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Abstract

Objective(s): Assess the impact of pretreatment high- and low-frequency drug-resistant human 

immunodeficiency (HIV) variants on long-term outcomes of 1st-line efavirenz-based antiretroviral 

therapy (ART).

Design: Prospective observational study.

Methods: Participants’ pretreatment plasma RNA had two sections of HIV pol encoding reverse 

transcriptase sequenced (Illumina, MiSeq) using unique molecular identifiers to detect wild-type 

(pretreatment drug-resistant variants <1% of viral quasispecies), low-frequency (1–9%) or high-

frequency drug-resistant variants (10–100%). Associations between pretreatment drug resistance 

and virologic outcomes over 24 months of efavirenz-based ART were assessed for the number and 

frequency of mutations by drug class and other resistance parameters.

Results: Virologic failure was detected in 30/352 (9%) and pretreatment drug-resistant variants 

were detected in the viral quasispecies of 31/352 (9%) participants prescribed efavirenz-based 

ART. Survival analyses revealed statistically significant associations between pretreatment drug-

resistance at low (p<0.0001) and high (p<0.001) frequencies, at oligonucleotide ligation assay 

(OLA) (<0.00001) and non-OLA (<0.01) codons, to a single-antiretroviral class (<0.00001), and a 

shorter time to virologic failure of efavirenz-based ART. Regression analyses detected independent 

effects across resistance categories including both low- (<0.01) and high-(<0.001) frequency 

drug-resistant variants.

Conclusions: We observed that (1) pretreatment HIV drug-resistance detected at low-

frequencies increased the risk of virologic failure over 24 months of efavirenz-based ART, but 
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that (2) most failures, regardless of drug-resistant variants’ frequencies, were detected within a 

year of ART-initiation. These observations suggest that when efavirenz-based ART is prescribed, 

screening for pretreatment drug resistance by an assay capable of detecting low-frequency 

variants, including OLA, may guide clinicians to prescribe more effective ART.
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Introduction

The prevalence of human immunodeficiency virus (HIV) variants exhibiting resistance to 

antiretroviral drugs in Kenya and other low- and middle-income countries has increased with 

the expansion of antiretroviral uptake.1,2 Concerns that such resistance, especially to non-

nucleoside reverse transcriptase inhibitors (NNRTIs), could compromise the effectiveness 

of antiretroviral therapy (ART) led the World Health Organization (WHO) to update ART 

treatment recommendations in 2019, designating dolutegravir-based ART as preferred in 

1st- and 2nd-line regimens.3 However, some individuals may not tolerate dolutegravir, and 

efavirenz combined with two nucleoside reverse transcriptase inhibitors (NRTI) remains a 

recommended alternative regimen for adolescents and adults living with HIV and initiating 

ART treatment;3 indeed, in some countries efavirenz-based ART remains the most prevalent 

ART regimen.4 As ART regimens are prescribed for an individual’s lifetime, and few 

regimens exist without cross-resistance, understanding the effects of pretreatment HIV 

variants resistant to NRTIs and NNRTIs remains relevant in the age of dolutegravir.

Drug-resistant variants detected within an individual’s HIV quasispecies by consensus or 

Sanger sequencing (typically ≥15–25% of quasispecies) have long been associated with 

failure of ART to suppress viral replication.5 More sensitive genotypic assays can detect 

drug-resistant variants at frequencies below the limit of detection of consensus sequencing, 

yielding potential insights into the role of low-frequency variants in the success or failure 

of antiretroviral therapies.6–9 However, assay sensitivities for “low-frequency” pretreatment 

variants have varied across studies, significantly limiting the determination of clinically 

meaningful thresholds. A systematic review of 103 studies assessed the impact of “low-

frequency” pretreatment drug-resistant variants on the efficacy of ART.10 The frequency cut-

offs varied across a 4 log10 range (0.001%–10%). Pretreatment low-frequency drug-resistant 

variants and virologic failure were associated in 11/25 studies (44.0%) of populations taking 

NNRTI-based ART. Similarly, another study suggests a variant frequency cut-off of 2% 

may provide optimal specificity and sensitivity11 while a third suggests 5%.12 The recent 

