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Reduced Viral Fitness and Lack of Cross-Class Resistance with
Integrase Strand Transfer Inhibitor and Nucleoside Reverse
Transcriptase Inhibitor Resistance Mutations

Kristen N. Andreatta, Derrick D. Goodman,* Michael D. Miller, Kirsten L. White
Gilead Sciences, Inc,, Foster City, California, USA

The most common pattern of emergent resistance in the phase III clinical trials of coformulated elvitegravir (EVG)-cobicistat
(COBI)-emtricitabine (FTC)-tenofovir disoproxil fumarate (TDF) was the EVG resistance substitution E92Q in integrase (IN)
with the FTC resistance substitution M184V in reverse transcriptase (RT), with or without the tenofovir (TFV) resistance substi-
tution K65R. In this study, the effect of these IN and RT substitutions alone and in combination in the same genome on suscepti-
bility to antiretroviral inhibitors and viral replication fitness was characterized. Single resistance substitutions (E92Q in IN [IN-
E92Q], M184V in RT [RT-M184V], and K65R in RT [RT-K65R]) specifically affected susceptibility to the corresponding inhibitor
classes, with no cross-class resistance observed. The IN-E92Q mutant displayed reduced susceptibility to EVG (50-fold), which
was not impacted by the addition of RT-M184V or RT-K65R/M184V. Viruses containing RT-M184V had high-level resistance
to FTC (>1,000-fold) that was not affected by the addition of IN-E92Q or RT-K65R. During pairwise growth competitions,
each substitution contributed to decreased viral fitness, with the RT-K65R/M184V + IN-E92Q triple mutant being the least
fit in the absence of drug. In the presence of drug concentrations approaching physiologic levels, however, drug resistance
offset the replication defects, resulting in single mutants outcompeting the wild type with one drug present, and double
and triple mutants outcompeting single mutants with two drugs present. Taken together, these results suggest that the re-
duced replication fitness and phenotypic resistance associated with RT and IN resistance substitutions are independent
and additive. In the presence of multiple drugs, viral growth is favored for viruses with multiple substitutions, despite the

presence of fitness defects.

he majority of marketed antiretroviral (ARV) inhibitors for

treatment of HIV-1 infection target one of three enzymes es-
sential for viral replication: protease (PR), reverse transcriptase
(RT), or integrase (IN). Initial ARV therapy recommended by the
current treatment guidelines consists of a combination of three
inhibitors from at least two drug classes, typically, two nu-
cleos(t)ide RT inhibitors (NRTIs) plus a ritonavir-boosted PR in-
hibitor (PI), nonnucleoside RT inhibitor (NNRTTI), or IN strand
transfer inhibitor (INSTI) (1-5). While ARV therapy successfully
suppresses viral replication in most cases, the emergence of drug
resistance mutations may occur and constitutes a major limitation
to long-term treatment efficacy. Resistance-associated mutations
(RAMs) often accumulate during virologic failure, potentially re-
ducing viral susceptibility to multiple drugs along with reducing
viral replicative fitness. However, additional accessory mutations
that may compensate for this fitness defect, with or without fur-
ther diminishing drug susceptibility, can also develop within the
same coding region of the target enzyme (6-9).

Single-tablet regimens (STRs) can offer complete ARV therapy
in a once-daily pill. The first INSTI-based STR combines elvite-
gravir (EVG) with the pharmacokinetic enhancer cobicistat
(COBI) and the NRTIs emtricitabine (FTC) and tenofovir (TFV)
disoproxil fumarate (TDF) (EVG-COBI-FTC-TDF) (10). In the
phase IIT studies of EVG-COBI-FTC-TDF, 18 of the 701 total sub-
jects treated with EVG-COBI-FTC-TDF (2.6%) developed RAMs
through 144 weeks (11-14). The most common pattern of viral
resistance contained the FTC primary resistance substitution
M184V in RT (RT-M184V) coupled with the EVG primary resis-
tance substitution E92Q in IN (IN-E92Q) (8 subjects) (13-15).
The TFV resistance substitution K65R in RT (RT-K65R) also oc-
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curred in combination with the M184V and E92Q substitutions in
two of these cases. Clonal sequence analysis of patient-derived
viral isolates revealed that these substitutions often occurred to-
gether on the same viral genomes (15). While IN-E92Q, RT-
M184V, and RT-K65R have been previously characterized indi-
vidually and with other substitutions in the same coding region,
the impact of these three substitutions combined in the same ge-
nome on drug susceptibility or viral fitness has not been studied.

