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Objectives: The introduction of two new non-nucleoside reverse transcriptase inhibitors (NNRTIs) in the past
5 years and the identification of novel NNRTI-associated mutations have made it necessary to reassess the
extent of phenotypic NNRTI cross-resistance.

Methods: We analysed a dataset containing 1975, 1967, 519 and 187 genotype–phenotype correlations for nevir-
apine, efavirenz, etravirine and rilpivirine, respectively. We used linear regression to estimate the effects of RTmuta-
tions on susceptibility to each of these NNRTIs.

Results: Sixteen mutations at 10 positions were significantly associated with the greatest contribution to reduced
phenotypic susceptibility (≥10-fold) to one or more NNRTIs, including: 14 mutations at six positions for nevirapine
(K101P, K103N/S, V106A/M, Y181C/I/V, Y188C/L and G190A/E/Q/S); 10 mutations at six positions for efavirenz
(L100I, K101P, K103N, V106M, Y188C/L and G190A/E/Q/S); 5 mutations at four positions for etravirine (K101P,
Y181I/V, G190E and F227C); and 6 mutations at five positions for rilpivirine (L100I, K101P, Y181I/V, G190E and
F227C). G190E, a mutation that causes high-level nevirapine and efavirenz resistance, also markedly reduced sus-
ceptibility to etravirine and rilpivirine. K101H, E138G, V179Fand M230L mutations, associated with reduced suscep-
tibility to etravirine and rilpivirine, were also associated with reduced susceptibility to nevirapine and/or efavirenz.

Conclusions: The identification of novel cross-resistance patterns among approved NNRTIs illustrates the need for a
systematic approach for testing novel NNRTIs against clinical virus isolates with major NNRTI-resistance mutations
and for testing older NNRTIs against virus isolates with mutations identified during the evaluation of a novel NNRTI.
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Introduction
Before the approvals of etravirine and rilpivirine, the prevailing
dogma was that most non-nucleoside reverse transcriptase inhibi-
tor (NNRTI)-resistance mutations conferred clinically significant
high-level NNRTI class resistance. Most phenotypic studies were
performed using site-directed mutants1 – 5 and few efforts were
made to quantify the phenotypic effects of NNRTI-resistance
mutations in clinical isolates. Since the approvals of etravirine
and rilpivirine, views about NNRTI resistance and cross-resistance

have evolved. Etravirine has been shown to have a higher genetic
barrier to resistance than nevirapine and efavirenz.6,7 In addition,
novel etravirine- and rilpivirine-associated mutations have been
identified.6,8 – 10

In a previous study, we compared several statistical learning
approaches to estimate the effects of RTmutations on susceptibility
to nevirapine, efavirenz and delavirdine using the PhenoSense
assay.11 In that study, we analysed 740 genotype–phenotype cor-
relations for nevirapine and efavirenz. Here we analysed a dataset
that has more than 1900 genotype–phenotype correlations for
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nevirapine and efavirenz, 519 for etravirine and 187 for rilpivirine. As
partof thisanalysis, we specificallyexamined theeffects of the novel
etravirine- and rilpivirine-associated mutations on nevirapine and
efavirenz.

Methods

HIV-1 isolates and phenotypes
We analysed HIV-1 isolates in the Stanford HIV Drug Resistance Data-
base (HIVDB)12 on which we performed in vitro NNRTI susceptibility
testing using the PhenoSense assay (Monogram, South San Francisco,
CA, USA).13 Susceptibility results were expressed as the fold change in
susceptibility, defined as the 50% effective concentration (EC50) of the
tested isolate divided by the EC50 of a standard wild-type control isolate.
Fold susceptibility results above the limit of quantification (200-fold
decreased susceptibility) were right-censored. Forty percent of the suscep-
tibility test results were from published studies; 60% were from collaborat-
ing clinics. One-half of the nevirapine and efavirenz genotype–phenotype
correlations, 80% of the etravirine correlations and 70% of the rilpivirine
correlations have not been previously described in the literature. With the
exception of 17 patients who received rilpivirine in an ongoing clinical
trial,14 few isolates in this dataset were from patients receiving etravirine
or rilpivirine. The Stanford University Human Subjects Committee
approved this study. The data described here are available at http://
hivdb.stanford.edu/cgi-bin/GenoPhenoDS.cgi.