“Winnipeg Consensus” described these inconsistencies as a major challenge to large-scale 

implementation of next-generation sequencing-based drug resistance genotyping, warranting 

further examination.13

We previously conducted a randomized clinical trial in Kenya to assess the value of a 

low-cost oligonucleotide ligation point mutation assay (OLA) for identifying pretreatment 

drug-resistance and whether guiding the selection of 1st-line ART regimens using this 
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assay’s results improved outcomes.14 Among participants randomized to the OLA-guided 

arm, those with pretreatment drug-resistant variants detected at ≥10% of the individual’s 

viral population or quasispecies received a 2nd-line ART regimen consisting of two NRTIs 

and lopinavir-boosted with ritonavir, while those in the standard-of-care arm and those in the 

OLA arm with resistance between 0–10% were prescribed 1st-line NNRTI-based ART. As 

hypothesized, participants with pretreatment drug-resistant variants in the OLA-guided arm 

who were prescribed lopinavir-based ART experienced virologic failure at a significantly 

lower rate than those in the standard-of-care arm prescribed NNRTI-based ART. Among 

those with pretreatment resistance by OLA who were randomized to standard-of-care and 

received NNRTI-based ART, failure rates by month-12 of ART were higher in participants 

with drug-resistant frequencies ≥10%, and those with frequencies 2–9%; however, the 

latter group size was small and did not statistically differ from those without resistance. 

These findings suggested that the threshold of 10% resistance for recommending 2nd-line 

ART may have been too high, and raised the question as to whether participants with 

pretreatment drug-resistant variants at frequencies <10% across OLA and non-OLA codons 

might experience virologic failure at higher rates, particularly if followed for a longer 

duration of ART.

To evaluate the effects of low-frequency pretreatment drug-resistant variants on longer-term 

virologic outcomes of 1st-line NNRTI-based ART, study participants who had maintained 

virologic suppression at month-12 of ART at the largest of the three study sites were offered 

enrollment for a second year of follow-up. Pretreatment plasma HIV RNA specimens from 

these participants and those who had already experienced virologic failure by 12 months 

of NNRTI-based ART underwent genotyping by next-generation sequencing to assess the 

contribution of a broad array of codons with drug-resistant variants at low-frequencies 

on virologic failure over 24-months of efavirenz-based ART. (Note: Because nevirapine 

has been rendered largely obsolete following the introduction of efavirenz in sub-Saharan 

Africa, we limited our analyses to the larger group of participants prescribed efavirenz-based 

ART.) We aimed to determine if over two years of 1st-line-efavirenz-based ART (1) low 

frequency drug-resistant HIV variants comprising 1–9% of an individual’s quasispecies 

contributed to increased rates of virologic failure compared to rates in individuals with 

wild-type virus, (2) the time to virologic failure is longer in individuals with low-frequency 

variants (1–9%) compared to participants with high-frequency variants (10–100%), and 

(3) drug-resistance mutations at codons not assessed by the OLA contributed to virologic 

failure.

Methods

Study design and population

A randomized control trial (Clinicaltrials.gov # NCT01898754) was conducted in HIV-

infected persons 2 or more years of age who qualified for 1st-line ART at three Coptic 

Hope Center clinics in Kenya between May 2013 and February 2016.14 Enrolled participants 

were assigned to receive either OLA testing prior to ART initiation or no pre-ART OLA 

testing (i.e., standard-of-care). Participants randomized to OLA-guided therapy who had 

drug-resistant variants detected initiated 2nd-line ART (TDF or ZDV + 3TC + LPV/r). A 
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switch in antiretroviral drugs included in “1st-line ART” (from ZDV to TFD) occurred 

in the Kenyan ART Program during the study. In addition, individuals in the OLA arm 

who were resistant to either ZDV or TDF had the other drug recommended by the Study 

Team, however, the actual choice of ZDV or TDF was made by each participant’s clinician. 

Participants who tested negative for resistance by OLA as well as those randomized to 

standard-of-care were prescribed 1st-line NNRTI-based ART (TDF or ZDV + 3TC + NVP 

or EFV) as per Kenyan guidelines at the time of the trial. Participants’ clinical histories, 

demographic information, and blood specimens were collected at enrollment, and at 4, 8, 

and 12 months after ART initiation for plasma HIV-1 RNA quantification.

Participants with virologic suppression at month-12 of efavirenz-based ART at the Ngong 

Road clinic were invited to enroll for another 12 months of follow-up (Figure 1). Blood 

was collected at 16, 20 and 24 months after ART initiation for plasma HIV-1 RNA 

quantification. Pretreatment plasma specimens from participants followed for 24 months, 

as well as those who experienced virologic failure by month-12 of efavirenz-based ART, 

were assessed for pretreatment drug-resistant variants by next-generation sequencing.

