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ABSTRACT Despite the effectiveness of antiretroviral (ARV) therapy, virological fail-
ure can occur in some HIV-1-infected patients in the absence of mutations in drug
target genes. We previously reported that, in vitro, the lab-adapted HIV-1 NL4-3
strain can acquire resistance to the integrase inhibitor dolutegravir (DTG) by acquir-
ing mutations in the envelope glycoprotein (Env) that enhance viral cell-cell trans-
mission. In this study, we investigated whether Env-mediated drug resistance
extends to ARVs other than DTG and whether it occurs in other HIV-1 isolates. We
demonstrate that Env mutations can reduce susceptibility to multiple classes of
ARVs and also increase resistance to ARVs when coupled with target-gene muta-
tions. We observe that the NL4-3 Env mutants display a more stable and closed Env
conformation and lower rates of gp120 shedding than the WT virus. We also
selected for Env mutations in clinically relevant HIV-1 isolates in the presence of
ARVs. These Env mutants exhibit reduced susceptibility to DTG, with effects on repli-
cation and Env structure that are HIV-1 strain dependent. Finally, to examine a possi-
ble in vivo relevance of Env-mediated drug resistance, we performed single-genome
sequencing of plasma-derived virus from five patients failing an integrase inhibitor-
containing regimen. This analysis revealed the presence of several mutations in the
highly conserved gp120-gp41 interface despite low frequency of resistance muta-
tions in integrase. These results suggest that mutations in Env that enhance the abil-
ity of HIV-1 to spread via a cell-cell route may increase the opportunity for the virus
to acquire high-level drug resistance mutations in ARV target genes.

IMPORTANCE Although combination antiretroviral (ARV) therapy is highly effective in
controlling the progression of HIV disease, drug resistance can be a major obstacle.
Recent findings suggest that resistance can develop without ARV target gene muta-
tions. We previously reported that mutations in the HIV-1 envelope glycoprotein
(Env) confer resistance to an integrase inhibitor. Here, we investigated the mecha-
nism of Env-mediated drug resistance and the possible contribution of Env to viro-
logical failure in vivo. We demonstrate that Env mutations can reduce sensitivity to
major classes of ARVs in multiple viral isolates and define the effect of the Env muta-
tions on Env subunit interactions. We observed that many Env mutations accumu-
lated in individuals failing integrase inhibitor therapy despite a low frequency of
resistance mutations in integrase. Our findings suggest that broad-based Env-medi-
ated drug resistance may impact therapeutic strategies and provide clues toward
understanding how ARV-treated individuals fail therapy without acquiring mutations
in drug target genes.

KEYWORDS antiretroviral drugs, envelope glycoprotein, virus transmission, gp41,
human immunodeficiency virus

Citation Hikichi Y, Van Duyne R, Pham P,
Groebner JL, Wiegand A, Mellors JW, Kearney
MF, Freed EO. 2021. Mechanistic analysis of the
broad antiretroviral resistance conferred by
HIV-1 envelope glycoprotein mutations. mBio
12:e03134-20. https://doi.org/10.1128/mBio
.03134-20.

Editor Stephen P. Goff, Columbia University/
HHMI

This is a work of the U.S. Government and is
not subject to copyright protection in the
United States. Foreign copyrights may apply.

Address correspondence to Eric O. Freed,
efreed@mail.nih.gov.

* Present address: Rachel Van Duyne,
Department of Pharmacology and Physiology,
College of Medicine, Drexel University,
Philadelphia, Pennsylvania, USA.

This article is a direct contribution from Eric O.
Freed, a Fellow of the American Academy of
Microbiology, who arranged for and secured
reviews by Alon Herschhorn, University of
Minnesota, and Andrés Finzi, CRCHUM,
Université de Montréal.

Received 9 November 2020
Accepted 16 November 2020
Published 12 January 2021

January/February 2021 Volume 12 Issue 1 e03134-20 ® mbio.asm.org 1

RESEARCH ARTICLE
Host-Microbe Biology

https://doi.org/10.1128/mBio.03134-20
https://doi.org/10.1128/mBio.03134-20
mailto:efreed@mail.nih.gov
https://mbio.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/mBio.03134-20&domain=pdf&date_stamp=2021-1-12


Antiretrovirals (ARVs) are categorized into five different classes based on their tar-
gets: nucleoside reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse

transcriptase inhibitors (NNRTIs), integrase (IN) strand transfer inhibitors (INSTIs), prote-
ase (PR) inhibitors (PIs), and entry inhibitors (Ent-Is) (1). The use of combinations of
these ARVs (combination antiretroviral therapy [cART]) has proven remarkably effective
in controlling HIV disease progression and prolonging survival. However, resistance to
ARVs emerges in some patients because of poor adherence, use of a suboptimal drug
regimen, and/or lack of viral load monitoring, particularly in resource-limited settings.
Transmitted drug resistance is therefore becoming an increasingly serious problem in
many parts of the world (2). In most cases, HIV drug resistance is the consequence of
mutations that emerge in the viral genes targeted by the drugs (2). However, particu-
larly in the case of PIs and INSTIs, virological failure can occur in the absence of target
gene mutations (3–10), indicating that mutations outside the target gene can contrib-
ute to drug resistance. For example, in vitro selection studies have demonstrated that
mutations in the 39 polypurine tract (39 PPT) or in the viral long terminal repeat (LTR)
can confer resistance to INSTIs (11, 12), and mutations in Gag and the envelope glyco-
protein (Env) have been implicated in PI resistance (13, 14).

HIV-1 Env is incorporated into virions as a noncovalently bound complex compris-
ing three molecules each of gp120 and gp41 (15). The binding of gp120 to CD4 on the
target cell surface triggers a conformational rearrangement in Env that exposes the
coreceptor (CCR5 or CXCR4)-binding site. Interaction of gp120 with coreceptor pro-
motes the refolding of gp41 heptad repeat 1 and 2 (HR1 and 2) to form an antiparallel
six-helix bundle that mediates the fusion of viral and cellular membranes, allowing viral
entry into the cytosol of the target cell (16).

HIV-1 Env is the only viral protein exposed on the surface of the infected cell or viral
particle; it is therefore the target of neutralizing antibodies (NAbs) that can block viral
entry and induce antibody-mediated effector functions. Single-molecule fluorescence
resonance energy transfer (smFRET) analysis has revealed that Env trimers fluctuate
between closed (state 1), intermediate (state 2), and open (state 3) conformations
(17–19). The binding properties of NAbs are influenced by the conformational state of
Env. Therefore, NAbs are useful as molecular probes to investigate the structure and
conformation of Env (17, 19).

HIV-1 can spread either via a cell-free route or by cell-cell transmission at points of
cell-cell contact known as virological synapses (VSs). The formation of a VS is initiated
by the interaction of Env on the infected cell and CD4 on the target cell (20–22),
although Gag can accumulate at the VS even in the absence of Env (23). The VS is sta-
bilized by cellular adhesion proteins, such as LFA-1 and ICAM-1, and lipid raft microdo-
mains and the actin cytoskeleton are also implicated in VS formation (24–26). At least
in vitro, cell-cell transfer of HIV-1 is markedly more efficient than cell-free infection
(27–29). HIV-1 transmission at a VS provides a higher multiplicity of infection (MOI)
than cell-free infection, resulting in multiple copies of proviral DNA in the target cells
(30–33). This high MOI allows HIV-1 to overcome multiple barriers to infection, such as
those imposed by ARVs, NAbs, and inhibitory host factors (32–38). Although it is chal-
lenging to directly compare the relative contribution of cell-free infection and cell-cell
transfer to HIV-1 dissemination and pathogenesis in vivo, several studies have sug-
gested the importance of cell-associated virus in HIV-1 propagation in animal models
of HIV-1 infection (30, 39–43). If cell-cell transfer, and the resulting higher MOI, is a
common occurrence in vivo, one would expect to find large numbers of multiply
infected cells in HIV-1-infected individuals. This has been observed in some (44–46) but
not other (47) studies. Further analysis will be needed to understand the importance of
cell-cell transfer in viral dissemination in vivo.

We previously reported that HIV-1 evades blocks to virus replication by acquiring
Env mutations that enhance the capacity of the virus to spread via cell-cell transmis-
sion (48). By propagating HIV-1 mutants containing substitutions in the p6 domain
of Gag that severely delay virus replication (49), we selected for second-site
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compensatory mutations Env-Y61H and P81S in gp120 and the Env-A556T mutation
in gp41. These Env mutations decrease the sensitivity of the virus to the highly
potent INSTI dolutegravir (DTG). Moreover, propagation of HIV-1 in the presence of
DTG led to the selection of the DTG-escape mutant Env-A539V in the absence of any
mutations in IN. These four Env mutations cluster within the C1 domain of gp120
and the HR1 domain of gp41 (Fig. 1), which have been shown through mutagenesis
and structural studies to be critical for the stability of gp120-gp41 association
(50–52). These results suggest that Env mutations that increase cell-cell spread may
alter the stability of the gp120-gp41 interaction and demonstrate that mutations in
Env can confer resistance to an ARV, at least in a subtype B, CXCR4-tropic labora-
tory-adapted HIV-1 strain. Whether Env-mediated drug resistance occurs in clinical
HIV-1 isolates is unclear, because Env from laboratory-adapted and primary HIV-1
strains differs in significant functional and structural aspects. Laboratory-adapted
isolates often sample the open Env conformation and are more sensitive to NAbs
and soluble CD4 (sCD4) than primary isolates (17, 53, 54). sCD4 inhibits HIV-1 entry
not only by competing with CD4 on the target cell but also by inducing the shed-
ding of gp120 from the surfaces of viral particles. Env complexes from laboratory-
adapted isolates are more prone to sCD4-induced gp120 shedding than primary iso-
lates (55–57), indicating that Env stability differs between laboratory-adapted and
primary isolates.