Since HIV-1 IN and RT enzymes are expressed together in a
polyprotein and are proximally associated in preintegration com-
plexes, functional interplay is possible (16-18). Some evidence
suggesting that mutations in RT and IN may cooperatively pro-
duce cross-class drug resistance and/or compensatory fitness
effects has been presented. For example, HIV-1 site-directed mu-
tants with certain combinations of INSTI and NNRTI resistance
substitutions, such as G140S/Q148H in IN with K103N in RT,
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TABLE 1 Susceptibilities of HIV-1 with INSTI and/or NRTI drug resistance mutations to antiretroviral drugs

Fold change in EC,,, relative to wild type®

INSTIs NRTIs PI NNRTI
Virus mutant EVG RAL DTG TFV FTC AZT DRV EFV
IN-E92Q 50 11 2.0 1.2 1.3 0.7 0.9 0.8
RT-M184V + IN-E92Q 41 9.3 1.7 0.7 >1,000 0.3 0.8 0.5
RT-K65R/M184V + IN-E92Q 55 12 2.0 2.6 >1,000 0.3 0.9 0.6
RT-M184V 1.0 1.0 1.1 0.7 >1,000 0.4 0.9 0.8
RT-K65R 1.4 1.1 1.2 4.1 20 0.5 1.1 0.7
RT-K65R/M184V 1.3 1.1 1.1 2.6 >1,000 0.3 0.9 0.4

“ The data shown represent the means from at least 3 independent experiments. The EC5s for the wild type were 2.3 nM for EVG, 6.6 nM for RAL, 0.8 nM for DTG, 4.1 pM for
TFV, 0.7 uM for FTC, 0.2 uM for AZT, 6.6 nM for DRV, and 1.3 nM for EFV. Fold changes were calculated by setting the wild-type EC5, at 1, and all fold change values of >2.5 (in
boldface) demonstrated a statistically significant difference using a two-tailed Student’s ¢ test (P < 0.05).

were found to have decreased drug susceptibilities and increased
replicative fitness compared to the corresponding viruses with
only single-class resistance substitutions (19). Furthermore, stud-
ies of HIV-1 recombinants with patient-derived pol fragments
have also demonstrated that RAMs in PR/RT can alter viral fitness
when combined with INSTT resistance substitutions (20, 21). To
explore if similar interactions were occurring between the NRTI-
and INSTI-resistant mutants observed in the phase III studies of
EVG-COBI-FTC-TDF, viruses with the IN-E92Q, RT-M184V,
and RT-K65R substitutions were evaluated for resistance and rep-
lication fitness in infectious, multicycle drug susceptibility and
pairwise growth competition assays.

MATERIALS AND METHODS

Compounds and cells. The ARV inhibitors EVG, raltegravir (RAL),
FTC, TFV, dolutegravir (DTG), efavirenz (EFV), and darunavir
(DRV) were synthesized at Gilead Sciences (Foster City, CA). Zidovu-
dine (AZT) was purchased from Sigma-Aldrich (St. Louis, MO). MT-2
cells were obtained from the National Institutes of Health AIDS Re-
search and Reference Reagent Program (Germantown, MD). HEK
293T cells were purchased from the American Type Culture Collection
(ATCC; Manassas, VA).

Construction of site-directed mutant viruses. A chimeric HIV-1
xxLAI proviral plasmid (22) containing RT nucleotides 40 to 1470
from the HXB2 HIV-1 strain and Xmal and Xbal restriction sites was
constructed previously (HIV-1,; s uxgo.rr) (7). The restriction site
Eco471I1 was silently introduced into HIV-1 sy /yxporr just up-
stream of the IN start codon (RT nucleotides 1657 to 1662) using
site-directed mutagenesis (HIV-1,; A /1xp2-r1-Eco)- A fragment of the
HXB2 genome containing IN was amplified using primers containing
Eco4711I and Sall restriction sites and then cloned into HIV-
L aymxs2-rT-Eco 10 Create HIV-1oy aymxpo rr-peon: NRTI and
INSTI resistance mutations were previously introduced into the HXB2
genome in the pET p66 shuttle vector using site-directed mutagenesis
(22-25) and transferred into HIV-1_; s 1/1ixBs-rT-Bco-1n Using standard
cloning techniques.

Wild-type and mutant viruses were generated by transient transfec-
tion of HEK 293T cells using the TransIT-293 transfection reagent (Mirus
Bio LLC, Madison, WI). Viruses titers were determined in triplicate on
MT-2 cells by use of the cytopathic effect to determine the 50% tissue
culture infectious dose (TCIDs,) at 5 days postinfection (26).

