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Abstract

Objectives—Raltegravir is the first integrase strand transfer inhibitor approved for treating
HIV-1 infection. Although emerging data suggest that raltegravir may also be useful for HIV-2
treatment, studies addressing the in-vitro susceptibility of HIV-2 to raltegravir are scarce, and the
genetic pathways leading to raltegravir resistance in HIV-2 have not been adequately
characterized. Our objectives were to directly compare the susceptibilities of HIV-1 and HIV-2 to
raltegravir and to examine the role of mutations in HIV-2 integrase in emergent raltegravir
resistance.

Materials and methods—Single-cycle and spreading infection assays were used to quantify
the sensitivities of wild-type HIV-1 and HIV-2 strains to raltegravir. HIV-2 integrase mutants
were constructed by site-directed mutagenesis, and the replication capacities and raltegravir
susceptibilities of the resultant variants were analyzed in single-cycle assays.

Results—Raltegravir showed comparable activity against wild-type HIV-1 and HIV-2 in both
single-cycle and spreading infections, with ECsq values in the low nanomolar range. Amino acid
changes Q148R and N155H individually conferred resistance to raltegravir (14-fold and seven-
fold, respectively), whereas the Y143C replacement had no statistically significant effect on
raltegravir sensitivity. The combination of Q148R with N155H resulted in high-level raltegravir
resistance (>1000-fold). In addition, all HIV-2 integrase variants tested showed impairments in
replication capacity.

Conclusion—Our data support clinical studies of raltegravir for treating HIV-2 infection and
show that the Q148R and N155H changes alone are sufficient for raltegravir resistance in HIV-2.
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Further efforts are needed to improve access to HIV-2-active antiretrovirals, including raltegravir,
in resource-limited areas where HIV-2 is endemic.
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Introduction

HIV-2 is endemic in West Africa and has achieved a limited prevalence in other locales [1-
3]. Treatment of HIV-2 infection presents unique challenges; HIV-2 is intrinsically resistant
to nonnucleoside reverse transcriptase inhibitors and the fusion inhibitor enfuvirtide [4], and
limited data suggest that HIV-2 may also be resistant to certain protease inhibitors [5].
Furthermore, HIV-2 rapidly acquires resistance to multiple nucleoside analogue inhibitors
through a small number of amino acid changes in reverse transcriptase [6,7]. These features
highlight the pressing need to identify additional antiretroviral drugs that are active against
HIV-2 and to evaluate their efficacy in HIV-2-infected patients.

Raltegravir (MK-0518, Isentress, Merck & Co. Inc., Whitehouse Station, New Jersey, USA)
is the first integrase inhibitor approved by the US Food and Drug Administration for treating
HIV-1 infection. Raltegravir exhibits potent activity against HIV-1 in culture and in cell-free
reactions with purified HIV-1 integrase [8-10]. In addition, randomized clinical trials have
shown that raltegravir suppresses HIV-1 viral loads when co-administered with other
antiretroviral drugs (see [11,12] for review). Raltegravir was initially approved for clinical
use based on its efficacy in highly antiretro-viral-experienced patients [13,14]. Further
studies demonstrated the utility of raltegravir for first-line treatment [15] and as a substitute
for boosted protease inhibitors in patients with therapeutically-suppressed viremia (i.e.
‘regimen simplification”) [16,17]. Collectively, these findings have led to the expanded use
of raltegravir for antiretroviral therapy of HIV-1 infection.

In contrast, little is known regarding the efficacy of raltegravir for HIV-2 treatment.
Roquebert et al. [18] reported that HIV-2 isolates from raltegravir-naive patients are
susceptible to the drug in culture, and data from case reports and small-scale clinical studies
suggest that raltegravir-containing regimens provide a favorable short-term response in
HIV-2-infected patients [19-24]. Collectively, these findings suggest that raltegravir might
be useful in West Africa and other resource-limited settings where HIV-2 is endemic,
although additional clinical studies of raltegravir-based regimens for HIV-2 are needed.

