
Drug Susceptibility and Viral Fitness of HIV-1 with Integrase Strand
Transfer Inhibitor Resistance Substitution Q148R or N155H in
Combination with Nucleoside/Nucleotide Reverse Transcriptase
Inhibitor Resistance Substitutions

Kristen N. Andreatta, Michael D. Miller, Kirsten L. White

Gilead Sciences, Inc., Foster City, California, USA

In clinical trials of coformulated elvitegravir (EVG), cobicistat (COBI), emtricitabine (FTC), and tenofovir disoproxil fu-
marate (TDF), emergent drug resistance predominantly involved the FTC resistance substitution M184V/I in reverse
transcriptase (RT), with or without the tenofovir (TFV) resistance substitution K65R, accompanied by a primary EVG re-
sistance substitution (E92Q, N155H, or Q148R) in integrase (IN). We previously reported that the RT-K65R, RT-M184V,
and IN-E92Q substitutions lacked cross-class phenotypic resistance and replicative fitness compensation. As a follow-up,
the in vitro characteristics of mutant HIV-1 containing RT-K65R and/or RT-M184V with IN-Q148R or IN-N155H were
also evaluated, alone and in combination, for potential interactions. Single mutants displayed reduced susceptibility to
their corresponding inhibitor classes, with no cross-class resistance. Viruses with IN-Q148R or IN-N155H exhibited re-
duced susceptibility to EVG (137- and 40-fold, respectively) that was not affected by the addition of RT-M184V or RT-
K65R/M184V. All viruses containing RT-M184V were resistant to FTC (>1,000-fold). Mutants with RT-K65R had reduced
susceptibility to TFV (3.3- to 3.6-fold). Without drugs present, the viral fitness of RT and/or IN mutants was diminished
relative to that of the wild type in the following genotypic order: wild type > RT-M184V > IN-N155H � IN-Q148R > RT-
M184V � IN-N155H > RT-M184V � IN-Q148R > RT-K65R/M184V � IN-Q148R � RT-K65R/M184V � IN-N155H. In the
presence of drug concentrations approaching physiologic levels, drug resistance counteracted replication defects, allowing
single mutants to outcompete the wild type with one drug present and double mutants to outcompete single mutants with
two drugs present. These results suggest that during antiretroviral treatment with multiple drugs, the development of vi-
ruses with combinations of resistance substitutions may be favored despite diminished viral fitness.

Evolution of multiple HIV mutations occurs during prolonged
antiretroviral (ARV) treatment failure. These mutations typi-

cally can be categorized as polymorphic, resulting in no pheno-
typic change to the virus, or resistance associated, resulting in
reduced susceptibility to one or more ARV inhibitors. Additional
accessory mutations may also develop to produce combined ef-
fects on viral replicative fitness and/or drug susceptibility. Several
such relationships between mutations within the same coding re-
gion of a target enzyme have been characterized; for example, the
G140S substitution in integrase (IN-G140S) has been shown to
restore viral fitness of the IN-Q148H substitution and enhance
resistance to raltegravir (RAL), an integrase strand transfer inhib-
itor (INSTI) (1, 2). Additionally, substitutions in one coding re-
gion may exhibit effects on susceptibility to ARV inhibitors from a
different drug class: for example, the addition of IN-G140S/
Q148R to a virus with the nonnucleoside reverse transcriptase
inhibitor (NNRTI) resistance substitution K103N appears to sig-
nificantly enhance resistance to the NNRTI efavirenz (EFV) (3).
While data on such cross-class interactions is limited (4, 5), re-
verse transcriptase (RT) and integrase (IN) are expressed together
in the same polyprotein and are proximally associated in replica-
tion and preintegration complexes, suggesting possible functional
interaction (6–8). Furthermore, INSTI resistance substitutions
have been found to develop in viral isolates with existing protease
(PR) and RT drug resistance substitutions from treatment-expe-
rienced patients (4, 5, 9–11), thus warranting further investigation
of possible cross-class interactions in multidrug-resistant HIV.

