
CD4, indicating no significant CD4-induced gp120 shedding 
(Fig. 1 and fig. S4). CD4 binding site (bs) bnAbs all bound 
the cell-surface Env tightly, consistent with their neutraliza-
tion potency; soluble CD4 effectively competed with all of 
them (Fig. 1, figs. S5A and S6, and table S2). A CD4bs anti-
body, b6, that does not neutralize the two isolates used here, 
showed no binding at all, suggesting that its epitope is inac-
cessible on both cleaved (fusion-competent) (gp120/gp41)3 
and on uncleaved (not fusion-competent) (gp160)3. Binding 
of non-neutralizing CD4i (CD4-induced) antibodies 17b and 
412d was likewise independent of the cleavage, but com-
pletely dependent on CD4 engagement. Another non-
neutralizing CD4i antibody, A32, failed to bind these Envs 
under any circumstances. The trimer-specific bnAbs recog-
nized only the native, untriggered Env trimer with high af-
finity, but not the CD4-bound form (Fig. 1, fig. S5A, and 
table S2). Another two bnAbs, PGT128 and 10-1074, which 
target a glycan-dependent epitope in the V3 stem also 
bound the native Env, but not the CD4-liganded form. 

Non-neutralizing epitopes, including V3 loop (3791 and 
19b), V2 (2158), gp41 cluster I epitopes (246-D, 240-D and 
7B2) and gp41 cluster II epitopes (1281 and 167-D) were in-
accessible on the cell-surface trimer (Fig. 1 and fig. S5A), 
explaining why these antibodies do not neutralize. Their 
occlusion was independent of the cleavage between gp120 
and gp41, as ~50% of the Env on the cell surfaces remained 
uncleaved (fig. S3B). Upon CD4 binding, the V3 loop, the 
cluster I epitope, and (to a lesser extent) the V2 loop all be-
came accessible. Thus, the antibodies recognizing these 
epitopes might be better categorized as CD4i antibodies. 
MPER-directed bnAbs did not bind the Env trimer, con-
sistent with our previous work showing that they target a 
fusion-intermediate conformation of gp41 (6, 25, 26). Isolate 

92UG037.8 resists neutralization by two antibodies, PGT151 
and 152, with epitopes at the gp120-gp41 interface; these 
antibodies indeed fail to bind native Env trimers (fig. S5A 
and table S2). Two other interface-directed bnAb (27) bound 
only weakly (fig. S5A). These results are reproducible under 
different conditions (28). In summary, all the Env trimers, 
cleaved or uncleaved, on the cell surfaces adopted a defined, 
homogeneous conformation (or small range of confor-
mations) that was recognized by bnAbs only and not by any 
of the non-neutralizing antibodies tested. 

These cell-surface Env trimers have antigenic properties 
distinct from those of the corresponding gp140 trimers (14, 
20), which lack the cytoplasmic tail (CT) and the transmem-
brane segment (TM). Does the CT influence the antigenicity 
of the ectodomain? We produced a stable line expressing the 
92UG037.8 gp160 with the entire CT deleted (a form desig-
nated gp160∆CT) and replaced by a His-tag (fig. S2). This 
cell line also efficiently fused with TZM.bl cells (fig. S9A). 
The expression level of gp160∆CT was much higher than 
that of intact gp160 (Fig. 2), as reported previously (29). As 
with the gp160 cell line, both cleaved and uncleaved 
gp160∆CT trimers were present on the cell surface (fig. 
S9B), but with a smaller proportion of cleaved molecules; 
gp160∆CT without the His tag showed the same extent of 
cleavage as did intact gp160 (fig. S10). 