As is the case for HIV-1, the emergence of raltegravir-resistant HIV-2 mutants will likely
complicate treatment [19,21,24]. Specific amino acid changes that are known to confer
raltegravir resistance in HIV-1 have been observed in integrase sequences from raltegravir-
treated HIV-2 patients; these commonly include Q148R, N155H and, to a lesser extent,
Y143C [19,21,22,24-26]. Ni et al. [26] recently reported that Q148R and N155H
individually improve the ability of purified HIV-2 integrase to catalyze strand transfer in the
presence of raltegravir, whereas the Y143C change alone had no impact on raltegravir
sensitivity. Importantly, the biological effects of these changes in the HIV-2 integrase
protein, as assessed by site-directed mutagenesis and culture-based drug susceptibility
testing, have not been determined. Such experiments are necessary to delineate the genetic
pathways leading to raltegravir resistance in HIV-2.

To examine the activity of raltegravir against HIV-2 and assess the mutational pathways
leading to drug resistance, we initially compared the susceptibilities of wild-type HIV-1 and
HIV-2 strains to raltegravir in a single cycle of viral replication. These experiments were
supported by additional tests of drug sensitivity in spreading infections of immortalized T
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lymphocytes. Next, we used site-directed mutagenesis to construct HIV-2 variants
containing specific amino acid replacements in the viral integrase and determined the
replication capacities and raltegravir susceptibilities of the mutant strains in culture. Overall,
our findings support the use of raltegravir for HIV-2 treatment and demonstrate that the
Q148R and N155H changes alone are sufficient for phenotypic resistance to raltegravir in
HIV-2.

HIV-1 MVP5180-91 and HIV-2 strains CBL20-H9, CBL23-H9, CDC77618, 7924A and
CBL23-H9 were obtained from the National Institutes of Health (NIH) AIDS Research and
Reference Reagent Program. These virus strains were expanded in MT-2 lymphocyte
cultures for 6-14 days of infection prior to phenotypic testing. Wild-type HIV-2 ROD9
(group A) and wild-type HIV-1 NL4-3 (group M, subtype B) were produced from plasmids
pROD9 and pNL4-3, respectively, as described below. HIV-2 EHO (group B) was kindly
provided by Jan McClure (University of Washington, Seattle, Washington, USA). The
amino acid sequences of HIV-2 ROD9 and HIV-2 EHO are identical to each other and to
HIV-2 group A and B consensus sequences from the Los Alamos HIV Sequence Database
(http://www.hiv.lanl.gov) at integrase residues implicated in raltegravir resistance (i.e. E92,
T97, Y143, Q148, A153 and N155). Although integrase sequences for CBL20-H9, CBL23-
H9, CDC77618, 7924A and CBL23-H9 are not available, we note that in the Los Alamos
dataset, sequences obtained from raltegravir-naive HIV-2 patients (7= 322, including 122
patient-derived samples from our previous study [27]) are completely invariant at positions
Y143, Q148 and N155, and 98-99% conserved at positions E92, T97 and A153. Thus,
resistance-associated mutations are exceedingly rare in wild-type HIV-2 integrase sequences
from raltegravir-naive individuals.

Raltegravir was obtained from the NIH AIDS Research and Reference Reagent Program.
Master stocks (5 mmol/l) and serial dilutions of the drug were prepared in sterile distilled
water and stored at =80 °C.

MAGIC-5A indicator cells (CD4* CCR5" HeLa cells that express B-galactosidase under the
control of an HIV-1 promoter) were provided by Michael Emerman (Fred Hutchinson
Cancer Research Center, Seattle, Washington, USA) and were maintained as previously
described [6]. MT-2 cells were acquired from Uta von Schwedler (University of Utah, Salt
Lake City, Utah, USA) and were maintained in RPMI 1640 medium (Invitrogen, Carlsbad,
California, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan, Utah, USA).

