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Abstract

A single dose of tenofovir=emtricitabine (TDF=FTC) during labor significantly reduces peripartum nevirapine-
associated viral drug resistance when measured by consensus HIV sequencing. It is unknown whether this effect
extends to HIV subpopulations of <25–50%. We conducted a randomized trial of single-dose TDF=FTC added to
peripartum nevirapine to reduce drug resistance associated with nonnucleoside reverse transcriptase inhibitors
(NNRTIs). To detect mutations for NNRTIs comprising �2% of the viral population, we used an oligonucleotide
ligation assay (OLA) at codons 103, 106, 181, and 190 of HIV reverse transcriptase. To assess development of
drug resistance mutations to our study intervention, OLA was also performed at codons 65 and 184. Among the
328 women included in the 2-week analysis, those receiving TDF=FTC were less likely to have NNRTI resis-
tance by OLA (RR¼ 0.40, 95% CI¼ 0.21–0.77). A similar trend was observed among the 315 women included in
the 6-week analysis (RR¼ 0.45, 95% CI¼ 0.31–0.66). Only two (1%) specimens had detectable K65R by OLA.
Both were at 6 weeks postpartum; one was detected in the intervention arm and one in the control arm
( p¼ 0.96). M184V was not detected. The ability of single-dose TDF=FTC to protect against peripartum NVP-
induced NNRTI resistance extends to minority populations. This efficacy is achieved without significant se-
lection of TDF- or FTC-resistant viruses.

Introduction

Although effective in reducing mother-to-child

transmission of HIV, peripartum single-dose nevir-
apine (NVP) has been associated with nonnucleoside reverse
transcriptase inhibitor (NNRTI) viral drug resistance in the
weeks following ingestion.1–3 This complication is attributed
to the drug’s low genetic barrier for resistance and its slow
metabolism and excretion from maternal plasma.4

Administration of additional antiretroviral drugs over the
‘‘tail’’ of NVP exposure has been shown to significantly reduce
selection of NNRTI resistance. In South Africa, 4-day and
7-day courses of combination zidovudine=lamivudine (ZDV=
3TC) following NVP administration led to considerable re-

ductions in NNRTI resistance when compared to courses in
which no additional drugs were given (13% vs. 9% vs. 57%,
respectively).5 In Côte d’Ivoire, women who received a 3-day
course of ZDV=3TC postpartum, following antenatal
ZDV=3TC and intrapartum NVP, had detectable NNRTI re-
sistance in only 1% when measured 4 weeks after delivery.6 In
a randomized, controlled trial in Zambia, we demonstrated
that a single dose of adjuvant tenofovir=emtricitabine (TDF=
FTC) reduced NNRTI viral drug resistance by 73% at 2 weeks
postpartum and by 53% at 6 weeks postpartum.7

Studies of NVP-associated viral drug resistance––including
those cited above––have typically used standard consensus
sequencing, a process in which prevalent HIV strains are
evaluated for genetic mutations known to confer resistance to
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specific agents. Because this technique detects mutations in
HIV variants comprising >25–50% of the circulating viral
population,8 the true incidence of viral drug resistance may be
underestimated.9–12 To determine more fully the impact of
TDF=FTC on the selection of NNRTI resistance mutations, we
evaluated minority populations of drug-resistant viruses
using specimens from a previously reported clinical trial.