Study outcomes

Outcomes of the 12-month study have been reported.14 The prespecified outcomes of this 

24-month study included differences in (1) the rate of and (2) the time to virologic failure 

over 24 months of efavirenz-based ART between participants by frequency of drug-resistant 

variants detected by next-generation sequencing at enrollment, and (3) by drug-resistant 

codons that were or were not included in the OLA. Drug-resistance frequency was defined 

as the proportion of a nucleotide variant encoding a drug-resistant codon in specimens 

with ≥100 viral templates sequenced. Virologic failure was defined as plasma HIV RNA 

≥400 c/mL in sequential specimens or at the final study visit in participants prescribed 

efavirenz-based ART.

Laboratory Methods

Plasma specimens were assessed for drug-resistant variants by next-generation sequencing 

using the Illumina platform. One mL blood plasma was centrifuged at 4°C and 20,000 

relative centrifugal force for 90 minutes. Pelleted virus was extracted using the QIAamp 

Viral Mini RNA Kit (Qiagen, Hilden, Germany) per manufacturer’s protocol. Ten uL of 

extracted HIV RNA were reverse transcribed into cDNA separately in 20uL reactions using 

Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, California) and primers 

targeting two regions of the HIV pol gene encoding reverse transcriptase. Primers consisted 

of an HIV-specific sequence followed by an 8bp string of random nucleotides (a “unique 

molecular identifier”) and a universal 24bp Illumina reverse adapter sequence: RT1R: 5’-

CTCGGAGATGTGTATAAGAGACAGNNNNNNNNACTAGGTATGGTRAATGCAGTAT

A-3’, HXB2 coordinates 2928–2951; RT2R: 5’-

CTCGGAGATGTGTATAAGAGACAGNNNNNNNNAAYTTCTGTATATCATTGACAGTC

CA -3’, HXB2 coordinates 3303–3328). cDNA was purified using a 1:1 ratio of cDNA to 

purification beads (Agencourt Ampure XP, Beckman-Coulter, Beverley, Massachusetts), 

eluted in 60uL of 10mM Tris-HCl pH 8.0, 0.1mM EDTA,, and divided equally between four 

separate 50uL PCR reactions per region. Separate single-round 45-cycle PCR amplified each 
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of the two regions and added forward and reverse adapter sequences required by the Illumina 

sequencing platform. The PCR used a high-fidelity polymerase (FastStart, Roche 

Diagnostics, Mannheim, Germany) and primers RT1F: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAACAATGGCCATTRACAGAAG

A-3’; RT2F: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCACAGGGATGGAAAGGATCAC-

3’; ILR_fullseq (Illumina Reverse Adapter): 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’). Amplicons underwent an 8-

cycle indexing PCR according to the Illumina 16S Metagenomic library preparation guide 

and were then pooled together and bidirectionally sequenced across 300bp on an Illumina 

Miseq (MiSeq Reagent Kit v3, 600Cycles, Illumina, Inc., San Diego, California).

Sequence data processing

Sequences were processed and variants called as previously described,1 with additional 

steps to first generate consensus sequences for unique viral RNA templates. Three or more 

high-quality sequencing reads containing identical 8bp unique molecular identifiers were 

collapsed into a single consensus sequence and aligned to the HXB2 reference sequence 

using the Burrows–Wheeler algorithm.15 Collapsed consensus sequences containing 

nucleotide variants associated with resistance to NRTIs and NNRTIs were filtered for 

statistical significance and annotated. Sequencing datasets generated from fewer than 

100 viral templates of each of a participant’s genomic regions were excluded as 

unrepresentative of a viral quasispecies. Drug-resistant variants were defined by Stanford’s 

HIV Drug Resistance Database version 8.9.16 Sequences were phylogenetically examined 

for potential cross-contamination. The variant calling pipeline is available at https://

github.com/MullinsLab/drm-snp-calling.

Plasma HIV RNA loads at enrollment and longitudinal timepoints were quantified (Abbott 

Laboratories, Abbott Park, IL) in a Virology Quality Assurance Program compliant 

laboratory.

