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Abstract

Objective: In this study, we characterized elvitegravir activity in the context of raltegravir
resistance mutations.

Design: Using site-directed mutagenesis, we generated recombinant integrase proteins and
viruses harboring raltegravir resistance mutation to assess the biochemical and cellular activity of
elvitegravir in the presence of such mutants.

Methods: Recombinant proteins were used in gel-based assays. Antiviral data were obtained
with reporter viruses in a single-round infection using a luciferase-based assay.

Results: Although main raltegravir resistance pathways involving mutations at integrase position
148 and 155 confer cross-resistance to elvitegravir, elvitegravir remains fully active against the
Y 143R mutant integrase and virus particles.

Conclusion: In addition to favorable pharmacokinetics compared to raltegravir, our findings
provide the rationale for using elvitegravir in patients failing raltegravir because of the integrase
mutation Y143.
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Introduction

HIV-1 integrase is required for viral replication and raltegravir (RAL) is the first approved

integrase inhibitor due to its remarkable antiviral efficacy and minimal side-effects [1]. The
usefulness of RAL tends to be limited by the rapid occurrence of integrase mutations. These
mutations involve three main pathways associated with integrase residues 143, 148, and 155
[2]. The Q148H mutation is generally associated with a secondary mutation at position 140
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[e.g. G140S-Q148H (SH)] that rescues the deleterious effects of the primary Q148H
mutation on integrase catalytic activity and further increases RAL resistance [2,3].

Elvitegravir (EVG) is the next most advanced integrase inhibitor [4]. Unlike RAL, EVG
blood concentration is not limited and can be boosted by co-administration with ritonavir
(HIV-1 protease inhibitor) or cobicistat (GS-9350; not active against HIV-1 protease) in a
once-daily formulation [5]. Mutations at integrase positions 148 and 155 occurring in
patients failing RAL therapy confer cross-resistance to EVG [3,6]. Recently, a prospective
study including antiretroviral-experienced patients receiving RAL-based regimens showed
that viruses harboring integrase mutations Y 143C/H/R exhibited only limited resistance to
EVG [7]. However, those viruses isolated from two heavily pretreated patients also showed
additional integrase mutations at residues 97 and 72 and 163 [7]. In the present study, we
generated the three clinically relevant integrase point mutants at position 143 to assess
whether EVG could overcome RAL resistance both at the integrase and replication levels in
those mutants.

Materials and methods

Integrase substrates

Oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville, lowa,
USA). Oligonucleotides 21t (GTGTGGAAAATCTCTAGCAGT), 19t
(GTGTGGAAAATCTCTAGCA), and 21b (ACTGCTAGAGATTTTCCACAC) were used to
generate the in-vitro substrates for integrase assays. Single-stranded oligonucleotides 21t
and 19t were labeled at the 5”-end using T4 polynucleotide kinase (New England Biolabs,
Ipswich, Massachusetts, USA) with [y—32P] ATP (Perkin-Elmer Life and Analytical
Sciences, Boston, Massachusetts, USA) according to the manufacturers’ instructions.
Unincorporated isotopes were removed using the Mini Quick Spin Oligo Columns (Roche
Diagnostics, Indianapolis, Indiana, USA). The DNA duplexes 21t/21b (3’-processing
substrate) and 19t/21b (strand transfer substrate) were annealed by addition of an equal
concentration of the complementary strand, heating to 95°C, and slow cooling to room
temperature.

Integrase reactions

Integrase reactions were carried out by mixing 20 nmol/l DNA with 400 nmol/l integrase in
a buffer containing 50 mmol/I, 3-(A~morpholino)propanesulfonic acid (MOPS) pH 7.2, 7.5
mmol/l MgCly, 14 mmol/l 2-mercaptoethanol, and drugs [3] or 10% DMSO (dimethyl
sulfoxide, the drug solvent). Reactions were performed at 37°C for 120 min and quenched
by addition of an equal volume of loading buffer [formamide containing 1% SDS (sodium
dodecyl sulfate), 0.25% bromophenol blue, and xylene cyanol]. Reaction products were
separated in 16% polyacrylamide denaturing sequencing gels. Dried gels were visualized
using a Typhoon 8600 (GE Healthcare, Piscataway, New Jersey, USA). Densitometry
analysis was performed using ImageQuant 5.1 software from GE Healthcare.
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Antiviral assay

Reporter viruses were obtained using lentiviral vectors only capable of single-round
infection. After deletion of the envelope-coding region, a luciferase reporter gene was cloned
into the Nef region of a full length HIV-1 genome. Co-transfection of this construct with a
vesicular stomatitis virusglycoprotein(VSV-G) encoding plasmid in293Tcells leads after 64
h to the production of VSV-G pseudo-typed virions. Culture supernatants were clarified by
centrifugation and stored at —70 °C for further use. To produce mutant integrase-containing
particles, a fragment of gagpol was cloned into a pGEM shuttle vector used for the site-
directed mutagenesis. The mutated fragment was then exchanged back in the HIV-1Aenv
instead of the wild-type gag-pol. To assess antiviral activity of drugs, 293T cells were plated
at 12000 cells per well in 96-well culture plates. After 16 h, cells were incubated for 4 h at
37 °C with serial dilutions of drugs before infection. Wild-type and mutant viruses’
replication was determined after 48 h using the Bright-GloTM reagent (Promega, Madison,
Wisconsin, USA) with a Victor Wallace luminometer.

