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ABSTRACT A vaginal ring containing dapivirine (DPV) has shown moderate protec-
tive efficacy against HIV-1 acquisition, but the activity of DPV against efavirenz (EFV)-
and nevirapine (NVP)-resistant viruses that could be transmitted is not well defined.
We investigated DPV cross-resistance of subtype C HIV-1 from individuals on failing
NVP- or EFV-containing antiretroviral therapy (ART) in South Africa. Plasma samples
were obtained from individuals with �10,000 copies of HIV RNA/ml and with HIV-1
containing at least one non-nucleoside reverse transcriptase (NNRTI) mutation. Sus-
ceptibility to NVP, EFV, and DPV in TZM-bl cells was determined for recombinant
HIV-1LAI containing bulk-amplified, plasma-derived, full-length reverse transcriptase
sequences. Fold change (FC) values were calculated compared with a composite
50% inhibitory concentration (IC50) from 12 recombinant subtype C HIV-1LAI plasma-
derived viruses from treatment-naive individuals in South Africa. A total of 25/100
(25%) samples showed �500-FCs to DPV compared to treatment-naive samples with
IC50s exceeding the maximum DPV concentration tested (132 ng/ml). A total of 66/
100 (66%) samples displayed 3- to 306-FCs, with a median IC50 of 17.6 ng/ml. Only
9/100 (9%) samples were susceptible to DPV (FC � 3). Mutations L100I and K103N
were significantly more frequent in samples with �500-fold resistance to DPV com-
pared to samples with a �500-fold resistance. A total of 91% of samples with
NNRTI-resistant HIV-1 from individuals on failing first-line ART in South Africa exhib-
ited �3-fold cross-resistance to DPV. This level of resistance exceeds expected
plasma concentrations, but very high genital tract DPV concentrations from DPV ring
use could block viral replication. It is critically important to assess the frequency of
transmitted and selected DPV resistance in individuals using the DPV ring.
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Sustained-release formulations of antiretrovirals could substantially decrease the
incidence of HIV-1 infection in sub-Saharan Africa by improving product adherence

compared to daily preexposure prophylaxis (PrEP) (1). Dapivirine (DPV) is a potent
di-aryl-pyrimidine (DAPY) derivative in the non-nucleoside reverse transcriptase inhib-
itor (NNRTI) class of antiretrovirals. The development of DPV for antiretroviral therapy
was halted due to suboptimal oral pharmacokinetics (2). Instead, it was formulated as
a 25-mg slow-release vaginal ring for HIV-1 prevention because of its favorable safety
profile and physical and chemical attributes. Recent phase III DPV ring studies in over
4,500 HIV-1-negative female participants in ASPIRE (MTN-020) (3) and the Ring Study
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(IPM-027) showed a minimum of 27% efficacy overall and up to 61% efficacy in
compliant women over 25 years of age (4, 5).

A significant concern is whether DPV used as a PrEP agent will be active against
circulating NNRTI-resistant HIV-1 variants in sub-Saharan Africa. There is potential for
overlapping resistance profiles between DPV and other NNRTIs used for first-line ART
and for prevention of mother-to-child transmission (6). In vitro selection experiments
and drug susceptibility assays have revealed that the major mutations associated with
DPV resistance or cross-resistance are V90I, L100I, K103N, V106I, E138K, Y181C, and
Y188L (7, 8). Mutations outside the polymerase domain of reverse transcriptase in the
connection and/or RNase H domains of reverse transcriptase, including G335D, N348I,
T369I, A371V, and A376S, have been shown to cause cross-resistance to NNRTIs (9–13).
Such mutations are missed by most standard population-based genotyping tests and
require full-length sequencing of reverse transcriptase.

This study evaluated the activity of DPV against subtype C HIV-1 from individuals on
failing first-line NNRTI-containing regimens in South Africa and determined how often
high-level cross-resistance to DPV occurs that could result in breakthrough infection in
the context of vaginal fluid DPV concentrations during ring use and after ring removal.
Mutations in the entire RT coding region and combinations of mutations that are most
frequently associated with DPV cross-resistance were analyzed. Overall, this study
provides critical information about the potential activity of DPV as a PrEP agent in
regions where NNRTI-resistant subtype C HIV-1 may be circulating.