Materials and Methods

To better characterize the impact of TDF=FTC on the se-
lection of drug-resistant viruses, we measured drug resistance
for NNRTIs, TDF, and FTC using an oligonucleotide ligation
assay (OLA) capable of detecting minority HIV populations
down to a concentration of 2%. We analyzed specimens from
our previously reported trial of peripartum TDF=FTC to re-
duce NNRTI resistance associated with single-dose NVP use
in Lusaka, Zambia. The study methodology for this trial has
been described elsewhere.7,13 Briefly, HIV-infected pregnant
women were screened for eligibility between 28 and 38 weeks
of completed gestation. We targeted women who did not
immediately require HIV treatment according to local
guidelines14 and were offered short-course zidovudine and
peripartum NVP for perinatal HIV prevention.15 Those re-
porting use of antiretroviral drugs prior to the index preg-
nancy were excluded. We obtained informed consent from all
participants during antenatal care, but participants were
randomized to receive either the study intervention (TDF
300 mg=FTC 200 mg) or no intervention when they presented
to the delivery ward in labor. Maternal specimens were col-
lected at 2 weeks and 6 weeks postpartum. The trial’s primary
outcome was NNRTI resistance by consensus sequencing at
6 weeks.

Specimens with �1000 copies=ml of plasma HIV RNA had
HIV-1 pol amplicons generated. RNA extracted using the
Qiagen viral RNA extraction kit (Qiagen, Inc., Chatsworth,
CA) and sequenced using the ViroSeq HIV-1 Genotyping
System (Abbott Molecular, Abbott Park, IL) was then tested
for viral drug resistance by OLA.16–19 OLA was accomplished
by adding the amplicon to a ligation reaction containing
probes specific for wild-type and mutant codons labeled at the
50 end and a probe to the region adjacent to the site of interest
that was biotinylated at the 30 end. Mutant and wild-type
oligonucleotides were labeled with digoxygenin; separate li-
gation reactions and OLA plates were used to test for the
mutant and wild-type reaction for each specimen. Following
the ligation reaction, the products were bound to a strepta-
vidin-coated microtiter plate and an ELISA was performed
using horseradish peroxidase-labeled antibodies to develop
color for the mutant and wild-type codons. All participants’
specimens and assay controls were analyzed in duplicate, in-
cluding standards with 0%, 2%, 5%, and 100% mutant. Con-
trol plasmids are described at http:==depts.washington.edu=
idimmweb=faculty=frenkel=OLAmanual1305april04.pdf. Re-
actions were considered indeterminate when the optical
density (OD) readings for the mutant was less than the 2%
mutant control and the OD for the wild type was less than
0.5. Specimens with plasma HIV RNA concentrations
<1000 copies=ml were not analyzed by OLA.

Nucleotide sequence-specific genetic mutations for NNRTI
resistance were detected via OLA at K103N (AAY sequence),
V106M (ATG sequence), Y181C (TGY sequence), and G190A

(GCA sequence). Similar assays were used to detect mutations
conferring TDF (K65R; AGR sequence) and FTC (K65R and
M184V; GTG sequence) resistance. We did not test for the
M184I mutation, which confers resistance to FTC. Specimens
with a concentration of mutant �2% were considered OLA
positive. In our analysis comparing NNRTI resistance by
randomization arm, specimens with an indeterminate OLA
reaction at one codon, accompanied by wild-type or indeter-
minate reactions at other codons, were excluded. Those with a
single indeterminate OLA reaction, but detectable mutations
at other designated codons, were classified as NNRTI resis-
tant.

Following the convention of our previous report,7 we per-
formed two analyses to determine the effectiveness of
TDF=FTC on NNRTI resistance. We first categorized all
specimens with <1000 copies=ml as nonresistant, thus ac-
counting for the suppressive effect the study intervention may
have on circulating HIV-1. We then considered only those
specimens with circulating HIV RNA of�1000 copies=ml and
a valid OLA result. Relative risks (RR) with 95% confidence
intervals (95% CI) were calculated to measure the impact of
TDF=FTC on NNRTI resistance. To demonstrate the relative
concentrations of mutant virus at each codon, we graphed our
OLA results along a normalized scale. Concentration stan-
dards of for 0%, 2%, 5%, and 100% were directly measured
and included in the analysis. The threshold for the 20% con-
centration was calculated using logistic regression.