Antiviral drug susceptibility assay. The susceptibilities of wild-type
and mutant HIV-1 isolates to NRTIs, INSTIs, NNRTIs, and PIs were
determined in MT-2 cells using a 5-day multiple-cycle assay, as described
previously (27). Effective concentrations which inhibit 50% of viral rep-
lication (ECy,s) were determined by nonlinear regression of data con-
verted to percent cell death using SigmaPlot software (Systat Software, San
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Jose, CA). The statistical significance of the fold changes for the mutants
compared to the values for the wild-type control was calculated with a
Student’s t test (two-tailed).

Determination of viral replication fitness by growth competition
assay. Viral growth competition and MultiCode reverse transcriptase
(RTx) PCR assays were performed as previously described (7, 23). Briefly,
competing recombinant viruses in the HIV-1_ 1xpa-rr-peo-in DACK-
bone with no change (xxLAI) or with silent markers at nucleotides 18 and
21 of the RT-coding region (F-xxLAI) (7, 22) were mixed together at
relative 50:50 ratios and used to inoculate MT-2 cells (multiplicity of
infection [MOI], =0.0005). Following a 2-h infection period, the cells
were washed 3 times with phosphate-buffered saline (PBS) to remove
unbound virus and cultured in the absence or presence of EVG and/or
FTC at a range of subtherapeutic concentrations. Cultures were passaged
by inoculating fresh MT-2 cells with 40 pl of virus-containing superna-
tant on days 3 and 6 to keep the MOI low and the possibility of recombi-
nation minimal. Viral RNA was extracted from 200 pl of supernatant
from days 0, 3, 6, and 9 using an EZ1 virus minikit (v2.0) and a BioRobot
EZ1 workstation (Qiagen, Valencia, CA) and digested with DNase (Turbo
DNA-free kit; Ambion, Austin, TX). MultiCode RTx allele-specific PCR
(Luminex, Austin, TX) was performed on the extracted viral RNA with
allele-specific forward and reverse primers (xxLAI-specific primer HEX-
isoC- [5'GACGAGACCATTAGTCCTATTGAAACT], F-xxLAl-specific
primer FAM-isoC- [5'TGCTGACATTAGTCCTATTGAGACG], and re-
verse primer [5'TGTCAATGGCCATTGTTTAACTTTTGG]) as previ-
ously described (7, 23, 28). The percentages of competing viruses were
determined from standard curves generated by SigmaPlot.

Quantitative estimates of relative viral fitness were calculated with the
following equation: (1 + s) = exp{(1/t) X In[(M/W,) X (W,/M,)I1},
where s is the selection coefficient; ¢ is the time (in days); M, and M, are
the fractions of mutant virus initially and at the time of measurement,
respectively; and W, and W, are the fractions of wild-type virus initially
and at the time of measurement, respectively (29). A 1 + s relative fitness
(RF) value of 1.00 indicates that both viruses grew with equivalent fitness,
while a 1 + s value of <1.00 indicates less efficient growth of the second
virus competitor than the first virus competitor. The mean 1 + s value
from at least three independent competition experiments is reported, and
a Student’s t test (two-tailed) was used for statistical comparison. Control
experiments demonstrated that the silent mutations used for PCR differ-
entiation of two competing viruses did not affect viral fitness; for example,
competition between wild-type xxLAI virus and wild-type F-xxLAI virus
produced a 1 + svalue of 1.02 % 0.04 (see Table 2).

RESULTS

NRTI and INSTI resistance mutations contribute only to in-
class resistance. The drug susceptibilities of wild-type virus and
mutants containing RAMs in RT (K65R, M184V), IN (E92Q), and
both RT and IN (M184V + E92Q, K65R/M184V + E92Q) were
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TABLE 2 Relative fitness of wild-type and site-directed mutant HIV-1 in growth competition assays