During the phase 3 clinical trials of a single-tablet regimen
consisting of the INSTI elvitegravir (EVG), the pharmacoen-
hancer cobicistat (COBI), and the nucleoside/nucleotide RT
inhibitors (NRTIs) emtricitabine (FTC) and tenofovir diso-
proxil fumarate (TDF), the majority of HIV-1 isolates with
emergent drug resistance contained the FTC resistance substi-
tution M184V/I in RT accompanied by a primary INSTI resis-
tance substitution in IN (T66I, E92Q, T97A, Q148R, or
N155H) (12–16). More rarely, the tenofovir (TFV) resistance
substitution RT-K65R also developed in addition to RT-
M184V/I and the INSTI resistance substitutions IN-E92Q, IN-
Q148R, and IN-N155H (12–16). Clonal sequence analysis de-
termined that these INSTI and NRTI resistance substitutions
were present together on the same viral genomes (17); how-
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ever, the commercial assays used to analyze patient isolates
during the trials did not amplify RT and IN together in the
same assay. Therefore, site-directed mutants representing pat-
terns of resistance found in patient isolates were constructed to
evaluate possible cross-class effects on drug susceptibility or
viral fitness. We recently reported that the RT-K65R, RT-
M184V, and IN-E92Q substitutions altered susceptibility to
only their corresponding inhibitor classes, with each substitu-
tion cumulatively contributing to decreased viral fitness in the
absence of drug pressure (18). Here, we characterize two addi-
tional INSTI resistance substitutions, IN-Q148R and IN-
N155H, in combination with RT-M184V and RT-K65R.

MATERIALS AND METHODS
Compounds and cells. The ARV inhibitors EVG, RAL, FTC, TFV, EFV,
and darunavir (DRV) were synthesized at Gilead Sciences (Foster City,
CA). Zidovudine (AZT) was purchased from Sigma-Aldrich (St. Louis,
MO), and dolutegravir (DTG) was purchased from Shanghai Medicilon
Inc. (Shanghai, China). MT-2 cells were obtained from the National In-
stitutes of Health AIDS Research and Reference Reagent Program (Ger-
mantown, MD). HEK 293T cells were purchased from the American Type
Culture Collection (ATCC; Manassas, VA).

Site-directed mutant viruses and antiviral drug susceptibility assay.
Chimeric HIV-1 xxLAI proviral plasmids containing NRTI and INSTI
resistance mutations were constructed as previously described (18–23).
Viruses were generated by transient transfection of HEK 293T cells using
TransIT-293 (Mirus Bio LLC, Madison, WI), and titers were determined
in triplicate on MT-2 cells by cytopathic effect to determine the 50% tissue
culture infectious dose (TCID50) 5 days postinfection (24). Drug suscep-
tibilities of wild-type and mutant viruses to NRTIs, INSTIs, NNRTIs, and
protease inhibitors (PIs) were determined in MT-2 cells using a 5-day
multiple-cycle assay, as described previously (25). The half-maximal ef-
fective concentrations (EC50) were determined by nonlinear regression of
data converted to percent cell death using SigmaPlot (Systat Software, San
Jose, CA). Statistical significance of the fold changes for the mutants com-
pared to the wild-type control was calculated with the two-tailed Student’s
t test (P � 0.05).

Determination of viral replication fitness by growth competition
assay. Viral growth competitions were performed by coculturing compet-
ing recombinant xxLAI viruses in MT-2 cells for 9 days in the presence or
absence of ARV inhibitors, as described previously (18, 20, 21). Multi-
Code RTx PCR (Luminex, Austin, TX) was performed on extracted viral
RNA from days 0, 3, 6, and 9 as described previously with allele-specific
forward and reverse primers (20, 21, 26). Percentages of competing vi-
ruses were determined from standard curves generated by SigmaPlot.

Quantitative estimates of relative fitness (RF) were calculated using the
“1 � s” equation (18, 27). An RF value of 1.00 indicates that the two
viruses grew with equivalent fitnesses, a value of �1.00 indicates less effi-
cient growth of the second virus relative to that of the first virus compet-
itor, and a value of �1.00 indicates enhanced fitness of the second virus
relative to that of the first virus competitor. The mean RF values from at
least three independent competition experiments are reported, and statis-
tical significances of RF values from the replicates of a competition exper-
iment compared to the wild-type versus wild-type control were calculated
by the two-tailed Student’s t test (P � 0.01).

