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ABSTRACT The antibody response against the HIV-1 envelope glycoproteins (Envs)
guides evolution of this protein within each host. Whether antibodies with similar
target specificities are elicited in different individuals and affect the population-level
evolution of Env is poorly understood. To address this question, we analyzed proper-
ties of emerging variants in the gp41 fusion peptide-proximal region (FPPR) that ex-
hibit distinct evolutionary patterns in HIV-1 clade B. For positions 534, 536, and
539 in the FPPR, alanine was the major emerging variant. However, 534A and 536A
show a constant frequency in the population between 1979 and 2016, whereas
539A is gradually increasing. To understand the basis for these differences, we
introduced alanine substitutions in the FPPR of primary HIV-1 strains and examined
their functional and antigenic properties. Evolutionary patterns could not be
explained by fusion competence or structural stability of the emerging variants.
Instead, 534A and 536A exhibited modest but significant increases in sensitivity to
antibodies against the membrane-proximal external region (MPER) and gp120-
gp41 interface. These Envs were also more sensitive to poorly neutralizing sera
from HIV-1-infected individuals than the clade ancestral form or 539A variant.
Competition binding assays confirmed for all sera tested the presence of antibod-
ies against the base of the Env trimer that compete with monoclonal antibodies
targeting the MPER and gp120-gp41 interface. Our findings suggest that weakly
neutralizing antibodies against the trimer base are commonly elicited; they do not
exert catastrophic population size reduction effects on emerging variants but,
instead, determine their set point frequencies in the population and historical pat-
terns of change.

IMPORTANCE Infection by HIV-1 elicits formation of antibodies that target the viral
Env proteins and can inactivate the virus. The specific targets of these antibodies
vary among infected individuals. It is unclear whether some target specificities are
shared among the antibody responses of different individuals. We observed that
antibodies against the base of the Env protein are commonly elicited during infec-
tion. The selective pressure applied by such antibodies is weak. As a result, they do
not completely eliminate the sensitive forms of the virus from the population, but
maintain their frequency at a low level that has not increased since the beginning of
the AIDS pandemic. Interestingly, the changes in Env do not occur at the sites tar-
geted by the antibodies, but at a distinct region of Env, the fusion peptide-proximal
region, which regulates their exposure.
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The envelope glycoproteins (Envs) of HIV-1 are primary targets in AIDS vaccine
design (1, 2). However, the Envs are not “stagnant” targets. Antigenic properties of

these proteins have gradually changed during the AIDS pandemic among strains that
circulate in the population (3–6). As a result, epitopes targeted by several broadly neu-
tralizing antibodies (BNAbs) are found in decreasing proportions of strains (3). Changes
in Env are caused by errors that occur during reverse transcription of the viral genome,
which continuously introduce new variants in the host (7, 8). Persistence of the variants
and their fixation in the population are determined by the selective pressures applied
to them, including (i) fitness pressures, (ii) immune pressures, and (iii) bottlenecks that
act during transmission (9–12). The relative roles of these forces in determining the
population-level changes in Env are unclear. Nevertheless, some evidence suggests
that their combined effects are similar in different populations. A recent study by Han
and colleagues examined the amino acid diversity at different positions of Env (13).
They observed that in distinct geographic regions, each Env position has evolved to-
ward a specific frequency distribution of amino acids that replaced the regional ances-
tral form. The frequency distribution is specific to the HIV-1 clade and is similar in
monophyletic and paraphyletic lineages, suggesting that, at a population level, Env
encounters similar forces that guide its evolution (13).

Fitness pressures play a major role in determining properties of the emerging var-
iants that can persist in the host (14); they guide Env toward structurally stable states
that effectively recognize the entry receptors and mediate fusion with target cells.
Fitness pressures are likely similar in different individuals during the same stage of
infection (14, 15). In contrast, the target specificity of immune pressures applied in dif-
ferent hosts varies considerably (16, 17). Whether some targets are shared between
antibody (Ab) responses elicited in different hosts and alter the evolutionary course of
Env structure in the population is unclear (16, 18). That such common immune pres-
sures may exist is suggested by the differences between conformational properties of
Envs from lab-adapted strains and primary HIV-1 isolates. The Envs of primary isolates
exhibit closed conformations that conceal immunogenic gp120 epitopes overlapping
the coreceptor-binding site (CoR-BS) and CD4-BS (19–22). Lab adaptation of HIV-1 is of-
ten associated with changes to more open forms that expose these epitopes, which
can exhibit reduced requirements for CD4 (22, 23). Subsequent passaging of the lab-
adapted viruses in animal models of HIV-1 infection causes reversion to more closed
conformations of the trimer (24). Such changes suggest that immune pressures reduce
the frequency of forms that expose immunogenic epitopes on gp120. Whether similar
pressures also affect the gp41 subunit and their impacts on conformation of the trimer
are still unknown.

To better understand the contribution of immune pressures to the population-level
changes in Env, we analyzed properties of emerging Env variants in a region of gp41
that exhibits a complex pattern of evolution. The fusion peptide-proximal region
(FPPR), also designated the polar region, is located C terminal to the fusion peptide,
extending from Env positions 528 to 540 (25, 26). Analyses of soluble Env trimers sug-
gest that the FPPR is conformationally flexible (27, 28). Nevertheless, substitutions at
some FPPR positions increase detachment of gp120 from virions (26, 29, 30), support-
ing the notion that this region contributes to structural stability of the trimer. We ana-
lyzed the historical changes in amino acid sequence of the FPPR among clade B viruses
and tested the emerging variants for their function, stability, and antigenicity. We
found that emerging FPPR variant 539A, which is increasing in its frequency, exhibits
modestly higher fusion competence than the clade ancestral form and a similar neu-
tralization phenotype. In contrast, FPPR variants 534A and 536A, which show a histori-
cally constant frequency, exhibit a unique “open-at-the-base” trimer conformation that
exposes partially cryptic gp41 epitopes. Analysis of serum samples with low neutraliza-
tion efficacy showed that Abs against the base of the Env trimer are commonly elicited
in HIV-infected individuals. Our findings suggest that population-level changes in the
FPPR can be explained by weak Ab pressures applied to the base of the Env trimer.
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RESULTS
FPPR positions show distinct patterns of change during the 40 years of the

AIDS pandemic. Cryo-electron microscopy (Cryo-EM) reconstructions of soluble gp140
trimers suggest that the FPPR resides at the base of the trimer and is only partially
exposed (Fig. 1A) (31–34). The FPPR and C-terminal heptad repeat (CHR) of the three
gp41 protomers appear to form a ring structure at the base of the trimer, which is sup-
ported by interactions between the two flanks of each FPPR and the CHRs of the same
and adjacent protomers (Fig. 1B). At the N terminus of the FPPR, Met530 resides in a