Competition condition and genotype of RF (1 +5)
competing viruses value” P value® Fitness interpretation
Without drug
WT vs WT? 1.02 + 0.04 WT = WT
WT vs RT-M184V 0.90 £ 0.02 <0.001 WT > RT-M184V
WT vs IN-E92Q 0.86 * 0.04 <0.001 WT > IN-E92Q
WT vs RT-M184V + IN-E92Q 0.79 = 0.02 <0.001 WT > RT-M184V + IN-E92Q
WT vs RT-K65R 0.70 £ 0.04 <0.001 WT > RT-K65R
WT vs RT-K65R/M 184V 0.67 £ 0.08 <0.001 WT > RT-K65R/M184V
WT vs RT-K65R/M184V + IN-E92Q <0.56 = 0.02 <0.001 WT > RT-K65R/M184V + IN-E92Q)
IN-E92Q vs RT-M184V 1.13 £ 0.09 0.046 IN-E92Q < RT-M184V
RT-M184V vs RT-M184V + IN-E92Q 0.83 £ 0.07 0.002 RT-M184V > RT-M184V + IN-E92Q
IN-E92Q vs RT-M184V + IN-E92Q 0.90 = 0.02 0.004 IN-E92Q > RT-M184V + IN-E92Q
IN-E92Q vs RT-K65R/M184V + IN-E92Q 0.64 £ 0.02 <0.001 IN-E92Q > RT-K65R/M 184V + IN-E92Q
RT-M184V vs RT-K65R 0.78 = 0.02 <0.001 RT-M184V > RT-K65R
RT-K65R/M184V vs RT-K65R 132+ 0.2 0.014 RT-K65R/M184V < RT-K65R
With drug
WT vs IN-E92Q (0.25 nM EVG) 0.87 = 0.07 0.008 WT > IN-E92Q
WT vs IN-E92Q (0.5 nM EVG) 0.96 £ 0.02 0.082 WT =~ IN-E92Q
WT vs IN-E92Q (1 nM EVG) 1.08 = 0.6 0.170 WT = IN-E92Q
WT vs RT-M184V (1 nM FTC) 0.90 = 0.02 0.003 WT > RT-M184V
WT vs RT-M184V (10 nM FTC) 0.98 £ 0.02 0.172 WT ~ RT-M184V
WT vs RT-M184V (100 nM FTC) 1.25 £ 0.11 0.004 WT < RT-M184V
IN-E92Q) vs RT-M184V + IN-E92Q 0.86 = 0.08 0.009 IN-E92Q > RT-M184V + IN-E92Q
(1nM EVG)
IN-E92Q) vs RT-M184V + IN-E92Q 0.88 £ 0.1 0.048 IN-E92Q > RT-M184V + IN-E92Q
(100 nM EVG)
IN-E92Q vs RT-K65R/M184V + IN-E92Q 0.67 £ 0.005 <0.001 IN-E92Q > RT-K65R/M184V + IN-E92Q
(1 nM EVG)
IN-E92Q vs RT-K65R/M184V + IN-E92Q 0.74 0.2 0.007 IN-E92Q > RT-K65R/M184V + IN-E92Q
(100 nM EVG)
IN-E92Q) vs RT-M184V + IN-E92Q 0.92 £ 0.08 0.050 IN-E92Q = RT-M184V + IN-E92Q
(1 nM EVG, 1 nM FTC)
IN-E92Q vs RT-M184V + IN-E92Q 1.19 £ 0.04 0.002 IN-E92Q < RT-M184V + IN-E92Q
(100 nM EVG, 100 nM FTC)
IN-E92Q vs RT-K65R/M184V + IN-E92Q 0.78 = 0.18 0.024 IN-E92Q > RT-K65R/M184V + IN-E92Q
(1 nM EVG, 1 nM FTC)
IN-E92Q vs RT-K65R/M184V + IN-E92Q 1.21 £ 0.19 0.076 IN-E92Q = RT-K65R/M184V + IN-E92Q
(100 nM EVG, 100 nM FTC)
RT-M184V vs RT-M184V + IN-E92Q 0.94 £ 0.06 0.066 RT-M184V = RT-M184V + IN-E92Q
(0.25 nM EVG, 1 nM FTC)
RT-M184V vs RT-M184V + IN-E92Q 1.54 = 0.13 <0.001 RT-M184V < RT-M184V + IN-E92Q
(5nM EVG, 100 nM FTC)
RT-M184V vs RT-K65R/M 184V + IN-E92Q 0.74 £ 0.09 0.001 RT-M184V > RT-K65R/M184V + IN-E92Q
(0.25 nM EVG, 1 nM FTC)
RT-M184V vs RT-K65R/M 184V + IN-E92Q 1.23 £0.2 0.054 RT-M184V = RT-K65R/M184V + IN-E92Q

(5nM EVG, 100 nM FTC)

“ The relative fitness (RF) value of the mutant in competition with wild-type HIV-1 was calculated as follows: (1 + s) = exp{(1/t) X In[(M/W,) X (W,4/M,,)]}, where s is the
selection coefficient; t is time (in days); M, and M, are the fractions of mutant virus initially and at the time of measurement, respectively; and W, and W, are the fractions of wild-
type virus initially and at the time of measurement, respectively (29). Mutant-versus-mutant competitions were analyzed using the same equation. A 1 + s value of 1.00 represents
equivalent levels of viral fitness between the competitors; a value of <1.00 represents growth less efficient than that of the competitor. The data shown represent the means and

standard deviations from at least 3 independent experiments.

b A control experiment was performed to verify that isogenic HIV-1 recombinants differing only in their sequence tags would grow with equivalent fitness. WT, wild type.
¢ P values were determined using a two-tailed Student’s ¢ test comparing the competitions to the wild-type-versus-wild-type competition.

evaluated in tissue culture to determine the effects of these substi-
tutions on phenotypic resistance to the INSTIs EVG, RAL, and
DTG, the NRTIs TFV, FTC,and AZT, the PIDRV, and the NNRTI
EFV (Table 1).