We compared these OLA results with consensus sequenc-
ing. In our previous report,7 we performed consensus
sequencing on only those specimens with HIV-1 viral
concentrations �2000 copies=ml, in accordance with the man-
ufacturer’s recommendation. To provide a comprehensive
comparison to OLA, however, we additionally tested for viral
drug resistance among specimens with HIV-1 concentrations
between 1000 and 1999 copies=ml here. Our methodology for
consensus sequencing has been reported elsewhere.7 Briefly,
the pol gene was amplified and bidirectionally sequenced.20

Sequences were assembled and edited using Sequencher
(Gene Codes, Ann Arbor, MI), and then analyzed with the
Stanford Resistance Database (http:==hivdb.stanford.edu).
Mutations were considered to be present when detected alone
or in combination with wild-type sequences (mixtures).
Samples that did not amplify or were of poor quality were
reamplified and sequenced using ViroSeq HIV-1 Genotyping
System. All analyses were performed using SAS version 9.1
(SAS Institute, Cary, NC). The study was approved by the
University of Zambia Research Ethics Committee (Lusaka,
Zambia), University of Alabama at Birmingham Institutional
Review Board (Birmingham, Alabama), Childrens Hospital
Los Angeles (Los Angeles, California), and Seattle Children’s
Hospital (Seattle, Washington).

Results

From March 2005 to February 2007, 400 HIV-infected
pregnant women were enrolled and randomized. Of these,
three were incorrectly randomized and thus excluded from
the analysis. Maternal and infant characteristics did not differ
significantly according to study arm (data previously re-
ported).7 Overall, 360 of 397 (91%) specimens were available
at 2 weeks; 356 of 397 (90%) specimens were available at
6 weeks. Of these 716 cumulative specimens, 282 (39%) had
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viral load <1000 copies=ml of circulating HIV and were not
tested for viral drug resistance. Of the remaining 434 speci-
mens with viral load �1000 copies=ml, 44 (10%) were ex-
cluded due to failed PCR amplification. The remaining 390
specimens were tested by OLA, of which 29 (7%) were ex-
cluded because of indeterminate OLA results.

When we evaluated specimens with viral load <1000
copies=ml and those with viral load �1000 copies=ml with
successful OLA reactions, 328 of 397 participants (83%) were
included in the 2-week analysis. Those excluded were youn-
ger (median 23 years vs. 25 years; p¼ 0.02), less likely to ini-
tiate short-course zidovudine antenatally (68% vs. 84%;
p< 0.01), and experienced lengthier labor (median 13.3 h vs.
10.4 h; p¼ 0.05). When we used similar criteria at 6 weeks, 315
participants were included in the analysis, a figure that re-
presented 79% of the original 397 randomized. Women in the
excluded group were again younger (median 23 years vs. 26
years; p< 0.01) but also less likely to have detectable NVP
levels in their cord blood (70% vs. 84%; p< 0.01). Otherwise
these groups did not differ by other demographic, medical, or
obstetric characteristics.

When specimens with viral load <1000 copies=ml were
assumed to be nonresistant, women receiving TDF=FTC were
less likely to develop NNRTI resistance at 2 weeks [12=169
(7%) vs. 28=159 (18%); RR¼ 0.40, 95% CI¼ 0.21–0.77;
p¼ 0.004] and at 6 weeks postpartum [29=155 (19%) vs.
68=160 (41%); RR¼ 0.45, 95% CI¼ 0.31–0.66; p< 0.0001]. Si-
milar trends were observed when only specimens with�1000
HIV RNA copies=ml and a valid OLA result were analyzed
(Table 1). Subjects in the intervention arm had lower rates of
NNRTI resistance at 2 weeks and 6 weeks across all tested
codons (Fig. 1). The relative concentration of NNRTI mutant
variants is shown according to study arm in Fig. 2. We com-
pared OLA and consensus sequencing results (Table 2) by
analyzing results from the 390 specimens with viral load
�1000 copies=ml.

