-.\' frontiers

in Pharmacology

REVIEW
published: 29 April 2015
doi: 10.3389/fphar.2015.00090

OPEN ACCESS

Edited by:
Rongtuan Lin,
McGill University, Canada

Reviewed by:

Jiang Liu,

University of Southern California, USA
Venkata Subba Rao Atluri,

Florida International University, USA

*Correspondence:

Mark A. Wainberyg,

Lady Davis Institute for Medical
Research, McGill University AIDS
Centre, Jewish General Hospital,
Montreal, QC H3T 1E2, Canada
mark.wainberg@mcgill.ca

Specialty section:

This article was submitted to
Experimental Pharmacology and Drug
Discovery,

a section of the journal

Frontiers in Pharmacology

Received: 11 February 2015
Accepted: 12 April 2015
Published: 29 April 2015

Citation:

Wainberg MA and Han Y-S (2015) Will
drug resistance against dolutegravir
in initial therapy ever occur?

Front. Pharmacol. 6:90.

doi: 10.3389/fohar.2015.00090

Will drug resistance against
dolutegravir in initial therapy ever
occur?
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Dolutegravir (DTG) is a second-generation integrase strand transfer inhibitor (INSTI) and
INSTIs are the latest class of potent anti-HIV drugs. Compared to the first generation
INSTIs, raltegravir, and elvitegravir, DTG shows a limited cross-resistance profile. More
interestingly, clinical resistance mutations to DTG in treatment-naive patents have not
been observed to this date. This review summarizes recent studies on resistance
mutations to DTG and on our understanding of the mechanisms of resistance to DTG
as well as future directions for research.
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Introduction

Antiretroviral therapy (ART) usually involves a combination of at least three different antiretroviral
(ARV) drugs to maximally suppress HIV propagation and stop the progression of HIV disease.
ART has led to a huge decrease in HIV-related morbidity and mortality, particularly when it is
used in early stages of disease. Currently, 29 ARV drugs, belonging to six different classes that act
at different stages of the HIV life cycle, have been approved by the Food and Drug Administration
(FDA) of the U.S. for use in the clinic. However, HIV can develop resistance to evade the effects of
treatment by almost all classes of ARV drugs.

Integrase strand transfer inhibitors (INSTTs), which block the integration of HIV viral DNA into
host chromosomal DNA, are the latest class of ARV drugs. So far, there are three approved INSTTIs,
raltegravir (RAL), elvitegravir (EVG), and dolutegravir (DTG). RAL and EVG, the first generation
INSTTIs, are highly effective in treatment of patients with HIV. But HIV resistance to both RAL and
EVG can emerge relatively rapidly in tissue culture and can also arise in patients as a result of single
mutations or primary mutations that are in combination with a secondary mutation in integrase
(Geretti et al., 2012; Mesplede et al., 2013; Quashie et al., 2013b; Grobler and Hazuda, 2014). Cross
resistance to DTG between RAL and EVG has also been documented.

However, DTG, a second generation INSTI, has shown a superior barrier to resistance compared
to that seen with RAL or EVG. DTG is able to inhibit RAL- and EVG-resistant viruses either
completely or partially in vitro. Importantly DTG is the only anti-HIV drug that HIV has not
developed resistance mutations against when the drug is used in first line therapy (Mesplede and
Wainberg, 2014). This review summarizes recent findings on resistance mutations to DTG and the
underlying mechanisms that may be responsible for the absence of resistance to DTG in first line
therapy.

HIV Resistance to DTG

Raltegravir and EVG share similar resistance profiles in regard to mutations in the active site of
integrase. Furthermore, resistance to RAL and EVG can emerge rapidly both in vitro and in patients
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(Geretti et al.,, 2012). Resistance to RAL includes three major
mutational pathways involving positions Y143, Q148, and N155
in integrase. For EVG, major primary mutations include T66I,
E92Q, NI155H, and QI148H/K/R. Extensive cross resistance
between RAL and EVG can occur through mutations at position
155 and 148. In comparison with the first generation INSTIs RAL
and EVG, DTG has a higher resistance barrier (Wainberg et al,,
2013; Llibre et al., 2014; White et al., 2014), and also shows less
sensitive to the changes caused by mutations at N155 and Q148
(Abram et al., 2013; Quashie et al., 2013b; Table 1).