Phenotypic susceptibility to all currently approved INSTTs was
first determined (Table 1). The virus harboring the single IN-
E92Q substitution showed a 50-fold reduction in EVG suscepti-
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bility compared to that of the wild type (P = 0.002). This level of
resistance to EVG was not significantly affected by the addition of
RT-M184V (41-fold) or RT-K65R/M184V (55-fold). The IN-
E92Q mutant had cross-resistance to RAL, with reductions in RAL
susceptibility of 11-fold for the IN-E92Q mutant, 9.3-fold for the
RT-M184V + IN-E92Q mutant, and 12-fold for the RT-K65R/
M184V + IN-E92Q mutant. All viruses that contained IN-E92Q
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FIG 1 Growth competitions of the HIV-1 wild type (WT; open circles) versus the RT-M184V (A), IN-E92Q (B), RT-M184V + IN-E92Q (C), RT-K65R (D),
RT-K65R/M184V (E), and RT-K65R/M184V + IN-E92Q (F) mutants (closed circles). MT-2 cells were coinfected with viral stocks mixed at a 50:50 ratio. The
proportion of virus at each time point was determined by quantifying viral RNA by real-time allele-specific RT-PCR. Data shown are averages from 3
independent competition experiments with standard deviations. The mean relative fitness (RF; 1 + s) values for the mutant viruses compared to WT are shown

in Table 2.

retained susceptibility to DTG (fold change compared to wild-
type susceptibility, <2.5). The viruses containing only RT substi-
tutions (K65R, M184V, and K65R/M184V) remained fully sus-
ceptible to EVG, RAL, and DTG.

The susceptibility of HIV-1 mutants with RT and IN RAMs to
NRTIs was also assessed (Table 1). All viruses containing the RT-
M184V substitution demonstrated high levels of resistance to FTC,
with >1,000-fold reductions in susceptibility (P < 0.0001). The RT-
K65R mutant had low-level reduced susceptibility to TFV (4.1-fold,
P = 0.0004) and reduced susceptibility to FTC (20-fold, P = 0.004).
The addition of RT-M184V to RT-K65R partially restored suscepti-
bility to TFV (2.6-fold reduction in TFV susceptibility for the RT-
K65R/M184V mutant compared to 4.1-fold reduction for the mu-
tant with the RT-K65R substitution alone) but added high-level FTC
resistance, similar to what has previously been reported (30). The
addition of the IN-E92Q substitution to RT-K65R/M184V did not
affect the level of reduced TFV susceptibility, which remained 2.6-
fold for the RT-K65R/M184V + IN-E92Q mutant. All RT-M184V
viruses without RT-K65R exhibited slightly increased sensitivity to
TFV (0.7-fold relative to wild type, P > 0.05). Furthermore, the pres-
ence of RT-M184V increased susceptibility to AZT (=0.4-fold rela-
tive to wild type, P = 0.05), as did the presence of RT-K65R (0.5-fold
relative to wild type, P > 0.05). The IN-E92Q mutant remained sus-
ceptible to all NRTTs. In addition, all viruses remained susceptible to
representative inhibitors from the PI (DRV) and NNRTI (EFV) ARV
classes (Table 1). Overall, these IN and RT substitutions affected viral
susceptibility only to drugs of their corresponding enzyme target
without cross-class resistance.