Results and discussion

First, we generated recombinant enzymes with each of the clinically relevant mutations:
Y143R/C/H (Fig. 1) [8-11]. The biochemical activity of the mutants Y143R and Y143H
was near normal for both 3”-processing (3’-P) and strand transfer, whereas the Y143C
mutant was impaired for strand transfer (Fig. 1a). In agreement with the clinical resistance
data [8,9], the Y143R mutant was highly resistant to RAL and its resistance level was
between the N155H and the G140S-Q148H (SH) mutants (Fig. 1b). Surprisingly, the

Y 143C/H mutants selected /n vivo showed limited resistance to RAL (Fig. 1b). Histidine,
like tyrosine, may be able to generate a rt—m interaction with the oxadiazole ring of RAL,
explaining the lack of resistance. Because the mutation Y143R requires two adjacent
mutations in the integrase coding sequence, whereas the Y143C and Y143H mutants are
coded by each of the single mutants that lead to the Y143R mutation, the existence of the
Y 143C/H suggests they represent genetic intermediates leading to the emergence of the
highly resistant Y143R mutant [11].

When we tested EVG against the integrase mutants, the N155H and SH mutants showed
cross-resistance to EVG (Fig. 1c), consistent with a recent report [3]. However, the Y143R
mutant showed only minimal resistance to EVG (only a two-fold increase in 1Csg), whereas
the SH mutation was 1000-fold cross-resistant to EVG compared to the wild-type enzyme
(Fig. 1c and d)[3].

Next, we generated the two corresponding mutations, the double mutation SH and the
mutation Y143R in virus particles to determine whether differential resistance to EVG and
RAL was also observed /n vivo. Consistent with prior results [7,10,11], both mutant viruses
were highly resistant to RAL and the SH mutant was resistant to both drugs (Fig. 1d).
However, the Y143R virus remained sensitive to EVG with the same two-fold change in
ICsq (Fig. 1d). Our results clearly demonstrate that EVG overcomes RAL resistance induced
by the integrase mutation Y143R. They are also consistent with a recent publication showing
that viruses isolated from two patients failing RAL therapy and harboring integrase

AIDS. Author manuscript; available in PMC 2020 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Métifiot et al.

Page 4

mutations including mutations at position Y143, exhibited only minimal cross-resistance to
EVG.

Recently, the complete crystal structure of the prototype foamy virus (PFV) integrase has
been resolved in complex with a substrate mimicking the viral DNA end after its 3-
processing (3’-P) by integrase, providing the first three-dimensional structure of an active
integrase active site [12]. The active site of the PFV and HIV enzymes are structurally and
functionally related, and RAL as well as EVG is able to inhibit PFV integrase /n vitro[13].
A recent NMR study using the HIV-1 integrase core domain showed that the HIV-1 and PFV
integrase flexible loops (residues 140-149 in HIV and 209-218 in PFV) are highly similar
[14] and modelization of the HIV integrase intasome provided further evidence for the
similarities between the active sites of the PFV and HIV integrase enzymes [15]. Introducing
mutations in PFV integrase corresponding to HIV-1 integrase amino acids 155 and 148
results in comparable RAL-resistance profiles [16]. Notably, the PFV-drug-DNA co-crystal
structures reveal that only RAL forms w—t interaction with Y212 of PFV integrase
(corresponding to integrase residue Y143, Fig. 2a) [2,3]. The interaction of RAL with Y143
provides a rationale for the resistance of Y143 mutants to RAL. By contrast, EVG, unlike
RAL does not interact with this tyrosine (Fig. 2b) [12,15], which provides a molecular
explanation for the selective activity of EVG against the Y143R mutant (Fig. 2).

Our study provides a molecular rationale for using EVG in patients failing RAL treatment
because of Y143R mutation. It also underlines the value of biochemical assays with
recombinant integrase to rationalize the molecular determinants of resistance to integrase
inhibitors and to test novel inhibitors to overcome resistance to clinically used integrase
inhibitors.
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Fig. 1. Biochemical and phar macological propertiesof clinically relevant mutants.
(a) Biochemical activity of the integrase mutants at residues 140, 143, 148, and 155. 3'-

processing (3'-P) and strand transfer (ST) activities of the mutants are normalized and
represented as percentage of wild-type activity. (b) Pharmacological properties of the
integrase mutants Y143R/C/H, SH, and N155H compared to the wild-type enzyme. Strand
transfer inhibition of the recombinant integrase enzymes by raltegravir (RAL) was
monitored as described [3]. (c) Inhibition of wild-type and mutants (SH and Y143R)
recombinant integrase by RAL and elvitegravir (EVG). Mutant enzymes were generated and
strand transfer activity was measured as described [3]. Mean and standard deviations are
from three to six independent determinations. (d) Fold change 1Csq for the SH and Y143R
mutants in the presence of RAL and EVG compared to wild-type. Antiviral data were
obtained with pseudo-typed viruses in a single round infection using a luciferase-based
assay.
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(a)

RAL

Fig. 2. Differential binding of raltegravir and elvitegravir within the prototype foamy virus
integrase active site.

Differential binding of raltegravir (RAL) (a) and elvitegravir (EVG) (b) within the prototype
foamy virus (PFV) integrase active site. Representations were generated using the PFV
integrase crystal structures [PDB ID code 3L2T for RAL (a) and 3L2U for EVG (b)] [12]
and are displayed using the MacPyMol software. Integrase is shaded in light gray except for
residue Y212 (light blue) that corresponds to HIV-1 integrase residue Y143 implicated in
RAL resistance. The two metal co-factors Mg2* are in green. RAL and EVG are in magenta
with nitrogen atoms in blue, oxygens in red, fluorines in gray, and chlorides in green.
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