RESULTS
NRTI and INSTI resistance substitutions only reduce pheno-
typic susceptibility to drugs in-class. Viruses containing the RT-
K65R, RT-M184V, IN-Q148R, and IN-N155H substitutions,
alone and as RT-IN combinations, were evaluated for phenotypic
susceptibility to INSTIs, selected NRTIs, and a representative in-
hibitor from the NNRTI and PI drug classes. All viruses contain-
ing the IN-Q148R or IN-N155H substitutions demonstrated re-
duced susceptibility to EVG and RAL (Table 1). Resistance to EVG
ranged from 101- to 137-fold for IN-Q148R-containing viruses
and 40- to 55-fold for IN-N155H-containing viruses. Resistance
to RAL ranged from 44- to 46-fold for the IN-Q148R mutants and
19- to 23-fold for the IN-N155H mutants. Thus, the reductions in
INSTI susceptibility were consistent for each IN substitution, re-
gardless of RT sequence. Viruses with IN-Q148R or IN-N155H
substitutions maintained sensitivity to the newest INSTI DTG
(fold change compared to wild type � 2.5). The RT-K65R and
RT-M184V mutants remained fully susceptible to all INSTIs
tested.

Next, phenotypic susceptibilities to NRTIs (FTC, TFV, and
AZT) were assessed (Table 1). The presence of the RT-M184V
substitution resulted in high levels of resistance to FTC (�1,000-
fold). The RT-K65R mutant had reduced susceptibilities to TFV
(3.6-fold) and FTC (23-fold). The two triple mutants with RT-
K65R/M184V � IN-Q148R and RT-K65R/M184V � IN-N155H
substitutions also had moderately reduced susceptibilities to TFV
(3.4- and 3.3-fold, respectively), while the rest of the viruses with-
out RT-K65R remained fully susceptible to TFV. All viruses with
the RT-K65R and/or RT-M184V substitutions had slightly in-
creased sensitivities to AZT, consistent with our previous study
(�0.6-fold) (18). The IN-Q148R and IN-N155H single mutants
were fully susceptible to all NRTIs tested. Furthermore, all mutant

TABLE 1 Phenotypic susceptibilities of HIV-1xxLAI with NRTI and INSTI drug resistance substitutions to antiretroviral inhibitors

HIV-1xxLAI genotype

Fold change in EC50 relative to that of the wild typea

INSTIs NRTIs PI NNRTI

EVG RAL DTG TFV FTC AZT DRV EFV

RT-K65R 1.1 � 0.3 1.0 � 0.2 1.1 � 0.1 3.6 � 0.5 23 � 9.3 0.6 � 0.1 1.1 � 0.2 0.8 � 0.1
RT-M184V 0.8 � 0.3 0.9 � 0.1 0.9 � 0.2 0.6 � 0.1 >1,000 0.4 � 0.2 0.9 � 0.1 0.7 � 0.4
IN-Q148R 137 � 84 46 � 9.9 1.8 � 0.4 1.0 � 0.3 1.2 � 0.3 0.7 � 0.5 0.9 � 0.1 1.0 � 0.6
RT-M184V � IN-Q148R 132 � 49 46 � 15 1.7 � 0.2 0.8 � 0.4 >1,000 0.5 � 0.2 1.0 � 0.3 0.8 � 0.6
RT-K65R/M184V � IN-Q148R 101 � 29 44 � 14 1.4 � 0.4 3.4 � 0.6 >1,000 0.6 � 0.3 0.9 � 0.1 0.6 � 0.1
IN-N155H 40 � 34 19 � 3.0 1.9 � 0.6 0.9 � 0.3 1.4 � 0.6 0.9 � 0.4 0.9 � 0.1 0.9 � 0.3
RT-M184V � IN-N155H 55 � 25 22 � 5.8 2.1 � 1.0 0.8 � 0.6 >1,000 0.4 � 0.3 0.9 � 0.1 0.7 � 0.4
RT-K65R/M184V � IN-N155H 48 � 9.5 23 � 5.5 1.7 � 0.3 3.3 � 1.0 >1,000 0.6 � 0.4 0.9 � 0.1 0.6 � 0.1
a Data represent the geometric means from at least 3 independent experiments. The EC50s for the wild type were 2.3 nM for EVG, 6.4 nM for RAL, 1.0 nM for DTG, 4.1 �M for
TFV, 0.7 �M for FTC, 0.2 �M for AZT, 6.3 nM for DRV, and 1.7 nM for EFV. Fold changes were calculated by setting the mean wild-type EC50 at 1, and all fold change values of
�2.5 (in bold) demonstrated statistically significant differences using a two-tailed Student’s t test (P � 0.05).
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viruses maintained full sensitivities to the NNRTI EFV and the PI
DRV. Overall, viral susceptibility to INSTIs and NRTIs was af-
fected only by substitutions in the corresponding target enzymes,
with no cross-class resistance observed.