To minimize bias that would result from over-representing highly similar
viruses, we excluded viruses obtained from the same individual that con-
tained the same pattern of major NNRTI-resistance mutations: L100I,
K101P, K103N, V106A/M, Y181C/I/V, Y188C/H/L, G190A/E/Q/S and M230L.
Because mixtures of wild-type and mutant variants at major NNRTI-
resistance positions may confound genotype–phenotype correlations, we
excluded viruses with sequences containing electrophoretic mixtures at
these same NNRTI-resistance mutations.

Definitions of mutations
Mutations were defined as differences from the consensus subtype B
sequence (http://hivdb.stanford.edu/pages/documentPage/consensus_
amino_acid_sequences.html). Non-polymorphic mutations were defined
here as mutations that occur in≤1.0% of viruses not subjected to antiretro-
viral drug (ARV) selection pressure regardless of subtype. We used the Rega
subtyping method15 to assign an HIV-1 subtype to isolates with available
nucleotide sequences. We obtained subtypes for the remaining isolates
from the studies from which the phenotype data had been obtained or
from the phenotype report.

Study-defined NNRTI-resistance mutations included: (i) common
established NNRTI-resistance mutations (A98G, L100I, K101E/P, K103N/S,
V106A/M, V108I, V179D, Y181C/I/V, Y188C/H/L, G190A/S, P225H and
F227L); (ii) less well characterized uncommon NNRTI-resistance mutations
including G190E/Q, M230Land K238T; and (iii) recentlydescribed etravirine-
and rilpivirine-associated mutations, including V90I, K101H, V106I, E138A/
G/K/Q, V179F/T, H221Y and F227C. With the exceptions of V90I, V106I,
E138A and V179D, each of these mutations is non-polymorphic in each
of the HIV-1 subtypes.12

Contribution of RT mutations to decreased NNRTI
susceptibility
We performed one analysis to study the effects of established
NNRTI-resistance mutations on nevirapine, efavirenz, etravirine and rilpivir-
ine susceptibility. We performed a second, exploratory, analysis to identify
novel NNRTI-resistance mutations. For the first analysis, we quantified
the effects of the established study-defined mutations on susceptibility

using least squares regression. For the second analysis, we used least
angle regression (LARS), a model selection algorithm for the efficient pre-
diction of a response variable from a large collection of explanatory vari-
ables,16 to identify novel mutations from the large pool of mutations
that occurred commonly in the genotype–phenotype dataset. The first
analysis constituted our primary analysis because it was suitable for all
four NNRTIs. The second analysis was not suitable for etravirine or rilpi-
virine because the number of genotype–phenotype correlations for
these NNRTIs was too low.

For both regression analyses, the presence or absence of each mutation
was an explanatory variable and the log10-fold change in susceptibility was
the response variable. In each regression model, the mutation coefficients
were proportional to the contribution of the mutation to susceptibility.
Five-fold cross-validation was performed on randomly chosen subdivisions
of the complete dataset, which were stratified according to the proportions
of susceptible, partially resistant and resistant isolates in the entire dataset.
Mutations for which the mean regression coefficients from the 50 runs
(10 runs of 5-fold cross-validation) exceeded 3 SD above or below zero
were considered to be associated with a statistically significant change in
susceptibility.

For the primary analysis, least squares regression was applied to the 35
study-defined mutations. For the secondary analysis, 469 RT mutations
that occurred three or more times in the dataset were included in LARS as
potential explanatory variables. During the learning stage, LARS used
four-fifths of the training set (64% of the entire set) to select mutations
for inclusion in the model and one-fifth of the training set to validate the
mutations using the LASSO (least absolute shrinkage and selection oper-
ator) option. The test set (i.e. the remaining one-fifth of the entire set)
was used to estimate the prediction performance.