Mutations were introduced into the integrase-encoding regions of pNL4-3 and pROD?9 using
the QuikChange Il Site-directed Mutagenesis Kit (Stratagene, La Jolla, California, USA).
Nucleotide sequences of the mutagenic primers are available upon request. The N155H
HIV-1 replacement was initially constructed in an Apa I-Eco R1 subclone of pNL4-3 (pBS-
pol, HIV-1 nucleotides 2010-5743). For HIVV-2 Y143C, Q148R, N155H and Q148R with
N155H, mutations were introduced into a po/spanning Hind 111 subclone of pROD9 (pBS-
RODH3, HIV-2 nucleotides 1457-5787). We then ligated the mutated po/ genes back into
their respective full-length plasmids. All full-length plasmids were purified using an
EndoFree Plasmid Maxi Kit (Qiagen Inc., Valencia, California, USA) and were sequenced
across the subcloned region to ensure that no additional nucleotide changes were introduced
during the mutagenesis procedure.

Virus stocks were prepared by transfecting full-length HIV plasmid DNA into 293T-17 cells
using a chloroquine-mediated, calcium phosphate coprecipitation method [6]. Single-cycle
measurements of replication capacity and raltegravir susceptibility were performed in
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MAGIC-5A cells as previously described [6,28]. Culture monolayers were either stained
with 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-gal) and counted using a CTL
Immunospot Analyzer (Cellular Technology Ltd, Shaker Heights, Ohio, USA) or by light
microscopy, or were subjected to the pB-Galactosidase Enzyme Assay System with Reporter
Lysis Buffer (Promega Corp., Madison, Wisconsin, USA). For the B-galactosidase (-gal)
enzyme test, culture monolayers infected with serial dilutions of each virus strain, as well as
standard curve reactions containing serial dilutions of purified B-gal, were included to
ensure that HIV infection was scored within the linear range of the assay. Drug
concentrations that inhibited focus formation or p-gal expression by 50% (ECsq values)
were calculated from dose—response plots using the sigmoidal regression function of Prism
(version 4.0a; GraphPad Software Inc., San Diego, California, USA). All three scoring
methods (visual counting, CTL Immunospot counting and B-gal enzyme assay) yielded
comparable ECsqs for wild-type HIV-2 ROD9 (data not shown).

For the spreading infection assays, MT-2 cells were seeded in 48-well plates at a density of
1 x 10° cells in 400 pl of complete RPMI-1640 per well, treated with varying concentrations
of raltegravir (or H,O only for no-drug controls, 50 .l per well) and incubated for 1 h at
37°C. Virus stocks then were adjusted to 104 MAGIC-5A focus-forming units per milliliter
in RPMI complete, and 50 ! of each inoculum were added per well. On days 2 and 4
postinfection, 250 wl of supernatant were removed from each well (leaving the MT-2 cells
undisturbed) and replaced with 200 .l of fresh RPMI complete with 50 .l of the appropriate
raltegravir dilution. On the fifth day postinfection, the upper 300 wl of supernatant were
removed from each well and frozen in two 150-pl aliquots at —80°C. Viral yields were
quantified by plating the MT-2 culture supernatants onto MAGIC-5A cells, staining the
monolayers with X-gal and visually counting B-gal-positive foci by light microscopy as
described above.

