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The V179I substitution in human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) is selected in humans or mouse models treated with certain nonnucleoside reverse transcriptase inhibitors (NNRTIs). While it is often observed together with other NNRTI resistance mutations, V179I does not confer drug resistance. To understand how V179I arises during NNRTI treatment, we characterized it in HIV-1 molecular clones with or without the NNRTI resistance mutations Y181C or Y181V. While V179I alone did not confer resistance to any NNRTIs tested, when present with Y181C/V it enhanced drug resistance to some NNRTIs by 3- to 8-fold. In replication competition experiments in the presence of the NNRTI rilpivirine (RPV), V179I modestly enhanced Y181C HIV-1 or Y181V HIV-1 replication compared to viruses without V179I. As V179I arises from a G to A mutation, we evaluated whether it could arise due to host APOBEC3 deaminase activity and be maintained in the presence of a NNRTI to provide a selective advantage for the virus. V179I was detected in some humanized mice treated with RPV and was associated with G to A mutations characteristic of APOBEC3 activity. In RPV selection experiments, the frequency of V179I in HIV-1 was accelerated in CD4+ T cells expressing higher APOBEC3F and APOBEC3G levels. Our results provide evidence that V179I in HIV-1 RT can arise due to APOBEC-mediated G to A hypermutation and can confer a selective advantage to drug-resistant HIV-1 isolates in the presence of some NNRTIs.
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Introduction

The goals of antiretroviral drugs are to suppress replication of HIV-1 in infected individuals (antiretroviral therapy, ART) and to prevent infection of HIV-1 in uninfected individuals (pre-exposure prophylaxis, PrEP, and post-exposure prophylaxis, PEP). Nonnucleoside reverse transcriptase inhibitors (NNRTIs) comprise a class of antiretroviral drugs that target the HIV-1 enzyme reverse transcriptase (RT) that are used for both ART and PrEP. They inhibit reverse transcription by binding to a hydrophobic pocket near the polymerase active site, which prevents DNA polymerization (1). There are five NNRTIs currently approved by the U.S. Federal Drug Administration (FDA) for ART through daily oral dosing: nevirapine (NVP), efavirenz (EFV), etravirine (ETR), rilpivirine (RPV), and doravirine (DOR) (2). In 2021, the FDA approved monthly dosing of a long-acting injectable formulation of RPV (RPV LA) with the integrase inhibitor cabotegravir for HIV-1 maintenance therapy in individuals with virologic suppression based on results of the ATLAS and FLAIR phase III clinical trials (3). Recently, the World Health Organization recommended the use of vaginal rings containing the NNRTI dapivirine (DAP) as PrEP for women in light of positive results from the phase III ASPIRE and The Ring Study clinical trials (4, 5).

Due to high frequencies of circulating NNRTI-resistant isolates, NNRTIs are no longer recommended as first line ART in the U.S. (6). The more recently approved NNRTIs were developed to have more flexibility in binding to HIV-1 RT in an effort to inhibit variants that are resistant to NVP and EFV. The HIV-1 mutations conferring resistance to the diarylpyrimidines (ETR, RPV, or DAP) are similar (7, 8). Frequently selected resistance mutations of individuals failing therapy containing ETR or RPV include substitutions at E138, K101, and Y181 in RT (9–11). These mutations also were detected in women who seroconverted despite the use of DAP PrEP (12). Y181C is one of the most transmitted NNRTI resistance mutations globally, which confers broad NNRTI resistance (13), including low-level resistance (2- to 3-fold) to DAP, ETR, and RPV. Additional nucleotide changes to produce other NNRTI-associated mutations in combination with Y181C or to convert Y181C to Y181V lead to higher resistance to these drugs (7, 8).

V179 is a polymorphic residue in HIV-1 RT, particularly subtypes A and C, which is detected in treatment-naive individuals (14–20). Amino acid substitutions at 179, including V179I, increased in frequency in HIV-infected individuals treated with ART containing ETR or RPV (21–23). Despite its increased association with NNRTI treatment, the presence of baseline V179I prior to therapy did not necessarily correlate with virologic failure on ETR- or RPV-containing ART (10, 17, 24) and has little or no effect on NNRTI susceptibility (25, 26). V179I is often detected with other drug resistance mutations, such as Y181C (22, 23, 27–29).