Prediction performance
During each 5-fold cross-validation, the 20% of samples that constituted
the test set was used to assess the prediction performance of the model.
Prediction performance was then estimated using two approaches. First,
the predicted log10-fold change in susceptibility in each cross-validation
run was compared with the actual log10-fold change in susceptibility. The
mean of the squared difference between these values constituted the
mean-squared error.

The second approach involved choosing three intervals for each NNRTI:
susceptible,partial resistanceandresistance.ThePhenoSenseassayhasclin-
ical cut-offs for etravirine derived from the DUET trials,17,18 in which patients
with NNRTI-resistant viruses were treated with an etravirine-containing
regimen. Based on these cut-offs, ,3-fold reduced susceptibility was consid-
ered susceptible, a 3- to 10-fold decrease was considered partially resistant
and a .10-fold decrease was considered fully resistant.19 The PhenoSense

Table 1. Number of HIV-1 isolates with genotypic and phenotypic data
grouped by NNRTI and resistance levela

NNRTI
Susceptibleb

[n (%)]
Partially

resistantb [n (%)]
Resistantb

[n (%)]
Number

of isolates

Nevirapine 858 (51) 62 (4) 761 (45) 1681
Efavirenz 973 (58) 147 (9) 554 (33) 1674
Etravirine 331 (70) 78 (17) 62 (13) 471
Rilpivirine 109 (64) 26 (15) 35 (21) 170

aNumber of isolates determined following the exclusion of similar isolates
from the same patient and isolates containing electrophoretic mixtures
with major NNRTI-resistance mutations.
bSusceptible,,3-folddecreasedsusceptibility.Partially resistant,3- to10-fold
decreased susceptibility. Resistant, ≥10-fold decreased susceptibility.
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assay does not have clinical cut-offs for nevirapine, efavirenz and rilpivirine.
However, to simplify the description of our data, we also used the 3- and
10-fold cut-offs for nevirapine, efavirenz and rilpivirine, as well as etravirine.
Although the clinical significance of ARV susceptibility lies on a continuum, a
categorical approach provides a consistent frame of reference for assessing
prediction that complements the continuous mean-squared error.

Site-directed mutants
Two site-directed mutant recombinant infectious molecular clones were
created: (i) NL43G190E, a clone with G190E placed into a wild-type genetic

backbone; and (ii) 21176G190E�G, a clone derived from a cryopreserved
plasma virus sample (from PID 21176) in which glutamine (E) at position
190 was back-mutated to glycine (G). HIV-1 cDNA was generated from
RNA extracted from the cryopreserved plasma sample 21176. cDNA was
amplified using the thermostable Pfu DNA Polymerase (Agilent Technolo-
gies, Santa Clara, CA) and the PCR product was subcloned into the vector
pNLPFB20 using Msc1 and PflM1 restriction sites spanning RT positions
24–311. Site-directed mutagenesis was performed using the QuickChange
XL Site Directed Mutagenesis Kit (Agilent Technologies). Recombinant
molecular clones were transfected into CEM8166 cells. NL43G190E

induced syncytia after a delayed period of 7–10 days but could not be
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Figure 1. Correlations between the log10-fold reductions in susceptibility of each isolate for each pair of NNRTIs. The x-axis indicates the log10-fold
susceptibility reduction of the NNRTI shown above the plots, and the y-axis indicates the log10-fold susceptibility reduction of the NNRTI to the right of
the plots. The number of isolates (n) for which phenotype results were available and the correlation coefficient (r) are contained within each plot. NVP,
nevirapine; EFV, efavirenz; ETR, etravirine; RPV, rilpivirine.
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successfully expanded. 21176G190E�G induced syncytia within 4 days and
was successfully expanded and submitted for PhenoSense susceptibility
testing. Sanger sequencing yielded the expected sequence for each of the
post-transfection clones.