NRTI and INSTI resistance mutations cause cumulative de-
creases in viral fitness. To investigate the effects of RT-K65R,
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RT-M184V, and IN-E92Q alone and in combination on viral rep-
lication fitness, pairwise growth competition experiments were
performed. Two viruses were mixed at relative equal proportions
and propagated for 9 days in MT-2 cells. The ratios of the viruses
were quantified by real-time allele-specific RT-PCR at days 0, 3, 6,
and 9. The replication efficiency of each virus was determined by
calculating 1 + s relative fitness (RF) values, where a value of 1.00
indicates equivalent fitness, a value of <1.00 indicates a reduced
fitness of the second virus competitor relative to that of the first
virus competitor, and a value of >1.00 indicates an enhanced
fitness of the second virus competitor relative to that of the first
virus competitor (Table 2). In the first set of experiments, mutant
viruses competed against wild-type virus (Fig. 1). The proportion
of the RT-M184V virus relative to the amount of wild-type virus
decreased from 49% to 27% by day 9, indicating the reduced rep-
lication fitness of the RT-M184V mutant (RF = 0.90). The IN-
E92Q mutant also demonstrated reduced replication fitness rela-
tive to wild type, decreasing in proportion from 46% at day 0 to
16% by day 9 (RF = 0.86). The combination of the RT-M184V
and IN-E92Q substitutions further diminished viral fitness: the
RT-M184V + IN-E92Q mutant decreased in proportion from
45% to 8% by day 9 (RF = 0.79), demonstrating a greater reduc-
tion in viral fitness than mutants with either substitution alone
when in competition with wild type. Similarly, the RT-K65R virus
had decreased fitness relative to wild type, and the addition of the
RT-M184V and IN-E92Q substitutions to RT-K65R further re-
duced viral fitness (RFs = 0.70 for the RT-K65R mutant, 0.67 for
the RT-K65R/M184V mutant, and <0.56 for the RT-K65R/
M184V + IN-E92Q mutant). Overall, the relative viral fitness of
RT and/or IN mutants in competition with wild type declined in
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FIG 2 HIV-1 mutant-versus-mutant growth competitions (genotype indicated): IN-E92Q versus RT-M184V (A), RT-M184V versus RT-M184V + IN-E92Q
(B), IN-E92Q versus RT-M184V + IN-E92Q (C), IN-E92Q versus RT-K65R/M 184V + IN-E92Q (D), RT-M 184V versus RT-K65R (E), and RT-K65R versus
K65R/M184V (F). The data shown are averages from 3 independent competition experiments with standard deviations. Mean relative fitness (RF; 1 + s) values
for test viruses (filled circles) relative to competitor viruses (open circles) are shown in Table 2.

the following genotypic order: wild-type > RT-M184V ~ IN-
E92Q > RT-M184V + IN-E92QQ > RT-K65R =~ RT-K65R/
M184V > RT-K65R/M184V + IN-E92QQ.

To further characterize the viral fitness of RT and IN mutants,
mutant-versus-mutant growth competitions were performed
(Fig. 2). The RT-M184V virus outcompeted the IN-E92Q virus,
indicating a slightly greater replicative fitness (RF = 1.13). The
RT-M184V + IN-E92Q mutant was less fit than mutants with a
single RT-M 184V or IN-E92Q substitution (RFs = 0.83 versus the
RT-M184V mutant and 0.90 versus the IN-E92Q mutant). Addi-
tion of RT-K65R to RT-M184V + IN-E92Q further reduced the
replication fitness, resulting in the RT-K65R/M184V + IN-E92Q
mutant being less fit than the IN-E92Q mutant (RF = 0.64). The
RT-K65R mutant was less fit than the RT-M184V mutant but
exhibited greater fitness than the RT-K65R/M 184V combination
mutant (RFs = 0.78 versus the RT-M184V mutant and 1.32 versus
the RT-K65R/M184V mutant). As a result of the mutant-versus-
mutant pairwise competitions, the overall relative viral fitness of
mutants was further resolved to the following genotypic order:
wild type > RT-M184V > IN-E92Q > RT-M184V + IN-E92Q >
RT-K65R > RT-K65R/M184V > RT-K65R/M184V + IN-E92Q
(Table 2).

Antiretroviral drug pressure influences mutant viral fitness.
Viral growth competition assays were also performed in the pres-
ence of EVG and/or FTC in order to assess the combined effects of
drug resistance and viral fitness in the same assay (Table 2). A
range of concentrations below the ECs, for the competitor virus
was selected to highlight the change in relative growth kinetics
between the two viruses under increasing drug pressure, while not
surpassing in vivo physiologically relevant conditions. When the
IN-E92Q mutant competed against wild type in the presence of
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0.25 nM EVG, the IN-E92Q virus remained less fit (RF = 0.87)
(Fig. 3A). In the presence of 0.5 nM EVG, both viruses grew sim-
ilarly (RF = 0.96) (Fig. 3B). At 1 nM EVG, the IN-E92Q mutant
grew more efficiently than wild type (RF = 1.08) (Fig. 3C). When
the RT-M184V mutant competed against wild type in the pres-
ence of 1, 10, and 100 nM FTC, a similar result of increased fitness
was observed (RFs = 0.90, 0.99, and 1.25, respectively) (Fig. 3D to
F). These experiments demonstrate how drug resistance enabled
the mutants to replicate more efficiently than wild type under the
highest levels of drug pressure.