RESULTS
Sample characteristics. One hundred of the 126 samples collected from individuals

on failing NNRTI-based first-line ART were included in the study (Fig. 1). Twenty-six
samples were excluded: 25 due to testing failure (6 failed extractions, 14 failed PCR
amplifications, 3 were amplified but not cloned into the xxLAI vector, and 2 had no
NNRTI resistance mutations) and 1 due to unavailable treatment history. Eighty-eight

FIG 1 Study population characteristics.
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samples were collected from individuals on EFV-based ART, and 11 samples were
collected from individuals on NVP-based ART. One individual on EFV-based ART had
also taken single dose NVP to prevent mother-to-child transmission of HIV-1. No
samples were from individuals exposed to the DAPY class inhibitors etravirine or
rilpivirine.

Frequency of HIV-1 reverse transcriptase mutations in plasma virus from
individuals on failing first-line antiretroviral therapy. Plasma samples contained a
median of 3 (range, 1 to 7) NNRTI-associated drug resistance mutations (DRMs) (Stan-
ford HIVdb v7.0), which included A98G, L100I, K101E/H, K103N/S, V106M, V108I,
E138A/K, V179D/E Y181C, Y188L/C, G190A, H221Y, P225H, F227L, and M230L. The most
frequent EFV and NVP DRM were K103N in 55 of 100 samples (55%), V106M (44%), and
G190A (26%). All 100 samples also carried HIV-1 NRTI mutations, including M184V
(82%), K65R (35%), L74I (19%), M41L (17%), and D67N (17%). Resistance mutations
(Stanford HIVdb v7.0) in the connection and RNase H domains of RT spanning amino
acids 320 to 560 (14) included Y318F (3%) and N348I (14%). Additional subtype C
resistance-associated C-terminal mutations/polymorphisms observed were G335D
(85%), A371V (17%) and A376S (10%) (see Table S1 in the supplemental material).

Cross-resistance to dapivirine of plasma-derived virus from individuals on
failing first-line antiretroviral therapy. Recombinant viruses derived from plasma
samples from 12 treatment-naive individuals yielded a median DPV 50% inhibitory
concentration (IC50) of 0.26 ng/ml (range, 0.10 to 0.45 ng/ml) that was used as the
wild-type, DPV-susceptible control value. A total of 25 of 100 (25%) recombinant viruses
containing full-length RT from first-line ART failures had DPV IC50s exceeding the upper
limit of the assay (�IC50 of 132 ng/ml or �505 FCs compared to the wild type). A total
of 66 of 100 (66%) had 3.5 to 306 FCs with a median IC50 of 17.6 ng/ml. Only 9 of 100
(9%) samples had DPV IC50s that were within three standard deviations of the maxi-
mum IC50 for the wild-type, control viruses (Table 1). The IC50s were converted to
protein-adjusted IC90 values to estimate susceptibility in the presence of human serum
for comparison to in vivo drug levels of DPV (Table 1 and Fig. 2).

NNRTI resistance mutations responsible for conferring DPV cross-resistance.
DPV susceptibility cutoffs have not been established. The frequency of each Stanford
HIVdb-defined RT resistance mutation was compared using the FC categories of �500
(n � 25) and 0 to 500, including the treatment-naive group (n � 87). The choice of FC
cutoff for resistance was evaluated in a sensitivity analysis for the association between
specific mutations and DPV resistance. The use of a variety of FC cutoffs, ranging from
500 to 10, did not alter the associations with the specific mutations described above
(see Tables S2A to S2E in the supplemental material).

L100I and K103N were both overrepresented in the �500-FC group (odds ratio
[OR] � 1; false discovery rate (FDR)-adjusted P value [q] � 0.12; Table 2), whereas
V106M was underrepresented in the �500-FC group (OR � 0.22; q � 0.1; Table 2). An
assessment of all pairwise combinations of NNRTI DRMs showed that 12 of 13 samples
with L100I also had K103N and that samples having both L100I and K103N were
significantly more likely to have �500-FC DPV resistance compared to those samples
having only one of the two mutations (OR � 16.4; q � 0.02; P � 0.001). This analysis
also suggested that having mutations in both codons 103 and 179 may be associated
with higher DPV resistance (P � 0.009); however, when corrected for multiple com-