Results

Summary of NNRTI susceptibility results

Invitro drugsusceptibility results were available for 2047 isolates, in-
cluding 1927 clinical isolates from 1686 individuals and 120
laboratory isolates or site-directed mutants. The numbers of
results for nevirapine, efavirenz, etravirine and rilpivirine were

1975, 1967, 519 and 187, respectively. Of the 2047 isolates, 1752
were eligible for analysis. One hundred and nine isolates were
excluded because they shared the same pattern of major
NNRTI-resistance mutations with an isolate from the same individ-
ual; 186 isolates were excluded because their sequence had one or
more major NNRTI-resistance mutations as part of an electrophor-
etic mixture. Ninety-sixpercent of isolates were classified as subtype
B. Table 1 summarizes the number of viral isolates analysed for each
NNRTI according to their levels of phenotypic resistance.

The phenotypic results of nevirapine and efavirenz (r¼0.87)
and of etravirine and rilpivirine (r¼0.88) were highly correlated
(Figure 1). The etravirine susceptibility results were less well corre-
lated with the susceptibility results for efavirenz (r¼0.55) and
nevirapine (r¼0.61). The rilpivirine susceptibility results were also
less well correlated with the susceptibility results for efavirenz
(r¼0.57) and nevirapine (r¼0.62).

The proportions of the 35 study-defined NNRTI-resistance
mutations in the genotype–phenotype dataset were strongly cor-
related with their proportions in sequences from 11 200 individuals
in the HIVDB who had viruses with at least one study-defined
NNRTI-resistance mutation (r¼0.98; Table 2).

Quantitative effects of study-defined mutations
on reduced NNRTI susceptibility

Of the 35 study-defined NNRTI-resistance mutations, 32 muta-
tions at 16 positions had a regression coefficient of ≥0.3 log10 (a
contribution to decreased susceptibility of �2-fold or greater) for
one or more NNRTIs. Figure 2 plots the magnitude of the regression
coefficients of these 32 mutations for each NNRTI.

Sixteen mutations at eight positions had a mean regression co-
efficient ≥1.0 log10 (a contribution to decreased susceptibility of
�10-fold or greater) for nevirapine, efavirenz, etravirine and/or ril-
pivirine: L100I, K101P, K103N/S, V106A/M, Y181C/I/V, Y188C/L,
G190A/E/Q/S and F227C (the black bars in Figure 2). With the
exception of L100I and F227C, each mutation had a mean
regression coefficient≥1.0 log10 for nevirapine. With the exception
of K103S, V106A, Y181C/I/V and F227C, each had a mean regres-
sion coefficient ≥1.0 log10 for efavirenz. Five mutations, K101P,
Y181I/V, G190E and F227C, had a mean regression coefficient
≥1.0 log10 for etravirine. Six mutations, L100I, K101P, Y181I/V,
G190E and F227C, had a mean regression coefficient ≥ 1.0 log10

for rilpivirine.
Six additional mutations had a mean regression coefficient

between 0.5 and 1.0 log10 (a contribution to decreased susceptibil-
ity of 3- to 10-fold; the grey bars in Figure 2) to one or more NNRTIs:
A98G, V179D/T, Y188H, P225H and M230L. The remaining 10
mutations in Figure 2 had a mean regression coefficient between
0.3 and 0.5 log10 (a contribution to decreased susceptibility of
2- to 3-fold) for one or more NNRTIs: K101E/H, V108I, E138A/G/K,
V179F, H221Y, F227L and K238T. The three mutations not shown
in Figure 2 (V90I, V106I and E138Q) had mean regression coeffi-
cients ,0.3 log10.

G190E was present in nine clinical viruses, none of which
had other major NNRTI-resistance mutations (Table 3). Four of
the nine had the NRTI-resistance mutation L74V, which is known
to compensate for the decreased fitness associated with
G190E21,22 and three had the accessory NNRTI-resistance muta-
tion E138A. The site-directed G190E�G reversion mutant
21176G190E�G was susceptible to each of the NNRTIs.