Competitions with the IN-E92Q mutant versus the RT-
M184V + IN-E92Q or RT-K65R/M 184V + IN-E92Q mutant
were also performed in the presence of various concentrations
of EVG (Table 2; Fig. 4). Because the IN-E92Q, RT-M184V +
IN-E92Q, and RT-K65R/M 184V + IN-E92Q mutants showed
relatively equivalent reduced susceptibility to EVG in the phe-
notyping assay, the growth kinetics of the virus pairs were not
expected to significantly change in the presence of EVG. In
other words, the IN-E92Q mutant was predicted to retain a
fitness advantage over the mutants with double or triple sub-
stitutions, similar to the results from the competitions per-
formed in the absence of drug pressure. Competitions of the
IN-E92Q mutant versus the RT-M184V + IN-E92Q mutant in
the presence of 1 and 100 nM EVG yielded RF values of 0.86
and 0.88, respectively. These fitness values were not signifi-
cantly different from each other or those determined in the
absence of EVG (RF = 0.90) (Fig. 4A and B). Similarly, the
IN-E92Q mutant versus RT-K65R/M184V + IN-E92Q mutant
competitions performed in the presence of 1 and 100 nM EVG
resulted in RF values of 0.67 and 0.74, respectively, which were
also not significantly different from each other or those deter-
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mined in the absence of EVG (RF = 0.64) (Fig. 4C and D).
These results confirm that the RT substitutions have no effect
on EVG resistance when combined with the IN-E92Q substi-
tution.

Finally, to understand viral growth kinetics under multidrug
pressure closer to that found under in vivo conditions, single-
substitution mutants were competed against combination substi-
tution mutants in the presence of both EVG and FTC. At 1 nM
EVGand 1 nM FTC, the RT-M184V + IN-E92Q mutant retained
its fitness defect relative to the IN-E92Q mutant (RF = 0.92) (Fig.
5A). At the same drug concentrations, the RT-K65R/M184V +
IN-E92Q mutant also remained less fit than the IN-E92Q mutant
(RF = 0.78) (Fig. 5C). At 100 nM EVG and 100 nM FTC, however,
the RT-M184V + IN-E92Q and RT-K65R/M184V + IN-E92Q
mutants had increased fitness relative to the IN-E92Q mutant
(RFs = 1.19 and 1.21, respectively) (Fig. 5B and D). Similarly, the
RT-M184V + IN-E92Q mutant remained less fit than the RT-
M184V mutant in the presence of 0.25 nM EVG and 1 nM FTC
(RF = 0.94) but outcompeted the RT-M184V mutant in the pres-
ence of 5nM EVG and 100 nM FTC (RF = 1.54) (Fig. 6A and B).
The RT-K65R/M184V + IN-E92Q mutant also remained less fit
than the RT-M184V mutant during competitions with the lower
drug concentrations present (0.25 nM FTC and 1 nM EVG, RF =
0.74) but overgrew the RT-M184V mutant by day 9 of the com-
petition in the presence of 5 nM EVG and 100 nM FTC (RF =
1.23) (Fig. 6C and D). Therefore, although the IN-E92Q), RT-
M184V, and RT-K65R substitutions conferred additive reduc-
tions in viral fitness in the absence of drugs, the drug resistance
caused by these substitutions offset the fitness defects when mul-
tiple drugs were present, allowing for replication of the most re-
sistant viruses.
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DISCUSSION

The concurrent evolution of multiple substitutions in HIV during
ARV treatment failure may be associated with increased resistance
to the drugs in the regimen and/or compensation of fitness de-
fects. In phase I1I studies of EVG-COBI-FTC-TDF, the most com-
mon resistance pattern observed in viral isolates from subjects
experiencing virologic failure while they were on EVG-COBI-
FTC-TDF was E92Q in IN and M 184V with or without K65R in
RT. The RT-M184V substitution was also observed with other
primary INSTI resistance substitutions, including NI55H,
Q148R, and T66], in these studies (11, 12, 14, 19). Similarly, in
treatment-naive patients failing a RAL-FTC-TDF regimen, the
most frequent resistance pattern was RT-M184V/I plus RAL
RAMs (31, 32). While many primary INSTI resistance-associated
substitutions are often associated with fitness defects (9, 24), data
on the potential pleiotropic effects of INSTI RAMs in combina-
tion with NRTI RAMs are limited. Therefore, HIV-1 site-directed
mutants were created to assess the effects of IN-E92Q, RT-
M184V, and RT-K65R alone and in combination on drug suscep-
tibility and viral fitness. The results presented herein show for the
first time that these substitutions in combination exhibit no ap-
parent cross-class fitness compensation or drug susceptibility in-
teractions. Additional studies are ongoing to investigate the po-
tential effects of interactions between RT-M184V and other
clinically relevant INSTI resistance substitutions. Of note, synergy
studies of EVG, FTC, and TFV (33) and a review of INSTI resis-
tance in clinical studies (34) may also be relevant to the results
presented here.