Statistical analysis

Participants’ demographic characteristics including age, sex, CD4+ T-cell count, and 

enrollment plasma HIV RNA load were compared between those who did and did 

not experience virologic failure using the Chi-square test for categorical variables and 

Kruskal Wallis test for continuous variables. Pretreatment drug-resistance identified by 

next-generation sequencing was classified as an ordinal variable in five different ways; 1) 

the largest (“peak”) drug-resistant variant frequency detected as a continuous variable, 2) the 

peak variant frequency as a categorical variable: wild-type (0%), low-frequency (1–9%), and 

high-frequency (10–100%); 3) the class of drug resistance: wild-type, single-class (NRTI or 

NNRTI), or dual-class resistance (1 or more variant encoding resistance to each of NRTIs 

and NNRTIs); 4) the presence of resistant variants at codons assayed by the OLA (K65R, 

K103N, Y181C, M184V, G190A) or at other codons; and 5) the total Stanford resistance 

penalty score encoded by all detected variants to individual participant’s ART regimens: 

wild-type, ≤60, and >60. The primary study outcome variable, virologic failure by month-24 

of efavirenz-based ART, was compared between individuals with and without pretreatment 
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drug-resistance using univariable and multivariable Cox Proportional Hazards regression. 

Time to virologic failure was compared among groups by Kaplan-Meier survival analysis 

with pairwise log-rank tests for statistical significance. All analyses were performed in R 

Studio (version 3.6.3).

Results

Demographics and clinical characteristics of study participants

Of the original 386 participants who consented to a second year of follow-up, baseline 

plasma specimens from 34 (9%) failed sequencing, yielding a total study population of 352 

individuals for this analysis of the impact of pretreatment drug-resistant variants on virologic 

outcomes over 24 months of efavirenz-based ART (Figure 1). This included 332 (94%) 

participants who maintained virologic suppression through month-12 of ART and consented 

to a second year of follow-up, and 20 (6%) participants who experienced virologic failure 

by month-12. Prior to initiation of ART at study month 0, the 352 participants were 

predominantly female (n=228, 65%), antiretroviral naïve (n=327, 93%), and their median 

(interquartile range, IQR) age was 38 (32–45) years, enrollment CD4 T-cell count was 227 

(104–304) cells/uL, and enrollment log viral load was 4.7 (4.1–5.3) log10 c/mL (Table 1). 

Participants in this study were largely similar to those in the original randomized controlled 

trial (Table 1).

Detection of pretreatment drug-resistant variants

A total of 38 drug-resistant variants were detected by next-generation sequencing in 

the pretreatment plasma of 31 (9%) study participants; 15 (48%) participants had only 

low-frequency variants, and 16 (52%) had at least one drug-resistance mutation at a high-

frequency. The median variant frequency (IQR) across all drug-resistant variants was 11.6% 

(3.4–70.6%), among participants harboring only low-frequency variants was 3.4% (1.5–

4.2%), and in those with at least one high-frequency variant was 45.5% (23.0–97.0%).

K103N was the drug-resistant variant most commonly detected and was present at a median 

variant frequency (IQR) of 23.8% (2.9–83.1%) in plasma specimens from 12 (39%) of 

the 31 participants with pretreatment drug-resistance. No other drug-resistant variant was 

detected in more than three participants (Supplementary Table 1). Twenty-eight (90%) 

and three (10%) participants with pretreatment drug-resistance harbored variants resistant 

to a single antiretroviral class (NRTI or NNRTI) or dual-classes (NRTI and NNRTI), 

respectively. Among those with single-class resistance, 5 (18%) and 23 (82%) had resistance 

to NRTIs and NNRTIs, respectively. Finally, pretreatment drug-resistant variants encoding 

cumulative Stanford HIV Database penalty scores of ≤60 and >60 were detected in 28 (90%) 

and 3 (10%) participants, respectively.

Pretreatment drug resistant variants and virologic outcomes

In total, 30/352 (9%) participants experienced virologic failure by month-24 of efavirenz-

based ART. Those who experienced virologic failure by month-24 of ART had similar 

demographic characteristics to those who maintained suppression (Table 2), except for 

younger age (mean (SD) 34.4 years (11.8) versus 38.9 (9.8), P = 0.021) and higher 
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enrollment viral loads (mean (SD) 5.0 log10 copies (c)/mL(0.8) versus 4.6 (0.9), P = 0.031). 

Among the 30 participants who experienced virologic failure, 10 (33%) had pretreatment 

drug-resistant variants detected by next-generation sequencing, compared to 21/322 (7%) 

participants with virologic suppression (P<0.001). Peak mutant variant frequency also 

differed between those with virologic failure and suppression (mean (SD) 14.1% (32.5%) 

versus 4.2% (18.0%), P = 0.008).