Some mutations that are potentially involved in integrase
resistance to DTG and that were selected in vitro and in vivo
include F121, S153, G118, E138, and R263 (Kobayashi et al.,
2011; Quashie et al., 2012). These mutations alone or in combi-
nation with accessory mutations did not abrogate susceptibility
to DTG, but did impair viral replicative fitness to varying extent
(Table 2). The most common mutation identified in cell culture
selections with DTG was R263K and this substitution was shown
to confer low-level resistance to DTG (fold change, FC = 2.3-fold;
Quashie et al., 2012). R263K also impaired strand transfer activ-
ity and decreased viral replication capacity (RC). R263K has been
reported in several treatment-experienced, INSTI-naive patients
(Cahn et al., 2013).

Usually a combination of primary mutation and secondary
mutations increase levels of drug resistance while restoring viral
replication fitness. In cell culture selections in the presence of
DTG, R263K was often observed together with H51Y in subtype
B and recombinant A/G viruses. H51Y alone has no effects on
resistance to DTG. However, the addition of H51Y to R263K

increases resistance to DTG to ~eightfold in a HIV susceptibil-
ity assay using TZM-bl cells and dramatically decreases viral RC
by ~90%; enzyme strand transfer activity is reduced by ~80%
(Mesplede et al., 2013).

Similarly, M501 was identified as an accessory mutation in
association with R263K in cell cultures selected under DTG pres-
sure and has been also reported in a patient failing treatment
with RAL. The natural polymorphism M50I alone has no influ-
ence on strand transfer activity and viral RC. Relative to M50I
alone, the combination of M50I and R263K increased resistance
to DTG to 5.6-fold, but did not restore viral RC (Wares et al.,
2014). Moreover, recent studies showed that the addition of
E138K to R263K modestly increased resistance to DTG in cell
culture (FC = 4.3) and slightly increased susceptibility to DTG
in cell-free strand-transfer assay from FC = 3 to FC = 4.4. The
combination of E138K and R263K decreased integrase strand-
transfer activity to about 60% compared to the WT enzyme and
failed to restore viral infectivity (~twofold decrease) and RC
(Mesplede et al., 2014).

Another common mutation for resistance to DTG that was
selected in cell culture is G118R (Quashie et al., 2014). Viruses
containing R263K or GI18R, alone or in combination with
secondary mutations, often severely impaired virus RC. This may
be the reason that primary resistance to DTG is so rare in clinical
studies performed to date.

The mutations at R263K, G118R, H51Y, and E138K in inte-
grase have been shown to confer low-level resistance to DTG.
A recent study tested the ability of viruses harboring DTG-
resistant mutations at either R263K or G118R and/or H51Y

TABLE 1 | Major resistance pathways to raltegravir (RAL), elvitegravir (EVG), and dolutegravir (DTG).

Mutational pathways

Fold resistance

RAL EVG DTG
Y143 pathway Y143C <10 <2 <2
Y143R <50 <2 <2
TIO7A/N143C >100 <2 <2
TO7A/Y143R >100 <2 <2
L74M/TO7A/N143G <50 ND <2
L74M/TO7A/E138A/Y143C <20 ND <2
N155 pathway N155N <50 50 <2
E92Q/N155H <100 >100 <10
L74M/N155H <50 <50 <2
Q148 pathway Q148H <20 <10 <2
Q148K <100 <100 <2
Q148R <50 <100 <2
E138K/Q148H <10 <20 <2
E138K/Q148K >100 >100 <10
E138K/Q148R >100 >100 <10
G140S/Q148H >100 >100 <20
G140S/Q148K <10 <100 <2
G140S/Q148R >100 >100 <10
E138A/G140S/Y143H/Q148H >100 ND <50
R263K pathway R263K <1 3 4
R263K/H51Y 3-5 3 4-6
G118R pathway G118R 10-17 >5 >8
G118R/H51Y ND ND ND
G118R/E138K 4-20 4-5 8-13
ND, not detected. Quashie et al. (2013b, 2014).
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TABLE 2 | Effects of mutations in integrase on resistance to INSTIs, viral replication capacity (RC), and strand transfer activity.