FIG 1 Positions in the FPPR midsegment show distinct patterns of evolution. (A) Cryo-EM structure of the HIV-1 Env trimer strain B41 (PDB ID 6U59). The
FPPR is colored in pink and the CHR in cyan. (B) Top view of the ring structure at the base of the trimer. The three residues of the Trp clasp are colored in
yellow. (C) Relationship between the FPPR and CHR region in the B41 Env trimer bound to CD4 and antibody 17b (PDB ID 5VN3). (D) Relationship between
the FPPR and CHR in B41 Env bound to antibody 13B (PDB ID 6U59). (E) Web logo of amino acid distribution in the FPPR among 1,576 clade B isolates
circulating worldwide between 1979 and 2016. Polar and hydrophobic residues are colored in green and black, respectively. (F) Side view of the FPPR in
the unliganded Env (PDB ID 6U59). Residues analyzed in this study are labeled in magenta. Other Env residues at distances smaller than 4 Å are shown. (G)
Historical changes in amino acid sequence diversity at FPPR positions 534 to 539 among clade B isolates. Each data point describes the percentage of
isolates with nonancestral residues for the indicated 5- to 7-year period (as a percentage of all strains from that period). Clade ancestral residues are shown
in the 3-letter code. (H) Historical changes in frequency of Ala in clade B isolates at positions 534 to 539. (I) Estimated rates of nonsynonymous (dN) and
synonymous (dS) substitutions were calculated for each codon using 6,285 clade B sequences. The test statistic indicates the difference between dN and dS
values. Asterisks indicate the P value for rejecting the null hypothesis of neutral evolution: *, P , 0.05. (J) Correlation between in-host variance and
population-level diversity at FPPR positions. A panel of 4,252 Env sequences from 181 patients infected by HIV-1 clade B was analyzed (10 to 80 sequences
per patient). The percentage of patients that contain amino acid variability at each position is shown and compared with the frequency of nonancestral
residues at the same position among 1,576 clade B Envs isolated from samples collected worldwide.
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clasp-like structure formed by three Trp residues from the CHR of the same protomer
(28, 32). Positioning of the C terminus of the FPPR and secondary structure of its mid-
segment appear to vary between the cryo-EM structures obtained in the presence and
absence of CD4 (Fig. 1C and D, respectively). In the presence of CD4, Arg542, which
flanks the FPPR, is positioned 2.9 Å from Glu647 in the CHR of the adjacent protomer
and “seals” the ring at the base of the trimer. In the absence of CD4, the FPPR forms a
helix-turn-helix structure in which Arg542 is more distantly positioned from Glu647.
Consistent with this arrangement, the FPPR midsegment (residues 531 to 539) was sug-
gested to be conformationally flexible in the unliganded form of Env (27, 28). The con-
tribution of this region to the structure and function of Env is still poorly understood.

Analysis of 1,576 Envs from HIV-1 clade B showed limited variation in amino acid
sequence at all FPPR positions except 535 (Fig. 1E). However, closer analysis of the his-
torical changes in amino acid diversity in the FPPR midsegment (positions 534 to 539,
Fig. 1F) revealed interesting patterns of change. Position 535 showed a rapid increase
in the frequency of emerging variants during the pandemic and appears to have
reached a plateau in the early 2000s (Fig. 1G). Position 539 showed a more gradual
increase; the clade ancestral Val was mainly replaced by Ala (Fig. 1G and H). At posi-
tions 534 and 536, the ancestral residues (Ser and Thr, respectively) were also replaced
by Ala; however, diversity and Ala frequency remained at a constant level (or decreased)
during the pandemic (Fig. 1H).

To better understand these patterns, we examined FPPR codons for evidence of
positive or negative selection. Nonsynonymous (dN) and synonymous (dS) substitution
rates were calculated for 6,285 HIV-1 clade B isolates. The dN-dS statistic was used as
an indicator of positive selection (dN-dS . 0) or purifying selection (dN-dS , 0).
Positions 536 and 539 showed high positive dN-dS values. The dN-dS value of position
535, which rapidly diversified in the population, was also high, albeit not statistically
significant. In contrast, dN-dS values for positions 529, 533, and 534 were negative, sug-
gestive of purifying selection (Fig. 1I). Phylogenetic analysis of the distribution of Ala
variants at position 534, 536, or 539 among clade B Envs revealed they do not localize
to specific sublineages of this clade (data not shown).

To further investigate the selective pressures applied on FPPR positions, we exam-
ined the in-host variance in amino acid sequence at each position of this domain. We
previously showed that the level of variance in each Env feature within the host is con-
served among hosts and correlates well with the population-level diversity of the fea-
ture (3). The in-host variance in amino acid sequence at all FPPR positions was analyzed
using a panel of 4,252 Env sequences isolated from blood samples of 181 individuals
(10 to 80 Env sequences per sample). For each position of the FPPR, we determined
the percentage of patients that contain variance in amino acid sequence. This fre-
quency was compared with the diversity at each position in clade B, as measured by
the percentage of strains that did not contain the clade ancestral residue. A strong cor-
relation was observed between the frequency of in-host variance at each position and
its population-level diversity (Fig. 1J). This finding suggests that the selective pressures
applied in the host on FPPR positions determine their patterns of change in the popu-
lation. We note that the emerging Ala variants at positions 534, 536, and 539 did not
localize to a specific lineage of clade B (see annotated phylogenetic trees in Fig. 2),
indicating they represent independent substitution events.

Therefore, S534, T536, and V539 in the clade B ancestor were replaced primarily by
Ala. However, the three positions show different patterns of historical changes in Ala
frequency; 539A is gradually increasing, whereas 534A and 536A have remained con-
stant (or decreased). Positions 536 and 539 show evidence for positive selection,
whereas position 534 shows evidence for negative selection.

Population-level changes in amino acid sequence of the FPPR are not fully
explained by fusion competence or stability of the emerging variants. To better
understand the selective pressures applied on the FPPR, we examined the effects of Ala
substitutions at positions 534 to 539 on fusion competence of Env. The changes were
first introduced in the Env of HIV-1 strain AD8, which occupies a “closed” conformation
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and exhibits a neutralization-resistant profile of a tier-2 virus (35–37). We also introduced
the changes in the Env of HIV-1 strain 89.6, which occupies a partially open conformation
and exhibits a neutralization-sensitive profile between tiers 1 and 2 (35). Replication-de-
fective pseudoviruses that contain the Env variants and express the luciferase protein
were generated and tested for their infectivity. In both AD8 and 89.6 Envs, Ala substitu-
tions at positions 536 and 539 resulted in modest but significant increases in infection
relative to the wild-type (WT) forms that contain the clade B ancestral residues (Fig. 3A).
The change at position 534 caused a modest but significant decrease in infectivity. Other
positions, which less frequently contain Ala in primary HIV-1 isolates, showed various lev-
els of decrease in infectivity relative to the WT Envs.