The apolipoprotein B messenger RNA-editing enzyme catalytic polypeptide 3 (APOBEC3) family of mammalian proteins are cytidine deaminases that convert cytidine residues to uridines. APOBEC3G and APOBEC3F are packaged into HIV-1 particles and deaminate negative-sense viral DNA, resulting in G to A mutations in the viral positive-sense strand that can restrict infection (30). The antiviral activity of APOBEC3F/G is counteracted by the HIV-1 accessory protein Vif, which recruits APOBEC3F/G to the ubiquitin E3 ligase complex for proteasomal degradation (31). APOBEC3-mediated mutations have been shown to lead to HIV-1 mutations that confer resistance to RT inhibitors, including the RPV-resistant substitution E138K in RT (32–35).

In a recent humanized mouse study, we reported low frequencies of V179I in plasma HIV-1 RNA from mice infected with WT or Y181V HIV-1 after treatment with RPV-LA PrEP (36). In the present study, we sought to understand the selection advantage of V179I in HIV-1 by characterizing its effect on NNRTI resistance and replication of HIV-1 with RPV-resistant mutations. In addition, we addressed the possibility that V179I could arise by APOBEC3-mediated G to A mutation.



Results


V179I enhances Y181C/V HIV-1 resistance to ETR and DAP but not to other NNRTIs

While V179I alone does not affect NNRTI susceptibility (25, 26), it has been shown to increase resistance in combination with other mutations (7, 9). Therefore, its effect in combination with Y181C/V was evaluated in the subtype B molecular clone used in our previous humanized mouse study (36). Drug susceptibility assays were performed with VSV-G pseudotyped wild-type (WT) HIV-1NL4-3 and molecular clones containing V179I, Y181C, and Y181V alone or in combination with multiple concentrations of EFV, DAP, ETR, RPV, and DOR. The specific infectivity of each virus was determined, which was similar for all viruses (Figure 1). The average 50% effective concentrations (EC50) and fold-changes compared to WT for the NNRTIs were calculated for the WT and mutant viruses (Table 1). Following previous convention, low-, intermediate- and high-level resistance were defined as a 2- to 8-fold, 8- to 20-fold, or >20-fold increase in EC50 for the mutants compared to WT HIV-1, respectively (8).




Figure 1 | The specific infectivities of viruses used in drug susceptibility assays were determined by measuring titers (infectious units, IU) in GHOST cells and normalizing for p24 levels.




Table 1 | WT and mutant HIV-1 susceptibility to NNRTIs.



As expected, Y181C conferred low to intermediate resistance to all of the NNRTIs tested (2- to 9-fold; Table 1). In contrast, Y181V conferred high level resistance towards DAP, ETR, and RPV (735-, 64- and 35-fold, respectively) and low level resistance towards EFV and DOR (6- and 3-fold, respectively). An NRTI, FTC, was used as a control and, as expected, all of the viruses showed similar susceptibility (data not shown).

V179I alone did not confer drug resistance to any of the tested NNRTIs (Table 1), which is consistent with previous reports (25, 37). While V179I/Y181C HIV-1 susceptibility to EFV, RPV, and DOR did not differ from Y181C HIV-1, the addition of V179I enhanced Y181C HIV-1 resistance to DAP and ETR, with a change from 9- to 74-fold and 4- to 15-fold resistance, respectively. Similarly, V179I with Y181V only showed enhanced resistance to DAP (735- to 3579-fold) and ETR (64- to 167-fold) and no change for the other NNRTIs.