In univariable Cox proportional hazard regression analyses, risk of virologic failure 

decreased with increasing age (HR = 0.96 (0.92–0.99), P=0.021) and increased with higher 

enrollment viral load (HR = 1.71 (1.06–2.74), P=0.027) (Table 3). In multivariable Cox 

Proportional Hazards regression analyses, younger age, higher enrollment viral load, and 

pretreatment drug-resistance coded as continuous and as multiple ordinal variables were 

all associated with increased risk of virologic failure by month-24 of ART (Table 3). Risk 

of virologic failure increased with the frequency of the drug-resistant variant (HR = 4.73 

(1.53–14.59), P=0.007), with the detection of only low-frequency variants (HR = 5.35 

(1.79–15.97), P=0.003), with detection of at least one high-frequency variant (HR = 6.60 

(2.45–17.74) P<0.001), and with the detection of drug-resistant variants at both OLA (HR 

= 8.92 (3.43–23.22), P<0.001) and non-OLA (HR = 3.72 (1.10–12.53), P=0.034) codons. 

Finally, while sample size prohibited testing for statistical significance, increased risk of 

virologic failure was observed among participants with variants encoding resistance to both 

a single (NRTI or NNRTI) or to dual (NRTI and NNRTI) classes of antiretrovirals, as well as 

cumulative Stanford resistance scores both ≤60 and >60. However, among participants with 

variants encoding resistance to a single class of antiretrovirals, only 1/5 (20.0%) participants 

with resistance to NRTIs alone experienced virologic failure, compared to 8/23 (34.8%) 

participants with resistance to NNRTIs alone. Notably, the risk of virologic failure did not 

appear increased with the detection of K103N alone (Supplementary Table 1). We detected 

K103N in combination with mutations associated with resistance to NRTIs (M184V/I) in 

only one participant, who experienced virologic failure at study month-8.

Pretreatment drug-resistant variants and time to virologic failure

Of the 30 participants with virologic failure, 17 (57%) experienced failure by month 

8 of ART, another three for a total of 20 (67%) by month 12, and another 10 (33%) 

between months 12 and 24. Among the 10 participants who experienced virologic failure 

between 12 and 24 months of ART, just two harbored pretreatment drug-resistant variants, 

with both at majority frequencies and both experienced virologic failure at month-24. 

Survival curves comparing the rates of virologic failure across participants with and without 

pretreatment drug-resistance are displayed in Figure 2, panels A-D. Overall, the detection 

of low-frequency variants alone (P<0.001) and the detection of any high-frequency variants 

(P<0.001) were associated with shorter time to failure (Figure 2, Panel A), as was the 

detection of variants at OLA (P<0.001) or non-OLA (P=0.003) codons (Figure 2, Panel B). 

Shorter times to virologic failure were also observed among participants with HIV variants 

encoding resistance to a single class or to dual-classes of antiretrovirals (Figure 2, Panel 

C), as well as with Stanford resistance penalty scores of ≤60 or >60 (Figure 2, Panel D), 

although the small sample sizes of groups in Panels C and D prohibited testing for statistical 

significance.
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Discussion

Pretreatment HIV resistance to ART in sub-Saharan Africa has progressively increased 

with the uptake of ART and has been associated with virologic failure.1,2 However, the 

clinical relevance of low-frequency pretreatment drug-resistant variants appears inconsistent 

across studies.6–13 To our knowledge, this is the first study evaluating the impact of low-

frequency drug-resistance variants on virologic outcomes over 24 months of efavirenz-based 

ART, with the goal of determining if virologic failure due to low frequency pretreatment 

drug-resistance occurs over a prolonged period of ART. Our detection of pretreatment 

drug-resistance in approximately 9% of study participants mirrored the prevalence in other 

reports.17 Our novel observations include that both majority and minority frequency drug-

resistant variants were associated with both an increased rate and a shorter time to virologic 

failure compared to wild-type virus over 24 months of ART. Notably, two-thirds of the 

participants who experienced virologic failure failed by study month-12, and only two of 

the ten participants who failed between study months 12–24 harbored resistance, both with 

majority frequency pretreatment drug-resistant variants.

