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Lopinavir (LPV)-ritonavir has demonstrated durable antiviral activity in human immunodeficiency virus type 1
(HIV-1)-infected antiretroviral-naive and protease inhibitor (PI)-experienced patients. However, information on
LPV activity against HIV-2 and the patterns of mutations in HIV-2 in response to selection by LPV is limited. The
activity of LPV against three strains of HIV-2 was assessed and compared to activity against a reference HIV-1
strain. LPV demonstrated activity similar to that observed against HIV-1 in two HIV-2 strains (HIV-2,,5 and
HIV-2g; ,3) tested. On the other hand, approximately 10-fold-reduced susceptibility was observed with the third
HIV-2 strain, HIV-2,¢310310- Passage of HIV-2,,4 with increasing concentrations of LPV selected mutations V47A
and D17N in the HIV-2 protease gene. The introduction of both 17N and 47A either individually or together into
HIV-2;,p, molecular infectious clones showed that the single V47A substitution in HIV-2 resulted in a substantial
reduction in susceptibility to LPV. In contrast, this mutant retained wild-type susceptibility to other PIs and
appeared to be hypersusceptible to atazanavir and saquinavir.

Lopinavir (LPV) is a human immunodeficiency virus (HIV)
protease inhibitor (PI) that is approximately 10-fold more po-
tent than the PI ritonavir (RTV) against HIV type 1 (HIV-1)
in the presence of 50% human serum (50% effective concen-
tration [ECs,] of ca. 0.1 uM) (24). LPV is coformulated with
low-dose RTV (LPV/r), which results in enhanced LPV plasma
levels by virtue of decreased LPV metabolism through RTV
inhibition of intestinal and hepatic cytochrome P450-3A4.
When used in combination with reverse transcriptase (RT)
inhibitors, LPV/r has demonstrated potent and durable viro-
logic efficacy in HIV-1-infected antiretroviral-naive patients
over 7 years of therapy (6) as well as in PI-experienced patients
(3). However, lower rates of response to LPV/r have been
observed in those PI-experienced patients whose baseline viral
isolates displayed susceptibility to LPV reduced by 10-fold or
greater (14). Lower rates of response to LPV/r in HIV-1 have
been associated with the presence of specific resistance muta-
tions in the HIV-1 protease gene (L10F/I/R/V, K20M/R, L24I,
M46lI/L, F53L, I5S4L/T/V, L63P, AT11/L/T/V, V82A/F/T, 184V,
and LI9OM) (13). In addition to these mutations, the emer-
gence of the I47A mutation (a two-step mutation in HIV-1 of
147—147V—I47A), together with V32I, has recently been de-
scribed both in vitro and in HIV-1-infected patients during
LPV/r therapy (4, 7, 8, 11, 14).

Western Africa is an area where HIV-2 infection is endemic,
and HIV-2 infection has been noted in East Asia, Western
Europe, and North America (15, 25). The optimal treatment of
HIV-2 infection remains uncertain (16). Nucleoside RT inhib-
itors have typically demonstrated activity against HIV-2 and
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appear to select resistance mutations similar to those selected
in HIV-1 (22). In contrast, currently available nonnucleoside
RT inhibitors are much less active against HIV-2 than against
HIV-1, likely due to the presence of residues in wild-type
HIV-2 RT (such as RT 188L), which confer markedly de-
creased susceptibility to existing nonnucleoside RT inhibitors
in HIV-1 (9, 28). Limited information on the activity of PIs
against HIV-2 is currently available. Studies have found that
saquinavir (SQV), RTV, and indinavir (IDV) generally have
comparable in vitro activities against wild-type HIV-2 and
HIV-1 isolates, while amprenavir (APV) appears to be less
active against HIV-2 than HIV-1 (27). The in vitro activities of
neither LPV nor darunavir (DRV) against HIV-2 have been
fully described. The mechanisms of development of resistance
of HIV-2 to PIs are even less well characterized. Of note, the
sequence of wild-type HIV-2 protease contains amino acids
that, in the context of HIV-1, are typically associated with
significant PI resistance. These include the amino acids 10V/I,
321, 461, 47V, 71V, and 821, all present in >85% of HIV-2
isolates (18). The effect of these sequence differences on re-
sistance patterns in HIV-2 and their implications for the ge-
netic barrier to resistance development in vivo have not been
elucidated.