Genotype Strain Phenotypic assay  Susceptibility to INSTIs (Fold change) RC (FC) STA (FC) Reference
RAL EVG DTG
WT NL43 TZM-Dbl cells 1 1 1 1 1 Wares et al. (2014)
M50l 0.47 5.45 1.94 0.92 1.1
R263K 1.85 21.4 8.55 0.7 0.22
M50I/R263K 3.56 34.44 15.59 0.7 0.31
WT NL43 PhenoSense 1 1 1 1 1 Mesplede et al. (2013)
H51Y 1.1 2.06 1.25 0.89 1.07
R263K 1.21 3.28 1.95 0.7 0.45
H51Y/R263K 2.94 41.5 6.95 0.11 0.2
WT NL43 TZM-Dbl cells 1 1 1 1 1 Mesplede et al. (2014)
E138K 1 0.8 0.4 0.83 2.4
R263K 1.2 21.8 2.3 0.72 0.5
E138K/R263K 1 16 4.3 0.71 0.6
WT NL43 PM1 cells 1 1 1 1 1 Bar-Magen et al. (2010), Quashie et al. (2013a)
G118R 0.78 1 - 0.02 0.04
G118R/H51Y - - - - 0.06
G118R/E138K 2.33 2 - 0.13 0.08

RC, replication capacity; STA, strand transfer activity; WT, wild-type.

in the development of other mutations associated with resis-
tance to reverse transcriptase inhibitors such as lamivudine
(3TC) or nevirapine (NVP) in cell culture. As expected, wild-
type (WT) viruses developed M184V/], typical mutations that
confer resistance to 3TC, in the presence of this drug as early
as 6 weeks. The virus with the H51Y mutation alone was not
impaired in ability to generate M184V/I mutation under 3TC
pressure. However, the virus harboring R263K was delayed in
ability to generate M184V/I mutation by 2 weeks. Similarly,
the V106A resistance mutation for NVP was detected in WT
virus in the presence of NVP at 6 weeks, while the virus carry-
ing R263K developed the V106A mutation between weeks 11
and 14, ie., a delay of at least 5 weeks. The viruses contain-
ing a combination of H51Y/R263K developed the V106A resis-
tance mutation at week 11, also a delay of 5 weeks. The G118R
and H51Y/G118R containing viruses did not develop any rele-
vant resistance mutations to 3TC or NVP until week 25, when
Y181C that confers resistance to NVP was present. These results
clearly show that the R263K or G118R mutations, alone or
in combination with H51Y, can delay the emergence of muta-
tions that confers resistance to each of NVP and 3TC. These
delays might be most likely caused by the decreased viral RC
associated with the DTG-resistance mutations (Oliveira et al.,
2014).

In the development of HIV resistance to drugs, compen-
satory mutations in HIV often increase levels of drug resistance
while simultaneously restoring impaired viral fitness to normal
level. Of note, no such additional compensatory mutations have
been identified for DTG, even in cell culture selection experi-
ments, for more than 4 years (Wainberg et al., 2013; Mesplede
and Wainberg, 2014). Interestingly, combinations of R263K with
primary resistance mutations for RAL and EVG at positions 143
and 148 resulted in vastly diminished enzymatic activity that
may be incompatible with viral survival, which helps to explain

why R263K has never been observed in the clinic together with
primary RAL or EVG mutations (Anstett et al., 2014).

So far, virological failure has not yet been reported in
treatment-naive individuals receiving DTG-containing regimens
in clinical practice (Mesplede and Wainberg, 2014). This may be
partially explained by the fact that the presence of mutations that
confer resistance to DTG can impair the ability of HIV to develop
further resistance against 3TC and NVP. Thus, we conclude that
a DTG-containing regimen may not lead to virological failure,
even if the R263K mutation is present. This hypothesis will need
to be verified by ultrasensitive sequencing of the integrase gene
from residual plasma viral RNA or the DNA of lymphocytes of
patients who have been successfully treated with DTG (Oliveira
et al., 2014).