TABLE 1 Cross-resistance to dapivirine of plasma-derived viruses from individuals on failing first-line NNRTI-based ART

Resistance category
No. (%) of samples
(n � 100)

Median (range)

Standard IC50 (ng/ml) Adjusted IC90 (ng/ml)a Fold changeb

�500-fold 25 (25) �132 �1,000 �505
3- to 500-fold 66 (66) 17.6 (0.915–79.8) 134 (6.95–606) 67.4 (3.51–306)
�3-fold 9 (9) 0.383 (0.228–0.636) 2.91 (1.74–4.83) 1.47 (0.876–2.44)
aThe DPV IC90 was calculated from the IC50 and adjusted for human serum protein binding using a factor of 3.8� as described in Materials and Methods.
bCalculated using the IC50 values from 13 wild-type, plasma-derived subtype C HIV-1 viruses from South Africa as the denominator.
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parisons, this mutation pair was not robust (q � 0.5) (Table 3). The number of NNRTI
mutations per genotype showed only a trend with level of DPV resistance (P � 0.064).

No novel connection domain mutations were significantly associated with �500-FC
DPV resistance. Only the RNase H mutation S468P was overrepresented among the
�500-FC group; however, correction for multiple comparisons resulted in loss of

FIG 2 Dapivirine cross-resistance of 100 first-line antiretroviral treatment failures. The adjusted IC90 was calculated by multiplying the IC50

by 2 to approximate IC90 values and applying a DPV human serum binding factor (3.8�) as determined in dapivirine susceptibility
experiments comparing HS and FBS (data not shown). Dapivirine FC values were determined by dividing the IC50 generated for each
plasma-derived virus by a composite IC50 from 12 treatment-naive plasma-derived viruses collected form the same geographical region.
The IC50 values of samples 76 through 100 exceeded the highest concentration of DPV that could be tested in TZMbl cells without
cytotoxicity and are reported as �500 FC.

TABLE 2 Association of NNRTI mutations with dapivirine cross-resistancec

Codon
Mutant
amino acid

Fold change cutoff (%)

Odds ratio Pa qb0–500 (n � 87) >500 (n � 25)

98 G 10 (11) 4 (16) 1.5 0.510 0.832
100 I 3 (3) 10 (40) 18.7 1.07E–05 4.82E–04
101 E 8 (9) 2 (8) 0.9 1.000 1.000
101 H 3 (3) 0 (0) 0.0 1.000 1.000
103 N 34 (39) 21 (84) 8.2 7.84E–05 0.002
103 S 5 (6) 1 (4) 0.7 1.000 1.000
106 M 40 (46) 4 (16) 0.2 0.0097 0.114
108 I 7 (8) 6 (24) 3.6 0.069 0.345
138 K 2 (2) 1 (4) 1.8 0.535 0.832
138 A 7 (8) 2 (8) 1.0 1.000 1.000
179 E 1 (1) 2 (8) 7.5 0.125 0.510
179 D 10 (11) 3 (12) 1.1 1.000 1.000
181 C 11 (13) 5 (20) 1.7 0.346 0.832
188 C 4 (5) 0 (0) 0.0 0.573 0.832
188 L 4 (5) 2 (8) 1.8 0.614 0.863
190 A 22 (25) 4 (16) 0.6 0.426 0.832
221 Y 6 (7) 2 (8) 1.2 1.000 1.000
225 H 9 (10) 4 (16) 1.7 0.482 0.832
227 L 12 (14) 0 (0) 0.0 0.065 0.345
230 L 6 (7) 5 (20) 3.4 0.066 0.345
318 F 2 (2) 1 (4) 1.8 0.535 0.832
348 I 10 (11) 3 (12) 1.1 1.000 1.000
aP values were determined by using the Fisher exact test.
bq values were computed by using the method of Benjamini and Hochberg.
cSignificance is indicated with boldfacing.
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statistical significance (q � 0.45). Three of five samples with S468P also had L100I
and/or K103N, whereas one of five samples had S468P with G190E.