V179I did not enhance E138K HIV-1 resistance to DAP or RPV

In the aforementioned humanized mouse study, we also observed the amino acid substitution E138K arising in HIV-1 RT in the same mice that also had detectable V179I (36). E138K is a mutation that is selected by and confers low-level resistance to DAP, ETR, and RPV (9, 38, 39). Although E138K was never detected on the same viral genomes with V179I, we investigated whether the combination of V179I and E138K in HIV-1 RT could enhance DAP or RPV resistance compared to E138K alone (Table 2). While E138K HIV-1 had 4-fold resistance to DAP and RPV, which was consistent with previous reports, the addition of V179I did not change virus susceptibility to either drug.


Table 2 | WT and E138K/V179I HIV-1 susceptibility to NNRTIs.





V179I enhances replication of Y181C and Y181V HIV-1 in the presence of RPV

Surprisingly, V179I in HIV-1 RT is associated with virologic failure to RPV-containing ART, especially together with Y181C (21, 22), but it does not confer or enhance RPV resistance. We hypothesized that V179I could improve Y181C HIV-1 replication in the presence of RPV. As we also detected V179I in HIV-1 RT in humanized mice treated with RPV LA and challenged with Y181V HIV-1 (36), we also hypothesized that V179I/Y181V HIV-1 could have improved replication in the presence of RPV. To determine whether the double mutants could replicate better than Y181C/V HIV-1, growth competition assays were performed in the absence or presence of RPV, in which each culture contained a pair of viruses at 50% frequency based on virus titers. Replication was compared for Y181C HIV-1 and V179I/Y181C HIV-1 in the absence of drug by PrimerID MiSeq (Figure 2A). Y181C HIV-1 was detected at a frequency of approximately 65% in an average of two independent experiments, while V179I/Y181C HIV-1 was present at 35% frequency, likely due to an infection ratio slightly different than 1:1. Over the course of infection, no change in frequencies of the two viruses occurred, suggesting that V179I did not improve Y181C HIV-1 replication in the absence of drug. The frequency of V179I/Y181C HIV-1 increased to approximately 50% frequency in the presence of RPV (Figure 2B). These results suggest that the double mutant had slightly improved replication in the presence of RPV.




Figure 2 | V179I enhances Y181C and Y181V HIV-1 replication in the presence of RPV. Competition assays were performed in HuT-R5 cells infected with Y181C/V HIV-1 with or without V179I at a 1:1 ratio. Cells were infected with Y181C HIV-1 and V179I/Y181C HIV-1 in the (A) absence or (B) presence of 1.4 nM RPV or Y181V HIV-1 and V179I/Y181V HIV-1 in the (C) absence or (D) presence of 13 nM RPV. The frequency of each virus in a culture was determined by PrimerID MiSeq over 8 days. Data represent averages from 2 independent experiments with error bars representing standard errors of the mean.



The same competition experiment was performed for Y181V HIV-1 and V179I/Y181V HIV-1. In the absence of drug, Y181V HIV-1 was present at approximately 65% frequency and the double mutant was at 35% frequency in an average of two independent experiments (Figure 2C). Similar to the Y181C experiment, this ratio was maintained over 8 days, suggesting that V179I did not improve Y181V HIV-1 replication in the absence of drug. However, in the presence of RPV, V179I/Y181V HIV-1 increased over time, particularly in one replicate (Figure 2D), suggesting that V179I together with Y181V gave HIV-1 a slight selective advantage over Y181V HIV-1 alone.