We previously showed that a Ser-to-Pro change at position 532 of the FPPR increases
shedding of gp120 from Env trimers (26). We thus examined the effects of substitutions
at positions 534 to 539 on Env trimer stability. We first determined functional stability of
the variants, by measuring sensitivity of the viruses that contain them to incubation at
37°C. Primary strains of HIV-1 exhibit similar sensitivities to this treatment; half-lives at
37°C usually range between 7 and 10 h (38). In both strains, Ala substitutions at positions
534, 535, 536, 538, and 539 did not alter sensitivity to 37°C, whereas the 537A variant
was considerably more sensitive than WT Env (Fig. 3B). We also examined the effects of
the substitutions on structural stability of the Envs, by measuring spontaneous shedding
of gp120 from Env trimers. For this purpose, human osteosarcoma (HOS) cells were
transfected by the WT and mutant Envs. Shed gp120 was immunoprecipitated from the
supernatant and quantified as a fraction of Env expressed on the surface of the cells.
Consistent with the measurements of functional stability, only the 537A variants exhib-
ited higher levels of gp120 shedding that the WT Envs (Fig. 3C).

To determine if differences in infectivity (Fig. 3A) result from changes in receptor rec-
ognition, we measured binding efficiency of the CD4 receptor to the Env variants
expressed on the surface of HOS cells. In contrast to other cell types, HOS cells express
only fully cleaved trimers on their surface (39). We measured binding of the Env mutants
to the CD4-Ig probe, which is composed of two copies of domains 1 and 2 of the CD4
protein linked to the Fc region of human IgG1. To normalize for the cell surface expres-
sion level of each Env, we also measured in the same experiment binding of the 2G12
Ab, which recognizes an exposed epitope on the high-mannose patch of gp120 (40, 41).

FIG 2 Envs with alanine substitutions at position 534, 536, or 539 do not localize to a specific lineage of HIV-1 clade B. Shown is a
phylogenetic tree describing evolutionary relationships between Envs of 1,576 HIV-1 isolates from distinct individuals. Sequences are
derived from samples collected worldwide between 1979 and 2016. The tree was reconstructed from nucleotide sequences of the
entire env gene using the maximum likelihood method. Branches are colored by the amino acid contained at position 534, 536, or
539. The scale bar describes the number of substitutions per site.
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For Env AD8, the 537A and 538A variants exhibited modest but significantly higher bind-
ing of CD4-Ig than the WT Env, whereas other variants were similar to WT (Fig. 3D, left).
For the partially open 89.6 Env, most variants showed higher binding efficiencies than
the WT, with various levels of significance (Fig. 3D, right). Given that the 534A, 536A, and
539A variants of AD8 did not show significant changes in CD4-Ig binding efficiency, we
examined the impact of these mutations on CD4 dependence for entry. To this end, we
used target cells that transiently express high levels of CCR5 and a range of CD4 levels.
The 534A and 539A variants exhibited a similar CD4 usage efficiency to the WT Env,
whereas 536A exhibited a modest decrease (Fig. 3E). Therefore, CD4 binding and usage
efficiency cannot account for the observed differences in infectivity.

The above results raised the following question: if fusion competence and stability
of the 536A and 539A variants are higher than those of the ancestral form, why is the
frequency of 539A increasing in clade B, whereas the frequency of 536A is constant or
decreasing? We hypothesized that these patterns may be attributed to the differential
sensitivity of these variants to immune selective pressures.

FIG 3 Fusion competence and stability of FPPR variants does not explain their emergence patterns in the population. (A) Infectivity of viruses that contain
Envs with Ala substitutions at positions 534 to 539. Replication-defective viruses that express the luciferase protein and contain the indicated variants of
Envs AD8 or 89.6 were used to infect Cf2Th-CD41 CCR51 cells. Infectivity was measured by luciferase activity (in relative light units [RLU]) and is expressed
as a fraction of p24 antigen content in each sample. Error bars, standard error of the means (SEM). Statistical significance of the differences between
infectivity of WT Env and the Ala variants was calculated using the results of 4 to 6 independent experiments by an unpaired t test: *, P , 0.05; **,
P , 0.005. (B) Stability of FPPR variants at 37°C. Viruses were incubated at 37°C for different time periods and added to Cf2Th-CD41 CCR51 cells. Infectivity
values are expressed as the percentage of infection measured in samples not preincubated at 37°C. (C) Shedding of gp120 from cells that express WT and
mutant Envs. HOS cells were transfected by the indicated Env variants. Three days later, the supernatant was collected and the gp120 content was
immunoprecipitated using protein A beads and MAbs 2G12, VRC03, and PGT121. Samples were analyzed by SDS-PAGE, and the blot was probed with goat
anti-gp120 IgG. Values are expressed relative to the binding of the above MAb mixture to HOS cells that express the Env variants, as measured by ELISA.
(D) Binding efficiency of CD4 to HOS cells expressing the FPPR variants. Env-expressing cells were incubated with the CD4-Ig probe or with MAb 2G12
(both at 0.5 mg/mL). CD4-Ig binding is expressed as a fraction of 2G12 binding. (E) CD4 usage efficiency. HEK 293T cells were transfected with 900 ng of
plasmid that expresses human CCR5 and the indicated amounts of plasmid that expresses human CD4. Two days later, cells were seeded in 96-well plates,
and viruses were added. Infectivity measured for each condition is expressed as a percentage of that measured at the maximal amount of CD4 plasmid.
The amount of CD4 plasmid required for half-maximal infectivity was calculated by linear regression, and replicate values were compared between the WT
and variants using an unpaired t test: *, P , 0.05.
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Substitutions in the FPPR midsegment enhance sensitivity to antibodies that
target the trimer base. We examined whether the population-level changes in the FPPR
can be explained by Ab pressure applied to the emerging variants. For this purpose, we ana-
lyzed the neutralization profiles of Ala variants at FPPR positions that exhibit intermediate
and high levels of infectivity: 534, 536, 537, 538, and 539. Neutralization by monoclonal Abs
(MAbs) that target distinct gp41 and gp120 epitopes was compared with that of the WT
Envs. We first examined sensitivity of the Ala changes introduced in the tier-2-like AD8 Env.
MAbs that target the membrane-proximal external region (MPER) of gp41 were tested,
which recognize epitopes that are partially exposed on the unliganded form of Env (42). Ala
substitutions at positions 534, 536, 537, and 538 increased sensitivity to MAbs 2F5, 4E10, and
10E8, with modest or no changes for the 539A variant (see Fig. 4A and all MAbs tested in
Fig. 4B, which indicates statistical significance of the differences in 50% inhibitory concentra-
tion [IC50] values between the WT and all variants). We also examined sensitivity of the var-
iants to MAbs that target epitopes overlapping the gp41-gp120 interface at the base of the
trimer (43, 44). All FPPR variants were more sensitive than WT to MAbs 35O22 and PGT151,
with only modest differences observed for variant 539A. In contrast to the higher sensitivity
of the FPPR variants to MAbs that target the MPER and gp120-gp41 interface, their sensitiv-
ity to MAbs that target gp120 epitopes was generally similar to that of the WT AD8 Env,
including (i) MAb PGT121, which targets an epitope that overlaps the high-mannose patch
of gp120 (45), (ii) MAb PGT145, which targets a quaternary epitope at the apex of the trimer
(46), and (iii) MAb VRC01, which targets the CD4-BS (47). We further examined sensitivity of
the Envs to MAbs that target cryptic epitopes that overlap the CoR-BS, including 17b and
48d, (48) and the V3 loop, including 447-52D and F425-b4E8 (49, 50). For both groups of
Abs, only the 537A variant showed 50% reduction of infectivity at the highest concentration
of the MAbs.