Since no treatment-naive patient treated with DTG has yet
developed resistance to this drug and since the R263K mutation
confers only low-level resistance in cell culture, it was postulated
that DTG may be useful in attempts to limit HIV persistence. To
investigate the impact of the R263K mutation on HIV RC and the
ability of HIV viruses to establish or be reactivated from latency
and/or spread through cell-to-cell transmission, a series of
constructs containing EGFP were created by site-directed muta-
genesis, including pNL4-3-IRES-EGFP-INRy43k, pNL4-3-IRES-
EGFP-INE138K, pNL4-3-IRES-EGFP-INE|38K /R263K- The relevant
replication competent reporter viruses were produced and used
to study the effects of R263K on HIV RC, the ability to estab-
lish latency and/or to spread through cell-to-cell transmission in
Jurkat cells. As expected, the R263K mutation caused diminished
RC and infection. However, the DTG-resistant viruses were still
efficiently transmitted via cell-to-cell contacts, and were as likely
to establish and be reactivated from latent infection as wild type
viruses (Bastarache et al., 2014).

The integrase baseline sequence can affect each of these muta-
tions in regard to susceptibility to DTG. One study showed that
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DTG was effective against RAL-resistant variants containing the
N155H, Y143C, N155H/Y143C, and G140S/Q148H mutations in
different cell types, including C8166, human primary monocyte
derived macrophages (MDMs), peripheral blood mononuclear
cells (PBMC:s) (Pollicita et al., 2014). Similarly, it has been shown
that DTG is effective against patient-derived RAL-resistant vari-
ants containing Y143 or N155 mutations in both macrophages
and CD4+ T cells. Only Q148H/R-bearing variants showed a
reduced level of susceptibility (FC 5.5-19; Canducci et al., 2013).

In one case, a RAL-resistant patient harboring N155H was
switched to a DTG-containing regimen for about 10 months. The
acquisition of mutations at T97A and E138K in integrase led to
37-fold resistance to DTG. After the use of DTG for 10 more
months, the sequential acquisition of mutations at A49P, L68FL,
and L1234V led to further resistance to DTG (FC 63-fold). Of
these, A49P and L234V are novel mutational pathways leading
to emergent DTG resistance while on salvage therapy with the
N155H mutation (Hardy et al., 2015).

It was also observed that the sequential acquisition of DTG
resistance mutations was associated with significant deficits in
viral replicative capacity (41%) relative to levels observed (101-
187%) prior to treatment with DTG (Hardy et al, 2015). In
another case, a patient harboring a virus with high level resistance
to all reverse transcriptase and protease inhibitors and S119R,
N155H, and E157Q mutations in integrase after RAL failure was
treated with DTG and RAL was removed. One month later, viral
load was undetectable and after 8 months, two new mutations
T97A and S147G in integrase were detected (Carganico et al.,
2014). The G118R mutation was detected in a RAL-failing patient
harboring a subtype CRF02_AG virus and the F121Y mutation
alongside other mutations was detected in a RAL-failing subtype
B patient. Phenotypic analysis in cell culture showed that the

G118R and F121Y mutations conferred broad cross-resistance to
all three currently used INSTTs, with higher resistance observed
with clinical isolates than with a NL43 backbone (Malet et al.,
2014). These results suggest that DTG should be used with
caution in INSTI salvage therapy for RAL failures. However,
several INSTI-experienced patients with extensive resistance who
were treated with DTG demonstrated excellent virological and
immunological responses (Hofstra et al., 2014).

Insights into Mechanisms of HIV
Resistance to DTG

Recently, considerable progress has been made in studies on
mechanisms of HIV resistance to DTG. It is widely accepted
that the higher genetic barrier to resistance of DTG is due
to its slow dissociation rate from integrase-DNA complexes in
comparison to RAL and EVG (Hightower et al., 2011; Geretti
et al,, 2012; Wainberg et al., 2013). Studies on binding modes of
all INSTIs to prototype foamy virus (PFV) intasomes, a surro-
gate for the HIV-1 intasome, have shown that an extended
linker of DTG allows its difluorophenyl group to enter farther
into the pocket within the integrase active site than other
INSTIs and that DTG has the ability to adjust its structure
and conformation in response to structural changes within the
active sites of RAL- and EVG-resistant integrases, compared
to RAL and EVG (Figure 1; Hare et al., 2011; Quashie et al,
2013b). Biochemical studies have provided further insight into
the mechanism of resistance to DTG. It has been shown that the
R263K mutation in integrase results in decreases in 3'-processing
and strand transfer activities. Homology modeling of intasomes
and strand transfer complexes from WT and R263K-containing
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integrases reveals altered interactions in integrase-DNA. In addi-
tion, an integrase-DNA binding assay showed that the R263K
mutation decreased integrase-viral DNA binding (Quashie et al.,
2012). Similarly, biochemical studies have shown that the G118R
mutation in integrase greatly decreases strand transfer activ-
ity but does not affect 3'-processing activity (Quashie et al.,
2013a).