In the present study, we examined whether our previously described Env mutations
confer resistance not only to DTG but also to other classes of ARVs. To evaluate the

FIG 1 The location of previously reported Env mutations that overcome blocks to virus replication
(48). (A) Schematic of the HIV-1 Env-coding region with the position of mutations indicated using
NL4-3 (and HXB2, in parentheses) numbering. Labeled domains are defined as follows: C1 to C5,
constant regions 1 to 5; V1 to V5, variable regions 1 to 5; FP, fusion peptide; HR1/HR2, heptad repeat
1/2; DSL, disulfide loop; MPER, membrane proximal external region; TM, transmembrane; CT,
cytoplasmic tail. (B) A Env structure of subtype B JR-FL SOSIP.664 (PDB accession number 5FYK [137])
with the position of the Env mutations highlighted. Most of gp120 is shown in white, with gp120 V1/
V2 and V3 loops colored in light yellow and light green, respectively. gp41 is colored in tan. Y61, P81,
A539, and A556 are highlighted in green, yellow, red, and blue, respectively. Structural model was
generated using UCSF Chimera software (138).
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impact of the Env mutations on the conformation and stability of the Env complex, we
examined their effects on sensitivity to NAbs and on gp120 shedding. To further char-
acterize the mechanism of Env-mediated drug resistance, we obtained Env mutants
through in vitro selection experiments by propagating clinically relevant HIV-1 clones
in the presence of ARVs and analyzed the phenotypes of the selected Env mutants.
Finally, to address the possible in vivo relevance of Env-mediated drug resistance, we
analyzed viral sequences obtained from the plasma of individuals failing a raltegravir
(RAL)-containing regimen. The results indicate that Env mutations confer resistance
across a broad range of ARVs in vitro and that the NL4-3 Env mutations decrease
gp120 shedding and alter the sensitivity of Env to NAbs. Finally, we show that in some
individuals failing a RAL-containing regimen in the absence of resistance mutations in
IN, changes arise at the highly conserved gp120-gp41 interface, as observed during
INSTI escape in vitro.

RESULTS
The A539V mutation in gp41 provides a replication advantage over WT NL4-3

in the presence of multiple classes of ARVs. We previously reported that the Env-
A539V mutation provides resistance to the INSTI DTG (48). To examine whether Env-
A539V also provides a selective replication advantage in the presence of other ARVs,
the SupT1 T-cell line was transfected with the WT NL4-3 molecular clone or the
Env-A539V derivative in the absence or presence of various concentrations (0.1 to
3,000 nM) of a panel of ARVs. Replication kinetics were monitored by measuring the
reverse transcriptase (RT) activity in the cell culture medium. Consistent with our previ-
ous report (48), Env-A539V exhibited faster replication kinetics than the wild type (WT)
in the absence of drugs (Fig. 2). Whereas replication of WT NL4-3 was largely inhibited
in the presence of 3.0 nM DTG, Env-A539V was able to replicate, albeit with delayed
kinetics (Fig. 2A). By calculating the DTG 50% inhibitory concentration (IC50) based on
the RT activity at the peak of replication in the absence of drugs, we found that Env-
A539V showed 8.1-fold resistance to DTG relative to that of the WT (Fig. 2I). We also
examined the sensitivity of Env-A539V to another INSTI, raltegravir (RAL). Env-A539V
was able to replicate in the presence of 10 nM RAL and showed 5.4-fold resistance rela-
tive to that of WT NL4-3 (Fig. 2B and I). We also measured replication kinetics of Env-
A539V in the presence of the NNRTI efavirenz (EFV) and the NRTI emtricitabine (FTC).
Whereas replication of WT NL4-3 was strongly inhibited in the presence of 3.0 nM EFV
or 30 nM FTC, Env-A539V still replicated at these concentrations (Fig. 2C and D). IC50

calculations showed that Env-A539V exhibited 28- and 5.4-fold resistance against EFV
and FTC, respectively (Fig. 2I). Next, we examined the impact of PIs on the replication
kinetics of Env-A539V. While replication of WT NL4-3 was strongly inhibited in the pres-
ence of 3.0 nM nelfinavir (NFV), the Env-A539V mutant replicated and exhibited 24-fold
resistance (Fig. 2E and I). We also examined the sensitivity of Env-A539V to the alloste-
ric integrase inhibitor (ALLINI) BI-224436, which induces aberrant IN multimerization
and impairs the interaction between IN and the cellular cofactor LEDGF/p75 (58). As
shown in Fig. 2F, Env-A539V caused a small but statistically significant reduction in the
sensitivity to BI-224436 relative to that of WT NL4-3 (2.3-fold resistance) (Fig. 2I). These
data demonstrate that Env mutations can overcome inhibition imposed by multiple
classes of ARVs targeting not only postentry steps but also the maturation step of the
HIV-1 replication cycle.

It has been suggested that entry inhibitors (Ent-Is) are effective in the context of
cell-cell transmission (59, 60). In addition, several studies have shown that Env muta-
tions selected in the presence of Ent-Is altered viral sensitivity to other anti-Env agents
(61–64). These findings raise the possibility that Env mutations selected in the presence
of ARVs might alter the viral sensitivity to Env-targeted inhibitors. To examine this
question, we measured replication kinetics in the presence of the fusion inhibitor T-20
and BMS-378806, which blocks CD4-induced conformational changes in Env (19,
65–67). Interestingly, these Ent-Is efficiently suppressed replication of both WT NL4-3
and Env-A539V with no statistically significant differences in antiviral IC50s in a

Hikichi et al. ®

January/February 2021 Volume 12 Issue 1 e03134-20 mbio.asm.org 4

https://mbio.asm.org


multicycle spreading infection (Fig. 2G to I). These observations suggest that Ent-Is can
suppress the replication of Env mutants selected under the pressure of ARVs targeting
the viral enzymes.

The Env-A539V mutation does not alter drug sensitivity in cell-free infection.
We previously proposed that Env mutations that confer resistance to ARVs do so by
enhancing the efficiency of cell-cell transfer (48). Based on this hypothesis, the Env
mutations would not be predicted to confer resistance in the context of cell-free infec-
tivity. To test this hypothesis, we measured the single-round infectivity of WT NL4-3
and the Env-A539V mutant in the TZM-bl indicator cell line. As we reported previously
(48), Env-A539V showed comparable cell-free infectivity relative to that of WT NL4-3 in
the absence of inhibitor (Fig. 3A and Table 1). Consistent with the hypothesis that the
reduced ARV sensitivity of the Env-A539V mutant is conferred at the level of cell-cell

FIG 2 Replication kinetics of Env-A539V in the presence of INSTIs, NRTI, NNRTI, PI, ALLINI, and Ent-Is. The SupT1 T-cell
line was transfected with WT or Env-A539V proviral clones in the absence or in the presence of indicated
concentrations of ARVs. (A and B) INSTIs; (C and D) NNRTI and NRTI; (E) PI; (F) ALLINI; (G and H) Ent-Is. Virus replication
kinetics were monitored by measuring RT activity at the indicated time points. Data are representative of at least two
independent experiments. (I) The SupT1 T-cell line was transfected with WT or Env-A539V proviral clones in the
absence or in the presence of serial dilutions (0.01 to 3,000 nM) of ARVs. IC50 values were calculated based on RT
levels at the peak of virus replication. Fold changes in IC50 were calculated compared to that for the WT. Data from at
least two independent experiments are shown as means 6 standard errors (SEs). ***, P, 0.001; **, P , 0.01; *, P ,
0.05 by unpaired t test. The EFV and NFV data are shown on a separate bar graph to avoid compression of the y axis.
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transmission, WT and Env-A539V infectivity was reduced to the same extent by the
inhibitors (Fig. 3B to I and Table 1). Interestingly, Env-A539V did not alter susceptibility
to either T-20 or BMS-378806, suggesting that Ent-Is efficiently suppress both cell-free
infection and cell-cell transmission of HIV-1. We also measured cell-cell fusion activity
of Env-A539V by coculture of TZM-bl cells with transfected 293T cells in the presence
of a cocktail of EFV and DTG (200 nM each) to prevent infection of the TZM-bl cells (see
Fig. S1 in the supplemental material). In contrast to the Y61H, P81S, and A556T muta-
tions, which markedly suppressed cell-cell fusion activity (48), the Env-A539V mutation
only slightly decreased cell-cell fusion compared to that of the WT.

The Env-A539V mutation increases viral resistance to EFV when coupled with
the RT-Y188L mutation. To examine whether mutations in Env can increase the level
of resistance conferred by drug target gene mutations, we tested EFV resistance of the
RT-Y188L mutant (68) in the context of either WT or A539V Env. As shown in Fig. 4A
(left), RT-Y188L showed a modest delay in replication compared to that of the WT in
the absence of EFV, indicating that this RT mutation confers a small fitness defect. This
replication defect was rescued by Env-A539V, consistent with our earlier finding that
Env mutations can rescue the replication defect conferred by a mutation in IN (48). In
the presence of 1.0mM EFV, the Env-A539V mutation was able to rescue the replica-
tion kinetics of the RT-Y188L mutant at early time points (Fig. 4A, right), a result that
was confirmed over a broad range of EFV concentrations (Fig. 4B and D). In contrast to
the results for the multicycle spreading infection (Fig. 4B), the Env-A539V mutation did
not increase EFV resistance of RT-Y188L in a single-cycle infectivity assay (Fig. 4C and
D). Taken together, these results demonstrate that, in the context of a spreading

FIG 3 Cell-free infectivity of Env-A539V in the presence or absence of ARVs. (A) RT-normalized virus
stocks produced from HeLa cells were used to infect TZM-bl cells. Luciferase activity was measured at
48 h postinfection. Infectivity of WT NL4-3 is normalized to 1.0. (B to I) TZM-bl cells were exposed to
100 TCID50 of WT or Env-A539V virus in the presence of various concentrations (from 0.003 to
3,000 nM) of ARVs and incubated for 48 h. For NFV and BI-224436, 293T cells were transfected with
the indicated proviral clones in the presence of the inhibitors. At 48 h posttransfection, the
supernatants were used to infect TZM-bl cells. Data from at least three independent experiments are
shown as means 6 SEs.
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infection in which virus transmission can take place via cell-cell transfer, an Env muta-
tion can significantly increase the resistance conferred by a mutation in an ARV target
gene.