The role of multiple resistance mutations throughout the
HIV-1 pol gene on cross-class ARV susceptibility and relative rep-
licative fitness is not fully understood. Recent studies suggest that
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FIG 4 HIV-1 mutant-versus-mutant growth competitions (genotype indi-
cated): IN-E92Q versus RT-M184V + IN-E92Q in the presence of EVG at 1
nM (A) and 100 nM (B) and IN-E92Q versus RT-K65R/M 184V + IN-E92Q in
the presence of EVG at 1 nM (C) and 100 nM (D). The data shown are averages
from 3 independent competition experiments with standard deviations. Mean
relative fitness (RF; 1 + s) values for the double and triple mutant viruses (filled
circles) relative to the IN-E92Q mutant (open circles) are shown in Table 2.

substitutions in PR, RT, and IN can cooperatively affect viral fit-
ness and drug resistance in some cases. For example, the RT-
K103N + IN-G140S/Q184R site-directed mutant virus and some
patient-derived recombinant viruses with certain complex pat-
terns of PI, NRTI, and INSTI RAMs appear to have altered drug
susceptibilities and/or increased viral fitness compared to viruses
with only the corresponding single-class mutations (19-21). It
should be noted, however, that the majority of patient-derived
viruses with multidrug resistance from these studies showed no
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FTC (C) and 100 nM EVG plus 100 nM FTC (D). The data shown are averages
from 3 independent competition experiments with standard deviations. Mean
relative fitness (RF; 1 + s) values for the double and triple mutant viruses (filled
circles) relative to the IN-E92Q mutant (open circles) are shown in Table 2.

cross-class susceptibility effect or compensation of replicative fit-
ness. Nonetheless, these data suggest that while HIV-1 PR-, RT-,
and IN-coding regions are all likely involved in modulating viral
fitness and drug susceptibility, a complex interaction between sev-
eral resistance substitutions and background polymorphisms may
be important in determining the overall viral phenotype.

One limitation of our work is that the potential impact of ad-
ditional accessory mutations (detected in patient viral isolates)
was not assessed. For example, viral isolates with RT-K65R/
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tions. Mean relative fitness (RF; 1 + s) values for the double and triple mutant
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shown in Table 2.

M184V substitutions from 3 of 5 subjects in the EVG-COBI-FTC-
TDF studies also had the RT-A62V substitution, previously de-
scribed to be a partial compensatory substitution associated with
RT-K65R (7). Thus, the fitness defects observed for viruses con-
taining RT-K65R/M184V may not fully reflect the diminished
replicative fitness of all clinically relevant viral isolates. While
commercial assays can capture the possible phenotypic effects of
additional (often polymorphic) substitutions that coevolve with
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resistance mutations, these assays have traditionally used ampli-
fied PR/RT or IN separately and were therefore not able to study
RT and IN together. Thus, for understanding the global impact of
mutations throughout the HIV-1 pol gene on viral fitness and
drug susceptibility, both site-directed mutant and patient-derived
recombinant viruses may have limitations when used for in vitro
studies. Future experiments using site-directed mutagenesis to re-
vert specific mutations in patient-derived recombinants could
provide further insight into the complex interactions of mutations
across the HIV-1 genome. For now, it appears that evaluation of
individual coding regions may be sufficient for drug susceptibility
analysis, on the basis of the lack of cross-class resistance found
here and in other studies (20, 21), but all of the pol gene should be
represented to determine overall replicative fitness.

Here, the potential interaction of site-directed INSTI and
NRTI resistance substitutions on viral fitness and drug suscepti-
bility was assessed. For viruses containing RT-M184V + IN-E92Q
with or without RT-K65R, replicative fitness defects were cumu-
lative in the absence of drug pressure, and no cross-class resistance
was observed. In the presence of drug, however, viral resistance
offset intrinsic replication defects to allow the outgrowth of oth-
erwise unfit mutants. These results suggest that resistance to mul-
tiple components of an ARV regimen may influence viral evolu-
tion more than replication fitness in cases of virologic failure.
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