We also tested the effects of the Ala mutations on neutralization sensitivity of the
tier-1-like 89.6 Env. This Env exhibits a partially open conformation and, in contrast to
tier-2 strains, is modestly sensitive to CoR-BS-targeting Abs (35). The sensitivity pattern
of the 89.6 variants was similar to that of AD8 Env for MAbs that target the MPER and
gp41-gp120 interface, as well as epitopes in the glycan patch and apex (Fig. 4C). No
differences were observed for the fusion peptide targeting MAb VRC34 (51). However,
the FPPR changes in Env 89.6 also increased sensitivity to CoR-BS and V3 loop Abs, sug-
gesting that they further enhanced exposure of these domains. In addition, sensitivity
to the CD4-BS MAb VRC01 was modestly increased. Since Envs of most primary HIV-1
strains occupy a more closed conformation than 89.6, we sought to determine whether
introducing the FPPR substitutions in a closed form of this Env would also enhance ex-
posure of the partially cryptic gp120 epitopes. For this purpose, we used a variant of
89.6 that contains two stabilizing changes in gp120: (i) Arg to Glu at position 305 of
the V3 loop and (ii) Met to Ile at position 225 of the gp120 inner domain (52, 53). These
changes were identified after serial passage in rhesus macaques of a chimeric simian-
human immunodeficiency virus that contains the 89.6 Env (54). Previous analyses of
the antigenic profile of 89.6(M225I, R305E) Env showed it occupies a more closed con-
formation than the parental 89.6 strain (35). We introduced substitution S534A, T536A,
or V539A in the 89.6(M225I, R305E) Env and tested sensitivity to the different MAbs. As
expected, 89.6(M225I, R305E) was more resistant than WT 89.6 to MAb 17b (IC50 values
of .60 mg/mL and 25 mg/mL, respectively) (Fig. 5A). In contrast to their effects on WT
89.6, the 534A and 536A changes in 89.6(M225I, R305E) did not increase sensitivity to
MAb 17b (Fig. 5B); a phenotype similar to that observed for AD8 Env. Furthermore, the
534A and 536A changes increased sensitivity of 89.6(M225I, R305E) to MPER MAbs
10E8 and 2F5. The 539A Env exhibited WT-like sensitivity to MAb 10E8 but higher sen-
sitivity to 2F5. In addition, and in contrast to the WT 89.6 Env, the changes at positions
534 and 536 did not impact VRC01 neutralization of 89.6(M225I, R305E). Similarly, the
534A change in 89.6(M225I, R305E) did not affect sensitivity to MAb F425-b4e8, and
the 536A change increased sensitivity to this MAb to a lesser extent than that observed
for WT 89.6. Therefore, in the tier-2-like Env 89.6(M225, R305E), the 534A and 536A
mutations induced limited changes in epitopes outside the base of the trimer.
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The above data suggest that the FPPR regulates exposure of epitopes at the trimer
base. In primary tier-2-like viruses such as AD8 and 89.6(M225I, R305E), Ala substitu-
tions at FPPR positions 534 and 536 induce isolated exposure of epitopes in the MPER
and gp120-gp41 interface. Ala substitutions at FPPR positions 537 and 538 (or in partially
open forms, such as 89.6 Env) can induce more drastic changes in trimer conformation

FIG 4 Alanine substitutions in the FPPR midsegment enhance HIV-1 sensitivity to antibodies that target the trimer base. (A) Neutralization sensitivity of
virus containing AD8 Env with the indicated FPPR changes. Viruses were incubated with different concentrations of the MAbs for 1 h. Samples were then
added to Cf2Th-CD41 CCR51 cells, and residual infectivity was measured 3 days later. Values describe the mean infection measured for each virus as a
percentage of infection measured in the absence of MAbs. Error bars, SEM. (B, C) Summary of the effects of the FPPR substitutions on MAb sensitivity of
viruses containing the WT or indicated variants of Env AD8 (B) or 89.6 (C). Mean IC50 values measured in three or more independent experiments are
shown. Numbers in italics indicate SEMs calculated across experiments. Statistical significance of the differences between WT and mutant Envs was
determined by an unpaired t test: *, P , 0.05; **, P , 0.005; ***, P , 0.0005. Cells are shaded by the fold decrease in IC50 relative to WT Env.
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and enhance exposure of epitopes that overlap the CoR-BS, V3 loop, and CD4-BS. The
V539A variants exhibited considerably lower sensitivity to the MPER and gp120-gp41
interface Abs, a pattern that more closely resembled that of the WT Env.

FPPR substitutions that induce an open-at-the-base conformation sensitize
HIV-1 to antibodies commonly elicited during infection. The emerging variants
534A and 536A show a historically constant frequency in the population and exhibit an
open-at-the-base conformation of the trimer. In contrast, the 539A variant that is
increasing in frequency exhibits a more closed conformation. We asked whether com-
mon Ab pressures applied on the open-at-the-base forms may account for their lack of
increase in the population. To address this question, we first tested the effects of the
substitutions on sensitivity to serum samples from HIV-infected individuals. Samples
from 14 donors that exhibit low potency (IC90 values at a dilution of 1:10 or lower, as
measured for virus containing the WT AD8 Env) were tested for their neutralization of
pseudovirus containing the WT Envs, as well as variants 534A, 536A, and 539A (Fig. 6).
The 534A and 536A variants of AD8 were modestly but significantly more sensitive to
the sera than the WT form (see results of paired t tests in Fig. 6A). Greater enhance-
ment of sensitivity was observed for the 534A and 536A variants of 89.6 (Fig. 6B). In
contrast, sensitivity of the 539A variant did not differ from that of the WT Env for both
strains.

These data suggested that Abs targeting the open conformation of the 534A and
536A variants might be commonly elicited in HIV-1-infected individuals and contained
in samples with low neutralization efficacy. To directly test this hypothesis, we sought
to identify the Ab specificities in the samples by competition enzyme-linked immuno-
sorbent assay (ELISA). For this purpose, we conjugated horseradish peroxidase (HRP) to
MAbs 10E8 and 35O22. In addition, since patients frequently contain Abs that target
the V3 loop and CD4-BS (55–57), we generated HRP conjugates for MAbs 447-52D and
VRC01. As a control for an epitope that is less frequently targeted in patients, we used
the glycan-targeting MAb PGT121 (45). HRP-conjugated MAbs were incubated with

FIG 5 Alanine substitutions in the FPPR of a tier-2-like variant of 89.6 Env enhance sensitivity to MPER Abs but not to
CoR-BS Abs. (A) Effects of Ala substitutions at positions 534, 536, and 539 on neutralization sensitivity of Env 89.6(M225I,
R305E). Representative results from at least three independent experiments are shown. Error bars, SEM. (B) Summary of
MAb sensitivities of the FPPR variants. Mean IC50 values measured in the experiments are shown. Numbers in italics
indicate SEMs calculated across experiments. Statistical significance of the differences between WT and mutant Envs was
determined by an unpaired t test: *, P , 0.05; **, P , 0.005.
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HOS cells that express Env in the presence of serum from 3 HIV-1-negative and 6 HIV-
1-positive individuals: 3 with low neutralizing activity (IC50 of .1:50) and 3 with high
neutralizing activity (IC50 of ,1:50), as measured using virus containing WT 89.6 Env.
Properties of the HIV-1-positive donor samples are shown in Table 1. To maximize rec-
ognition of serum-derived Abs that target the trimer base, we used the open 89.6
(536A) Env as the capture antigen on the cells.