The low levels of resistance to DTG conferred by mutations
in integrase correlate with decrease in strand transfer activity
and viral RC (Table 2). A recent study on homology modeling
of constructed tetrameric HIV-1 intasome revealed the molec-
ular mechanism of cross-resistance conferred by E138K/Q148K
to RAL, EVG, and DTG. Using molecular dynamics simula-
tion and residue interaction network (RIN) analysis, the work
showed that P145 in the 140S loop (G140-G149) of the inta-
some has strong hydrophobic interactions with INSTIs and is
involved in a conformational rearrangement at the active site
of the HIV-1 intasome. Furthermore, a systematic RIN analysis
demonstrated that communications between the residues in the
resistance mutant are increased compared with those of the WT
HIV-1 intasome. In addition, the chelating ability of the oxygen
atoms in INSTIs (e.g, RAL and EVG) to Mg?* in the active
site of the resistant integrase was reduced due to conformational
change and is most likely responsible for the cross-resistance
(Xue et al., 2013). More recently, a computational analysis of
G118R and F121Y mutation conferring high-level resistance to
RAL, EVG, and DTG, showed that these substitutions were asso-
ciated with reduced binding affinities to each of the INSTIs and
with a decreased number of hydrogen bonds compared with
the WT complexes (Malet et al., 2014). These findings provide
valuable information on the mechanism of resistance to INSTIs
and will be useful for structure-based design of novel INSTIs
that may possess better resistance profile than currently available
drugs.

Perspectives

Currently, patients treated with DTG-containing regimens
achieve high rate of efficient responsiveness up to 90%, though
some patients have failed therapy. Interestingly, no resistance
mutations to DTG in treatment-naive patients have yet been
identified. Moreover, selection of resistance with DTG in cell
culture has yielded only two mutations that confer low level resis-
tance to this drug, in association with a decrease in viral RC. So
far, no secondary compensatory mutations that might augment
resistance and restore viral RC have been observed in selec-
tion experiments in cell culture over more than 4 years. These
results may be explained by the fact that viruses containing DTG-
resistance mutations are relatively replication impaired and may
be unlikely to efficiently replicate in patients. If this is true, then
the development of low-level resistance to DTG in first-line ther-
apy might not have adverse clinical consequences and DTG could
be used in Treatment as Prevention (TasP) protocols to reduce
viral load on a population level, which will eventually result in
diminished rates of HIV transmission (Mesplede et al., 2013;
Wainberg et al., 2013).

In addition, it is conceivable that DTG could be employed as
monotherapy in treatment-naive patients. In such a study, resis-
tance mutations to DTG in both the RNA of patient plasma
samples and the DNA of patient PBMCs would need to be inten-
sively monitored by ultrasensitive sequencing methods. If the
results are similar to those observed in the phase III clinical trials,
i.e., an absence of resistance to DTG, this would help to vali-
date the hypothesis outlined above. Could a number of cycles
of DTG monotherapy conceivably convert all the HIV, even that
in latent reservoirs, into replication-impaired forms? Perhaps
such an approach could lead to a functional cure of HIV disease
if all residual viruses were significantly impaired in viral repli-
cation and if further compensatory mutations were unable to
develop. This concept could first be studied in animal models
such as rhesus macaques that are infected by simian immunod-
eficiency virus (SIV) or humanized mice that are infected by HIV
(Wainberg et al., 2013).