We examined by OLA the frequency of mutations associ-
ated with TDF and FTC resistance. Of the 390 specimens that
were amplified, 387 (99%) were found to be wild type, 2 (1%)
were found to be resistant, and 1 (<1%) was found to be
indeterminate at codon 65. The K65R mutation was not de-
tected by OLA in 2-week specimens. At 6 weeks, there was no
difference noted in the frequency between the intervention
arm [1 of 154 (1%)] and the control arm [1 of 143 (1%);
p¼ 0.96]. When we examined the concentration of mutant
detected by OLA for K65R (Fig. 3), the concentration of the
one positive result in the intervention arm was estimated to be
near 5%. The mutant concentration of the positive result in the

control arm was lower, at approximately 2%. This could
represent a random spontaneous mutation, TAQ error, car-
ryover contamination, or an artifact from an abnormally high
background reaction peculiar to this specimen. Of the same
390 specimens, 381 (98%) were found to be wild type and

Table 1. Resistance to Nonnucleoside Reverse Transcriptase Inhibitor Drugs
a

Intervention Control Relative risk (95% CI) p

All specimensb

2 weeks 12=169 (7%) 28=159 (18%) 0.40 (0.21–0.77) 0.004
6 weeks 29=155 (19%) 66=160 (41%) 0.45 (0.31–0.66) <.0001

Specimens with viral load �1000 copies=ml
2 weeks 12=35 (34%) 28=52 (54%) 0.64 (0.38–1.07) 0.083
6 weeks 29=137 (21%) 66=137 (48%) 0.44 (0.30–0.63) <.0001

aBy study randomization arm as assessed by an oligonucleotide ligation assay of HIV-1 pol encoding reverse transcriptase codons 103, 106,
181, and 190.

bSpecimens with viral load �1000 copies=ml were classified as nonresistant. CI¼ confidence interval.
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FIG. 1. Proportion of participants with HIV-1 drug resis-
tance to nonnucleotide reverse transcriptase inhibitors as
assessed by oligonucleotide ligation assay at 2 (a) and 6 (b)
weeks postpartum. Results from codons 103, 106, 181, and
190 are shown; the specific nucleotide sequences detected are
included in parentheses. Black columns represent the control
arm. White columns represent the intervention arm.
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7 (2%) were found to be indeterminate at codon 184. None had
the M184V resistance mutation by OLA.

Discussion

Our analysis of four codon mutations known to impart
high-level NNRTI resistance demonstrates that the TDF=FTC
intervention reduced the frequency of mutations by 60% at
2 weeks and a 55% at 6 weeks postpartum. Across the four
codons tested for NNRTI resistance, between 3% and 11% had
detectable mutant virus by OLA but not by consensus se-
quencing, suggesting substantial selection of mutant variants
within HIV populations of <25–50%. Notably, no M184V
mutations were detected among study participants and mu-
tations at K65R were detected only rarely.

While NNRTI resistance was more frequently detected by
OLA, the impact of our TDF=FTC intervention remained
comparable to that of our previous report. When consensus
HIV sequencing was used to measure NNRTI-related viral
drug resistance, TDF=FTC was associated with a reduced risk
at 2 weeks [6=178 (3%) vs. 21=169 (12%); RR¼ 0.27, 95%
CI¼ 0.11–0.66) and at 6 weeks [20=173 (12%) vs. 41=166 (25%);
RR¼ 0.47, 95% CI¼ 0.29–0.76].7 When OLA was used, the
protective effect at 2 weeks appeared attenuated (RR¼ 0.40,
95% CI¼ 0.21–0.77), while the risk reduction at 6 weeks––the
primary outcome of the trial––was virtually identical
(RR¼ 0.45, 95% CI¼ 0.31–0.66).