Table 2. Correlation of the frequency of the study-defined mutations in
the genotype–phenotype dataset and in clinical isolates in the HIVDB

Study-defined
mutation

Genotype–phenotype
isolates, % (n¼1752)

Clinical isolates in the
HIVDB, % (n¼11200)a

K103N 44 52
Y181C 26 30
G190A 14 23
V90I 11 13
A98G 9.7 12
K101E 9.6 11
V108I 9.6 9.2
H221Y 9.4 8.7
L100I 7.4 6.6
Y188L 7.4 5.9
V106I 5.5 5
E138A 4.2 4.8
G190S 3.8 3.8
V179D 3.2 3.6
K101P 3.1 3.5
P225H 3.1 3.4
K238T 3.1 3.4
F227L 3.1 3
E138G 2.9 2.8
M230L 2.5 2
K101H 2.5 1.8
E138K 2.3 1.8
V106A 2.1 1.5
K103S 2 1.4
Y181I 1.6 1.3
V179F 1.5 1.1
E138Q 1.3 1
G190E 1 1
Y181V 1 0.7
V106M 0.8 0.7
Y188H 0.7 0.5
G190Q 0.6 0.4
Y188C 0.6 0.4
V179T 0.5 0.4
F227C 0.3 0

aThe frequency of the mutations in isolates (n¼11200) from
NNRTI-experienced individuals in the HIVDB who had a sequence with at
least one study-defined NNRTI-resistance mutation.
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Prediction accuracy of the least squares regression model

Table 4 shows the mean-squared errors and classification accuracy
of the least squares regression model for each NNRTI calculated
from the 10 replicates of 5-fold cross-validation. The classification
accuracy for nevirapine, efavirenz, etravirine and rilpivirine was
94%, 90%, 83% and 83%, respectively. The mean-squared error for
nevirapine, efavirenz, etravirine and rilpivirine was 0.26 log10-fold
(�1.8-fold), 0.15 log10-fold (�1.4-fold), 0.14 log10-fold (�1.4-fold)
and 0.17 log10-fold (�1.5-fold), respectively. The large proportion of
viruses with high-level nevirapine resistanceresulted in the nevirapine
model having the highest classification accuracy and the highest
mean-squared error.

Figure 3 shows three confusion matrices in which each cell
contains the proportion of concordances (diagonal), complete dis-
cordances (upper right and lower left) and partial discordances
between the classification categories of actual and predicted fold
decreased susceptibility. For each NNRTI, the classification accur-
acy shown in Table 3 was calculated as the sum of the values in
the shaded diagonal. The proportion of viruses with complete dis-
cordances was 0.9%, 0.9%, 1.4% and 2.0% for nevirapine, efavir-
enz, etravirine and rilpivirine, respectively.

Approximately one-half of complete discordances were ‘false-
negative’ predictions of susceptibility of NNRTI-resistant isolates
containing rare mutations or combinations of mutations that
were not in our models but are known to decrease NNRTI suscep-
tibility. Forexample, three isolates in ourdataset had the mutations
K103R+V179D, a synergistic combination associated with .10-
fold decreased nevirapine and efavirenz susceptibility that occurs
despite the fact that K103R alone does not reduce NNRTI suscep-
tibility.5 Other rare mutations not included in our models were:
G190C, which was present in two viruses in our dataset;4 Y181S,
which was present in one virus;10,23 and L234I (in combination
with M230L), which was present in one virus.7 The addition of
M184I to least squares regression models did not improve the
prediction accuracy for any of the NNRTIs.