To determine the intrinsic susceptibility of HIV-2 to raltegravir, we tested the activity of the
drug against wild-type strains of HIV-1 and HIV-2 in single-cycle assays with MAGIC-5A
indicator cells. Raltegravir inhibited the formation of g-gal-positive foci by HIVV-2 ROD9 in
a dose-dependent manner, resulting in an ECgq value of 9.4 £ 2.7 nmol/l (mean + SD, Fig.
1a). Raltegravir was also active against the five other wild-type HIV-2 strains tested,
including four group A strains (CBL20-H9, CDC77618, 7924A and CBL23-H9) and one
group B strain (EHO), with ECsq values ranging from 2.6 + 1.1 nmol/l for 7924A to 20 + 18
nmol/l for EHO (Fig. 1a). These results were comparable to the values obtained for two
wild-type strains of HIV-1: NL4-3 (a group M strain, ECgq = 4.9 £+ 2.4 nmol/l) and
MVP5180-91 (group O, ECsq = 10.1 + 6.2 nmol/l). The data obtained for MVVP5180-91 are
in agreement with a previous study of a patient-derived group O HIV-1 isolate [29]. In
comparison, a site-directed mutant of HIV-1 NL4-3 encoding the N155H integrase
replacement, which we constructed as a known raltegravir-resistant control for our assays,
exhibited 15-fold resistance to the drug (ECsq = 73 = 34 nmol/l, Fig. 1a). Collectively, these
data demonstrate that wild-type HIV-1 and HIV-2 strains are comparably sensitive to
raltegravir in a single cycle of viral replication.

We also measured the raltegravir susceptibilities of wild-type HIV-1 NL4-3 and wild-type
HIV-2 ROD?9 in spreading infections of an immortalized T-cell line (MT-2). In agreement
with the single-cycle data, these prototypic strains yielded superimposable dose-response

profiles when tested in the spreading infection assay (Fig. 1b). The mean ECsgg values for

HIV-1 NL4-3 and HIV-2 ROD9 were 0.50 + 0.16 and 0.55 £ 0.19 nmol/l, respectively.
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To examine the phenotypic effects of specific changes in HIV-2 integrase, we constructed
individual full-length clones of HIV-2 ROD9 encoding the single amino acid replacements
Y143C, Q148R and N155H. These replacements are known to confer raltegravir resistance
in HIV-1[11,12] and have been observed in HIV-2 sequences from patients receiving
raltegravir therapy [19,21,22,24-26]. We also constructed a variant of HIV-2 ROD9
encoding the combination of Q148R and N155H on the same viral genome (Q148R with
N155H). Although this particular genotype has not been observed in patient-derived HIV-1
or HIV-2 sequences, we sought to determine whether the combined effects of Q148R and
N155H imparted higher levels of raltegravir resistance relative to the corresponding single
amino acid changes.

We initially assessed the replication capacity of Y143C, Q148R, N155H and Q148R with
N155H HIV-2 by transfecting full-length plasmids encoding these genotypes into 293T-17
cells. Titers of infectious virus produced from the plasmids were quantified by transferring
serial dilutions of the 293T-17 supernatants onto MAGIC-5A indicator cells. In agreement
with a previous report suggesting that the N155H change impairs HIV-2 replication capacity
[22], plasmids encoding N155H HIV-2 ROD9 produced titers of infectious progeny that, on
average, were 3.7-fold lower than the parental wild-type construct (Fig. 2). Y143C and
Q148R also conferred statistically significant declines in replication capacity, with mean
titers 4.9-fold and 17-fold lower than that of the parental ROD? strain, respectively (Fig. 2).
Q148R with N155H HIV-2 yielded the lowest level of infectious virus of all the mutants
tested; the average titer for the double mutant was 53-fold lower than that of wild-type
ROD?9 (Fig. 2). These effects were not attributable to differences in transfection efficiency,
as comparable titers were obtained from two independent preparations of plasmid DNA for
each wild-type or mutant strain (black versus gray symbols, Fig. 2).

We also examined the effects of the aforementioned integrase mutations on raltegravir
susceptibility. The Y143C change alone had no statistically significant effect with regard to
raltegravir sensitivity in HIV-2 (Fig. 3a), although we note that ECgq values for the Y143C
variant were on average 3.5-fold higher than the corresponding values for wild-type ROD9
(range = 1.7-6.1-fold higher, n= 4), potentially reflecting a low level of raltegravir
resistance (Fig. 3b). In contrast, Q148R and N155H variants of HIVV-2 ROD9 were both
significantly resistant to raltegravir, with ECsg values of 130 + 12 and 66 + 31 nmol/l (14-
fold and 7.0-fold higher than wild-type ROD9, respectively) (Fig. 3a). A similar level of
resistance (15-fold) was observed for N155H HIV-1. Strikingly, the combination of Q148R
with N155H in HIV-2 conferred a greater-than-additive increase in raltegravir resistance
(Fig. 3a). At the highest concentration of drug tested, the mean number of B-gal-positive foci
in cultures infected with the double mutant was 55-75% of untreated controls. Thus, the
ECsq for Q148R with N155H HIV-2 was more than 10 wmol/l. Taken together, these
findings indicate that integrase substitutions Q148R and N155H confer moderate levels of
raltegravir resistance, and that the combination of these two changes produces more than
1000-fold resistance to the drug in HIV-2.