Conclusion and Future Directions

Although INSTIs are highly potent drugs, HIV may still be able
to develop mutations that confer resistance against all currently
available ARVs. Thus, further characterization of the resistance
profile of DTG, both in vitro and in the clinic, is important. More
sensitive assays are important, such as next-generation sequenc-
ing for the detection of low-level viremia and minority resistance
variants. Non-human primate models are important tools with
which to study issues of drug resistance as well as the persis-
tence and transmission of drug-resistant viruses (Hassounah
et al,, 2014; Wares et al., 2015). Moreover, the development
of new classes of anti-HIV drugs with high resistance barriers
that have no cross-resistance with current drug classes is still
needed (White et al., 2014). Recently, it has been reported that
a compound similar to DTG, termed GSK1265744, can act as an
INSTI on a once-daily basis and that this drug possesses a distinct
resistance profile compared with the earlier INSTIs, RAL, and
EVG (Yoshinaga et al., 2015). This provides hope for the future
of HIV prevention and treatment.

Key Concepts

Antiretroviral therapy: a regimen that consists of a combination
of at least three antiretroviral drugs to maximally suppress HIV
replication and stop the progression of HIV disease.

HIV drug resistance: the presence of HIV mutations that
reduce drug susceptibility compared with WT viruses.

Integrase strand transfer inhibitor: compounds that block
the strand transfer reaction of HIV integrase to prevent HIV
replication.

Viral fitness: the ability of a virus to reproduce itself in host
cells.

HIV RC: a measurement of the virus’s fitness.

Virologic failure: the inability to achieve or maintain suppres-
sion of viral replication to level less than 50 copies viral RNA/ml
of plasma.

Frontiers in Pharmacology | www.frontiersin.org

April 2015 | Volume 6 | Article 90


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Wainberg and Han

HIV drug resistance to integrase inhibitors

References

Abram, M. E,, Hluhanich, R. M., Goodman, D. D., Andreatta, K. N., Margot, N. A,
Ye, L., et al. (2013). Impact of primary elvitegravir resistance-associated muta-
tions in HIV-1 integrase on drug susceptibility and viral replication fitness.
Antimicrob. Agents Chemother. 57, 2654-2663. doi: 10.1128/AAC.02568-12

Anstett, K., Mesplede, T., Quashie, P., and Oliveira, M. W. (2014). “Primary muta-
tions that confer resistance to raltegravir and elvitegravir are incompatible with
the R263K mutation that is associated with low-level resistance to dolutegravir,
in Proceedings of the 20th International AIDS Conference, Melbourne, VIC.

Bar-Magen, T., Sloan, R. D., Donahue, D. A., Kuhl, B. D., Zabeida, A., Xu, H.,
etal. (2010). Identification of novel mutations responsible for resistance to MK-
2048, a second-generation HIV-1 integrase inhibitor. J. Virol. 84, 9210-9216.
doi: 10.1128/JV1.01164-10

Bastarache, S. M., Mesplede, T., Donahue, D. A., Sloan, R. D., and Wainberg, M. A.
(2014). Fitness impaired drug resistant HIV-1 is not compromised in cell-to-
cell transmission or establishment of and reactivation from latency. Viruses 6,
3487-3499. doi: 10.3390/v6093487

Cahn, P, Pozniak, A. L., Mingrone, H., Shuldyakov, A., Brites, C., Andrade-
Villanueva, J. F,, et al. (2013). Dolutegravir versus raltegravir in antiretroviral-
experienced, integrase-inhibitor-naive adults with HIV: week 48 results from
the randomised, double-blind, non-inferiority SAILING study. Lancet 382,
700-708. doi: 10.1016/S0140-6736(13)61221-0

Canducci, F., Ceresola, E. R,, Saita, D., Castagna, A., Gianotti, N., Underwood, M.,
et al. (2013). In vitro phenotypes to elvitegravir and dolutegravir in primary
macrophages and lymphocytes of clonal recombinant viral variants selected
in patients failing raltegravir. J. Antimicrob. Chemother. 68, 2525-2532. doi:
10.1093/jac/dkt220

Carganico, A., Dupke, S., Ehret, R., Berg, T., Baumgarten, A., Obermeier, M.,
et al. (2014). New dolutegravir resistance pattern identified in a patient
failing antiretroviral therapy. J. Int. AIDS Soc. 17(Suppl. 3), 19749. doi:
10.7448/1AS.17.4.19749

Geretti, A. M., Armenia, D., and Ceccherini-Silberstein, F. (2012). Emerging
patterns and implications of HIV-1 integrase inhibitor resistance. Curr. Opin.
Infect. Dis. 25, 677-686. doi: 10.1097/QCO.0b013e32835alde7