Selection of V179I in HIV-1 is associated with G to A mutations in vivo

V179I is caused by a G to A point mutation. We hypothesized that V179I could arise due to mutations induced by APOBEC3F/G. V179I was detected in HIV-1 single-genome sequences from 4 of 16 humanized mice treated with RPV LA PrEP that became infected after HIV-1 challenge (36). All four animals were made from tissues taken from one particular donor (Donor 255; 4/10 animals). To determine whether detection of V179I in HIV-1 RT from RPV LA-treated humanized mice was associated with more G to A mutations, we analyzed single-genome sequences (42-47 per animal) encoding the first 277 residues of RT isolated from plasma HIV-1 obtained from Donor 255 animals at 5-10 weeks after infection. G to A and non-G to A mutations were identified and compared to the sequences of the molecular clones used to challenge the mice (WT HIV-1 or Y181V HIV-1). Despite the animals having similar plasma viremia levels, suggesting similar in vivo replication of the viruses (Figure 3A), the group of mice with no detectable V179I HIV-1 had a significantly lower frequency of HIV-1 genomes that contained G to A mutations in the RT coding region than the group of mice with V179I HIV-1 (Figure 3B). In contrast, the frequency of other mutations (not G to A) in RT was similar in both groups of animals (Figure 3C). In addition, the number of G to A mutations in all of the single-genome sequences per mouse were significantly higher in those with V179I HIV-1 compared to those without V179I HIV-1 (Figure 3D). However, the total number of other mutations was similar in both groups (Figure 3E). In the mice with detectable V179I, two of 180 single-genome sequences had stop codons, but neither of these also had the mutation conferring the V179I substitution. These results suggest that in mice infected despite RPV LA treatment, V179I in HIV-1 was associated with greater G to A mutations in RT. APOBEC3F/G enzyme packaging in virions is stochastic and this likely results in variation in the frequency of G to A mutations.




Figure 3 | Selection of V179I in HIV-1 is associated with G to A mutations in infected humanized mice treated with RPV LA. HIV-1 RT single-genome sequences (42-47 per mouse) were analyzed in 10 humanized mice made from Donor 255 that were infected with WT or Y181V HIV-1 after treatment with RPV LA. (A) The HIV-1 RNA levels in the plasma at the time of necropsy are shown for the group of animals with (n=4) or without (n=6) detectable V179I in their viruses. The percentages of (B) G to A mutations or (C) non-G to A mutations were determined in each group of mice. The total number of (D) G to A or (E) non-G to A RT mutations were determined in mice with or without detectable V179I in their viruses. Box and whisker plot error bars indicate minimum and maximum values. Two-tailed unpaired t tests were performed between both groups for each analysis.





APOBEC3F/G selects V179I in HIV-1 RT in the presence of RPV in vitro

CEM-SS cells are derived from the CEM CD4+ T cell line, but they express 28- and 12-fold lower APOBEC3F and APOBEC3G, respectively (40). To determine whether APOBEC3F/G-mediated editing could select V179I in HIV-1 RT in the presence of RPV, CEM cells and CEM-SS cells were infected with Y181C HIV-1 and cultured in the presence or absence of 0.5 - 1 nM RPV in two independent experiments. When HIV-1 replicated to relatively high levels, as indicated by syncytia formation and cell death, the concentration of RPV was increased 2- to 3-fold (Figure 4A). At least 98.8% of the HIV-1 population in the cultures still encoded Y181C during the course of selection (46 - 59 days). After the first round of selection in the first experiment, 0.12 - 0.14% of HIV-1 genomes from CEM cells, with or without RPV selection, encoded V179I (Figure 4B, left). In the presence of RPV, V179I rose to nearly 0.5% frequency in CEM cells. In contrast, 0.05 - 0.08% of HIV-1 genomes isolated in CEM-SS cells after round 1 encoded V179I. V179I was not detected after four rounds of selection in CEM-SS cells. In the second experiment, the frequency of V179I was below 0.9% in the cultures after rounds 1 and 2 with the exception of virus grown in CEM cells in the presence of RPV, in which the mutation was detected at 1.2 - 1.3% (Figure 4B, right). After rounds 3 and 4, the frequency of V179I rose to 7.3% and 5.4% in CEM cells + RPV but remained < 0.8% in the other cultures. Surprisingly, genomes containing V179I rose to 11.2% frequency in CEM-SS cells after the RPV concentration was increased to 18 nM. These results suggest that APOBEC3F/G accelerates selection of V179I in HIV-1 RT in the presence of RPV and that V179I provides a selective advantage for the virus.