Risk of breakthrough HIV-1 infection based on plasma and vaginal fluid DPV
concentrations during ring use and after ring removal. Adjusted DPV IC90 of the
first-line ART failure viruses were compared to published mean concentrations of DPV
found in plasma and vaginal fluid in the cervix, introitus, and area near the ring from
two studies (15, 16). The lowest IC90 (1.74 ng/ml) of the 100 viruses tested was 6-fold
higher than the mean plasma Cmax (0.29 ng/ml), indicating that plasma DPV concen-
trations were insufficient to block viral replication. In contrast, reported vaginal fluid
concentration on day 28 of DPV ring use (prior to ring removal) of 14,900 to 65,000
ng/ml (15, 16) exceeded the adjusted IC90 of 75% of samples by a minimum of 15-fold.
The exact IC90 could not be determined for 25 samples that displayed �500-FC DPV
resistance (Fig. 2). About 30 to 49% of the 100 viruses tested had adjusted IC90s higher
than the estimated DPV concentrations found in vaginal fluid 3 days after ring removal
(186 to 834 ng/ml) (15).

DISCUSSION

The protective efficacy provided by a DPV vaginal ring against transmitted NNRTI-
resistant HIV-1 is unknown. In vitro, we observed frequent cross-resistance to DPV
among subtype C HIV-1 from individuals experiencing failure of first-line NNRTI-
containing ART, with 91% of samples harboring NNRTI-resistant variants and having a
�3-fold decrease in susceptibility to DPV compared to wild-type HIV-1. In addition, 25%
of samples had IC50s exceeding the maximum concentration of dapivirine (132 ng/ml)
that could be tested in our susceptibility assay without cytotoxicity. The reported
vaginal DPV concentrations with continual monthly ring use (15) exceed the adjusted
IC90 of 75% of the DPV cross-resistant viruses by �15-fold, which suggests that local
concentrations of DPV may be sufficiently high to block infection of NNRTI-resistant
HIV-1. The remaining 25% of viruses exceed the capacity of our assays to measure
accurate IC90 values, and thus the protective efficacy of the DPV levels provided by the
DPV ring against these viruses is uncertain.

The highest risk of NNRTI resistant virus breakthrough could occur during a small
window period after ring removal (without replacement with a new ring) when the
amount of local DPV falls to low but still detectable levels. Clearance of DPV occurs
relatively rapidly, with cervicovaginal fluid concentrations falling to undetectable in 11
of 12 participants within 1 week of ring removal and cervical tissue levels falling below
the lower limit of quantification within 3 days of ring removal (16). The concentration
of DPV needed in the vaginal fluid and tissue for full protection against wild-type and
NNRTI-resistant HIV-1 infection is not known.

The recombinant viruses used in this study were from individuals experiencing viral
failure on first-line ART with high viral loads (�10,000 copies/ml) and highly resistant
virus containing a median of three NNRTI mutations found by standard population-

TABLE 3 Combinatorial effect of NNRTI mutations on DPV cross-resistance

Codon combinationa

Fold change cutoff (%)b

Odds ratio Pc qd

0–500 (n � 87) >500 (n � 25)

Codon 1 Codon 2 Both codons One codon Both codons One codon

100 103 2 (2) 36 (41) 10 (40) 11 (44) 16.4 0.0002 0.025
103 179 0 (0) 48 (55) 4 (16) 19 (76) Inf 0.009 0.478
181 190 6 (7) 22 (25) 4 (16) 2 (8) 7.3 0.048 1
98 225 0 (0) 19 (22) 2 (8) 4 (16) Inf 0.050 1
108 348 0 (0) 17 (19) 2 (8) 5 (20) Inf 0.076 1
103 188 0 (0) 46 (53) 2 (8) 19 (76) Inf 0.095 1
aA total of 105 mutation combinations were tested. Only those with P values of �0.1 are shown.
bThat is, the number of samples in each group in which resistance mutations were observed in two (both codons) or only one (one codon) tested positions. Inf,
infinite.

cP values were determined by using the Fisher exact test.
dq values were computed by using the method of Benjamini and Hochberg.
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based genotype. The contribution of minority variants to DPV cross-resistance were not
assessed. Only two mutations, L100I and K103N in combination, were significantly
associated with high-level (�500-fold) DPV cross-resistance. This mutation combination
has also been implicated in high-level rilpivirine resistance (17). Both K103N and L100I
result in steric hindrance of the NNRTI binding pocket (18). The in vitro-selected DPV
resistance mutation E138K (19) was uncommon in this sample set, being observed in
only 3 of 100 samples, none of which had �500-fold resistance to DPV.