We first examined the ability of serum from HIV-positive and HIV-negative individu-
als to compete with binding of the HRP-conjugated MAb 10E8. As shown in Fig. 7A,
the HIV-1-positive serum significantly reduced binding of the MAbs at dilutions of 1:10

TABLE 1 Serum samples from HIV-1-infected individuals used in this study

Patient ID
Viral load
(copies/mL)a

CD4 count
(cells/mm3) Antiretroviral treatmentb

Time since
seroconversion (yr)

1614 31,700 547 None .1
1631 79,300 415 None .4
1508 11,700 701 None .5
1279 509 120 Nelfinavir, emtricitabine, TDF .3
1235 321 616 Stavudine, efavirenz .7
1458 4,300 79 Lopinavir, ritonavir, emtricitabine, TDF .5
aThe viral load and CD4 counts shown describe values measured at the closest time point available to the
collection time of the serum sample used in our tests (interval less than 3 months).

bTreatment(s) received at the collection time of the samples used in our tests. TDF, tenofovir disoproxil fumarate.

FIG 6 Alanine substitutions in the FPPR enhance sensitivity to weakly neutralizing serum from HIV-
infected individuals. Samples from 14 individuals that exhibit low neutralization efficacy (IC90 value at
a 1:10 dilution or lower for HIV-1AD8) were incubated with the WT, S534A, T536A, or V539A variants of
Env AD8 (A) or Env 89.6 (B). All serum samples were used at a final dilution of 1:10. The virus-serum
mixture was incubated for 1 h at 37°C and added to Cf2Th-CD41 CCR51 cells to measure residual
infectivity. P values describe the results of a paired t test that compares infectivity of the WT and
mutant Envs in the presence of each serum.
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to 1:250. We proceeded to test the ability of the HIV-positive and HIV-negative sera to
reduce binding of the different MAbs. All sera were used at a dilution of 1:10. Binding
of MAb 10E8 to the cell-surface Envs was considerably reduced by all HIV-positive sera,
whereas the HIV-negative sera had no impact relative to the buffer (no-serum) control
(Fig. 7B). Greater effects were observed for the sera that contained higher neutralizing
activity. The HIV-positive sera also completely abrogated binding of the HRP-tagged
MAb 35O22 to Env (Fig. 7C). Interestingly, binding of MAb 35O22 was modestly
reduced by the HIV-1-negative sera; such 2-fold changes were observed in four inde-
pendent experiments and may be attributed to cross-reactivity with a common human
Ab. Considerable effects on binding of MAb VRC01 were also observed, with more
modest effects on binding of MAbs 447-52D and PGT121 (Fig. 7D to F).

These findings suggest that patient sera commonly contain Abs against the trimer
base that interfere with binding of MAbs against the MPER and gp120-gp41 interface. The
534A and 536A FPPR variants are more sensitive to the effects of such gp41-targeting Abs
than the WT Env or 539A (Fig. 6), which likely explains the patterns of change in these
emerging variants in the population during the course of the AIDS pandemic.

FIG 7 Competition ELISA to detect antibodies against the trimer base in patient sera. (A) HOS cells that express 89.6(536A) Env were incubated with an
HRP-tagged form of MAb 10E8 (at 4 mg/mL) and the indicated dilutions of serum from an HIV-negative or HIV-positive individual. Binding of the tagged
MAb was detected by chemiluminescence. Values for the two samples were compared by an unpaired t test: ns, not significant; *, P , 0.05; **, P , 0.005;
***, P , 0.0005. (B to F) Competition of patient sera with MAb binding to Env. HOS cells expressing the 89.6(536A) Envs were incubated with the HRP-
tagged MAb 10E8 (4 mg/mL), 35O22 (0.7 mg/mL), VRC01 (4 mg/mL), 447-52D (2 mg/mL), or PGT121 (4 mg/mL) in the presence of patient sera (all used at a
1:10 dilution). Patient sera were collected from three HIV-negative and six HIV-positive individuals. Samples are grouped by their IC50 values measured
against virus containing the WT AD8 Env. Binding values for each serum (in four independent experiments) were compared with values measured for the
HIV-negative samples using an unpaired t test, and significance is indicated by asterisks above the bars. A similar comparison between the sample groups
with low and high IC50 values is also shown.
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DISCUSSION

Many positions of HIV-1 Env show considerable diversity in amino acid sequence among
strains that circulate in the population, whereas others are highly conserved. In many cases,
conservation results from fitness pressures applied on the sites, allowing only specific Env var-
iants to persist due to their functionality or structural stability (58, 59). Over the course of mul-
tiple replication cycles, even small reductions in fusion competence (as measured in vitro) can
result in rapid loss of the variant from the host and thus limited representation in the popula-
tion. However, in some cases, Env variants exhibit in vitro functionality levels that are similar
to (or higher than) those of the ancestral form but are still not found among circulating
strains. For example, several lab-adapted strains of HIV-1 exhibit higher fusion competence
than their parental primary isolates, with a lower or no requirement for CD4 to mediate
fusion (60, 61). The ability to surmount the necessity for CD4 would potentially allow more ef-
ficient replication in the host. Nevertheless, CD4-independent primary strains are rarely
encountered; their absence is explained by the altered conformations of their Envs, which ex-
pose epitopes that overlap the CoR-BS (37, 62, 63). Abs that target the CoR-BS are commonly
elicited in infected individuals (64) and likely apply strong selective pressures that account for
the absence of CD4-independent strains in the population despite their potential fitness
advantage. Our data suggest that a similar type of Ab selection pressure is applied to epi-
topes at the base of the trimer. However, in contrast to the CD4-independent strains, such
effects do not cause catastrophic population size reductions: strains with an open-at-the-base
conformation (e.g., 534A or 536A) are indeed isolated from infected individuals. Instead, their
immune selection is incomplete, which has resulted in a lack of increase in their frequency
during the past 4 decades. The balance between the rate of appearance of such variants in
the host, their fitness, and sensitivity to immune pressures determines their “set point fre-
quency” in the population and historical patterns of change (Fig. 8).