Figure 4 | APOBEC3F/G selects V179I in HIV-1 RT in the presence of RPV in cells. (A) In two independent experiments, Y181C HIV-1 was grown in CEM cells or CEM-SS cells for four rounds with or without increasing concentrations of RPV (0.5 - 4 nM in Experiment 1; 1 - 18 nM in Experiment 2). The black arrow denotes when selection culture supernatants were frozen and restarted. (B) Single-genome sequencing by PrimerID MiSeq (1,514 and 628 average genomes for Experiments 1 and 2, respectively) of the region encoding the NNRTI-binding pocket of RT was performed on viral RNA isolated at the end of each round of selection. The frequencies of V179I in HIV-1 are shown for each culture. ND indicates that genomes encoding V179I were not detected.






Discussion

We detected V179I in HIV-1 RT from humanized mice that became infected during RPV LA PrEP (36). Similarly, V179I HIV-1 is selected in people treated with ART containing ETR or RPV (21–23). Previous in vitro experiments showed that ETR and DAP selected for V179 substitutions, including V179I, in Y181C HIV-1 (22, 27, 39). Likewise, V179I was selected in mice infected with Y181V HIV-1 after RPV LA PrEP, suggesting that V179I provides a selective advantage for Y181C HIV-1 or Y181V HIV-1 in the presence of NNRTIs.

Similar to previous studies (25, 26), we observed that V179I alone did not confer drug resistance to any FDA-approved NNRTIs. However, V179I enhanced ETR and DAP resistance for Y181C HIV-1 4- to 8-fold, respectively, and Y181V HIV-1 3- to 5-fold, respectively. In contrast, V179I did not alter NNRTI susceptibility when present together with E138K in HIV-1 RT, which was also selected in HIV-1 isolated from our RPV-treated mice but not on the same genomes as V179I. V179I also did not affect Y181C/V HIV-1 sensitivity to non-diarylpyrimidine NNRTIs EFV and DOR. These results suggest a selective advantage for V179I in Y181C/V HIV-1 during replication in the presence of ETR or DAP.

Surprisingly, V179I did not enhance Y181C/V HIV-1 resistance to RPV, which suggested that this mutation provides a different selective advantage in the presence of RPV. While Y181C/V HIV-1 did not replicate differently than V179I/Y181C HIV-1 or V179I/Y181V HIV-1 in the absence of inhibitor, the double mutant viruses replicated slightly more efficiently in relatively low concentrations (2-fold above the EC50) of RPV. Additionally, V179I was selected in infected CEM and CEM-SS cells in the presence of high levels of RPV, suggesting that it provides a selective advantage. Y181C HIV-1 can be rapidly selected by NNRTIs and has relatively high prevalence (13). In contrast, Y181V HIV-1 confers higher resistance to RPV (and ETR and DAP) and has similar replication to WT HIV-1 (36), but it is less prevalent in HIV-infected individuals, likely due to the requirement of two base changes (41). Nevertheless, V179I selection in both Y181C HIV-1 and Y181V HIV-1 provides a replication advantage for the double mutant in the presence of RPV.

The diarylpyrimidine NNRTIs have similar structures and binding modes in the HIV-1 RT NNRTI-binding pocket as well as have similar resistance profiles (42, 43). Upon binding, the pyrimidine ring of DAP, ETR, and RPV is positioned between L100 and V179 of HIV-1 RT, allowing interactions with K101 of the p66 subunit and E138 of the p51 subunit (42–44). However, distinct differences are seen in the crystal structures of ETR and RPV binding to WT RT (44). For example, the pyrimidine ring of RPV is located closer to E138 than that of ETR. In addition, the methylphenylacrylonitrile group of RPV interacts more strongly than the dimethylcyanophenyl group of ETR to residues Y181 and Y188 of RT. It is possible that one or both of these variations in binding can account for the phenotypic differences that we observe in V179I effects on DAP/ETR and RPV susceptibilities.