NL4-3 Env mutations that overcome blocks to HIV-1 replication in spreading
infections stabilize the gp120-gp41 interaction. Our previously reported Env muta-
tions, which we selected for their ability to overcome blocks to virus replication in mul-
ticycle spreading infections, are located in the C1 domain of gp120 and the HR1 region
of gp41 (Fig. 1B). In the crystal structure of the HIV-1 Env SOSIP trimer, which has
recently been identified as adopting the state 2 conformation (69–72), these mutations
are clustered at the gp120-gp41 interface. These domains of Env have been shown in
mutagenesis and structural studies to be critical for the stability of the gp120-gp41
association (50–52, 62, 73). To provide clues regarding the mechanism by which Env
mutations enhance the capacity of HIV-1 to spread via cell-cell transfer, we examined
their impact on gp120-gp41 association. It is known that sCD4 induces gp120 shed-
ding from virus particles (57); we therefore incubated purified virions with sCD4 at 37°
C for 2 h and then measured the amount of particle-associated gp120 and p24 by
Western blotting. As expected, levels of gp120 associated with WT NL4-3 particles
were decreased in a dose-dependent fashion by sCD4 treatment (0.3 to 10mg/ml). In
contrast, the mutations in both gp120 (Env-Y61H and P81S) and gp41 (Env-A539V and
A556T) showed significantly reduced sCD4-induced gp120 shedding (Fig. 5A). To quan-
tify this effect, we calculated the 50% effective concentration (EC50) of sCD4-induced
shedding. While the EC50 of sCD4-induced gp120 shedding for WT NL4-3 was 0.99mg/
ml sCD4, the EC50s for the Env-P81S and the other Env mutants were 3.5 and .10mg/
ml, respectively (Fig. 5B). To examine the interaction between sCD4 and a representa-
tive Env mutant, we measured the sensitivity of Env-A539V infectivity to sCD4 (Fig. 5C).
Env-A539V showed a 3.7-fold resistance to sCD4 relative to that of the WT. Moreover,
the IC50 of sCD4 against Env-A539V was 1.1mg/ml (Table 1), which is ;10-fold less

TABLE 1 IC50 values in cell-free infection for WT NL4-3 and the A539V variant

ARV class or
NAb epitope Drug or NAb

IC50 value (mean± SE)
Fold
change SignificanceaWT Env-A539V

INSTI DTG (nM) 3.36 0.65 3.06 0.72 0.91 NS
RAL (nM) 116 0.94 156 1.6 1.4 NS

NRTI FTC (nM) 5586 10 5116 30 0.92 NS
NNRTI EFV (nM) 1.26 0.31 1.46 0.27 1.2 NS
PI NFV (nM) 466 21 286 3.1 0.61 NS
ALLINI BI-224436 (nM) 146 2.0 146 1.9 1.0 NS
Ent-I BMS-378806 (nM) 2.36 0.66 2.96 0.54 1.3 NS

T-20 (nM) 426 13 386 2.9 0.90 NS
AMD3100 (nM) 0.916 0.070 0.776 0.032 0.85 NS
sCD4 (0 h) (mg/ml) 0.406 0.031 0.976 0.14 2.4 *
sCD4 (2 h) (mg/ml) 0.306 0.085 1.16 0.21 3.7 **

Anti-CD4 Ab SIM.4 (dilution factor) 886 30 796 24 0.90 NS
Anti-V2 apex
Ab

PG16 (mg/ml) 136 12 0.626 0.30 0.048 NS
PGT145 (mg/ml) 1.36 0.087 0.396 0.22 0.30 *

Anti-V3 glycan
Ab

2G12 (mg/ml) 1.36 0.33 1.36 0.54 1.0 NS
PGT121 (mg/ml) .10 .10 NDb ND

Anti-CD4bs Ab VRC01 (mg/ml) 0.116 0.0070 0.116 0.013 1.0 NS
F105 (mg/ml) 1.46 0.51 4.36 0.43 3.1 **

Anti-CD4i Ab 17b (mg/ml) 0.816 0.28 226 12 27 *
Anti-V3 loop
Ab

447-52D (mg/ml) 0.396 0.096 116 2.6 28 ***

Anti-gp41
MPER Ab

10E8 (mg/ml) 0.0676 0.020 0.126 0.063 1.8 *

Anti-gp120-
gp41
interface Ab

35O22 (mg/ml) 0.0626 0.024 0.136 0.026 2.1 NS

aNS, not significant; ***, P, 0.001; **, P, 0.01; *, P, 0.05.
bND, not determined.
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than the EC50 of sCD4-induced gp120 shedding; this result suggests that sCD4 can
bind to mutant Env at lower concentrations than needed for gp120 shedding, leading
to inhibition of viral entry. To directly examine the interaction of Env with CD4, we
measured the binding of a fusion protein (CD4-IgG2 [74]) comprising human IgG2 in
which the Fv portions of both heavy and light chains have been replaced by the V1
and V2 domains of human CD4 (see Fig. S2). We observed comparable binding of WT
and A539V Env to CD4-IgG2, suggesting that the Env-A539V mutation does not affect
the binding affinity of Env for CD4. These results also suggest that sCD4 inhibits WT
infection by inducing gp120 shedding and competing with gp120 binding to CD4 on
target cells, whereas sCD4 inhibits infection of Env-A539V primarily by competing with
CD4 binding on target cells. To further characterize the intrinsic stability of mutant
Envs, we also performed a time-dependent gp120 shedding assay by incubating
viruses at 37°C for up to 5 days (Fig. 5D). The Env mutations significantly reduced time-
dependent gp120 shedding (Fig. 5E); whereas the half-life of WT NL4-3 gp120 shed-
ding was 2.6 days, that of the Env mutants was .5 days. These data suggest that the
NL4-3 Env mutations stabilize the gp120-gp41 interaction.

The Env-A539V mutation reduces sensitivity to NAbs that recognize the CD4-
induced Env conformation. To probe the impact of the Env-A539V mutation on Env
conformation, we examined the sensitivity of Env-A539V to a panel of NAbs that recog-
nize different Env conformations (Fig. 6). We used three groups of NAbs. The first
group (Fig. 6A to E), which included VRC01 (specific for the CD4 binding site [CD4bs]),
PGT145, PG16 (specific for the V2 apex), 2G12, and PGT121 (V3-glycan specific), prefer-
entially bind to the unliganded closed Env conformation (75–78). The second group

FIG 4 Effect of Env-A539V and RT-Y188L mutations on susceptibility to EFV. (A) The SupT1 T-cell line
was transfected with the indicated proviral clones in the absence or presence of 1,000 nM EFV. Virus
replication kinetics were monitored by measuring RT activity at the indicated time points. Data are
representative of three independent experiments. (B) SupT1 T cells were transfected with the
indicated proviral clones in the absence or presence of serial dilutions of EFV (0.03 to 1,000 nM). The
dose-dependent inhibition curve was determined based on RT values at the peak of multicycle
spreading virus replication. (C) TZM-bl cells were exposed to 100 TCID50 of the indicated viruses in
the absence or presence of serial dilutions of EFV (0.1 to 10,000 nM). Luciferase activity was measured
at 48 h postinfection. (D) IC50 values for EFV in multicycle spreading and cell-free infection based on
the data in panels B and C. Data from at least three independent experiments are shown as means 6
SEs. Statistical analysis by unpaired t test.
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FIG 5 Effect of Env mutations on sCD4-induced and time-dependent gp120 shedding. (A and B)
Concentrated viruses were incubated with sCD4 at the indicated concentrations at 37°C for 0 or 2 h.
Incubated viruses were subsequently purified through a 20% sucrose cushion, and viral proteins were
detected by Western blotting. (A) A representative gel for the sCD4-induced gp120 shedding assay is
shown. (B) The ratio of gp120 to p24 was quantified and plotted. Data from at least two independent
experiments are shown as means 6 SEs. (C) TZM-bl cells were exposed to 100 TCID50 of the indicated
viruses incubated with sCD4 prior to infection for 0 or 2 h. Luciferase activity was measured at 48 h
postinfection. Data from three independent experiments are shown as means 6 SEs. ***, P , 0.001;
**, P , 0.01; *, P , 0.05 by unpaired t test, with asterisks for 0 h or 2 h incubation time points
indicated in black or gray, respectively. (D and E) Concentrated viruses were incubated at 37°C for
the indicated times. Incubated viruses were subsequently purified through a 20% sucrose cushion,
and viral proteins were detected by Western blotting. (D) A representative gel for the time-
dependent gp120 shedding assay is shown. (E) The ratio of gp120 to p24 was quantified and plotted.
Data from at least three independent experiments are shown as means 6 SEs. ***, P , 0.001; **, P ,
0.01; *, P , 0.05 by unpaired t test.
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(Fig. 6F) included 35O22, which is specific for the gp120-gp41 interface and shows no
conformational preference (79). The third group (Fig. 6G to J) included F105 (CD4bs
specific), 17b (specific for the CD4-induced epitope), 447-52D (V3 loop), and 10E8
(gp41 membrane-proximal external region [MPER]), which preferentially target the
CD4-bound Env conformation (80–83). Although the Env-A539V mutation is not
located within the epitopes of the NAbs used in this analysis, it altered the sensitivity
to several NAbs, with reduced sensitivity to F105 (3.1-fold), 447-52D (28-fold), 17b (27-
fold), and 10E8 (1.8-fold) and increased (33-fold) sensitivity to PGT145 (Table 1). To fur-
ther probe the effect of the Env-A539V mutation on Env conformation, we compared
NAb binding to Env on 293T cells by flow cytometry. As indicated in Fig. 6M and N,