NRTI and INSTI resistance substitutions diminish viral fit-
ness in the absence of drug pressure. Pairwise growth competi-
tions were performed to evaluate the relative fitnesses of viruses
containing RT-K65R, RT-M184V, IN-Q148R, and IN-N155H.
The replication efficiency of each virus was determined by calcu-
lating relative fitness (RF) values (Table 2). Mutant viral fitness
was first evaluated by direct competition with the wild type (Fig.
1). The RT-M184V, IN-N155H, and IN-Q148R mutants all dem-
onstrated reduced fitnesses relative to that of the wild type. The
combination of RT-M184V with either IN-N155H or IN-Q148R
resulted in a greater fitness defect than any single substitution
alone. Previously we reported that the addition of the RT-K65R
substitution to wild-type and mutant viruses contributed to cu-
mulative reductions in viral fitness in the absence of drugs (18). In
this study, we similarly observed that mutants containing RT-

K65R/M184V combined with IN-N155H or IN-Q148R showed
the greatest reductions in viral fitness relative to that of the wild
type. Overall, viral fitness of RT and/or IN mutants in compe-
tition with the wild type diminished in the following genotypic
order: wild type � RT-M184V � IN-N155H � IN-Q148R �
RT-M184V � IN-N155H � RT-M184V � IN-Q148R �
RT-K65R/M184V � IN-Q148R � RT-K65R/M184V � IN-
N155H.

Direct growth competitions between mutant viruses were also
performed to further characterize the fitness of viruses with RT
and IN substitutions. The IN-Q148R mutant grew with a fitness
almost equivalent to that of the IN-N155H mutant (Fig. 2A). The
RT-M184V � IN-Q148R and RT-M184V � IN-N155H double
mutants were both less fit than the RT-M184V single mutant (Fig.
3A and D). Additionally, the RT-M184V � IN-Q148R mutant
was slightly less fit than the IN-Q148R mutant (Fig. 3G), and the
RT-M184V � IN-N155H mutant was slightly less fit than the
IN-N155H mutant (Fig. 3J). Overall, the mutant-versus-mutant
competitions confirmed the results from the wild-type-versus-

TABLE 2 Relative fitnesses of wild-type and site-directed mutant HIV-1xxLAI in growth competition assays

Competition condition and genotype of competing viruses Relative fitness valuea P valueb Fitness interpretation

Without drug
WT vs WTc 1.02 � 0.02 WT � WT
WT vs RT-M184V 0.84 � 0.08 0.008 WT � RT-M184V
WT vs IN-N155H 0.71 � 0.08 0.001 WT � IN-N155H
WT vs IN-Q148R 0.71 � 0.03 �0.001 WT � IN-Q148R
WT vs RT-M184V � IN-N155H 0.66 � 0.1 �0.001 WT � RT-M184V � IN-N155H
WT vs RT-M184V � IN-Q148R 0.60 � 0.1 �0.001 WT � RT-M184V � IN-Q148R
WT vs RT-K65R/M184V � IN-Q148R � 0.50 � 0.1 �0.001 WT � RT-K65R/M184V � IN-Q148R
WT vs RT-K65R/M184V � IN-N155H � 0.50 � 0.2 �0.001 WT � RT-K65R/M184V � IN-N155H
IN-N155H vs IN-Q148R 0.97 � 0.06 0.164 IN-N155H � IN-Q148R
RT-M184V vs RT-M184V � IN-Q148R 0.75 � 0.05 �0.001 RT-M184V � RT-M184V � IN-Q148R
RT-M184V vs RT-M184V � IN-N155H 0.76 � 0.01 �0.001 RT-M184V � RT-M184V � IN-N155H
IN-Q148R vs RT-M184V � IN-Q148R 0.93 � 0.09 0.111 IN-Q148R � RT-M184V � IN-Q148R
IN-N155H vs RT-M184V � IN-N155H 0.94 � 0.07 0.091 IN-N155H � RT-M184V � IN-N155H