In this study, the activities of LPV and other PIs against
three different wild-type HIV-2 strains (HIV-2y,q, HIV-251 53,
and HIV-2cpca10310) Were quantified and compared to the
activity against a well-characterized wild-type HIV-1 strain
(HIV-1y1 4.3)- In addition, using in vitro passage of HIV-2,q,
we selected variants with reduced susceptibility to LPV and
defined the genotypic basis for the observed resistant pheno-
type. Finally, by using site-directed mutagenesis, we character-
ized the effects of the critical amino acid substitutions in HIV-2
protease on the viral replication capacity and susceptibility to
LPV and other PIs.
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MATERIALS AND METHODS

Viruses, cells, and antiviral agents. The following reagents were obtained
through the AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID, NIH: HIV-1y; 4.5 from Malcolm Martin (1), U937/HIV-2y,5 from Phyl-
lis Kanki (12), HIV-2¢p; »3/H9 from Robin Weiss (23), HIV-2cpc310310 from
Stefan Wiktor and Mark Rayfield (17), 293 cells from Andrew Rice, CEM174
cells from Beatrice Han and George Shaw, and MT-4 cells from Douglas Rich-
man. pSL-3 is an infectious molecular clone of HIV-2; o, (5) obtained through
Beatrice Hahn. PIs were synthesized at Abbott Laboratories according to stan-
dard procedures.

MT4 cells were grown in RPMI 1640 medium (Sigma) supplemented with
penicillin-streptomycin and 10% fetal bovine serum (FBS) (Invitrogen). Periph-
eral blood mononuclear cells (PBMCs) were freshly isolated from human donors
using a standard protocol (4). These cells were grown in RPMI 1640 medium
with penicillin-streptomycin and 20% FBS. After 3 days of stimulation with
phytohemagglutinin (5 pg/ml), they were maintained in phytohemagglutinin-free
medium supplemented with 20% FBS, penicillin-streptomycin, and interleukin-2
(50 U/ml). All cells were maintained at 37°C and 5% CO, and split 1:10 every 3
to 5 days.

Determination of antiviral activity of PIs. HIV-2,,g and HIV-1y 45 replicated
well in MT4 cells and produced a cytopathic effect. The antiviral activity of PIs
in these strains was determined in MT4 cells using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) assay. In contrast, HIV-
2cpr23 and HIV-2¢p 310319 replicated poorly in MT4 cells (data not shown).
The antiviral activity of PIs in these strains was evaluated in PBMCs, with viral
replication monitored by RT activity. All of the HIV-2y,s mutant populations
generated by selection with LPV replicated well in MT4 cells but failed to
produce a cytopathic effect. Therefore, the susceptibility of the HIV-2y,5 mutant
populations was monitored by RT activity.

The susceptibility of each virus to a PI was determined in three independent
experiments. For each experiment, MT4 cells or PBMCs were infected with a
virus at a concentration of 50 to 100 pg RNA for 1 h, washed twice to remove
unadsorbed virus, and seeded in a 96-well plate at 100 wl/well. PI (solubilized in
dimethyl sulfoxide solution, 1% final volume; Sigma) was then added in a series
of half-log dilutions to media in triplicates. Two control cultures were routinely
included: a virus-infected cell control culture treated in a manner identical to
that of test cultures but without the addition of PI and an uninfected cell control
culture maintained in the absence of PI or virus. Plates were incubated for 5 days
in a CO, incubator at 37°C, at which time viral replication was assessed by either
RT activity or cytopathic effects.

For the RT activity assay, cell-free culture supernatants were collected on
day 5, and the levels of RT were determined by a Lenti-RT activity assay
(Cavidi Tech, Uppsala, Sweden). Percent inhibition of antigen production
was determined as follows: (RT level in test well/RT level in infected control
well) x 100.

For cytopathic effect assays, a stock solution of MTT (4 pg/ml in phos-
phate-buffered saline; Invitrogen) was added to all wells at 25 pl per well on
day 5. Plates were incubated with MTT for 4 h and then treated with 20%
sodium dodecyl sulfate plus 0.2 N HCI at 50 pl per well to lyse the cells. After
an overnight incubation, optical density (OD) was measured by reading the
plates at 570/650-nm wavelengths on a Bio-Tek microtiter plate reader. Per-
cent reduction in cytopathic effect was determined as follows: [(OD test
well — OD infected control well)/(OD uninfected control well — OD infected
control well)] X 100.

The ECs, was then calculated by nonlinear regression analysis using Prism
(GraphPad Software, Inc.). Reported ECss are mean results of three indepen-
dent experiments.

The susceptibility of each HIV-2; o, mutant clone to a PI was determined in
triplicate using CEM174 cells. For each experiment, equal amounts of HIV-
2rop Wild-type or mutant virus were used (100 pg RT). After incubation for 2 h
at 37°C, cells were washed to remove unadsorbed virus and seeded in a 96-well
plate at 100 pl/well (2 X 10° cells/ml). PI compounds (solubilized in dimethyl
sulfoxide solution, 1% final volume; Sigma) were serially diluted 1:4 in RPMI
at a 2X final concentration and plated at 100 pl per well. Two control cultures
were included as described above, and plates were incubated for 7 days in a
CO, incubator at 37°C, at which time viral replication was assessed by RT
activity. ECs, was calculated as described above, and resistance values (n-
fold) were determined by dividing the ECs, for HIV-2z o mutants by the
ECs, for HIV-2gop.