FIG 6 Sensitivity or binding of Env-A539V to NAbs recognizing different Env conformations, anti-CD4
Ab, and coreceptor antagonist. TZM-bl cells were exposed to 100 TCID50 of WT NL4-3 or Env-A539V
viruses in the presence of various concentrations of NAbs (A to J), anti-CD4 Ab (K), and CXCR4
antagonist (L); luciferase activity was measured at 48 h postinfection. Data from three independent
experiments are shown as means 6 SEs. 293T cells transfected with the green fluorescent protein
(GFP)-encoding reporter clone pBR43IeG expressing WT NL4-3 Env or the Env-A539V mutant were
preincubated with 17b (M), 10E8 (N), PG16 (O), or PGT145 (P) at 4°C for 1 h. KFS is an Env-defective
mutant. The cells were washed, and APC-conjugated anti-human IgG was used to detect bound Ab.
APC signals were normalized by GFP signal to calculate the Ab binding efficiency. Data are shown as
means 6 SEs from three independent experiments. ***, P , 0.001; **, P , 0.01; *, P , 0.05 by
unpaired t test or one-way ANOVA and Tukey’s multiple-comparison test.
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17b and 10E8 bound less efficiently to Env-A539V than WT Env. In contrast, PGT145
and PG16 bound the mutant Env to a similar extent as WT NL4-3 Env (Fig. 6O and P).
These data suggest that the Env-A539V mutation stabilizes the closed Env conforma-
tion. We also examined sensitivity to SIM.4 (an anti-CD4 Ab) (84) and AMD3100 (a
CXCR4 antagonist) (85) to evaluate the impact of the Env-A539V mutation on Env func-
tion in HIV-1 entry. As shown in Fig. 6K and L, Env-A539V showed comparable sensitiv-
ity to SIM.4 and AMD3100 as WT NL4-3, suggesting that this mutation does not alter
CD4 or CXCR4 dependency.

Env mutations confer ARV resistance in the context of CCR5-tropic HIV-1. To
examine whether Env-mediated resistance to ARVs occurs in strains of HIV-1 other
than the CXCR4-tropic lab-adapted strain NL4-3, we propagated the CCR5-tropic clone
NL(AD8) (86) in the SupT1huR5 T-cell line, which expresses high levels of human CCR5,
in the presence of DTG. Treatment of transfected SupT1huR5 cultures with 6.0 nM DTG
markedly delayed NL(AD8) replication, but at 31 days posttransfection, we observed a
peak of replication (Fig. 7A). Sequencing of the putative escape mutant indicated the
absence of any mutations in IN but revealed the presence of an Env-N654K mutation
in gp41 HR2 (Fig. 7B). To examine whether the Env-N654K mutation in NL(AD8) confers
resistance to DTG, we introduced the mutation in WT NL(AD8) and examined replica-
tion kinetics in the presence of DTG (Fig. 7C). Interestingly, this mutant exhibited faster
replication kinetics than WT and still replicated in the presence of 300 nM DTG (Fig. 7C,
left). IC50 calculations indicate that the Env-N654K mutation confers 30-fold resistance
to DTG relative to that of the WT NL(AD8) (Fig. 7D). As observed with several of the Env
mutations selected in our previous study (48), the Env-N654K mutation impairs single-
cycle infectivity (Fig. 7E) and does not confer DTG resistance in the context of cell-free
virus (Fig. 7F and Table 2). These results are all consistent with the hypothesis that, as
with the mutations selected in the context of NL4-3, the NL(AD8) Env-N654K mutation
confers DTG resistance by enhancing the efficiency of cell-cell transfer.

To examine whether the Env-A539V mutation, which was originally selected in the
context of NL4-3 (48), would also confer ARV resistance in the context of another viral
isolate, we introduced this mutation into the NL(AD8) molecular clone. In contrast to
the phenotype of this mutant in NL4-3, the NL(AD8) Env-A539V mutant exhibited
delayed replication in the absence of DTG and an increase (3.1-fold) in DTG sensitivity
in multicycle spreading infections. Moreover, the cell-free infectivity of the NL(AD8)
Env-A539V mutant was reduced relative to that of WT NL(AD8) (Fig. 7C to E). These
data demonstrate that the impact of Env mutations on replication kinetics and drug
sensitivity can be HIV-1 strain dependent.

We also propagated the subtype C, CCR5-tropic transmitted-founder isolate K3016
(87) in the presence of DTG, EFV, and rilpivirine (RPV) (Fig. 8A). We identified an Env-
T541I mutation in gp41 HR1, which is located at the same position as NL4-3 Env-A539V
(Fig. 8B), in the presence of DTG. We also identified an Env-E621V mutation in the
gp41 disulfide loop (DSL) region in the presence of both FTC and RPV. To examine
whether the Env-T541I and E621V mutations in K3016 confer resistance to ARVs, we
introduced these mutations into WT K3016 and examined replication kinetics in the
presence of DTG, EFV, NFV, and T-20 (Fig. 8C to J). These three Env mutants exhibited
faster-than-WT replication kinetics in spreading infections but reduced cell-free infec-
tivity relative to that of the WT. These mutants also showed reduced sensitivity to DTG,
NFV, and EFV but not to T-20 in spreading infections (Fig. 8K and L). Again, these Env
mutants did not alter sensitivity to DTG in the context of cell-free virus (Fig. 8M). These
results indicate that Env-mediated drug resistance, which is linked to enhanced cell-
cell transmission, can occur in clinically relevant HIV-1 strains independent of corecep-
tor usage, subtype, or ARV classes.

Next, to examine the impact of the Env-N654K mutation on the conformation and
neutralization properties of NL(AD8) Env, we examined the sensitivity of this mutant to
a panel of NAbs (Fig. 9 and Table 2). Compared to NL4-3, NL(AD8) is more susceptible
to NAbs, such as PGT121, PG16, and PGT145, that preferentially recognize the closed
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Env conformation (see Fig. S3 and Tables 1 and 2). Conversely, NL(AD8) is resistant to
17b (Fig. S3 and Tables 1 and 2) and F105 (Table 1). These results suggest that NL(AD8)
tends to sample the closed Env conformation relative to NL4-3. NL(AD8) Env-N654K
increased sensitivity to 35O22 (56-fold) and 10E8 (9.1-fold) (Fig. 9E and G and Table 2).

FIG 7 Selection for DTG resistance with the CCR5-tropic NL(AD8) strain. (A) The SupT1huR5 T-cell
line was transfected with pNL(AD8) in the absence or presence of 6.0 nM DTG. At the time point
indicated by the arrow, DNA was extracted from the DTG-treated culture and the IN- and Env-coding
regions were sequenced, leading to the identification of the Env-N654K mutation. (B) An Env
structure of subtype B JR-FL SOSIP.664 (PDB accession number 5FYK [137]), highlighting the location
of Env mutations selected in the context of NL4-3 (48) and the Env-N654K mutation selected in NL
(AD8). Env amino acid positions are indicated using the NL4-3 numbering. Most of gp120 is shown in
white, with gp120 V1/V2 and V3 loops colored in light yellow and light green, respectively. Env-Y61,
P81, and A556 are highlighted in cyan; Env-A539 and N654 are highlighted in red and purple,
respectively. The structural model was generated using the UCSF Chimera software. (C) The
SupT1huR5 T-cell line was transfected with WT or mutant pNL(AD8) in the absence or presence of
300 or 0.3 nM DTG. Replication kinetics were monitored by measuring RT activity at the indicated
time points. Data are representative of at least three independent experiments. (D) The SupT1huR5 T-
cell line was transfected with WT or mutant pNL(AD8) in the absence or presence of a serial dilution
of DTG (1,000 nM to 0.03 nM). DTG IC50 values were calculated based on RT values at the peak of
virus replication. Fold changes in IC50 relative to that for WT are indicated. Data from at least three
independent experiments are shown as means 6 SEs. **, P , 0.01; *, P , 0.05 by unpaired t test. (E)
RT-normalized virus stocks produced from HeLa cells were used to infect TZM-bl cells. Luciferase
activity was measured at 48 h postinfection. ***, P , 0.001 by unpaired t test. (F) TZM-bl cells were
exposed to 100 TCID50 of the indicated viruses in the presence of various concentrations of DTG, and
luciferase activity was measured at 48 h postinfection. Data are normalized to WT and are shown as
means 6 SEs from at least three independent experiments.
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These results suggest that the Env-N654K mutation in NL(AD8) has different impacts
on Env conformation than the Env-A539V mutation in NL4-3. We also examined sensi-
tivity to several entry inhibitors (Fig. 9H to L and Table 2). Env-N654K slightly increased
sensitivity to SIM.4, maraviroc (MVC; a CCR5 antagonist), and T-20. Moreover, Env-
N654K increased the sensitivity to sCD4. Unlike NL4-3 (Fig. S3J), incubation time did
not affect the susceptibility of Env-N654K to sCD4 (Fig. 9H and Fig. S3J). This observa-
tion suggests that sCD4-induced gp120 shedding is minimal in the NL(AD8) strain, con-
sistent with previous reports for non-lab-adapted isolates (55–57). Indeed, we did not
observe sCD4-induced gp120 shedding from either WT or Env-mutant particles at
sCD4 concentrations up to 10mg/ml (see Fig. S4A, C, and E). We also examined time-
dependent gp120 shedding (Fig. S4B and D). In contrast to that for NL4-3 (Fig. 5D and
E, and Fig. S4F), only minimal gp120 shedding was observed for NL(AD8) Env over a 5-
day incubation period at 37°C, and there was no significant difference in shedding
between WT and Env-N654K NL(AD8) Env (Fig. S4B and D).