Feature selection using LARS

Of the 469 mutations present three or more times in the dataset,
LARS identified 28 as significant predictors of reduced nevirapine
or efavirenz susceptibility. These 28 mutations included 25 of the
35 study-defined mutations (i.e. those used by the least-squares
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Figure 2. Graphical representation of the regression coefficients of the least squares regression model for predicting fold changes in NNRTI susceptibility
using the study-defined NNRTI-resistance mutations. The y-axis indicates the regression coefficients on a log10 scale. Positive coefficients indicate
mutations that contribute to reduced susceptibility. Negative coefficients indicate mutations that contribute to increased drug susceptibility. Black
bars indicate mutations for which the mean regression coefficient was ≥1.0 log10-fold. Grey bars indicate mutations for which the mean regression
coefficient was between 0.5 log10-fold and 1.0 log10-fold. The error bars indicate the standard deviation of the mean of the coefficients determined
in 10 replicates of 5-fold cross-validation. NVP, nevirapine; EFV, efavirenz; ETR, etravirine; RPV, rilpivirine.
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regression models). Ten of the 35 study-defined mutations—V90I,
V106I, E138A/G/K/Q, V179F/T and F227C/L—were not found to be
significant predictors of reduced nevirapine or efavirenz suscepti-
bility in the LARS model. Conversely, three non-study-defined
mutations—I31L, K101Q and V179E—were associated with
slightly reduced nevirapine or efavirenz susceptibility. LARS also
identified four mutations associated with increased susceptibility
to nevirapine or efavirenz: M41L, V118I, M184V and T215Y. Two
of these mutations, V118I and T215Y, have been reported to
increase NNRTI susceptibility.24,25 The prediction accuracy of the
LARS models was similar to least-squares regression (Table S1,
available as Supplementary data at JAC Online).

Discussion
This study is the most comprehensive analysis of the genetic pre-
dictors of phenotypic NNRTI resistance in a large set of predomin-
antly clinical, publicly available virus sequences. Sixteen mutations
at eight positions—L100I, K101P, K103N/S, V106A/M, Y181C/I/V,
Y188C/L, G190A/E/Q/S and F227C—had a mean regression coeffi-
cient ≥1.0 log10 (≥10-fold contribution to reduced susceptibility)
forone or more NNRTIs. Fourteen, 10, 5 and 6 of these 16 mutations
were associated with nevirapine, efavirenz, etravirine and rilpivir-
ine, respectively. An additional 16 mutations at 11 positions—
A98G, K101E/H, V108I, E138A/G/K, V179D/F/T, Y188H, H221Y,
P225H, F227L, M230L and K238T—had a mean regression coeffi-
cient between 0.3 log10-fold (≥2-fold contribution to decreased
susceptibility) and 1.0 log10-fold. The validity of our findings is sup-
ported by the low mean-squared errors and high classification ac-
curacies for all four NNRTIs.

G190E, a mutation known to cause high-level nevirapine and
efavirenz resistance4 was found also to markedly reduce etravirine
and rilpivirine susceptibility. G190E occurs in 1% of viruses from
patients receiving efavirenz.12,26 It is also selected in vitro by
etravirine and rilpivirine7,9 and has been reported in one patient
receiving rilpivirine.27 Our regression analysis, combined with our
site-directed mutagenesis results, suggests that viruses with this
mutation should be considered highly resistant to etravirine and
rilpivirine, as well as nevirapine and efavirenz.

This study provides additional data on the extent of cross-
resistance conferred by mutations at position 138, which have
become important because of their frequent occurrence in
patients with rilpivirine-associated virological failure.8,28 E138A
and two non-polymorphic mutations at this position, E138K/G,
were significantly but modestly associated with reduced etravirine
susceptibility. E138K did not confer cross-resistance to nevirapine
or efavirenz. E138G conferred minimal cross-resistance to nevira-
pine but not efavirenz. The finding that E138K/G modestly
decreased etravirine susceptibility but had little if any impact
on nevirapine or efavirenz susceptibility is consistent with two
site-directed mutagenesis studies28,29 and one other regression
analysis.10

K101H, associated with etravirine resistance in the analysis of
the DUET trials was significantly associated with reduced nevira-
pine and efavirenz susceptibility but had little or no effect on etra-
virine or rilpivirine susceptibility. K101H is a non-polymorphic
mutation that is selected in 2% of patients receiving nevirapine
or efavirenz, supporting its role as a nevirapine- and efavirenz-
resistance mutation.30 A clinical isolate belonging to the Mono-
gram PhenoSense panel that contained K101H alone was also
reported as being associated with 4-fold decreased efavirenz sus-
ceptibility and 12-fold decreased nevirapine susceptibility.31 This
finding underscores the importance of assessing the effects of
novel NNRTI-resistance mutations against older drugs.