Binding of 2G12 to gp160∆CT was unaffected by CD4, in-
dicating no significant CD4-induced gp120 shedding (Fig. 2 
and fig. S11). CD4bs bnAbs bound gp160∆CT as tightly as 
they did intact gp160, but the non-neutralizing antibody, b6, 
also bound detectably to gp160∆CT (Fig. 2 and figs. S12A 
and S13), suggesting that the CD4 bs is more exposed when 
the CT is deleted. The CD4i antibodies, 17b and 412d, also 
showed weak, but detectable binding to gp160∆CT, while 
binding by the trimer-specific bnAbs was significantly re-
duced when normalized by the Env expression level. The 
non-neutralizing V3 and V2 epitopes were much more ex-
posed and less dependent on CD4 binding for recognition 
by antibody. In particular, the V3 antibody 3791 blocked 
cell-cell fusion mediated by gp160∆CT but not by gp160 (fig. 
S14), indicating that removal of the CT can expose the V3 
loop on a functional (i.e., fusogenic) trimer. PGT128 binding 
to gp160∆CT likewise depended less on CD4, and 10-1074 
became totally CD4-independent (Fig. 2 and fig. S12A). In 
addition, while the MPER epitopes and the cluster II 
epitopes remained inaccessible, the non-neutralizing cluster 
I epitopes were exposed even in the absence of CD4. Both 
His-tagged and nontagged gp160∆CT constructs had almost 
identical antigenic profiles despite the different extent of 
cleavage (figs. S12B and S15), suggesting the cleavage be-
tween gp120 and gp41 does not have a major impact on the 
trimer antigenicity. Overall, these data indicate that the CT 
has minimal impact on the membrane fusion function of 
the Env trimer, but that it has an unexpectedly large influ-
ence on the antigenic properties of the ectodomain on the 
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other side of the membrane (table S2). Thus, the membrane-
fusion capacity of an Env trimer does not depend on strict 
retention of native antigenic characteristics. The same con-
clusion can be drawn from comparison of another pair of 
gp160 and gp160∆CT, derived from the isolate C97ZA012 
(figs. S16A, S16B, S17, and S18). 

We constructed four deletion mutants, gp160-CT120, 
gp160-CT90, gp160-CT60 and gp160-CT30 with gradually 
decreasing CT lengths (figs. S2 and S10). All these deletion 
constructs were functional in a cell-cell fusion assay, but 
shortening the CT led to diminished binding by the trimer-
specific bnAbs and increasing exposure of the non-
neutralizing epitopes (Fig. 3; fig. S19, A to D; and figs. S20 
to S23). Introducing other modifications (30) (fig. S2), pre-
viously assumed to be “harmless”, caused even greater 
changes in antigenicity. These constructs were all nonfunc-
tional (Fig. 3), and we detected much greater exposure of 
non-neutralizing epitopes, including those of b6, 17b, A32, 
2158, 3971 and 246-D. Binding to the trimer-specific bnAbs, 
PG16 and PGT145, was completely lost (Fig. 3; fig. S19, E to 
H; and figs. S24 to S27). The MPER and cluster II epitopes 
remained concealed even in these nonfunctional Envs. 

Our results demonstrate that a native Env trimer can in-
deed adopt a defined and homogeneous conformational 
state without contamination by any irrelevant forms of Env 
(12). This native, untriggered conformation seems to be in-
dependent of the cleavage between gp120 and gp41. It is 
particularly surprising that the Env CT has a large impact 
on the antigenicity of the ectodomain on the other side of 
membrane. Various gp160-ΔCT constructs, often with an 
increased yield, are still widely considered to be faithful 
substitutes for the full-length gp160, despite published evi-
dence suggesting that the CT may influence epitope expo-
sure (31). Our results demonstrate that truncation of the CT 
affects the antigenic characteristics of the native Env trimer, 
even in the absence of the matrix protein, but not its fuso-
genicity. Thus, a “functional” Env may not have a fully “na-
tive” antigenic surface (defined by neutralization), as even a 
fusion-competent Env trimer can expose non-neutralizing 
epitopes (Fig. 3). Those apparently “harmless” modifica-
tions, such as CT deletion—an approach widely used in var-
ious vaccine strategies to enhance Env yield and/or 
stability—can have a strong impact on trimer structure, an-
tigenicity, and potentially immunogenicity. 