Abs against Env subunit gp41 appear in patients at very early stages of infection
(65). Many of these are nonneutralizing and target the immunodominant region of

FIG 8 Model of the population-level evolution of the FPPR. Evolutionary patterns of emerging FPPR
variants can be explained by their fitness profiles and sensitivity to common antibody pressures. Fitness is
inferred from the in vitro fusion competence of the Envs and their levels of structural and functional
stability. The 539A variant exhibits modestly higher fusion competence than the clade B ancestral form and
a similar closed conformation of the trimer that is relatively resistant to antibodies. Consequently, it is
gradually increasing in its frequency. The 534A and 536A variants exhibit fitness levels that are lower than
or higher than those of the clade ancestral form, respectively; their open-at-the-base conformation
(highlighted in red) renders them sensitive to common but weakly neutralizing Abs against this region.
Thus, following an initial increase in their frequency in the population, they reached steady states that
reflect their relative infectivity levels. The 537A and 538A variants exhibit lower fitness, and a conformation
that exposes immunogenic epitopes at multiple sites on Env targeted by frequently elicited antibodies
(highlighted in green). As a consequence, such emerging variants are effectively eliminated in the host and
poorly represented in the population.
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gp41, which is not exposed on the native trimer (66–68). In addition, Abs against
exposed or partially exposed regions of gp41, which can neutralize the virus, are eli-
cited in many patients. For example, serum profiling studies based on neutralization of
chimeric Envs containing the MPER of HIV-1 or HIV-2 suggested that approximately 8%
of patients contain 10E8-like Abs and 27% contain MPER-targeting Abs (69). Experiments
based on identification of “neutralization fingerprints” of sera suggested that 50% of the
sera contain 2F5- or 10E8-like Abs and 38% contain Abs with 35O22-like neutralization
patterns (43). In our study, we detected Abs against the trimer base that interfere with
binding of MAbs 10E8 and 35O22 in all 6 samples tested. Several reasons may explain
the high proportion of sera with such Abs in our tests. First, our measurements are based
on serum competition with MAbs for binding to Env (70). Thus, serum Abs that target
partially overlapping epitopes and possibly conformationally related epitopes at the
base of the trimer may sterically hinder binding of the MAbs (e.g., anti-MPER Abs that
may interfere with binding of anti-gp120-gp41 interface Abs). Second, to maximize
detection of the Abs, we used the 89.6(T536A) Env. The Env of strain 89.6 exhibits an
open conformation that was further “opened” by the T536A change. Third, the above-
cited studies tested for presence of the Abs by measuring neutralization activity of the
sera, whereas our approach focuses on their ability to reduce binding of MAbs, thus also
detecting Abs with low potency. Indeed, our results suggest that Abs against the trimer
base exhibit low neutralizing activity, primarily against tier-2-like strains.

Structural integrity of the Env trimer is maintained by multiple interactions within
and between subunits. Such sites control the overall architecture of the trimer and
keep it in a functional closed form that does not expose immunogenic epitopes.
Disruption of the interactions by mutations, chemical or physical treatments, or specific
ligands can cause conformational changes to functional nonnative forms. A common
feature of these perturbed forms is exposure of epitopes that overlap the CoR-BS (35,
37, 71). This common path reflects the natural propensity of the trimer to “spring” into
an open form that can bind the CoR. During the course of their evolution, primate len-
tiviruses likely gained dependence upon CD4, a feature that limits exposure of the con-
served immunogenic CoR-BS. Similar to the CoR-BS, the MPER is highly conserved (72)
and is required for fusion (73–75). The MPER is thus maintained as less accessible to
targeting Abs (76, 77); those BNAbs that target this domain generally have lower
potencies than BNAbs that target more exposed epitopes on gp120. Here, we show
that exposure of epitopes in the trimer base is controlled by the FPPR. Modestly per-
turbing substitutions in the FPPR (e.g., 534A and 536A) cause isolated exposure of
these epitopes, whereas more perturbing changes (e.g., L537A) induce “fully open”
trimer forms that also expose the CoR-BS. Interestingly, a similar phenotype is caused
by disruption of the anchoring interaction between gp41 and membrane cholesterol.
Low concentrations of cholesterol-depleting agents increase exposure of the MPER,
whereas higher concentrations also increase exposure of the CoR-BS (78). We propose
that the changes in the FPPR induce similar release of structural constraints. Based on
the proximity of the FPPR to the CHR and MPER, is it likely that the FPPR substitutions
affect the interaction with these domains (26). The nature of the association between
the FPPR and MPER, which may explain the structural basis for our observations,
remains to be clarified.

In different populations worldwide infected by virus from the same HIV-1 clade, each
Env position exhibits a similar frequency distribution of amino acids (13). In many cases,
founder effects of substitutions in monophyletic lineages are reduced by evolution of
the position toward the clade-specific frequency distribution. That evolution is directed
toward distributions rather than single amino acids suggests that a fine balance exists
between the inherent propensity of the virus for diversification and the selective pres-
sures that oppose it. In the absence of catastrophic effects of the selective pressures, no
single factor dominates the pattern of circulating variants. For example, the emerging
variant T536A shows modestly but significantly higher fusion competence than the clade
ancestral form but also higher sensitivity to immune pressures normally elicited in the
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host. Such factors are balanced and likely explain the constant frequency of this variant
in the population (Fig. 8). In contrast, other FPPR positions do suggest population size
reduction effects. For example, position 538 contains the same nucleotide sequence in
the clade B ancestor as position 536; however, 538A variants are not found among circu-
lating strains, likely due to their lower infectivity and higher sensitivity to Abs normally
elicited. Similarly, the L537A change reduces functionality of Env and also induces an
open conformation of the trimer with high exposure of epitopes that overlap the CoR-
BS, V3 loop, MPER, and gp120-gp41 interface. This Env form is also unstable, both struc-
turally and functionally, as measured by the high propensity for shedding of gp120 and
the loss of fusion competence after incubation at 37°C. Based on previous studies, it is
likely that the L537A change disrupts the association between the FPPR and Trp at posi-
tion 666 of the MPER (29, 79), thus releasing structural constraints and enhancing expo-
sure of epitopes in both gp120 and gp41 and potentially reduce trimer stability. These
factors likely account for the highly conserved nature of Leu at position 537. In this
study, we show that in vitro analyses of the fusion competence, structural stability, and
Ab sensitivity profiles can explain, at least in some cases, the distribution of emerging
variants in the population and their historical patterns of change.

Broadly acting and potently neutralizing Abs against HIV-1 Env are rarely elicited in
patients. A better understanding of the lower-efficacy neutralizing responses that are
more frequently elicited may provide insights that can further enhance their potency.
Our findings suggest that poorly neutralizing sera contain weak Ab pressures that tar-
get the trimer base. The high conservation and contiguous nature of the MPER render
it an attractive target for immunogen design. However, previous attempts to elicit
MPER-targeting Abs using MPER peptides have yielded mixed results (80, 81). The low
neutralization efficacy of the elicited Abs is likely not caused by low immunogenicity of
the MPER peptides used, but by the low exposure of the epitopes on the virus. A sec-
ond limitation of MPER Abs is their propensity to associate nonspecifically with the
plasma membrane, resulting in autoreactivity and polyreactivity (82, 83). Nevertheless,
some MPER Abs have shown high levels of specificity, indicating that polyreactivity is
not an inherent property of these Abs (84). That such Abs are commonly elicited in the
host, as our data suggest, indicates that additional focus on the exposed segment of
this domain (85) may further increase the neutralizing efficacy of the response. In the
context of an immunogen composed of the complete ectodomain of the Env trimer,
exposure of such epitopes can be controlled by the FPPR.