A novel and unique system of cloning and phenotyping plasma-derived recombi-
nant virus with full-length RT that included the polymerase, RNase H, and connection
domains was used. The C-terminal domain mutation N348I has been associated with
decreased susceptibility to NVP, EFV, and etravirine (ETR) in non-subtype B HIV-1 (9, 20),
and Y318F has been linked to delavirdine resistance (21). Of the 19 samples with the
major C-terminal domain mutations Y318F or N348I (Stanford HIVdb v7.0), none were
associated with increased cross-resistance to DPV, indicating that C-terminal mutations
selected by first-line ART may not be a major factor for DPV breakthrough.

A limitation of this study is that the IC50 of 25% of the donor-derived clones
exceeded the highest DPV concentration that could be tested without cytotoxicity in
TZMbl cells (132 ng/ml). It is unknown whether in vivo cell or tissue concentrations of
DPV would be sufficient to inhibit these resistant viruses. Assessment of DPV levels in
the genital tract has been imperfect, due to limited sampling from vaginal or cervical
biopsy specimens (15, 16). Evaluating the susceptibility to DPV in tissue explant models
that can achieve higher DPV levels will add critical data on the risk of breakthrough
infection with NNRTI-resistant virus.

Overall, these results indicate that cross-resistance to DPV is common for NNRTI-
resistant viruses from individuals experiencing viral failure to a first-line regimen. It is
not known whether the high levels of DPV in the genital tract achieved with the
intravaginal DPV ring will be sufficient to prevent infection by NNRTI-resistant variants.
Consistent ring adherence and avoiding ring removal will be critical for protection
against HIV-1 and minimizing risk of breakthrough infection with resistant virus. Careful
monitoring of DVP ring users is needed to determine the frequency of breakthrough
infections with DPV-resistant virus.

MATERIALS AND METHODS
Clinical samples. Plasma from 129 HIV-1-infected individuals whose samples were sent for routine

HIV-1 drug resistance testing to Lancet Laboratories (Johannesburg, South Africa) was selected for this
study based on the following criteria: (i) infection with subtype C HIV-1, (ii) experiencing virologic failure
defined as having �10,000 HIV-1 RNA copies/ml after 6 months of NNRTI-containing ART, and (iii) viral
population-based genotype showing at least one major NNRTI resistance mutation in HIV-1 reverse
transcriptase as defined by Stanford HIVdb v7.0. Samples from 12 subtype C HIV-1-infected treatment-
naive individuals also collected by Lancet Laboratories from the same geographical location were used
as controls. All donor samples were anonymized and testing was approved by the South African Medical
Association Research Ethics Committee and the Institutional Review Board of the University of Pittsburgh.

Generation of recombinant HIV-1xxLAI containing plasma-derived full-length RT sequences.
Viral RNA was extracted from plasma samples using an open-mode automated extraction program on
the m2000sp. (Abbott Molecular). The full-length HIV-1 RT gene (amino acids 1 to 560) was amplified
using a SuperScript III One-Step RT-PCR system with Platinum Taq DNA polymerase (Invitrogen) and the
gag- and integrase-specific primers Bcl1_CT(�) (5=-TAAG ACA GTA TGA TCA AAT ACT TAT AGA AAT TTG
TGG-3=) and 4232(�) (5=-CC TGA CTT TGG GGA TTG TAG GGA AT �3=). The RNA secondary structure was
relaxed by incubating the RNA in the presence of primers for 5 min (min) at 65°C and then chilled rapidly
on an ice block. Reverse transcription-PCR was performed for 60 min at 50°C and 2 min at 94°C, followed
by 40 cycles of 94°C for 15 s, 50°C for 30 s, and 68°C for 127 s, with a final extension for 5 min at 68°C.
Amplified DNA products were treated with ExoSAP-IT (Affymetrix) to remove unused primers and further
amplified (PCR2) using the Platinum Taq DNA polymerase high-fidelity (Invitrogen) and hemi-nested
primers Bcl1_CT(�) and Xho1_CT(�) (5=-TAA CTT TTC CCT CGA GAT GTG TAC AAT CTA ATT GCC-3=) to
generate 15-bp homologous ends for cloning purposes under the following touchdown PCR (22) cycling
conditions: an initial incubation at 94°C for 2 min, followed by 26 cycles of 94°C for 15 s, 63°C (descending
0.5°C each subsequent cycle) for 30 s, and 68°C for 2 min. This was followed by 14 cycles of 94°C for 15
s, 50°C for 30 s, and 68°C for 2 min and then a final extension for 5 min at 68°C. PCR2 product was purified
after separation on a 1% agarose gel using NucleoSpin and PCR Clean-Up kit (Clontech).