Discussion

Our analysis demonstrates that raltegravir is a potent inhibitor of wild-type HIV-2 strains in
both single-cycle and spreading infection assays, with ECsg values comparable to those
observed for wild-type HIV-1 (Fig. 1). These findings are consistent with previous analyses
of the raltegravir sensitivity of HIV-2 in peripheral blood mononuclear cells [18,22]. In
addition, we show that the Y143C, Q148R and N155H replacements in HIV-2 ROD9
integrase compromise viral replication capacity (Fig. 2) and that the Q148R and N155H
changes individually confer moderate resistance to raltegravir in a single cycle of infection
(Fig. 3a). For the latter two variants, the levels of resistance observed in our single-cycle
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assays were on par with those reported for Q148R and N155H mutants of HIV-1 (Fig. 3a)
[30-33]. Thus, Q148R and N155H individually confer similar effects on raltegravir
susceptibility in HIV-1 and HIV-2, despite the fact that these viruses differ at approximately
one third of the 109 amino acid sites in the integrase catalytic core domain [34].

In contrast, the Y143C replacement in HIV-2 integrase had little or no effect on raltegravir
sensitivity (Fig. 3a and b). This result agrees with findings from a biochemical analysis of
purified HIV-2 integrase proteins [26], but differs from the outcomes observed in previous
studies of HIV-1. For example, Delelis et al. [35] reported that Y143C alone is sufficient for
high-level raltegravir resistance in HIV-1, as measured in HeLa-P4 indicator cell assays
(ECsg approximately 500-fold greater than wild-type). Similarly, Fransen et a/. [30] found
that Y143C conferred 16-fold resistance to raltegravir in the Phenosense HIV-1 single-cycle
test. These data suggest that HIVV-1 and HIV-2 might differ with regard to the role of Y143C
in raltegravir resistance, although it should be noted that other studies of HIV-1 mutants
using multicycle assays reported relatively modest effects for Y143C (i.e., three-fold to four-
fold raltegravir resistance) [33,36]. Additional, head-to-head comparisons of the phenotypic
effects of Y143C in HIV-1 and HIV-2 are needed to resolve this issue.

In HIV-1, the development of high-level (>100-fold) resistance to raltegravir involves an
accumulation of “‘primary’ and ‘secondary’ amino acid changes in the integrase protein
[11,12]. Studies of HIV-1 patients have identified three principal mutational patterns that
emerge in response to raltegravir treatment: Q148H/K/R with or without G140S/A, N155H
with or without E92Q and Y 143C/R with or without T97A [12]. Generally, the amino acid
changes that appear in conjunction with Q148H/K/R, N155H and Y 143C/R augment the
level of raltegravir resistance in HIV-1 and, in some cases, mitigate the fitness costs incurred
by primary resistance-associated mutations [11,12]. These findings, together with our in-
vitro analysis (Fig. 3) and the sequence data currently available from HIV-2-infected
patients [19,21,22,24-26], suggest that additional changes in HIV-2 integrase are required in
combination with Y143C, Q148R or N155H to achieve high-level raltegravir resistance. In
support of this view, Ni et a/. [26] recently showed that the combination of G140S with
Q148R confers a more than 100-fold loss of raltegravir sensitivity in cell-free assays with
purified integrase proteins. Cooperative effects were also observed between the E92Q and

Y 143C replacements in HIV-2 integrase; although these changes individually had no
measurable effect on raltegravir sensitivity, the E92Q with Y143C enzyme was
approximately 10-fold resistant to the inhibitor [26]. Further studies of the phenotypic
effects of resistance-associated changes in HIV-2 integrase should include these and other
mutational combinations observed in patient-derived sequences.