Two factors contribute to the effectiveness of the TDF=FTC
intervention. Addition of TDF=FTC raises the genetic barrier

to NNRTI resistance following NVP ingestion. When all three
agents reach inhibitory levels within infected cells, the risk for
selection of preexisting mutant strains decreases dramatically.
Although single-dose NVP reduces intrapartum=early post-
partum plasma HIV RNA concentrations––a function of the
drug’s long half-life––TDF=FTC further limits viral replica-
tion at a rate greater than seen with NVP alone.7 Since viral
replication is critical to the selection for resistant mutant
strains, its inhibition confers some degree of indirect protec-
tion. In fact, it was due in part to the higher viral suppression
associated with TDF=FTC (63% vs. 53% with<400 copies=ml;
p¼ 0.04) that such a small proportion of specimens at 2 weeks
(27%) met the HIV-1 threshold for resistance testing. The
borderline significance of the 2-week comparison among
specimens �1000 copies=ml (34% vs. 54%; p¼ 0.083) was
likely due to the low statistical power associated with the
reduced sample size.

To account for both mechanisms associated with TDF=FTC
effectiveness, we considered specimens with HIV-1 concen-
trations below 1000 copies=ml in two separate ways. First, we
made the assumption that all specimens under this threshold
have no viral drug resistance to NNRTIs. This approach al-
lowed us to consider the collateral benefit of viral suppression
associated with the study intervention, but risked misclassi-
fication of those specimens with NNRTI resistance. We then
excluded those specimens under this viral concentration
threshold entirely. We observed comparable risk reductions
at 6 weeks postpartum (the study’s primary outcome mea-
sure) for both analytical approaches.

Table 2. Comparison of Consensus Sequencing (CS) and Oligonucleotide Ligation Assay (OLA) Results
a

K103N V106M Y181C

CS OLA CS OLA CS OLA

Wild type 329 (84%) 284 (73%) 370 (95%) 356 (91%) 368 (94%) 340 (87%)
Mutation detected 59 (15%) 98 (25%) 17 (4%) 31 (8%) 15 (4%) 26 (7%)
Indeterminate 0 8 (2%) 0 3 (1%) 0 24 (6%)
Missing 2 (1%) 0 3 (1%) 0 7 (2%) 0

G190A M184V K65R

CS OLA CS OLA CS OLA

Wild type 373 (96%) 333 (85%) 385 (99%) 381 (98%) 388 (99%) 387 (99%)
Mutation detected 10 (2%) 49 (13%) 0 0 1 (<1%) 2 (<1%)
Indeterminate 0 8 (2%) 0 9 (2%) 0 1 (<1%)
Missing 7 (2%) 0 5 (1%) 0 1 (<1%) 0

aOf specified resistance mutations on the reverse transcriptase gene among specimens �1000 copies=ml of HIV-1 from both 2 and 6 weeks
postpartum.

FIG. 2. Relative concentrations of HIV-1 variants resistant to nonnucleotide reverse transcriptase inhibitors by the oligo-
nucleotide ligation assay (OLA). The following mutations were tested: (a) K103N, sequence AAC, (b) K103N, AAT, (c)
V106M, ATG, (d) Y181C, TGY, and (e) G190A, GCA. Thresholds for 0%, 2%, 5%, and 20% of circulating mutant concen-
trations are based on optical density readings from OLA and logistic regression (see Materials and Methods section). Results
are categorized by study arm and are cumulative across 2- and 6-week visits. Black triangles indicate specimens with no
resistance mutations detected by consensus sequencing. Open circles represent specimens with resistance mutations detected
by consensus sequencing. ‘‘X’’ indicates that the specimens were missing a consensus sequence or the OLA was indeter-
minate.

‰
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The impact of prior NVP use on future treatment outcomes
remains controversial, but growing evidence suggests that the
interval between NVP use and subsequent ART initiation
plays an important role. Several studies indicate that recent
exposure to NVP is associated with compromised treatment
outcomes, with either 6 months or 12 months commonly cited
as relevant clinical thresholds.21–23 Risk appears to decline as
the interval between exposure and ART initiation increases,
presumably due to the decay of mutant virus concentrations
over time.