V179I is a polymorphic residue that is observed in treatment-naive HIV-infected individuals (14–20) but that has higher prevalence after NNRTI exposure, particularly the diarylpyrimidines. APOBEC3 has been shown to lead to HIV-1 mutations, which can lead to a replication advantage for the virus, such as conferring resistance to RT inhibitors like E138K (32–35). We noted that V179I is caused by a G to A mutation and hypothesized that it could arise in the presence or absence of NNRTI treatment due to APOBEC3F/G. Indeed, V179I was associated with higher frequencies of G to A mutations in HIV-1 isolated from RPV-treated mice. In addition, we directly investigated the ability of APOBEC3F/G to increase V179I selection in the presence of RPV using CEM and CEM-SS cells, which differ in their expression levels of these host factors. V179I was selected more rapidly in the presence of RPV in CEM cells that express higher APOBEC3F/G levels compared to CEM-SS cells that have low APOBEC3F/G expression. Thus, V179I could arise in HIV-1 RT due to APOBEC3 even prior to therapy, allowing it to persist or increase in frequency in individuals treated with DAP, ETR, or RPV due to improved replication and/or drug resistance. The importance of APOBEC3-mediated emergence of V179I over stochastic mutations caused by RT may vary in different individuals and cannot be definitively assessed in this study.

The results from this study provide insight in how and why the enigmatic V179I substitution is selected in HIV-1 RT during NNRTI treatment. While this residue change does not directly affect HIV-1 susceptibility to NNRTIs, and also likely NNRTI binding to RT, it appears to provide better replication in the presence of diarylpyrimidine NNRTIs by either enhancement of resistance or replication. This information could be useful in designing better RT inhibitors that can still inhibit prevalent NNRTI-resistant HIV-1 variants.



Materials and methods


Cells and antiretroviral inhibitors

293T and TZM-bl cells were cultured in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.292 mg/ml of L-glutamine (P/S/G; Thermo Fisher Scientific). GHOST-R3/X4/R5 cells (45) were maintained in the medium described above with the addition of 100 μg/ml of G418 (Thermo Fisher Scientific), 100 μg/ml hygromycin (Thermo Fisher Scientific), and 0.5 μg/ml puromycin (EMD Millipore). HuT-R5 cells (46) were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% FBS, P/S/G, 500 μg/ml G418, and 0.5 μg/ml puromycin. CEM and CEM-SS cells (47) were cultured in RPMI 1640 medium with 10% FBS and P/S/G. All cells were grown at 37°C in 5% CO2.

EFV, ETR, FTC, and RPV were obtained from the AIDS Reagent Program, Division of AIDS, National Institutes of Health. DAP and DOR were obtained from Dr. Nicolas Sluis-Cremer. Drug stocks were made in dimethyl sulfoxide (DMSO) and diluted to final concentrations in cell culture medium.



Generation of WT and mutant HIV-1

The RT coding region of the pol gene of plasmids encoding the HIV-1NL4-3 with a deletion in env and the luciferase gene in place of nef (NLdE-luc) (48) or full-length HIV-1NL4-3 or HIV-1NL4-BAL proviruses were amplified by PCR and were subcloned into pCR2.1-TOPO (Life Technologies). RT mutations E138K, V179I, Y181C, Y181V, E138K/V179I, V179I/Y181C, and V179I/Y181V were introduced into these plasmids using the QuikChange II XL site-directed mutagenesis kit (Agilent Technologies). After verification by Sanger sequencing, the mutated fragment was cloned into the plasmids.

WT and mutant viruses were produced by transfection of 293T cells using Lipofectamine 2000 (Thermo Fisher Scientific). NLdE-luc viruses were pseudotyped with VSV-G, using the pL-VSV-G plasmid. Virus-containing supernatants were harvested 48h after transfection.



Measurement of HIV-1 infectivity

Viruses were titered on GHOST R3/X4/R5 cells using an Accuri C6 flow cytometer (BD Biosciences), as previously described (45). NLdE-luc viruses were also assessed for p24 content via ELISA (XpressBio).



Drug susceptibility assays

Susceptibility assays for WT and mutant HIV-1 (NLdE-luc) with NNRTIs DAP, DOR, EFV, ETR, and RPV as well as the NRTI FTC were performed in TZM-bl cells as previously described (49). Briefly, TZM-bl cells (2 x 104 cells/well of a 96-well plate) were incubated with or without dilutions of drugs and infected with each virus at a multiplicity of infection (MOI) of 0.02 in phenol red-free medium. After 48h, luciferase was measured using the Britelite Plus Reporter Gene Assay System (PerkinElmer). Infectivity was measured by luciferase expression in the cells, with uninfected cells set as background and infected cells in the absence of inhibitor set as 100%. Experiments were performed in triplicate in 3 or 4 independent experiments. The 50% effective concentration (EC50) was calculated in Prism (GraphPad) using nonlinear regression for each experiment.