Finally, we note that the combination of two ‘primary’ resistance changes in HIV-2 (Q148R
with N155H) confers a dramatic loss of raltegravir sensitivity (Fig. 3a), albeit at a
substantial cost to replication capacity (Fig. 2). These findings are comparable to the data
obtained in a previous analysis of Q148H with N155H mutants of HIV-1 [37]. The relatively
low level of viral infectivity observed in our experiments potentially explains why the
combination of Q148R and N155H has not been observed in sequences from raltegravir-
treated HIV-2 patients [19,21,22,24-26]. Although we cannot exclude the possibility that
additional changes in the HIV-2 integrase protein play a compensatory role, our data suggest
that the Q148R and N155H replacements define mutually exclusive pathways to raltegravir
resistance in HIV-2. A similar conclusion has been reached for HIV-1 based on the
aforementioned culture-based study [37] and the absence of Q148 with N155 double
mutants in sequences from raltegravir-treated HIV-1 patients [30].

Taken together, our findings support the use of raltegravir as a component of combination
antiretroviral therapy for HIV-2 infection. Although randomized controlled trials are
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ultimately needed to determine optimal therapy for HIV-2, given the limited range of drugs
available for HIV-2 treatment, our data should encourage efforts to improve patient access
to raltegravir in the resource-limited areas where HIV-2 is endemic.
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Fig. 1. Susceptibilities of wild-type HIV-1 and HIV-2 strainsto raltegravir

(a) Results of single-cycle assays with MAGIC-5A indicator cells. The number of
independent determinations (7)) performed for each strain is shown below the x-axis.
*Significantly greater than wild-type HIV-1 NL4-3 [~ <0.001, analysis of variance
(ANOVA) of logyg (ECsp) values with Tukey’s posttest]. (b) Representative results of
spreading infection assays in MT-2 cells. Each datum point is the mean titer of infectious
virus (expressed as the percentage of no-drug controls) from three independently maintained
MT-2 cultures. In the panels (a and b), error bars indicate SDs.
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Fig. 2. Replication capacities of site-directed integrase mutants

Each datum point is the infectious titer [MAGIC-5A, focus-forming unit (FFU)/ml]
produced by an independent transfection of full-length HIV-1 or HIV-2 plasmid DNA into
293T-17 cells. Gray and black boxes represent the titers produced by two independent
plasmid DNA preparations for each genotype. Mean titers for each strain are indicated with
horizontal lines. The Pvalues were determined by ANOVA of logo-transformed titers with
Tukey’s posttest. WT, wild-type.
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Fig. 3. Raltegravir susceptibilities of site-directed HIV-1 and HIV-2 integrase mutantsin asingle
cycle of infection

(a) ECsq values for wild-type and mutant HIV-2 ROD9 and HIV-1 NL4-3 strains. 7, the
number of independent determinations performed for each strain. *, significantly greater
than the corresponding wild-type (WT) strain [~ <0.001, ANOVA of log1g (ECsp) values
with Tukey’s posttest]. (b) Representative dose—response profiles for WT and Y143C HIV-2
ROD?9 assayed in parallel. Data are the mean titers (expressed as percentages of untreated
controls) from three cultures at each concentration of raltegravir (RAL) tested. ECgq values
for the experiment shown were 8.0 nmol/l for WT HIV-2 and 32.7 nmol/l for Y143C HIV-2
ROD?9. Additional assays yielded ECggs of 4.1, 7.8 and 8.3 nmol/l for WT HIV-2 versus
24.6, 13.6 and 19.3 nmol/I for the Y143C mutant (measurements paired in the order listed).
Error bars in the panels (a and b) indicate SDs.
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