MATERIALS ANDMETHODS
HIV-1 Env sequence analyses. To examine historical changes in the FPPR, HIV-1 env nucleotide

sequences were downloaded from the Los Alamos National Lab (LANL) database using the sequence
search interface (https://www.hiv.lanl.gov) and from the NCBI database (https://www.ncbi.nlm.nih.gov).
Sequences tagged as nonfunctional Envs were removed, as were sequences with nucleotide ambiguities
or large deletions in conserved regions. A single sequence from each patient and a single sequence
from known transmission pairs were used. In addition, to avoid related sequences, we applied a minimal
cutoff of 0.03 nucleotide substitution per site for sequence selection. The remaining 1,576 nucleotide
sequences were aligned using a hidden Markov model with the HMMER3 software (86). Sequences were
then translated, and positions were numbered according to the standard HXBc2 numbering system of
the Env protein (25). To analyze the historical changes in amino acid frequency at Env positions, sequences
were grouped according to the year of sample collection, and the frequency of each residue was calcu-
lated as a percentage of that of all isolates from the same time period. A maximum likelihood phylogenetic
tree based on the 1,576 nucleotide sequences was constructed using FASTTREE (87, 88). The tree was
rooted to the clade B consensus sequence (87).

To identify FPPR codons under selective pressure, we downloaded from the NCBI database nucleo-
tide sequences of the FPPR midsegment (positions 7806 to 7841 of the HIV-1 genome, corresponding to
amino acid positions 528 to 539 of Env). A panel of 6,285 clade B env sequences from samples collected
between 1979 and 2018 was used to estimate the number of inferred synonymous and nonsynonymous
changes. Analyses were performed using the main instance of Galaxy (88). To estimate maximum likeli-
hood values, a tree topology was computed using a generalized time-reversible model with the CAT
approximation (GTR-CAT) nucleotide evolution model with FASTTREE (89). To detect codons under
selection, we calculated the number of synonymous substitutions per site (dS), and the number of non-
synonymous substitutions per site (dN). Maximum likelihood computations of dN and dS were con-
ducted using HyPhy-SLAC (90). The dN-dS statistic was applied to detect codons under positive selection

Immune Pressures on the HIV-1 Env Trimer Base Journal of Virology

July 2022 Volume 96 Issue 13 10.1128/jvi.00406-22 14

https://www.hiv.lanl.gov
https://www.ncbi.nlm.nih.gov
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00406-22


(dN-dS . 0) or negative selection (dN-dS , 0). P values for rejecting the null hypothesis of neutral evolu-
tion were calculated, whereby P values of,0.05 were considered significant.

To calculate within-host diversity at FPPR positions, we used nucleotide sequences of 4,252 clade B
Envs from 181 different HIV-infected individuals. For each individual, 10 to 80 Env sequences were ana-
lyzed. Sequences were aligned using a hidden Markov model with the HMMER3 software (86). For each
patient sample, we determined the presence or absence of in-host amino acid variation at each position
of the FPPR.

Antibodies and cells. The following MAbs were obtained through the NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH. The MAb 35O22 that targets the gp120-gp41 interface was contributed by
Jinghe Huang and Mark Connors (43). James Robinson provided MAbs 17b and 48d, which recognize
epitopes that overlap the CoR-BS (48). Hermann Katinger provided MAb 2G12, which targets a carbohy-
drate-dependent gp120 epitope (40), and MAb 2F5, which recognizes the membrane-proximal external
region (MPER) of gp41 (91). The MPER-targeting MAb 10E8 was contributed by Mark Connors (69), and
MAb 4E10 was contributed by DAIDS/NIAID (92). John Mascola provided the CD4-BS MAb VRC01 and
MAb VRC34 that targets the fusion peptide (51, 93). The International AIDS Vaccine Initiative (IAVI)
Neutralizing Antibody Consortium provided MAb PGT121, which recognizes a glycan-dependent gp120
epitope (45), and MAb PGT145, which recognizes a quaternary epitope at the trimer apex (45). The MAb
447-52D was contributed by Susan Zolla-Pazner (50). Plasmids encoding the heavy and light chains of
MAb 3BC176 were kindly provided by Michel Nussenzweig; this MAb was purified as previously
described (94).

Serum samples were obtained from HIV-1 chronically infected adult subjects (more than 12 months
since seroconversion) who gave informed consent under clinical protocols approved by the human use
review boards at the University of Washington at Seattle Center for AIDS Research (CFAR) and the
University of Iowa (IRB no. 8807313, 200010008, and 2010101730). All samples were heat inactivated at
55°C for 30 min before use.

Human embryonic kidney 293T cells and human osteosarcoma (HOS) cells were obtained from the
American Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10mg/mL penicillin-streptomycin and 10% fetal calf serum (DMEM/FCS). Canis famil-
iaris thymus normal (Cf2Th) cells (kindly provided by Joseph Sodroski) were used to measure infection.
These cells stably express human CD4 and CCR5 (Cf2Th-CD41 CCR51) and were cultured in DMEM/FCS
supplemented with 200mg/mL hygromycin and 400 mg/mL G418.

Envelope glycoprotein constructs. The full-length Envs of HIV-1 strains AD8 (accession no.
AF004394) and 89.6 (accession no. U39362) were expressed from the pSVIIIenv plasmid, as previously
described (35). Amino acid numbering of Env positions is based on the HXBc2 reference system (25).
Mutations were introduced into the pSVIIIenv vector by site-directed mutagenesis using the PrimeStar
Max polymerase (TaKaRa), followed by DpnI digestion, and transformation of Stellar competent cells.
The env genes of all variants generated were sequenced to verify that unwanted mutations were not
introduced during this process.

Preparation of recombinant luciferase-expressing HIV-1. Single-round, recombinant HIV-1 that
expresses the luciferase gene was generated by transfection of 293T cells using JetPrime transfection re-
agent (Polyplus). Cells were seeded in 6-well plates (8.5 � 105 cells per well) and transfected the next
day with 0.4 mg of the HIV-1 packaging construct pCMVDP1DenvpA, 1.2 mg of the firefly luciferase-
expressing construct pHIvec2.luc, 0.4 mg of plasmid expressing HIV-1 Env and 0.2 mg of plasmid express-
ing HIV-1 Rev and 4.2 mL of JetPrime reagent. The transfection medium was replaced the next day, and
virus-containing supernatant was collected 24 h later. Supernatants were cleared of cell debris by cen-
trifugation at 700 � g and filtered through 0.45-mm-pore-sized membranes. Samples were snap-frozen
on dry ice immersed in ethanol for 15 min and stored at 280°C until use.