Our observation that low-frequency variants were associated with virologic failure 

confirms6,7,9 and refutes other8 studies examining the clinical relevance of low-frequency 

variants in antiretroviral-naïve individuals taking NNRTI-based ART. We previously 

reported findings for a larger population (participants from three Coptic Hope Center clinics) 

that included participants in the present study (Ngong Road clinic only) demonstrating 

that low-frequency variants at OLA codons were increased but not statistically significantly 

associated with virologic failure during the first 12 months of ART.18 This larger group 

included significantly more ART-experienced individuals and only examined resistance at 

OLA codons. Our observation that low-frequency variants are associated with virologic 

failure in the present study is likely due to a greater proportion of antiretroviral-naïve 

participants, the detection of a greater number of low-frequency pretreatment drug-resistant 

variants by next-generation sequencing, and a greater rate of ART-suppression among 

participants enrolled from this clinic. It seems likely that the overall lower rate of virologic 

failure at this clinic enhanced our ability to detect the effects of pretreatment low-frequency 

drug-resistant variants.

We speculate that the effects of pretreatment drug resistance on virologic failure are 

frequently overshadowed by other causes of virologic failure. For example, our larger 

aforementioned study found that while majority frequency pretreatment drug-resistance 

contributed to virologic failure, relatively few individuals with virologic failure had 

pretreatment drug-resistance and that deaths were a major cause of failure.14 Notably, the 

ADVANCE Trial reported that pretreatment NNRTI resistance was associated with virologic 

failure in participants randomized to integrase inhibitor-based ART.17 Given that NNRTI 

mutations do not confer cross-resistance to dolutegravir and next-generation sequencing in 

the ADVANCE Trial identified very few participants with pretreatment NRTI resistance, we 

speculate that poor adherence by participants to their first ART regimen may have persisted 

during the ADVANCE Trial and led to virologic failure despite dolutegravir-based ART. 

These observations suggest that delayed initiation of ART until the late stages of infection14 
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and poor ART adherence17 may pose greater threats to ART-suppression than pretreatment 

drug-resistance.

Our findings that drug-resistant variants at both OLA and non-OLA codons and at high and 

low frequencies were associated with virologic failure suggest a continued utility for both 

rapid point-mutation and ultrasensitive sequencing-based HIV drug-resistance genotyping 

assays to guide ART prescription. However, we also noted that the majority of participants 

harboring K103N alone, even when present at high frequencies in the viral quasispecies, 

maintained virologic suppression throughout 24 months of efavirenz-based ART. We and 

others have reported this phenomenon previously9,14,18,19, and while in the current study 

our sample size was limited, this finding suggests that resistance at this codon alone may 

pose little risk of virologic failure. In contrast, another study of efavirenz-based ART 

observed an association between pretreatment drug-resistance with K103N and virologic 

failure20, although the association in this study appears to be more frequent when efavirenz 

is combined with zidovudine compared to tenofovir; as was observed in our18 and others19 

studies.

This study faces several limitations. First, the small number of participants with pretreatment 

majority and minority drug-resistance mutations limited nuanced analysis of the impact of 

variant frequency on the risk and timing of virologic failure. Second, effects of mutations 

at specific codons, single versus dual-class resistance, and Stanford resistance penalty score 

on the risk of virologic failure were similarly limited. Third, amplification of two separate 

regions within pol encoding reverse transcriptase prevented our assessment of linkages 

between some drug-resistant mutations, particularly between variants encoding resistance to 

multiple drug classes. Amplicon regions were assessed for variant frequencies separately, 

and while we may have been able to infer linkages for variants with majority frequencies, 

we could not always assess whether low-frequency variants were on the same viral 

templates. In a recently published study, linked dual-class pretreatment resistant variants 

on the same viral genome were associated with virologic failure of nevirapine-based ART; 

however, linked single class resistant variants were not associated with virologic failure.21 

Inability to examine the effects of linked mutations was recognized as a major challenge for 

practical application of next-generation sequencing for drug-resistance genotyping during 

the recent Winnipeg Consensus.13 Finally, while we sought to mitigate PCR-induced errors 

as well as quantify the number of viral templates sequenced by use of unique molecular 

identifiers during the reverse transcription step of our workflow, we cannot dismiss the 

potential for nucleotide incorporation errors during reverse transcription or the early cycles 

of PCR, which could alter variant frequencies.