With drug
WT vs IN-Q148R (0.5 nM EVG) 0.76 � 0.02 �0.001 WT � IN-Q148R
WT vs IN-Q148R (2 nM EVG) 0.95 � 0.04 0.038 WT � IN-Q148R
WT vs IN-Q148R (10 nM EVG) 2.09 � 0.1 �0.001 WT � IN-Q148R
WT vs IN-N155H (0.5 nM EVG) 0.85 � 0.04 0.001 WT � IN-N155H
WT vs IN-N155H (2 nM EVG) 1.10 � 0.05 0.043 WT � IN-N155H
WT vs IN-N155H (10 nM EVG) 2.03 � 0.5 0.010 WT � IN-N155H
IN-N155H vs IN-Q148R (1 nM EVG) 1.07 � 0.06 0.178 IN-N155H � IN-Q148R
IN-N155H vs IN-Q148R (10 nM EVG) 0.83 � 0.05 0.001 IN-N155H � IN-Q148R
IN-N155H vs IN-Q148R (50 nM EVG) 1.32 � 0.4 0.194 IN-N155H � IN-Q148R
IN-N155H vs IN-Q148R (100 nM EVG) 1.77 � 0.1 �0.001 IN-N155H � IN-Q148R
RT-M184V vs RT-M184V � IN-Q148R (0.5 nM EVG, 1 nM FTC) 0.82 � 0.05 0.001 RT-M184V � RT-M184V � IN-Q148R
RT-M184V vs RT-M184V � IN-Q148R (10 nM EVG, 100 nM FTC) 1.38 � 0.09 0.001 RT-M184V � RT-M184V � IN-Q148R
RT-M184V vs RT-M184V � IN-N155H (0.5 nM EVG, 1 nM FTC) 0.84 � 0.1 0.024 RT-M184V � RT-M184V � IN-N155H
RT-M184V vs RT-M184V � IN-N155H (10 nM EVG, 100 nM FTC) 1.57 � 0.2 0.006 RT-M184V � RT-M184V � IN-N155H
IN-Q148R vs RT-M184V � IN-Q148R (1 nM EVG, 1 nM FTC) 0.83 � 0.1 0.037 IN-Q148R � RT-M184V � IN-Q148R
IN-Q148R vs RT-M184V � IN-Q148R (100 nM EVG, 100 nM FTC) 1.61 � 0.3 0.010 IN-Q148R � RT-M184V � IN-Q148R
IN-N155H vs RT-M184V � IN-N155H (1 nM EVG, 1 nM FTC) 0.86 � 0.1 0.029 IN-N155H � RT-M184V � IN-N155H
IN-N155H vs RT-M184V � IN-N155H (100 nM EVG, 100 nM FTC) 1.38 � 0.1 0.003 IN-N155H � RT-M184V � IN-N155H

a The relative fitness (RF) value of the mutant in competition with the wild type was calculated as follows: (1 � s) � exp {(1/t) 	 ln[(Mt/Wt) 	 (Mt0/Wt0)]}, where s is the selection
coefficient; t is the time (in days); Mt and Mt0 are the fractions of mutant virus initially and at the time of measurement, respectively; and Wt and Wt0 are the fractions of wild-type
virus initially and at the time of measurement, respectively (27). Mutant-versus-mutant competitions were analyzed using the same equation. The data represent the means and
standard deviations from at least 3 independent experiments.
b P values were determined using a two-tailed Student’s t test comparing the competitions to the wild-type-versus-wild-type competition.
c A control experiment was performed to verify that isogenic HIV-1 recombinants differing only in their sequence tags would grow with equivalent fitnesses. WT, wild type.
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mutant competitions, indicating that the IN-Q148R and IN-
N155H substitutions diminish viral fitness similarly and to a
greater degree than the RT-M184V substitution.

Resistance compensates for viral fitness in the presence of
antiretroviral drugs. To determine how resistance influences vi-
ral fitness, growth competitions were performed in the presence of
ARV drugs at concentrations approaching physiologic conditions.
First, IN mutants were grown in competition against the wild type
in the presence of EVG (Fig. 4). With 0.5 nM EVG present, the
IN-Q148R and IN-N155H mutants remained less fit than the wild
type. At 2 nM EVG, the IN-Q148R mutant and wild type grew

similarly, while the IN-N155H mutant began to slightly outcom-
pete the wild type. At 10 nM EVG, the IN-Q148R and IN-N155H
mutants outgrew the wild type.

Next, competitions between the IN-Q148R and IN-N155H
mutants were conducted in the presence of EVG (Fig. 2B to E). At
1 nM EVG, the fitness of the IN-Q148R mutant continued to be
similar to that of the IN-N155H mutant. At 10 nM EVG, the
IN-Q148R mutant had reduced fitness relative to the IN-N155H
mutant. Interestingly, the IN-Q148R mutant began to outgrow
the IN-N155H mutant in the competition at 50 nM EVG and then
completely outcompeted the IN-N155H mutant at 100 nM EVG.