Grobler, J. A., and Hazuda, D. J. (2014). Resistance to HIV integrase strand trans-
fer inhibitors: in vitro findings and clinical consequences. Curr. Opin. Virol. 8c,
98-103. doi: 10.1016/j.coviro.2014.07.006

Hardy, I, Brenner, B., Quashie, P., Thomas, R., Petropoulos, C., Huang, W.,
et al. (2015). Evolution of a novel pathway leading to dolutegravir resistance
in a patient harbouring N155H and multiclass drug resistance. J. Antimicrob.
Chemother. 70, 405-411. doi: 10.1093/jac/dku387

Hare, S., Smith, S. J., Metifiot, M., Jaxa-Chamiec, A., Pommier, Y., Hughes, S. H.,
et al. (2011). Structural and functional analyses of the second-generation inte-
grase strand transfer inhibitor dolutegravir (S/GSK1349572). Mol. Pharmacol.
80, 565-572. doi: 10.1124/mol.111.073189

Hassounah, S. A., Mesplede, T., Quashie, P. K., Oliveira, M., Sandstrom, P. A.,
and Wainberg, M. A. (2014). Effect of HIV-1 integrase resistance mutations
when introduced into SIVmac239 on susceptibility to integrase strand transfer
inhibitors. J. Virol. 88, 9683-9692. doi: 10.1128/JV1.00947-14

Hightower, K. E., Wang, R,, Deanda, F., Johns, B. A., Weaver, K., Shen, Y., et al.
(2011). Dolutegravir (S/GSK1349572) exhibits significantly slower dissocia-
tion than raltegravir and elvitegravir from wild-type and integrase inhibitor-
resistant HIV-1 integrase-DNA complexes. Antimicrob. Agents Chemother. 55,
4552-4559. doi: 10.1128/AAC.00157-11

Hofstra, L. M., Nijhuis, M., Mudrikova, T., Fun, A., Schipper, P., Schneider, M.,
et al. (2014). Use of dolutegravir in two INI-experienced patients with multi-
class resistance resulted in excellent virological and immunological responses.
J. Int. AIDS Soc. 17(Suppl. 3), 19755.

Kobayashi, M., Yoshinaga, T., Seki, T., Wakasa-Morimoto, C., Brown, K. W.,
Ferris, R,, et al. (2011). In Vitro antiretroviral properties of S/GSK1349572, a
next-generation HIV integrase inhibitor. Antimicrob. Agents Chemother. 55,
813-821. doi: 10.1128/AAC.01209-10

Llibre, J. M., Pulido, F., Garcia, F., Garcia Deltoro, M., Blanco, J. L., and Delgado, R.
(2014). Genetic barrier to resistance for dolutegravir. AIDS Rev. 17, 56-64.

Malet, I, Gimferrer Arriaga, L., Artese, A., Costa, G., Parrotta, L., Alcaro, S., et al.
(2014). New raltegravir resistance pathways induce broad cross-resistance to all
currently used integrase inhibitors. J. Antimicrob. Chemother. 69, 2118-2122.
doi: 10.1093/jac/dku095

Mesplede, T., Osman, N., Wares, M., Quashie, P. K., Hassounah, S., Anstett, K.,
et al. (2014). Addition of E138K to R263K in HIV integrase increases resis-
tance to dolutegravir, but fails to restore activity of the HIV integrase enzyme
and viral replication capacity. J. Antimicrob. Chemother. 69, 2733-2740. doi:
10.1093/jac/dku199

Mesplede, T., Quashie, P. K., Osman, N., Han, Y., Singhroy, D. N,, Lie, Y.,
et al. (2013). Viral fitness cost prevents HIV-1 from evading dolutegravir drug
pressure. Retrovirology 10, 22. doi: 10.1186/1742-4690-10-22

Mesplede, T., and Wainberg, M. A. (2014). Is resistance to dolutegravir possi-
ble when this drug is used in first-line therapy? Viruses 6, 3377-3385. doi:
10.3390/v6093377

Oliveira, M., Mesplede, T., Quashie, P. K., Moisi, D., and Wainberg, M. A. (2014).
Resistance mutations against dolutegravir in HIV integrase impair the emer-
gence of resistance against reverse transcriptase inhibitors. Aids 28, 813-819.
doi: 10.1097/QAD.0000000000000199