Because LARS is particularly useful for selecting a subset of pre-
dictors when the set of possible predictors is large, we were able to
analyse the effect on nevirapine and efavirenz of all 469 mutations
that occurred three or more times in the dataset. Despite its use of
a parsimonious variable selection algorithm, LARS nonetheless
identified 25 of 35 study-defined mutations as contributors to
decreased nevirapine and/or efavirenz susceptibility. The 10 muta-
tions that were not significantly associated with nevirapine and/or
efavirenz reduced susceptibility in the LARS model included
the predominantly etravirine-associated mutations V90I, V106I,
E138A/K/G/Q, V179F/T and F227C/L. Reassuringly, it identified
just three non-study-defined mutations (I31L, K101Q and
V179E). The three mutations have previously been reported
to be selected by NNRTIs12 and to be more commonly found in
nevirapine- and efavirenz-resistant viruses.5

Among the virus isolates in our dataset, 116 were site-directed
mutants, including 57 (3.4%) of the 1680 of the isolates for which
nevirapine and efavirenz susceptibility results were available, 49
(10.4%) of the 471 isolates for which etravirine susceptibility
results were available and 20 (11.8%) of the 170 isolates for
which rilpivirine susceptibility results were available. The phenotyp-
ic testing of site-directed NNRTI-resistant mutants may yield
reductions in susceptibility that are lower or greater than those
observed in clinical isolates. Lower reductions in susceptibility
would occur if the effect of the site-directed mutation depended
heavily on the presence of unrecognized backbone RT mutations
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that co-evolve with that mutation. Greater reductions in suscepti-
bility would occur in clinical isolates with multiple NRTI-resistance
mutations, because these mutations often modestly increase
susceptibility to NNRTIs.32 The inclusion of site-directed NNRTI-
resistant viruses therefore represents an important, albeit
modest, addition to our analysis.

Our analysis has several limitations. First, the numbers of geno-
type–phenotype correlations for etravirine and rilpivirine were
much lower than the numbers of correlations for nevirapine and
efavirenz. For example, G190Q was not present in any of the iso-
lates submitted for etravirine or rilpivirine susceptibility testing
and F227C was present in just two isolates. Nonetheless, G190Q
appears to reduce etravirine and rilpivirine susceptibility33 as well
as nevirapine and efavirenz susceptibility. F227C appears to
reduce nevirapine and efavirenz susceptibility34 as well as etravir-
ine and rilpivirine susceptibility. In addition, the effect of uncom-
mon mutations or those with minimal effects on etravirine or

Table 3. Phenotypes and genotypes of isolates with G190E and a site-directed mutant with G190G

Isolatea Reference

Fold resistance

MutationsbNVP EFV ETR RPV

21176 Stanford University 200 200 200 200 V60I, D67G, S68G, K70R, L74V, I135V, E138A, K173E, I178M,
G190E, R211A, K219N, V245E, E248D, D250E, A272P,
T286A

21176G190E�G 0.7 1.2 2.3 2.0 V60I, D67G, S68G, K70R, L74V, I135V, E138A, K173E, I178M,
R211A, K219N, V245E, E248D, D250E, A272P, T286A

24746 Stanford University 200 200 94 28 K20R, D67N, K70R, K122E, I135V, E138A, S162C, M184MV,
G190E, T200A, F214M, T215F, K219Q, L228H, V245E

59209 Stanford University 200 200 110 7.3 V35L, D67N, K70R, K101R, K103R, D177E, I178M, G190E,
G196E, T200A, E204N, R211K, T215F, K219E, L228H,
V245E, A272P, T286A, E297K

16894 S.-Y. Rhee 200 200 NA NA K20R, V35I, E36EK, M41L, K43N, D67N, I135V, G190E, T200A,
L210W, T215Y, K219N, A272P, K277R

63800 S.-Y. Rhee 200 200 NA NA S48T, D67N, T69DN, K70GR, L74V, K101KR, K104KR, D121Y,
K122E, D123E, E169D, D177E, M184V, G190E, T200A,
Q207K, F214L, K219EQ, K275KR, V276VI, P294T, E297KR