HIV-1 competition assays

Competition experiments were performed comparing Y181C and V179I/Y181C HIV-1NL4-3 or Y181V and V179I/Y181V HIV-1NL4-3 in two independent experiments, as previously described (50). Briefly, HuT-R5 cells were co-infected with each virus at a 1:1 ratio with a total MOI of 0.004 for 2h at 37°C. The cells were washed in phosphate buffered saline and resuspended in media with or without RPV. The concentration of RPV used was approximately 2-fold above the EC50 for Y181C HIV-1 or Y181V HIV-1 (with or without V179I): 1.4 nM and 13 nM, respectively. Cultures were split every 2 days for 8 days. HIV-1 RNA was isolated from cell supernatants at each time point using the RNeasy kit (Qiagen). PrimerID MiSeq was performed to sequence part of the RT coding region as described previously (50). The average number of paired end reads for each flask in Experiment 1 was 8,927 copies (range from 2,708 to 14,532 copies) and in Experiment 2 was 483 copies (range from 80 to 1054). The relative abundance of each mutant was calculated by dividing the number of mutant sequences by the total number of consensus sequences at each time point. Unexpected variants at 179 (i.e., not V or I) were present at low levels (0-1% of the total sequences in each sample) and were not maintained at multiple time points.



RPV selection assays

Selections of Y181C HIV-1NL4-3 were performed in CEM cells and CEM-SS cells. CEM and CEM-SS cells were infected with Y181C HIV-1 at a MOI of 0.1 in the absence or presence of 0.5 nM RPV (Experiment 1) or 1 nM RPV (Experiment 2). Cultures were split every 2-3 days. When significant cytopathic effects were observed, cells were pelleted and supernatant was collected from each flask. Each culture was replenished with new cells and fresh medium with or without 2- to 3-fold higher RPV concentrations. The selection process was repeated for 4 rounds. Due to the COVID-19 pandemic, supernatants from cultures after round 1 in Experiment 1 were frozen at -80 C and were used to infect new cells in round 2. HIV-1 RNA was isolated from supernatant collected at the last time point from each round of selection using the RNeasy kit. PrimerID MiSeq for the RT coding region was performed as previously described (50) to determine the frequencies of amino acid substitutions at residues 179 and 181. The average number of paired end reads for each flask was 1,514 copies (range from 466 to 4,307 copies) for Experiment 1 and 628 copies (range from 173 to 1,222 copies) for Experiment 2. The relative abundance of each mutant was calculated by dividing the number of mutant sequences by the total number of consensus sequences at each time point. Unexpected variants were present at low levels (≤ 1% of the total sequences in each sample).



RPV LA administration to humanized mice

We previously evaluated the ability of RPV LA to prevent vaginal transmission of WT, Y181C, or Y181V HIV-1 in humanized mice (36). Female immunodeficient NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice from Jackson Laboratory were implanted with fetal thymus, liver, and CD34+ cells obtain from the University of Pittsburgh Biospecimen Core with an Institutional Review Board-approved Honest Broker System. Mice (n = 30) were injected intramuscularly with 150 mg/kg RPV LA and challenged 1 or 7 days later with WT or mutant HIV-1NL4-BAL and compared to untreated and challenged mice (n = 26). Of the RPV LA-treated mice, sixteen became infected as determined by detection of HIV-1 RNA in the plasma, as described previously (51). HIV-1 single-genome sequencing was performed on plasma HIV-1 RNA at necropsy, as previously described (52) to identify mutations in HIV-1 pol. A total of 715 sequences were obtained from these mice, of which 6 had stop premature stop codons. Two-tailed unpaired t tests were performed in Prism to compare viremia and mutations between groups.
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