The xxLAI viral vector (23) was modified to insert an XhoI site at nucleotide 4765 using the
QuikChange XL kit (Agilent Technologies). Plasma-derived full-length RT was bulk cloned into xxLAIxhoI

using the In-Fusion HD cloning system (Clontech) and plasmid DNA was purified using the PureYield
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plasmid midiprep system (Promega). Lipofectamine 2000 (Life Technologies) transfection of 293T cells
with plasmid DNA was performed to generate infectious virus.

HIV-1 phenotyping. A normalized input of 100 relative light units was used to infect untreated or
DPV-treated TZM-bl cells in a luciferase-based single-round infection drug susceptibility assay (Britelite
Plus; Perkin-Elmer) as previously described (24). DPV was kindly provided by International Partnership for
Microbicides (Silver Spring, MD). Four parameter, nonlinear regression for curve fitting was used to
generate IC50s using GraphPad Prism 6 software (GraphPad Software, Inc.). Fold change (FC) values were
determined by dividing the IC50 generated for each donor-derived virus by a composite IC50 from the 12
treatment naive plasma-derived subtype C viruses collected from the same geographical region. The IC90

was estimated as double the IC50.
HIV-1 population genotyping. An in-house population genotyping assay was used to sequence

HIV-1 from donor plasma at BARC-Lancet Laboratories, South Africa, as previously described (25).
Full-length HIV-1 RT from plasma-derived xxLAI viral stocks were also sequenced using six primers,
yielding bidirectional sequencing coverage of the entire length of RT. Mixed bases were called at a
threshold of 20% as estimated by peak height ratios using Sequencher (GeneCodes) software. Phyloge-
netic analysis was done to ensure that plasma-derived cloned virus sequence clustered with virus in the
original plasma sample.

Protein binding adjustments. To better estimate protein binding of DPV in the presence of human
serum, drug susceptibility assays were set up as described above in the presence of various amounts (5,
10, and 20%) of human serum (HS) and fetal bovine serum (FBS). Two viral stocks, one showing no
resistance and one showing low level resistance (5-fold) in the TZM-bl drug susceptibility assays, were
used for these experiments. IC50s were generated for all conditions, and the mean FC differences
between FBS and HS (3.8-fold change in IC50s) were used to adjust for human protein binding (data not
shown).

Statistical analysis. A Fisher exact test (FET) was used to assess differences in the prevalence of
individual NRTI and NNRTI resistance mutations (as defined by Stanford HIVdb v7.0) between samples
with �500-FC DPV resistance and samples with lower resistance, including those from treatment-naive
individuals (FC � 500). The additive effect of individual mutations was investigated in all pairwise
combinations of NNRTI resistance-associated positions. The frequency of samples containing resistance
mutations at two codons and at a single codon was compared across groups using the FET. In an
exploratory analysis, the FET was used to test the difference in prevalence of mutations in RT codons 440
and higher between the two groups, corresponding to the RNase H domain. A mutation was included
in the analysis if it was present at �25% frequency by population sequencing within a sample and if
there were at least three occurrences of the mutation in the entire study data set. Correction for multiple
comparisons was performed by controlling for the false discovery rate (FDR) using the method of
Benjamini and Hochberg (26). Briefly, the FDR estimates the expected proportion of false discoveries
among the rejected null hypotheses. An FDR-adjusted P value (or “q value”) of �0.15 was considered
statistically significant. Statistical analyses were performed in R (v3.1.2) with the glmnet library.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.01805-16.

TEXT S1, PDF file, 0.1 MB.
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