FIG 1 Growth competitions of wild-type HIV-1 (WT; open circles) versus the RT-M184V (A), IN-N155H (B), IN-Q148R (C), RT-M184V � IN-N155H (D),
RT-M184V � IN-Q148R (E), RT-K65R/M184V � IN-Q148R (F), and RT-K65R/M184V � IN-N155H (G) mutants (closed circles). Data are averages from 3
independent competition experiments, with standard deviations. (H) Mean relative fitness (RF; 1 � s) values of viruses (genotype indicated) in competition with
the WT. Asterisks indicate statistically significant differences for the mutant-versus-WT competitions compared to the WT-versus-WT control competitions
using a two-tailed Student’s t test (P � 0.01).

Andreatta et al.

760 aac.asm.org February 2016 Volume 60 Number 2Antimicrobial Agents and Chemotherapy

http://aac.asm.org


Thus, despite having equivalent fitnesses in the absence of EVG,
the IN-Q148R and IN-N155H mutants demonstrated fitness ad-
vantages in the presence of EVG that reflected their levels of resis-
tance. In other words, the less resistant IN-N155H mutant grew
more efficiently at a lower EVG concentration, while the more
resistant IN-Q148R mutant grew more efficiently at the higher
EVG concentrations.

Finally, single mutants were grown in competition against
double mutants in the presence of EVG and FTC. With 0.5 nM
EVG and 1 nM FTC present, the RT-M184V � IN-Q148R and
RT-M184V � IN-N155H mutants grew less efficiently than the
RT-M184V mutant in head-to-head competitions, resembling
the results of the competitions performed in the absence of
drug (Fig. 3A, B, D, and E). However, in the presence of higher
drug concentrations (10 nM EVG and 100 nM FTC), both dou-
ble mutants were able to outgrow the RT-M184V mutant in
their respective competitions (Fig. 3C and F). Similarly, the
RT-M184V � IN-Q148R mutant remained less fit than the
IN-Q148R mutant in the presence of 1 nM EVG � 1 nM FTC
(Fig. 3H) but was able to outcompete the IN-Q148R mutant
with 100 nM EVG and 100 nM FTC present (Fig. 3I). The
competitions between the RT-M184V � IN-N155H mutant
versus IN-N155H mutant with EVG and FTC had similar re-
sults: the RT-M184V � IN-N155H mutant was less fit than the
IN-N155H mutant at the low drug concentrations but was able
to outgrow the IN-N155H mutant at the high drug concentra-
tions (Fig. 3K and L). Overall, these results demonstrate how
resistance can counteract fitness defects during antiretroviral
drug pressure.

DISCUSSION

Suppressive ARV therapy prevents HIV-1 disease progression, but
long-term treatment efficacy can be jeopardized by the develop-
ment of drug resistance. In patients experiencing virologic failure
on regimens containing EVG or RAL plus an NRTI backbone,
NRTI and INSTI resistance substitutions have been found to
codevelop (12–16, 28–30), suggesting potential cross-class muta-
tional interactions. We constructed HIV-1 site-directed mutants
based on the most common resistance profiles observed in EVG/
COBI/FTC/TDF phase 3 studies to explore the combined effects
of NRTI and INSTI resistance substitutions on viral fitness and
drug resistance. We previously reported that the RT-K65R, RT-
M184V, and IN-E92Q substitutions did not show any cross-class
resistance or fitness compensation in the absence of drug pressure
(18). We have now broadened our study to include other clinically
relevant INSTI resistance substitutions, IN-Q148R and IN-
N155H, in combination with RT-M184V and RT-K65R. Similar
to our previous conclusions, we found that drug susceptibility
depended mainly on the genotype of the target enzyme and that
the RT-M184V, IN-Q148R, and IN-N155H substitutions each
caused viral fitness defects that were additive but could be offset by
resistance in the presence of drugs.