Detectable antiretroviral drug resistance is also an impor-
tant risk factor for later virologic failure on ART. In a follow-
up analysis of the PHPT-2 cohort, for example, women with
NVP resistance detected by consensus sequencing were more
likely to fail therapy when started on NNRTI-based ART (52%
vs. 38%); however, this difference did not meet statistical
significance ( p¼ 0.08).3 While sensitive assays (e.g., OLA,
LigAmp, real-time PCR) have been used to measure NNRTI
resistance patterns within HIV minority populations, the
clinical impact of low-concentration mutations is not yet cer-
tain.24 Recent work by Coovadia et al. showed that minority
subpopulations with detectable K103N mutation were a risk
factor for poor virologic outcomes on NNRTI-based ART,
regardless of prior NVP exposure.25 However, further studies
are needed to understand clinically significant concentration
thresholds of mutant subpopulations and how their detection
may be used to optimize HIV treatment.

OLA is more sensitive than consensus HIV sequencing and
can reliably detect mutations in subpopulations comprising as
little as 2% of circulating virus; however, each reaction detects
only the specified nucleotide triplet(s). When an amino acid is
encoded by several closely related sequences, two or more

oligonucleotide reagents can be combined as a mixture (e.g.,
the type-common oligonucleotides for K65R, Y181C). In ad-
dition, polymorphisms within two nucleotides of the ligation
site can preclude ligation and give indeterminate results.
Multiple polymorphisms within the regions where the probes
bind can also lead to a high degree of indeterminate OLA
reactions, as observed in our codon 181 results.

We note several limitations to our analysis. Our assump-
tions about specimens with low-level viremia (<1000
copies=ml) could introduce bias into our analyses, a problem
that we attempted to address through the parallel analytical
approaches noted above. Although we used a similar ap-
proach as our primary analysis of the trial,7 the threshold
under which specimens were not tested for viral drug resis-
tance was lowered from 2000 copies=ml to 1000 copies=ml, to
facilitate comparisons between the two assays. Finally, we
recognize that a significant proportion of test results was
unavailable because of follow-up losses, lost specimens, in-
adequate amplifications, and indeterminate assays. Most
differences noted between the included and excluded popu-
lations were not associated with selection for NNRTI resis-
tance and were therefore unlikely to impact the external
validity of our results. The one exception was the higher rate
of NVP adherence observed among individuals included in
the 6-week analysis.

In summary, when combined with intrapartum NVP,
single-dose intrapartum TDF=FTC reduces selection for
NNRTI resistance at both high and low concentrations. Al-
though the overall prevalence of NNRTI resistance was
higher when the more sensitive OLA was used, risk reduction
associated with TDF=FTC use was comparable with resis-
tance assessed by consensus sequencing.7 A notable finding of
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FIG. 3. Relative concentrations of variants resistant to tenofovir and emtricitabine by the oligonucleotide ligation assay. We
tested for mutations (a) K65R, AGR sequence and (b) M184V, GTG. Thresholds for 0%, 2%, 5%, and 20% of circulating
mutant concentrations are based on optical density readings from OLA and logistic regression (see Materials and Methods
section). Results are categorized by study arm and are cumulative across 2- and 6-week visits. Black triangles indicate
specimens with no resistance mutations detected by consensus sequencing. Open circles represent specimens with resistance
mutations detected by consensus sequencing. ‘‘X’’ indicates that the specimens were missing a consensus sequence or the
OLA was indeterminate.
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this study is that mutations associated with TDF and FTC
resistance were rare (K65R) or not detected (M184V). Simple
and effective, single-dose TDF=FTC should be considered
alongside other proven interventions to reduce NNRTI-
associated resistance after intrapartum NVP.5
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