Sequence analysis of IN- and Env-coding regions of viruses from individuals
failing a RAL-containing regimen. Our results indicate that Env-mediated drug resist-
ance can occur in clinically relevant HIV-1 strains in vitro. However, whether Env muta-
tions contribute to drug resistance in vivo is unclear. To address this question, we used
single-genome sequencing to compare viral sequences obtained from the plasma of
participants failing a RAL-containing regimen in the SELECT study (5). The aim of the
SELECT study was to examine whether RAL with boosted lopinavir (LPV) would be non-
inferior to boosted LPV with NRTIs. By 48weeks of treatment, 10.3% of 258 participants
treated with the RAL-containing regimen experienced virological failure, defined here
as the inability to achieve a viral load ,400 copies/ml at two consecutive time points
or after 24weeks of treatment. By the end of the follow-up in this study, 10 participants
developed new resistance mutations in IN, including IN-N155H. In the present study,
we compared changes in the sequences of IN- and Env-coding regions from five partic-
ipants who experienced viral rebound (Table 3). These participants were infected with
subtype C CCR5-tropic strains. Each participant had therapeutic plasma concentrations
of RAL (.33 ng/ml) at the time of virological failure. No resistance mutations in IN
were detected at day 0 (Table 3). While we identified the IN-N155H mutation in partici-
pant identifier (PID) A4 with high frequency (73%), PID A1, A3, and A5 had only a low

TABLE 2 IC50 values in cell-free infection for NL(AD8) variants

ARV class or
NAb epitope Drug or NAb

IC50 value (mean± SE)
Fold
change SignificanceaWT Env-N654K

INSTI DTG (nM) 4.96 0.71 6.26 2.7 1.3 NS
Ent-I BMS-378806 (nM) 3.06 0.24 2.86 0.59 0.93 NS

T-20 (nM) 2,9386 724 7976 225 0.27 **
MVC (nM) 2.36 0.36 1.16 0.33 0.48 *
sCD4 (0 h) (mg/ml) 4.16 0.23 1.36 0.42 0.32 ***
sCD4 (2 h) (mg/ml) 3.66 0.25 1.46 0.31 0.39 ***

Anti-CD4 Ab SIM.4 (dilution factor) 1136 6.5 3716 44 3.3 ***
Anti-V2 apex
Ab

PG16 (mg/ml) 0.0406 0.020 0.116 0.053 2.8 NS
PGT145 (mg/ml) 0.0686 0.0060 0.0626 0.014 0.91 NS

Anti-V3 glycan
Ab

2G12 (mg/ml) .30 .30 NDb ND
PGT121 (mg/ml) 0.0436 0.0026 0.0366 0.0073 0.84 NS

Anti-CD4bs Ab VRC01 (mg/ml) 0.406 0.076 0.466 0.14 1.2 NS
F105 (mg/ml) .10 . 10 ND ND

Anti-CD4i Ab 17b (mg/ml) .30 . 30 ND ND
Anti-gp41
MPER Ab

10E8 (mg/ml) 0.476 0.075 0.0506 0.012 0.11 ***

Anti-gp120-
gp41
interface Ab

35O22 (mg/ml) 4.16 2.2 0.0746 0.037 0.018 NS

aNS, not significant; ***, P, 0.001; **, P, 0.01; *, P, 0.05.
bND, not determined.
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FIG 8 Selection for DTG resistance with the subtype C CCR5-tropic isolate K3016. (A) The SupT1huR5 T-cell line was transfected with the K3016 molecular
clone in the presence of 3.0 nM DTG, 2.0 nM RPV, or 100 nM FTC. DNA was extracted from the ARV-treated cultures at the peak of replication, and Env-
coding regions were sequenced, leading to the identification of the Env-T541I and Env-E621V mutations. Amino acid numbers are based on HXB2
numbering. (B) gp41 HR1 sequences around the K3016 Env-T541I mutation are shown aligned with the NL4-3 sequence. (C to J) The SupT1huR5 T-cell line
was transfected with WT K3016 or the indicated Env variants in the absence of DTG, EFV, NFV, and T-20. The supernatants were collected at the indicated
time points and were assayed for replication kinetics by measuring RT activity. Data are representative of at three independent experiments. (K) The
SupT1huR5 T-cell line was transfected with WT K3016 or the indicated Env variants in the absence or presence of a serial dilution of DTG, EFV, or NFV (0.01
to 300 nM) or T-20 (0.1 to 3,000 nM). IC50s were calculated based on RT values at the peak of virus replication. Fold changes in IC50 relative to that of WT
were calculated. (L) RT-normalized virus stocks produced from 293T cells were used to infect TZM-bl cells. Luciferase activity was measured at 48 h
postinfection. (M) TZM-bl cells were exposed to 100 TCID50 of the indicated viruses in the presence of a range of DTG concentrations, and luciferase
activity was measured at 48 h postinfection. Data are shown as means 6 SEs from three independent experiments. ***, P , 0.001; **, P , 0.01; *, P , 0.05
by one-way ANOVA and Tukey’s multiple-comparison test.
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frequency of resistance mutations in IN (Table 3), suggesting that virological failure
may have occurred in these participants as a result of mutations elsewhere in the HIV-
1 genome.

Evaluation of the Env-coding region before treatment and during virologic failure
indicated the presence of many changes in gp120 and gp41 that emerged or were
selected with failure. Most of the changes in gp120 were located in highly variable
regions, such as the variable loops (V1/V2, V4, and V5 loops), and the C3 region (data
not shown). Because these regions contain immunodominant epitopes of subtype C
Env, mutations in these regions may have been driven by immune pressure (88, 89).
Although we did not identify mutations at the same positions as those observed in our
in vitro studies, we observed an accumulation of mutations in the gp120 C1 domain
and gp41 ectodomain in PID A1, A3, A4, and A5 (Fig. 10A and B). The frequency of
most of the mutations increased significantly with viral rebound. Although we identi-
fied a number of Env mutations in PID A2, the frequency of mutations before RAL ther-
apy was similar to that after viral rebound, although the RAL-containing regimen
decreased viral load before viral rebound (data not shown and Table 3). In many cases,
amino acid residues were replaced with more conserved residues; however, we did
identify changes to residues with very low prevalence, such as R577K (gp41 HR1) and
L602R (gp41 HR2). Some mutated positions in the gp41 ectodomain were identified in
several participants (Fig. 10A and B). The observation of changes arising in highly

FIG 9 The sensitivity of NL(AD8) Env-N654K to NAbs recognizing different Env conformations, anti-
CD4 Ab, and entry inhibitors. TZM-bl cells were infected with 100 TCID50 of the indicated viruses in
the presence of various concentrations of NAbs (A to G), sCD4 (H), anti-CD4 Ab SIM.4 (I), and entry
inhibitors (J to L). Luciferase activity was measured at 48 h postinfection. Data from at least three
independent experiments are shown as means 6 SEs. ***, P , 0.001; **, P , 0.01; *, P , 0.05 by
unpaired t test. The asterisks for 0 h or 2 h incubation with sCD4 (H) are indicated as black or gray,
respectively.
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conserved positions at the gp120-gp41 interface—a region in which, based on our
data, mutations that confer ARV resistance in vitro cluster—in the absence of drug re-
sistance mutations in IN, suggests the possibility that these gp41 changes may have
contributed to virological failure in a subset of participants in the study. Further analy-
sis will be needed to explore this hypothesis in more detail.

DISCUSSION

In this study, we demonstrate that the NL4-3 Env-A539V mutant, which was
selected in the presence of DTG, confers broad resistance to multiple classes of ARVs in
multicycle spreading infections. This Env mutation also increases resistance to ARVs
when coupled with ARV target gene mutations, again in the context of spreading
infections. However, this Env mutation does not alter ARV susceptibility in cell-free
infection. The results demonstrate that Env mutations clustered at the gp120-gp41
interface can confer broad resistance by enhancing the ability of HIV-1 to spread via a
cell-cell route of transmission. Interestingly, NL4-3 Env mutants exhibiting an enhanced
ability to spread via cell-cell transmission have more stable and closed Env conforma-
tions than WT NL4-3. By propagating CCR5-tropic HIV-1 strains NL(AD8) and K3016 in
the presence of DTG, we obtained gp41 ectodomain mutations Env-N654K and Env-
T541I, respectively. We also identified Env-E621V by propagating K3016 in the pres-
ence of RT inhibitors. We demonstrate that these Env mutations reduce susceptibility
to several ARVs in multicycle spreading infection, as observed for the NL4-3 Env
mutants, indicating that Env-mediated drug resistance can occur in non-laboratory-
adapted HIV-1 strains. However, the effects of the Env mutations on replication kinetics
and Env structure are HIV-1 strain dependent. Finally, we performed single-genome
sequencing analysis of the IN- and Env-coding regions of viruses from infected individ-
uals failing a RAL-containing regimen. We observed that many mutations accumulated
in the Env- but not IN-coding region in most study participants. While most of the
gp120 changes that arose in vivo were located in highly variable regions, a number of
changes in the gp41 ectodomain were observed at the highly conserved gp120-gp41
interface, as observed in vitro.