This study of a population with a low rate of virologic failure during the first two years of 

efavirenz-based ART revealed that either low or high frequency pretreatment drug-resistance 

contributes to virologic failure and usually within the first year of ART. Additionally, 

pretreatment resistance to a single antiretroviral class, with Stanford scores ≤60 or >60 and 

at OLA codons, or to a lesser degree at non-OLA codons were independently associated 

with virologic failure. These findings suggest that when treatment with efavirenz-based ART 

is considered, screening for pretreatment drug-resistance by an assay capable of detecting 
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low-frequency variants, including OLA, may guide clinicians to prescribe more effective 

ART.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schema of participant enrollment, drug-resistance genotyping, and virologic outcomes.
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Figure 2. Kaplan Meier Survival Analysis of participants with and without pretreatment drug-
resistant variants detected by next-generation sequencing.
Panel A: Shorter time to virologic failure was observed among study participants with 

low-frequency variants alone (P<0.001) or any high-frequency variants (P<0.001), compared 

to those with wild-type virus. Panel B: Participants with variants at OLA (P<0.001) or 

non-OLA codons alone (P=0.003) experienced shorter time to virologic failure. Panel C: 

Shorter time to virologic failure was observed among participants with variants encoding 

resistance to both a single class (NRTI or NNRTI) alone or dual-drug classes (at least one 

variant resistant to NRTIs and at least one variant resistant to NNRTIs), although sample 

size limited testing for statistical significance. Panel D: Shorter time to virologic failure 

was observed among participants with drug-resistant variants encoding Stanford resistance 
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penalty scores of both less-than-or-equal-to 60 or greater-than 60, but sample size prohibited 

testing for statistical significance. * = P<0.01; ** = P<0.001
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Table 1.

Comparison of demographic characteristics between participants enrolled in initial 12-month randomized 

controlled trial and participants included in the extension of the study to 24 months

Variable Original RCT 2nd Year Supplement P-value

Total participants (N) 759 352

Age (years), median (IQR) 38 (31–45) 38 (32–45) 1

Female, N (%) 499 (65.7) 228 (64.4) 0.8

CD4 count (cells/μL), median (IQR) 235 (132–316) 231 (109–309) 0.65

Pre-ART VL (log10 c/mL), median (IQR) 4.7 (3.9–5.2) 4.7 (4.1–5.3)* 1

History of antiretroviral exposure, N (%) 0.17

 Antiretroviral-naïve 679 (89.5) 327 (92.9)

 Antiretroviral-experienced 72 (9.5) 25 (7.1)

Virologic failure by month-12 of ART, N (%) 65 (8.6) 20 (5.7) 0.12

*
1 missing
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Table 2.

Comparison of demographic characteristics and pretreatment drug-resistance genotypes detected by next-

generation sequencing between study participants with and without virologic failure by month-24 of efavirenz-

based ART.

Variable Suppression (N=322) Virologic Failure (N=30) P value

Age (years), mean (SD) 38.8 (9.8) 34.4 (11.8) 0.022

Sex, n (%) 0.531

 female 207 (64.3%) 21 (70.0%)

 male 115 (35.7%) 9 (30.0%)

CD4 count (cells/uL), mean (SD) 219.1 (137.1) 202.6 (128.5) 0.525

Enrollment Viral Load, log10 HIV RNA (copies/mL) plasma, mean (SD) 4.6 (0.9) 5.0 (0.8) 0.031

Peak Resistant Variant Frequency, mean (SD) 4.2 (18.0) 14.1 (32.5) 0.008

Resistant Variant Frequency, n (%) <0.001

 wild-type 301 (93.5%) 20 (66.7%)

 low 10 (3.1%) 5 (16.7%)

 high 11 (3.4%) 5 (16.7%)

OLA or Non-OLA codons, n (%) <0.001

 wild-type 301 (93.5%) 20 (66.7%)

 non-OLA 11 (3.4%) 4 (13.3%)

 OLA 10 (3.1%) 6 (20.0%)

Resistance Class Encoded by All Variants, n (%) <0.001

 wild-type 301 (93.5%) 20 (66.7%)

 single 19 (5.9%) 9 (30.0%)

 dual 2 (0.6%) 1 (3.3%)

Cumulative Stanford Resistance xPenalty Score for ART Regimen, n (%) <0.001

 wild-type 301 (93.5%) 20 (66.7%)

 ≤60* 20 (6.2%) 8 (26.7%)

 >60 1 (0.3%) 2 (6.7%)

*
includes 9 participants with K103N variant alone, 2/9 experienced virologic failure
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