Measurements of infectivity, antibody neutralization, and functional stability. Cf2Th-CD41

CCR51 cells were seeded in 96-well luminometer-compatible plates at a density of 2 � 104 cells per well
and infected the next day. For neutralization assays, virus preparations were incubated with the indi-
cated concentration of the MAbs for 1 h at 37°C. In all neutralization assays, sample input was adjusted
so that infectivity of any two variants did not vary by a factor of more than 2-fold. Samples were then
added to Cf2Th-CD41 CCR51 cells and incubated for 3 days to allow infection. To measure infection, the
medium was removed, and the cells were lysed with 35 mL passive lysis buffer (Promega) and subjected
to three freeze-thaw cycles. To measure luciferase activity, 100 mL of luciferin buffer (15 mM MgSO4,
15 mM KPO4 [pH 7.6], 1 mM ATP, and 1 mM dithiothreitol) and 50 mL of 1 mM D-luciferin potassium salt
(Syd Labs, MA) were added to each sample. Luminescence was recorded using a Synergy H1 microplate
reader (BioTek Instruments).

To measure virus sensitivity to inactivation at 37°C, recombinant viruses were generated as
described above, diluted, and divided into aliquots (one sample for each prospective time point). All
samples were then snap-frozen on dry ice immersed in ethanol for 15 min and stored at280°C. At differ-
ent time points, the samples were thawed in a 37°C water bath for 2 min and then further incubated at
37°C for different time periods. All samples were subsequently added to Cf2Th-CD41 CCR51 cells, and
infectivity was measured 3 days later by luciferase activity.

CD4 dependence assay. To determine the relative requirements of the Env variants for CD4, we
infected 293T cells that transiently express human CCR5 and different levels of CD4. Briefly, 293T cells
were seeded in 6-well plates (8.5 � 105 cells per well) and transfected the next day with a plasmid that
expresses human CCR5 (0.9 mg in all wells) and different amounts of plasmid that expresses human CD4,
using JetPrime reagent. Two days after transfection, cells were detached using phosphate-buffered
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saline (PBS) supplemented with 7.5 mM EDTA and seeded in 96-well plates (7 � 104 cells per well). Six
hours later, viruses were added to the cells. Infectivity was measured after 2 days as described above.

p24 antigen assay to quantify virus particle content. To normalize measured infectivity values by
virus particle content in the samples, we quantified p24 antigen levels. For this purpose, human anti-
HIV-1 p24 antigen MAb was incubated at 1 mg/mL in luminometer-compatible 96-well protein-binding
plates overnight. The wells were then washed with blocking buffer, composed of 150 mM NaCl, 3 mM
Tris (pH 8), 1.8 mM CaCl2, 1 mM MgCl2, and 2% bovine serum albumin (BSA). To lyse virions, samples
were supplemented with 0.5% Triton X and incubated at 100°C for 5 min. Samples were then added to
the 96-well plate and incubated for 2 h at room temperature. Wells were then washed 4 times with
blocking buffer, and a rabbit anti-p24 antigen MAb suspended in blocking buffer was added. Binding of
the latter was detected by a horseradish peroxidase (HRP)-conjugated goat anti-rabbit polyclonal Ab
and measured by luminescence using SuperSignal West Pico enhanced chemiluminescence reagents
and a Synergy H1 microplate reader.

Shedding of gp120 from Env-expressing cells. To quantify the propensity of Env trimer to shed
gp120, HOS cells were seeded in 6-well plates (2.75 � 105 cells per well) and transfected the next day with
plasmids expressing Env, Tat, and Rev using 0.4, 0.33, and 0.2 mg of each plasmid per well, respectively,
and 4.2 mL JetPrime transfection reagent. The next day, samples were washed twice with Tris-saline buffer
(140 mM NaCl, 1.8 mM CaCl2, 1 mM MgCl2, and 25 mM Tris [pH 7.5]), and then FreeStyle 293 expression
medium (Gibco) was added. Two days later, the supernatant was collected, cleared of cell debris by centrif-
ugation at 700 � g, and filtered through 0.45-mm-pore membranes. Envs were immunoprecipitated using
protein A beads and a combination of MAbs 2G12, VRC01, and PGT121 (all at 1 mg/mL). Samples were
then analyzed by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes, probed with goat
anti-gp120 and detected by an HRP-conjugated rabbit anti-goat Ab.

The amount of gp120 shed into the medium was normalized for the relative expression level of each
Env. For this purpose, HOS cells were seeded in 96-well plates (1.4 � 104 cells per well) and transfected the
next day with plasmids expressing Env, Tat, and Rev, using 60, 11, and 6 ng of each plasmid per well, respec-
tively, and 0.18 mL per well of JetPrime reagent. In all experiments, we also used a negative-control plasmid
that contains a stop codon at amino acid position 46 of Env to determine background binding to the cells.
Three days later, cells were washed in Tris-saline buffer containing 2% BSA (TS/BSA) and incubated with the
above combination of MAbs (all at 1mg/mL) in TS/BSA for 1 h at room temperature. Cells were then washed
twice with TS/BSA and once with TS. Binding was detected using HRP-conjugated goat anti-human IgG and
measured by luminescence using SuperSignal West Pico reagents and a Synergy H1 microplate reader.
Intensity of the gp120 band from the supernatant (quantified by densitometry) was compared with the
expression level of each Env, and the ratio between the two values was used to quantify gp120 shedding.

Cell-based ELISA and serum competition assays. Binding of the CD4-Ig probe (95) to the FPPR var-
iants was measured by cell-based ELISA as described previously (3, 78). Briefly, HOS cells were seeded in
96-well plates and transfected the next day by Env-, Rev-, and Tat-expressing plasmids, as described
above. Three days after transfection, cells were washed twice with TS/BSA and incubated with the CD4-
Ig probe in blocking buffer for 45 min. To normalize for the cell surface expression level of each Env, we
also measured binding of MAb 2G12, which recognizes an exposed epitope in the high-mannose patch
of Env (40). Both probes were added at 0.5 mg/mL. Samples were then washed 4 times with blocking
buffer and incubated with a horseradish peroxidase (HRP)-conjugated goat anti-human IgG polyclonal
antibody preparation for 45 min. Cells were subsequently washed six times with TS/BSA and six times
with TS buffer. HRP enzyme activity was determined after addition of 35 mL per well of a 1:1 mix of
SuperSignal West Pico chemiluminescent peroxide and luminol enhancer solutions (Thermo Scientific)
supplemented with 150 mM NaCl. Light emission was measured with a Synergy H1 microplate reader.

To map the target specificity of antibodies in patient sera, we performed a competition ELISA. First,
MAbs 10E8, 35O22, PGT121, VRC01, and 447-52D were conjugated to HRP using EZ-Link Plus activated
peroxidase (Thermo Scientific) as recommended by the manufacturer. The conjugated product was then
purified using protein A beads, resuspended in PBS, and frozen at 220°C until use. To measure binding
of the HRP-conjugated MAbs to Env, we transfected HOS cells (in 96-well plates) with Env 89.6(536A) as
described above. Three days later, cells were incubated with serum from HIV-negative or HIV-positive
individuals for 1 h at 37°C. All sera were suspended in blocking buffer at a 1:10 dilution. Media were
then removed and replaced by blocking buffer containing the same serum dilution and supplemented
with one of the HRP-conjugated MAbs 10E8, 35O22, PGT121, VRC01, and 447-52D at the indicated con-
centrations. Samples were then incubated with the cells for 1 h at 37°C and washed, and binding of the
HRP-conjugated MAbs was detected by chemiluminescence as described above.
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