55467 S.-Y. Rhee 200 200 NA NA D67G, S68G, L74V, Y115F, K122Q, D123E, I135T, I142V,
D177E, M184V, V189I, G190E, T200A, T215F, K219E,
V245E, E297R

127280 G. L. Melikian 200 200 NA NA K46KIM, K65R, V75L, V90VI, K102KR, K103KR, Y115F, D123E,
E169D, D177E, V179VI, G190E, T200A, R211K

33143 W. Huang 200 200 NA NA K20R, M41L, K43Q, E44D, V60I, D67N, L74V, K102R, V118I,
K122E, D123N, I135 V, S162Y, I178F, G190E, G196R,
Q197K, T200A, Q207N, L210W, R211K, T215Y, K219N,
E224N, A272P, T286A, E297K

91738 J. D. Baxter 200 181 NA NA M41L, D67N, R72RG, D86DN, K122E, F160FL, K166R, D177E,
V179G, G190E, T200A, Q207E, H208HD, L210W, T215Y,
D218DE, K219N, K220KR, L228H

NVP, nevirapine; EFV, efavirenz; ETR, etravirine; RPV, rilpivirine; NA, not available.
aThe creation of the cloned site-directed mutant 21176G190E�G is described in the Methods section. The NRTI susceptibility results indicated slightly
higher levels of decreased susceptibility than the 21176 clone containing G190E, suggesting that the dramatic reductions in NNRTI resistance were
not a result of decreased replication.
bG190E is shown in bold and is underlined. Mutations in bold include L74V, which has been reported to partially restore the impaired replication capacity of
viruses containing G190E,21,22 and the accessory NNRTI-resistance mutation E138A.

Table 4. Prediction accuracy of least squares regression: mean-squared
error and classification accuracy

NNRTI Mean-squared error (SD)a Classification accuracy (SD)b

Nevirapine 0.26 (0.02) 0.94 (0.01)
Efavirenz 0.15 (0.02) 0.90 (0.02)
Etravirine 0.14 (0.02) 0.83 (0.03)
Rilpivirine 0.17 (0.07) 0.83 (0.06)

SD, standard deviation.
aMean-squared error of 10 replicates of 5-fold cross-validation results of
least squares regression using the 35 study-defined NNRTI-resistance
mutations.
bClassification accuracy is defined as the proportion of phenotypes for
which the classification categories of predicted and actual fold change
were concordant (susceptible versus partial resistant versus resistant).
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rilpivirine susceptibility may not have been detected. The limited
number of etravirine and rilpivirine genotype–phenotype correla-
tions also made it impossible to use LARS to identify potentially
novel etravirine or rilpivirine resistance mutations.

Second, we do not know the NNRTI treatment history of most of
the individuals from whom the virus isolates were obtained. Al-
though more than 500 isolates had been obtained since 2008
and nearly 200 since 2011, the years in which etravirine and rilpivir-
ine were approved for clinical use, few of these isolates were from
patients who had received etravirine or rilpivirine. Finally, because
the PhenoSense assay tests recombinant viruses created from
patient amplicons with a C-terminus at codon 311,13 we were
unable to assess the effects of the known NNRTI-resistance muta-
tions L318F and N348I, as well as potential novel NNRTI-
resistance mutations in the RT connection domain.35

NNRTI cross-resistance patterns have been shown to be clinically
significant primarily for NNRTI-experienced individuals receiving
etravirine in combination with other active ARVs.17,18 This has led
to renewed interest in developing novel non-cross-resistant
NNRTIs with higher genetic barriers to resistance.36,37 Our analysis
provides a quantitative assessment of the effects of NNRTI-
resistance mutations on the in vitro activity of nevirapine, efavirenz,
etravirine and rilpivirine. Our analysis also underscores the need for
systematically testing new NNRTIs against clinical virus isolates
containing a broad spectrum of major non-polymorphic NNRTI-
resistance mutations and of testing older NNRTIs against virus iso-
lates containing mutations associated with resistance to novel
NNRTIs.
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