Several studies have demonstrated that cell-cell transfer is associated with a
reduced susceptibility to ARVs relative to that with cell-free infection, but high concen-
trations of ARVs, or their use in combination, can block both cell-free and cell-cell infec-
tion (32–34). We previously proposed a model, consistent with other findings (33),
whereby Env mutations that enhance cell-cell transmission increase the MOI following
viral transfer across the VS; concentrations of DTG that are sufficient to inhibit cell-free
infection by these mutants are therefore insufficient to block their cell-cell transmission

TABLE 3 Information on study participants failing a RAL-containing regimen

PIDa

Sample collectionb

HIV-1 RNA
(copies/ml)

RAL conc.
(ng/ml)

IN accessory/resistance
mutation(s) (%)cTime point Day

A1 Pre-ART 0 805,710 No mutations detected
Early RAL failure 181 570 990 Not determined
Late RAL failure 250 11,335 89 T97A (33), N155H (5.6)

A2 Pre-ART 0 17,450 No mutations detected
Late RAL failure 195 1,772 93 No mutations detected

A3 Pre-ART 0 1,329,415 No mutations detected
Early RAL failure 178 433 965 Not determined
Late RAL failure 196 1,139 3,371 F121Y (14)

A4 Pre-ART 0 1,617,523 No mutations detected
Early RAL failure 175 7,208 1,142 E138K (2.7), N155H (73)
Late RAL failure 199 9,918 480 Not determined

A5 Pre-ART 0 30,206 No mutations detected
Late RAL failure 194 18,806 2,729 G163K (4.8)

aPID, participant identifier.
bSamples are derived from the SELECT study (5).
cRAL resistance mutations are indicated in boldface font.
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FIG 10 Continued
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FIG 10 Frequency of observed mutations in gp120 C1 domain and gp41 ectodomain in patient-derived samples from the SELECT study. (A) PID A1, A3,
and A5. (B) PID A4. Positions of mutations are indicated using HXB2 numbering. FP, fusion peptide; FPPR, fusion peptide proximal region; HR1/HR2, heptad

(Continued on next page)
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(48). Based on this model, the selected Env mutations would be predicted to confer re-
sistance to multiple ARVs independent of their mode of action and should confer re-
sistance in the context of a spreading, but not cell-free, infection. Indeed, the NL4-3
Env-A539V mutant selected in the presence of DTG exhibits broad resistance to a num-
ber ARVs, including INSTIs, NRTIs, NNRTIs, and PIs, in spreading replication assays but
not in cell-free infectivity assays. It is possible that additional mutations may accumu-
late during spreading replication of Env-A539V in the presence of ARVs; Env mutations
may thus be the starting point on the path to acquisition of high-level drug resistance.
It is also possible that mutations in Env could arise that confer drug resistance by
greatly increasing the efficiency of cell-free infection. However, we have not observed
such mutations in any of our selection experiments; rather, the mutations we have
identified in this and our previous study (48) either greatly impair cell-free infectivity or
have no major effect on this mode of transfer. Taken together, these observations sug-
gest that the broad resistance conferred by the HIV-1 Env mutations will affect suscep-
tibility not only to the currently approved ARVs but also potentially to next-generation
drugs. It is noteworthy that other studies have also observed the selection of Env
mutations upon propagation of HIV-1 in the presence of various inhibitors of virus rep-
lication (13, 90–92).

In contrast to the other classes of ARVs, the Env mutants we identified in NL4-3 and
K3016 are sensitive to two types of Ent-Is: a fusion inhibitor (T-20) and a compound
that blocks CD4-induced conformational changes in Env (BMS-378806) (19, 65–67).
Previous studies have shown that Ent-Is targeting CD4 or a coreceptor are effective in
blocking cell-cell transmission (34, 60, 93). While some CD4bs-targeting agents ineffi-
ciently inhibit cell-cell transmission, anti-gp41 MPER antibodies (Abs) and T-20 are
effective (60, 94). These observations suggest that accessibility of epitopes or time of
action may be important factors for the efficacy of Ent-Is in blocking cell-cell transfer.
Interestingly, the Env-A539V mutation has been reported to emerge in the presence of
low concentrations of fusion inhibitors in vitro; however, this mutation does not confer
resistance to the fusion inhibitor and reverted back to WT at a high inhibitor concen-
tration (95). Overall, our findings imply that including Env-targeted inhibitors in a cART
regimen may help prevent the emergence of the type of broadly resistance-conferring
Env mutations described here and previously (48).

Virological failure has been observed in patients on PI-containing regimens in the
absence of PI-resistance mutations in PR or in the vicinity of Gag cleavage sites (7,
96–99). Likewise, recent studies have demonstrated that viral rebound can occur in
individuals on INSTI-containing therapies without the emergence of INSTI resistance
mutations in IN (5, 6). In some studies (100, 101), there are concerns about whether the
infected individuals remained adherent (i.e., whether suppressive concentrations of
the inhibitors were maintained), but in other studies (e.g., reference 5), the mainte-
nance of adequate plasma drug concentrations was experimentally verified. In some
cases in which target gene mutations were identified in the treated individuals experi-
encing virological failure, the observed resistance mutations conferred only low-level
resistance (3–10). These findings suggest that mutations outside the pol-coding region
(and not around Gag cleavage sites, in the case of PIs) also contribute to virological fail-
ure in association with the target gene mutations. Mutations in the cytoplasmic tail of
gp41 were previously proposed to contribute to PI resistance in vivo (13), potentially
reflecting the role of virion maturation in Env-mediated viral entry (102, 103).
Mutations in the gp41 HR region have also been observed in association with PI failure,
although their contribution to virological failure is unclear (9). In addition to mutations
in IN, it has also been proposed that mutations in the 39 PPT contribute to INSTI failure

FIG 10 Legend (Continued)
repeat 1/2; DSL, disulfide loop. Mutations observed in multiple patients are shaded in yellow. Observed residues are indicated in boldface font. Mutations
that changed conserved positions to less conserved residues are indicated with a superscript lowercase “a.” Frequencies were determined for subtype C
sequences (n=5,923) retrieved from the Los Alamos HIV databse. Fischer’s exact test was performed to determine statistical significance. ***, P , 0.001;
**, P , 0.01; *, P , 0.05; ns, not significant; N.D., not determined.

Broad Drug Resistance Mediated by HIV-1 Env ®

January/February 2021 Volume 12 Issue 1 e03134-20 mbio.asm.org 19

https://mbio.asm.org


both in vitro and in vivo (12, 104). We demonstrate here that the Env-A539V mutation
rescues the defect in virus replication imposed by the RT-Y188L mutation (68) at early
time points and increases the resistance of this RT mutant to EFV in multicycle spread-
ing but not cell-free infection. These observations indicate that Env mutations can
increase resistance conferred by mutations in the ARV target gene by enhancing viral
cell-cell transmission. Mathematical modeling suggests that cell-cell transmission
increases the probability that NAb resistance mutations will emerge, relative to cell-
free infection, as a result of reduced NAb potency in the context of cell-cell transmis-
sion (94). As shown in Fig. 2, Env-A539V provides a replication advantage over WT NL4-
3 in the presence of ARVs, suggesting that mutations in Env such as those described
here may facilitate the acquisition by the virus of resistance mutations in ARV target
genes. According to this “stepping stone” model, by facilitating virus replication in the
presence of ARVs, the Env mutations would facilitate the emergence of high-level re-
sistance mutations in ARV target genes. Additional studies will be needed to investi-
gate the role of HIV-1 Env in the development of high-level drug resistance.

We observed that Env mutations in the NL4-3 strain reduce sCD4-induced and
time-dependent shedding of gp120 from viral particles. In addition, the Env-A539V
mutation decreases sensitivity to NAbs preferring the CD4-bound conformation,
whereas this mutant is more susceptible to PGT145, which recognizes the closed Env
conformation. These observations suggest that the NL4-3 mutant Envs are more closed
and stable on viral particles than WT NL4-3 Env. Flow cytometry analysis using Env-
expressing cells indicates that the NAb-binding properties of the mutants largely paral-
lel their neutralization properties, suggesting that mutant Envs on the surfaces of
infected cells exhibit similar conformational dynamics to those on viral particles. To
examine the impact of the Env-A539V mutation on the HIV-1 entry step, we also ana-
lyzed the sensitivity of this mutant to an anti-CD4 Ab (SIM.4) (84) and a CXCR4 antago-
nist (AMD3100) (85). Because the NL4-3 Env-A539V mutation does not alter sensitivity
to either entry inhibitor, it is likely that the enhancement of cell-cell transfer is due to
the increased probability of gp120-CD4 interactions rather than the increased affinity
of gp120 for CD4 or CXCR4. Indeed, Env-A539V does not affect CD4-IgG2 binding. Our
findings suggest that decreased gp120 shedding may contribute to enhanced Env-
CD4 interactions at cell-cell contact sites. Further structural analysis will be needed to
understand how the Env mutations stabilize the gp120-gp41 interaction in the unli-
ganded Env conformation, because current structural models using HIV-1 Env SOSIP
trimers represent the state-2 conformation (69–72).