EVG and RAL, the first two INSTIs to gain regulatory approval
for HIV-1 treatment, have complex and overlapping resistance
profiles consisting of multiple primary and secondary mutations
in IN (22, 31). Primary substitutions for both drugs, including
IN-Q148R and IN-N155H, have previously been associated with
diminished viral replicative fitness and are rarely observed in com-
bination on the same viral genomes in vivo (9, 17, 32, 33). Instead,

FIG 2 Growth competitions of the IN-N155H mutant (open circles) versus the IN-Q148R mutant (closed circles) in the presence of no drug (A), 1 nM EVG (B),
10 nM EVG (C), 50 nM EVG (D), and 100 nM EVG (E). Data are averages from 3 independent competition experiments, with standard deviations. Mean relative
fitness (RF) values for the IN-Q148R mutant compared to the IN-N155H mutant are shown in Table 2.
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FIG 3 (A to F) Growth competitions of the RT-M184V mutant versus the RT-M184V � IN-Q148R and RT-M184V � IN-N155H mutants in the presence of
no drug (A and D, respectively), 0.5 nM EVG � 1 nM FTC (B and E, respectively), and 10 nM EVG � 100 nM FTC (C and F, respectively). (G to L) Growth
competitions of the IN-Q148R mutant versus the RT-M184V � IN-Q148R mutant and the IN-N155H versus RT-M184V � IN-N155H mutant in the presence
of no drug (G and J, respectively), 1 nM EVG plus 1 nM FTC (H and K, respectively), and 100 nM EVG plus 100 nM FTC (I and L, respectively) Data are averages
from 3 independent competition experiments, with standard deviations. Mean relative fitness (RF) values for the double mutants (closed circles) compared to
the single mutants (open circles) are shown in Table 2.
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INSTI primary resistance mutants may coexist as distinct sub-
populations that evolve over time with or without development of
secondary INSTI resistance substitutions (9, 31, 34). Temporal
shifts in resistance pathways from IN-N155H to IN-Q148H/K/R
have been observed in patients failing RAL-containing regimens,
likely due to the selective advantage of more resistant IN-Q148H/
K/R mutants under continued drug pressure (35–38). Our data
support these findings in the context of EVG, with the less resis-
tant IN-N155H mutant appearing to have a fitness advantage over
the IN-Q148R mutant at low EVG concentrations and the reverse
occurring at high EVG concentrations. In the absence of drug, the
IN-Q148R and IN-N155H mutants had almost equivalently re-
duced fitnesses relative to that of the wild type, similar to previous
reports (1, 22, 38). IN-Q148R and IN-N155H resulted in greater
reductions in viral fitness than did the IN-E92Q substitution pre-
viously studied, which may partially explain why the IN-E92Q
substitution developed more frequently than the IN-Q148R or
IN-N155H substitution in the EVG/COBI/FTC/TDF-treated vi-
rologic-failure patients (16).

Unlike the resistance patterns observed during clinical trials of
EVG and RAL, clinical trials of ARV-naive patients treated with
DTG have not yielded development of INSTI and NRTI resistance
substitutions in combination (39–43). The significant fitness de-
fect caused by the primary DTG resistance substitution, IN-
R263K, and lack of compensatory mutations to restore viral fit-
ness have been proposed to play a role in preventing resistance
development to DTG-containing regimens (44–49). Further-
more, the RT-M184V and RT-M184I substitutions have been
shown to further reduce viral fitness, but not result in cross-class
drug resistance, when combined with IN-R263K (50), similar to
our findings presented here. However, the RT-M184I substitution
was able to develop in addition to IN-R263K under the dose-
escalating selective pressure of lamivudine (51), suggesting that at
least in vitro, HIV-1 can accommodate the fitness defects of IN-
R263K together with NRTI resistance substitutions. Thus, factors
other than viral fitness may be involved in the very low rates of
resistance development in clinical trials of DTG-based regimens.

Currently, DTG and the NNRTI rilpivirine are being investigated
as a 2-drug regimen for maintenance of virologic suppression.
Given the recent findings that certain NNRTI and INSTI resis-
tance substitutions may have cross-class interactions leading to
enhanced drug resistance (3), it will be interesting to see if
resistance development while on this DTG-based regimen re-
mains low.

Overall, NRTI and INSTI resistance substitutions are associ-
ated with reduced viral fitness compared to that of wild-type HIV
in the absence of drug. The substitutions RT-K65R, RT-M184V,
IN-Q148R, and IN-N155H did not exhibit cross-class resistance.
Double mutants containing RT-M184V with IN-Q148R or IN-
N155H demonstrated a competitive advantage in the presence of
FTC and EVG, reflecting the contribution of resistance to viral
fitness in the setting of multidrug pressure.
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