Pollicita, M., Surdo, M., Di Santo, F., Cortese, M. F., Fabeni, L., Fedele, V.,
et al. (2014). Comparative replication capacity of raltegravir-resistant strains
and antiviral activity of the new-generation integrase inhibitor dolutegravir in
human primary macrophages and lymphocytes. J. Antimicrob. Chemother. 69,
2412-2419. doi: 10.1093/jac/dkul44

Quashie, P. K., Mesplede, T., Han, Y. S., Oliveira, M., Singhroy, D. N., Fujiwara, T.,
et al. (2012). Characterization of the R263K mutation in HIV-1 integrase that
confers low-level resistance to the second-generation integrase strand transfer
inhibitor dolutegravir. J. Virol. 86, 2696-2705. doi: 10.1128/JV1.06591-11

Quashie, P. K., Mesplede, T., Han, Y. S., Veres, T., Osman, N., Hassounah, S., et al.
(2013a). Biochemical analysis of the role of G118R-linked dolutegravir drug
resistance substitutions in HIV-1 integrase. Antimicrob. Agents Chemother. 57,
6223-6235. doi: 10.1128/AAC.01835-13

Quashie, P. K., Mesplede, T., and Wainberg, M. A. (2013b). Evolution of HIV
integrase resistance mutations. Curr. Opin. Infect. Dis. 26, 43-49.

Quashie, P. K., Oliviera, M., Veres, T., Osman, N., Han, Y. S., Hassounah, S., et al.
(2014). Differential effects of the G118R, H51Y and E138K resistance substi-
tutions in HIV integrase of different subtypes. J. Virol. 89, 3163-3175. doi:
10.1128/jvi.03353-3314

Wainberg, M. A., Mesplede, T., and Raffi, F. (2013). What if HIV were unable
to develop resistance against a new therapeutic agent? BMC Med. 11:249. doi:
10.1186/1741-7015-11-249

Wares, M., Hassounah, S., Mesplede, T., Sandstrom, P. A., and Wainberg,
M. A. (2015). Simian-tropic HIV as a model to study drug resistance
against integrase inhibitors. Antimicrob. Agents Chemother. 59, 1942-1949. doi:
10.1128/aac.04829-4814

Wares, M., Mesplede, T., Quashie, P. K., Osman, N., Han, Y., and Wainberg,
M. A. (2014). The M50I polymorphic substitution in association with the R263K
mutation in HIV-1 subtype B integrase increases drug resistance but does not
restore viral replicative fitness. Retrovirology 11:7. doi: 10.1186/1742-4690-11-7

White, K. L., Raffi, F., and Miller, M. D. (2014). Resistance analyses of inte-
grase strand transfer inhibitors within phase 3 clinical trials of treatment-naive
patients. Viruses 6, 2858-2879. doi: 10.3390/v6072858

Xue, W., Jin, X, Ning, L., Wang, M., Liu, H., and Yao, X. (2013). Exploring the
molecular mechanism of cross-resistance to HIV-1 integrase strand transfer
inhibitors by molecular dynamics simulation and residue interaction network
analysis. J. Chem. Inf. Model. 53, 210-222. doi: 10.1021/ci300541c

Yoshinaga, T., Kobayashi, M., Seki, T., Miki, S., Wakasa-Morimoto, C., Suyama-
Kagitani, A., et al. (2015). Antiviral characteristics of GSK1265744, an HIV
integrase inhibitor dosed orally or by long-acting injection. Antimicrob. Agents
Chemother. 59, 397-406. doi: 10.1128/AAC.03909-14

Conflict of Interest Statement: The Editor Rongtuan Lin declares that, despite
being affiliated to the same institution as the authors Mark Wainberg and Yingshan
Han, the review process was handled objectively and no conflict of interest exists.
The authors declare that the research was conducted in the absence of any commer-
cial or financial relationships that could be construed as a potential conflict of
interest.

Copyright © 2015 Wainberg and Han. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

April 2015 | Volume 6 | Article 90


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

	Will drug resistance against dolutegravir in initial therapy ever occur?
	Introduction
	HIV Resistance to DTG
	Insights into Mechanisms of HIV Resistance to DTG
	Perspectives
	Conclusion and Future Directions
	Key Concepts
	References