We performed resistance analyses using the more clinically relevant, relative to
NL4-3, HIV-1 strains NL(AD8) and K3016. We introduced the Env-A539V mutation into
NL(AD8) and observed a different phenotype from that observed with this mutation in
NL4-3. Whereas NL4-3 Env-A539V exhibited faster-than-WT replication kinetics, NL
(AD8) Env-A539V exhibited impaired replication kinetics and was more susceptible to
DTG than WT NL(AD8). These results imply that the Env-A539V mutation will not
emerge in the context of the NL(AD8) strain. However, DTG selection experiments led
to the emergence of an Env-T541I mutation, which is located at the same position as
NL4-3 Env-A539V, in the context of the subtype C, CCR5-tropic transmitted founder iso-
late K3016. Whereas an Ala at Env-541 (539 in NL4-3) is highly conserved in subtypes B
and C (98.00% and 98.65%, respectively), Thr, Ile, and Val are rare residues at this posi-
tion in both subtypes. As observed with the NL4-3 Env mutants, K3016 Env-T541I
exhibited faster-than-WT replication and conferred resistance to ARVs in spreading
infections. These results highlight the context dependence of resistance-conferring
Env mutations, consistent with the suggestion that residues in the gp41 ectodomain
are functionally linked with gp120 and modulate conformational dynamics of Env in a
strain-dependent manner (52, 62, 105, 106). As shown in Fig. S3 and S4 in the supple-
mental material, the stability of the gp120-gp41 interaction and the conformational dy-
namics of NL(AD8) Env are different from those of NL4-3 Env, suggesting that the dif-
ferences in intra- and interprotomer interactions of Env are likely to affect the viral
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phenotypes of the Env mutants in terms of their fitness and ability to confer broad
ARV resistance.

Propagation of NL(AD8) in the presence of DTG led to the selection of the Env-
N654K mutation in gp41 HR2. Like several of the selected NL4-3 Env mutations (this
report and in reference 48), the NL(AD8) Env-N654K mutation confers resistance to
DTG and is highly fit in multicycle spreading infections but is also profoundly defective
in cell-free infectivity. These observations suggest that this mutant spreads predomi-
nantly via a cell-cell route, as observed for the NL4-3 Env mutants. However, the effects
of the NL(AD8) Env-N654K mutation on Env stability and conformation appear to be
different from those of the NL4-3 Env mutants. This mutation increases the sensitivity
to the anti-CD4 Ab, MVC, and to sCD4, T-20, and an anti-MPER Ab, suggesting that
Env-N654K may be in a more open conformation than WT NL(AD8). As discussed
above, WT AD8 is a primary isolate and prefers to adopt the closed Env conformation.
It may have evolved in vivo while avoiding the N654 change to maintain the closed
state. An Asn at Env-654 is highly conserved (99.76% in subtype B), and previous stud-
ies have shown that substitutions at this position decrease the affinity of HR2 for HR1,
resulting in decreased cell-free infectivity and fusogenicity (107–109). Several lines of
evidence suggest that syncytium formation is tightly regulated at the site of cell-cell
contact by viral and cellular factors (102, 103, 110). Although the roles of syncytium for-
mation in HIV-1 replication are still debated, the formation of large syncytia may nega-
tively impact HIV-1 replication (110, 111). Several studies have reported that mutations
in Env arose in infected SupT1 cells and improved replication in the absence of syncy-
tium formation (112–115). As we reported previously, Env-Y61H, P81S, and A556T in
the NL4-3 strain enhance cell-cell transmission while markedly impairing cell-free infec-
tivity and fusogenicity, indicating that for these mutants, reduced fusogenicity is asso-
ciated with enhanced cell-cell transmission capacity (48). In contrast, we show here
that the Env-A539V mutant exhibits only a small impairment in fusogenicity in a cell-
cell fusion assay. Additional studies will be needed to elucidate the precise mechanism
of action of the Env-N654K mutation.

To explore the possibility that Env-mediated ARV resistance may occur in vivo, we
performed single-genome sequence analysis using samples from the SELECT study (5),
one of several studies that examined whether INSTI monotherapy would effectively sup-
press viral loads in animal models and human participants (6, 116, 117). In many cases,
virological failure occurred in either the absence of mutations in IN or in association
with low-frequency resistance mutations in IN (118). Consistent with these observations,
our single-genome sequence analysis revealed that four of the five participants we ana-
lyzed had only low-frequency resistance mutations in the IN-coding region. These results
suggest that virological failure occurred in these four participants as a result of muta-
tions outside the Pol-coding region. As expected, we observed that many Env mutations
accumulated in less-conserved regions of Env, such as gp120 C3 and variable loops,
which are predominant targets for the Ab response (88, 89). More interestingly, we also
found that several mutations in the gp41 ectodomain accumulated at the highly con-
served gp120-gp41 interface, as observed in our in vitro selection experiments. As
shown in our in vitro studies, it is unlikely that the identical mutations observed in vitro
would emerge in vivo, because the effects of the Env mutations on viral fitness and drug
resistance are virus strain dependent. It is interesting to note that viruses from PID A4,
which had the IN-N155H mutation with high frequency, had many changes in the
gp120 C1 domain and the gp41 ectodomain compared to viruses isolated from the
other participants. A limitation of the current study is the relatively small number of
INSTI failure samples analyzed. Larger numbers of samples will be needed to identify
specific mutational patterns associated with virological failure. In addition, other regions
outside IN, such as the 39 PPT, may also be associated with virological failure (12, 104).
Further analysis will be needed to understand the impacts of Env mutations on viral sus-
ceptibility to cART and their contribution to virological failure. Nevertheless, our findings
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are consistent with the possibility that HIV-1 Env simultaneously evolves to escape from
both NAbs and ARVs in association with ARV target gene mutations in vivo.

In summary, the findings of this study demonstrate that mutations in Env can mark-
edly reduce the susceptibility of HIV-1 to a broad panel of ARVs in vitro. These findings
offer mechanistic insights into Env-mediated drug resistance in vitro and provide new
clues to understand how HIV-1 develops high-level resistance to ARVs in vivo.

MATERIALS ANDMETHODS
Cell lines. HeLa, HEK293T, and TZM-bl cells (119) were maintained in Dulbecco’s modified Eagle me-

dium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in 5% CO2. The SupT1 and
SupT1huR5 T-cell lines (120) were cultured in RPMI 1640 medium supplemented with 10% FBS at 37°C
in 5% CO2. The SupT1huR5 T-cell line was a kind gift from James Hoxie, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, PA.

Compounds and neutralizing antibodies. DTG and BMS-378806 were purchased from MedChem-
Express. sCD4 (four domains, consisting of amino acids 26 to 390 of the extracellular domain of human
CD4) was purchased from R&D systems. RAL, FTC, EFV, RPV, NFV, T-20, AMD3100 (85), MVC, SIM.4 (84),
PGT145 (76), PG16 (77), 2G12 (75), PGT121 (76), VRC01 (78), 447-52D (81), 17b (83), 10E8 (82), F105 (80),
35O22 (79), 16H3 (121), CD4-IgG2 (74), and HIV Ig were obtained from the NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH. BI-224436 (58) was a kind gift from Alan Engelman, Dana Farber Cancer
Institute, Boston, MA.

Cloning and plasmids. The full-length HIV-1 molecular clones pNL4-3 (122) and pNL(AD8) (86) and
the subtype C transmitted founder viral clone CH185 (here denoted K3016, a kind gift from Christina
Ochsenbauer and John Kappes, University of Alabama) (87) were used in this study. pBR-NL43-IRES-eGFP-
nef1 (pBR43IeG), a proviral clone that coexpresses Nef and eGFP from a single bicistronic RNA, was
obtained from Frank Kirchhoff through the NIH AIDS Reagent Program (123, 124). pNL4-3 and pBR43IeG
clones bearing Env mutations (Env-Y61H, P81S, A539V, and A556T) were described previously (48). The
pBR43IeG/KFS clone, which does not express HIV-1 Env, was described previously (48, 125). pNL4-3 RT-
Y188L (68) was constructed by an overlap PCR method using SpeI and AgeI restriction sites. pNL(AD8) Env
mutants Env-A539V and N654K were constructed by an overlap PCR method using BamHI and EcoRI restric-
tion sites. K3016 Env mutants Env-T541I and E621V were constructed by an overlap PCR method using XhoI
and PacI restriction sites. Constructed plasmids were verified by Sanger DNA sequencing (Psomagen).

Preparation of virus stocks. The HEK293T and HeLa cell lines were transfected with HIV-1 proviral
DNA using Lipofectamine 2000 (Invitrogen). At 48 h posttransfection, virus-containing supernatants
were filtered through a 0.45-mm membrane (Merck Millipore). The amount of virus in the supernatants
was quantified by RT assay. RT assays were performed as described previously (126) with minor modifi-
cation. Briefly, after incubation of the virus supernatants with RT reaction mixtures, which contained a
template primer of poly(rA) (5mg/ml) and oligo(dT)12-18 primers (1.57mg/ml), in 50mM Tris (pH 7.8),
75mM KCl, 2mM dithiothreitol, 5mM MgCl2, 0.05% Nonidet P-40, and 0.25 mCi of 32P-dTTP at 37°C for
3 h, the mixtures were spotted onto Filtermat B (Perkin Elmer; catalog number [no.] 1450-521) soaked in
0.5% (vol/vol) branched-polyethylenimine (Merck Millipore; catalog no. 402727). After washing the spot-
ted Filtermat with 2� SSC buffer (300mM NaCl and 30mM sodium citrate), levels of bound 32P were
measured on a Wallac MicroBeta plate reader (PerkinElmer). The 50% tissue culture infective dose
(TCID50) of the virus stocks was determined using TZM-bl cells.