Strain-specific neutralizing epitopes, such as the V3 loop 
and the V1V2 loop, are well protected on the native trimer 
derived from the hard-to-neutralize strains we have studied, 
explaining why it is difficult to induce autologous neutraliz-
ing antibody responses against such isolates. The antigenic 
properties of gp160 and gp160-ΔCT may represent, respec-
tively, those of the extreme cases of the difficult-to-
neutralize primary isolates that cannot induce autologous 
neutralizing responses and the easy-to-neutralize, laborato-
ry-adapted strains that induce strong autologous responses, 
while other isolates (of intermediate susceptibility to neu-

tralization) may adopt conformations in between, like those 
of our partially truncated gp160-CT constructs (Fig. 4). A 
few mutations within the entire gp160 sequence can convert 
one form into another, perhaps even within a single patient, 
just as primary and laboratory-adapted SHIV or HIV-1 iso-
lates interconvert during in vitro and in vivo passages (32, 
33). Interconversion thus allows Envs in a closely related 
swarm of viruses to sample, at a population level, a much 
greater dynamic range than previously appreciated (17). In 
an infected individual, immune pressure might drive any 
particular isolate to evolve into one that is difficult-to-
neutralize and does not induce autologous neutralizing re-
sponses (Fig. 4). Such viruses substantially raise the barrier 
to vaccine development. 

In summary, the data presented here paint a more accu-
rate antigenic picture than hitherto available of a genuinely 
native and functional HIV-1 envelope spike from clinically 
relevant viruses. They provide an excellent reference for 
studies on the prefusion conformation of HIV-1 Env trimers 
and serve as guides for assessing how well potential immu-
nogens mimic a native viral spike. 
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Fig. 1. Antigenic characteristics of the 92UG037.8 Env trimer 
presented on cell surfaces. Plots of antibody binding to the Env trimer 
on the 92UG037.8 gp160 cell surfaces in the absence (red) or presence 
(blue) of soluble CD4. Fluorescent signal for bound CD4 is shown in the 
presence of CD4 (cyan) or in the absence of CD4 (orange). Antibodies 
and their epitopes are indicated. The IC50 values were determined in a 
luciferase-based virus neutralization assay using 92UG037.8 gp160 and 
purified antibodies. Unless specified, all antibodies used are Fab 
fragments. Original flow cytometry histograms are shown in fig. S4. 
Extensive control experiments were carried out to ensure the binding 
specificity and the experiments were repeated at least two times with 
almost identical results. 
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Fig. 2. Antigenic properties of the 92UG037.8 gp160-ΔCT. Plots of 
antibody binding to the Env trimer on the 92UG037.8 gp160-ΔCT cell 
surfaces in absence (red) or presence (blue) of soluble CD4. Fluorescent 
signal for bound CD4 is shown in the presence of CD4 (cyan) or in the 
absence of CD4 (orange). Antibodies and their epitopes are indicated. 
Unless specified, all antibodies used are Fab fragments. Original flow 
cytometry histograms are shown in fig. S11. The experiments were 
repeated at least two times with almost identical results. 
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Fig. 3. Effect of the gp41 cytoplasmic tail on antigenic properties of the 
ectodomain of Env. A tabulated summary of antibody binding to various 
92UG037.8 Env constructs, including gp160, gp160-CT120, gp160-CT90, 
gp160-CT60, gp160-CT30, gp160-ΔCT, gp140-TMfd, gp140FL20-TM, 
gp140FL20-TMfd and gp140-GPI. Epitopes targeted by the antibodies 
including CD4bs, CD4 binding site; CD4i, CD4-induced; V1V2+G, the V1V2 
loop and glycans; V3+G, the V loop and glycans; MPER, membrane proximal 
external region; gp41 cluster I and cluster II. Binding index is normalized by 
VRC01 binding to each untriggered Env construct in the absence of CD4 and 
it is defined as the ratio between the maximum MFI of a given antibody 
binding and the maximum MFI of VRC01 binding to the same Env construct. 
Cell-cell fusion capacity of each Env construct was monitored by syncytium 
formation when mixing Env-expressing cells and TZM-bl cells. 
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Fig. 4. A proposed relationship among all HIV-1 isolates based on their 
Env properties. Our gp160 and gp160-ΔCT may represent Envs of the 
difficult-to-neutralize primary isolates that cannot induce autologous 
neutralizing antibody responses and the easy-to-neutralize, laboratory 
adapted strains that induce strong autologous neutralizing responses, 
respectively. Other isolates (of intermediate susceptibility to neutralization) 
may adopt intermediate conformations, like those of our partially truncated 
gp160-CT constructs. A few mutations can easily convert one form into 
another, perhaps even within a single patient, and thus an effective vaccine 
may need to protect against the viruses described in blue. 
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