Virus replication kinetics assays. Virus replication was monitored in SupT1 cells as previously
described with minor modifications (48). Briefly, SupT1 cells were incubated with pNL4-3 clones (1.0mg/
1.0� 106 cells) in the presence of 700mg/ml DEAE-dextran at 37°C for 15min. Transfected cells (1.5� 105

cells) were plated in 96-well flat-bottom plates and incubated at 37°C in the presence of various concen-
trations of ARVs. For CCR5-tropic viruses, we used SupT1huR5 cells, which express high levels of human
CCR5. Aliquots of supernatants were collected to monitor RT activity, and cells were split 1:3 every other
day with fresh drug and medium. As described previously (48), IC50 values were calculated based on RT ac-
tivity at the peak of replication of each virus; specifically, the IC50 was defined as the amount of inhibitor
required to reduce RT levels by 50% at the peak of virus replication. To identify the selected mutations in
the Pol/Env-coding region, genomic DNA was extracted from infected cells by using a DNeasy Blood and
Tissue minikit (Qiagen), and then the Pol- and Env-coding regions were amplified by PrimeSTAR GXL DNA
polymerase (TaKaRa) and sequenced (Psomagen) using previously described primers (48).

Single-round infection assays. For cell-free infectivity assays, TZM-bl cells (1.0� 104 cells) in 96-well
plates were exposed to RT-normalized virus stocks produced in HeLa cells. For drug sensitivity assays,
100 TCID50 of virus produced in 293T cells was exposed to TZM-bl cells (1.0� 104 cells) in the presence
of various concentrations of drugs or neutralizing antibodies. For the sCD4 sensitivity assay, prior to the
infection, the viruses were incubated with various concentrations of sCD4 at 37°C for 0 or 2 h. For assays
using PIs or ALLINIs, viruses were produced in the presence of serial dilutions of inhibitors as described
previously (127). Briefly, 293T cells were transfected with WT or mutant molecular clones as indicated
above. Six hours posttransfection, 1.5� 105 transfected cells were incubated with a 3-fold serial dilution
of the inhibitors at 37°C for 48 h. Virus-containing supernatants were harvested and used to infect TZM-
bl cells. At 48 h postinfection, luciferase activity was measured using the Britelite plus reporter gene
assay system and Wallac MicroBeta plate reader (PerkinElmer).

Cell-cell fusion assay. The HEK293T cells were transfected with HIV-1 proviral DNA as described
above. At 24 h posttransfection, serial dilutions of the transfected HEK293T cells were cocultured with
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1.0� 104 TZM-bl cells in the presence of a cocktail of EFV and DTG (200 nM each). At 24 h postcoculture,
luciferase activity was measured as described above.

gp120 shedding assay. To analyze time-dependent gp120 shedding, viruses produced from HeLa
cells were incubated at 37°C for 0, 1, 3, or 5 days. For the sCD4-induced gp120 shedding assay, concen-
trated viruses were incubated with sCD4 (0, 0.3, 1.0. 3.0, and 10mg/ml) at 37°C for 2 h. Following incuba-
tion, the viruses were purified by ultracentrifugation through 20% sucrose cushions (60,000� g) for 45min
at 4°C. The levels of virion-associated gp160, gp120, and p24 were determined by Western blotting.

Western blotting. Viral proteins were separated by SDS-PAGE and transferred to polyvinylidene di-
sulfide (PVDF) membranes (Merck Millipore). After blocking the membranes with 5% skim milk, they
were probed with primary antibodies for 1 h and then incubated for 1 h with species-specific horseradish
peroxidase-conjugated secondary antibody. After the final washes, bands were detected by chemilumi-
nescence with a Sapphire Biomolecular imager (Azure Biosystems). Quantification was performed using
Image Studio Lite (LI-COR Biosciences) software. The p24 protein was detected with anti-HIV Ig at a final
concentration of 5.0mg/ml in 5% skim milk. gp160 and gp120 were detected with the 16H3 monoclonal
antibody at a final concentration of 0.5mg/ml in 5% skim milk.

Antibody binding assay. HEK293T cells were transfected with pBR43IeG constructs as indicated
above. At 24 h posttransfection, the cells were detached with 5mM EDTA-phosphate-buffered saline
(PBS) and then washed with PBS. Cells (2.0� 105) were incubated with the specified antibodies at a
final concentration of 1.0mg/ml at 4°C. After 1 h of incubation, the cells were washed with PBS. The
cells were then washed with PBS and incubated with allophycocyanin (APC)-conjugated F(ab9)2 frag-
ment donkey anti-human IgG antibody (Jackson ImmunoResearch Laboratories; catalog no. 709-136-
149) at a final concentration of 62.5mg/ml. The cells were washed with PBS and fixed with 4% parafor-
maldehyde (PFA; Boston Biosciences). Fixed cells were analyzed with a BD LSR-II or FACSCalibur (BD
Biosciences) flow cytometer. Data were analyzed by FCS Express Cytometry software 7 (De novo
Software).

Ethics Statement. Plasma samples were obtained prior to and after virologic failure from donors on
combination ART of ritonavir (RTV)-boosted lopinavir (100mg RTV, 400mg LPV) plus 400mg RAL twice a
day. Samples were collected by the AIDS Clinical Trial Group (ACTG) study A5273, a randomized, open-
label phase-3 noninferiority study at 15 research sites in nine resource-limited countries (three sites in
India and South Africa, two in Malawi and Peru, and one each in Brazil, Kenya, Tanzania, Thailand, and
Zimbabwe) (5). The primary endpoint was time to confirmed virologic failure (two measurements of HIV-
1 RNA viral load .400 copies/ml). This trial is registered with ClinicalTrials.gov, NCT01352715. Entry and
exclusion criteria are listed in the protocol (5). The study was approved by ethics committees at each
site and written informed consent was obtained from each participant.

Plasma viral RNA extraction and cDNA synthesis. Viral RNA was extracted from plasma containing
200 to 20,000 copies of HIV-1 RNA. Plasma was first centrifuged at 5,300� g for 10min at 4°C to remove
cellular debris. The supernatant was then centrifuged at 21,000� g for 1 h at 4°C. Viral RNA was
extracted from the viral pellet as previously described (128) and resuspended in 40ml of RNase-free
5mM Tris-HCl (pH 8.0). Five microliters of each of 10mM deoxynucleoside triphosphates (dNTPs) and
10mM oligo(dT) were added prior to denaturing the RNA at 65°C for 10min. cDNA was synthesized as
previously described (129) except at 50°C for 1 h followed by 55°C for another hour. Two microliters
RNase H (2 U/reaction) was added, and the RNA was digested at 37°C for 20min.

Single-genome sequencing. To obtain integrase PCR products from single cDNA molecules, cDNA
was serially diluted to an endpoint (when approximately 30% of reactions yield PCR product). PCR
master mix was prepared as previously described (129, 130), except primers targeting HIV integrase
were used: Poli5 (OF) and Poli8 (OR) followed by Poli7 (IF) and Poli6 (IR) (131) in a nested PCR. PCR cy-
cling conditions were modified by decreasing the annealing temperature to 50°C and increasing the
elongation time to 1min 30 s. To obtain env PCR products from single cDNA molecules, the same
diluted cDNA was used but with the following primers, modified from refererence 132: HIVC.short.VIF1.
F1 (59-GTTTATTACAGGGACAGCAGA-39) and HIV.short OFM.R1 (59-CAAGGCAAGCTTTATTGAGGCTTA-39).
Alternatively, E0 forward primer (133) was used. PCR cycling was performed as follows: 95°C for
2min and 44 cycles of 95°C for 30 s, 57°C for 30 s, and 68°C for 3min to 3min 30 s, followed by final
elongation at 68°C for 5min. Nested PCR was performed with the following primers, modified from
reference 134: HIVC.short.ENVA.F2 (59-GCATCTCCTATGGCAGGAAG-39) and HIV.short.ENVN.R2 (59-
CAATCAGGGAAGTAGCCTTG-39). Alternatively, E00 forward primer (133) was used. PCR cycling was
performed as follows: 95°C for 2min, 10 cycles 95°C for 15 s, 57°C for 30 s, and 68°C for 3min, fol-
lowed by 30 cycles of 95°C for 15 s, 57°C for 30 s, and 68°C for 2min plus 5 s per cycle, and a final
elongation of 68°C for 7min. Positive wells were identified by detection using 1% agarose E-Gel 96-well
gels (Thermo Fisher Scientific), and positive PCRs were sequenced by Sanger sequencing. For sequenc-
ing integrase, Poli7, Poli9D, and O-Poli2C forward and Poli6, Poli10B, and Poli3 reverse primers were
used (131). For sequencing env, E00, For14, For15, For17, For18, and For19 forward and HIVCshort.
ENVN.R2, Rev14, Rev16, Rev17, and Rev18 reverse primers were used (132, 133, 135). Additional primers
used for env sequencing are as follows: For13, 59-GAGAAAGAGCAGAAGACAGTGG-39; For16, 59-
TTTAATTGTGGAGGAGAATTTTTCTA-39; Rev19, 59-ACTTTTTGACCACTTGCCACCCAT-39; HIVC.REV20.SEQ,
59-CACATGGAATTAAGCCAG-39.

Sequence analysis. Sanger sequencing data were analyzed using MEGA (136) to align and translate
sequences. Sequences were analyzed for known INSTI resistance mutations using HIV Stanford HIV Drug
Resistance database (https://hivdb.stanford.edu/).

Statistical analyses. Two-tailed unpaired t tests and Fischer’s exact tests were performed using
GraphPad Prism 8 (GraphPad). A P value of ,0.05 was considered statistically significant. GraphPad
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Prism was also used to assess statistical significance by one-way analysis of variance (ANOVA) and
Tukey’s multiple-comparison test.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.1 MB.
FIG S2, TIF file, 0.1 MB.
FIG S3, TIF file, 0.4 MB.
FIG S4, TIF file, 0.7 MB.
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