Generation of reduced susceptibility to LPV in HIV-2. MT4 cells were infected
with HIV-2,5 at a multiplicity of infection of 0.003 for 2 h, washed, and then
cultured in the presence of LPV. Viral replication was monitored every 3 to 5
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days by determinations of levels of HIV-2 p27 antigen (Abbott Laboratories,
Chicago, IL) in the culture supernatant as well as by observations for any
cytopathic effects present in the cultures. The concentration of LPV used in the
initial passage was 10 nM. Cells were passaged every 5 days regardless of virus
production. When p27 antigen was undetectable (antibody assay resulted in an
OD of <1), cells were split 1:2, 1:3, or 1:4, depending on confluence, and drug
was added to the culture to bring the LPV concentration back to the level prior
to the split. When p27 antigen was detectable (antibody assay resulted in an OD
of >1), the culture supernatant was frozen at —80°C, and cells were washed and
stored at —20°C for subsequent analysis. One aliquot of culture supernatant from
the previous passage was then used to infect fresh MT4 cells. Following each
passage when p27 antigen levels were detectable, the drug concentration was
increased by 1.5- to 6-fold.

Sequencing of HIV-2 protease and gag cleavage sites. RNA from culture
supernatant was extracted using a QIAamp Viral RNA Mini kit (QIAGEN). The
protease-coding region was amplified by RT-PCR using a OneStep RT-PCR kit
(QIAGEN) and primers specific to HIV-2: 5'-AGACAGGGCTGCTGGAAAT
GTG-3' (primer 1) and 5'-GGTCCATCTTTCCCTGGCTTCAAC-3" (primer
2). The RT-PCR consisted of reverse transcription at 50°C for 30 min; denatur-
ation at 95°C for 15 min; 40 amplification cycles of 94°C for 45 s, 55°C for 45 s,
and 72°C for 2 min; and a final elongation step at 72°C for 10 min. Similarly, the
gag p7/pl and pl/p6 cleavage site region was amplified by RT-PCR using the
following primers specific to HIV-2: 5'-AGAAGRCAGGGMTGCTGGAART
G-3' (primer 1) and 5'-CCTGTGTCTAGTAACACTTCTACTGGCTGACC-3’
(primer 2). The RT-PCR consisted of reverse transcription at 50°C for 30 min;
denaturation at 95°C for 15 min; 30 amplification cycles of 94°C for 30 s, 63°C for
30 s, and 72°C for 1 min; and a final elongation step at 72°C for 10 min. The
amplified products were purified and sequenced by automated sequencing using
a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) on an ABI
Prism 3100 sequencer (Applied Biosystems). Individual clones were created from
the amplified product using an Invitrogen TOPO cloning kit and were then
isolated and sequenced in the same manner.

Generation of site-directed mutants. Plasmid DNA of pSL-3 was used as a
parental template DNA to introduce mutations of amino acids 17N and 47A in
the protease of HIV-2gop. A site-directed point mutation was introduced by
using the QuikChange IT XL site-directed mutagenesis kit (Stratagene). Primer
G17NROD-F (5'-GTAGTCACAGCATACATTGAGAATCAGCCAGTAGA
AGTCTTG-3") and its complement primer, GI7NROD-R, were used for the
generation of the G17N mutant. Primer V47AROD-F (5'-CAATATAGCCCA
AAAATAGCAGGGGGAATAGGGGGATTC-3") and its complement primer,
V47AROD-R, were used for the generation of the V47A mutant. The G17N/
V47A double mutant was constructed by using the G17N mutant as the template
and primer pair V47AROD-F and V47AROD-R for site-directed mutagenesis.
The introduced mutations were always confirmed by sequencing of the complete
protease gene.

Determination of replication capacity. To generate infectious virus stocks of
HIV-2pop and its site-directed mutants, 293T cells (2.4 X 10° cells in 100-mm
cell culture dishes) were transfected with plasmid DNA of pSL-3 or mutant
constructs pSL-3/G17N, pSL-3/V47A, and pSL-3/G17N-V47A, respectively. The
transfection was introduced by using Fugene6 reagent (Roche) according to the
manufacturer’s instructions. Virus-containing culture supernatants were har-
vested 3 days later, filtered, and stored at —80°C. The presence of viruses in the
supernatant was determined by measuring the RT activity with a Lenti-RT
activity assay kit.

In order to evaluate virus replication capacity, an equal amount of HIV-2; o, or
mutant viruses (100 pg of RT) was used to infect CEM174 cells. After adsorption for
2 h at 37°C, the infected cells were washed and resuspended in medium, and the
plate was incubated at 5% CO, and 37°C. Each assay was performed in triplicate,
and supernatants from each culture were collected at various days after infection.
Virus replication was determined by measuring RT levels in culture supernatants.
Differences in growth kinetics for HIV-2; o, and mutants were analyzed by com-
paring the absorbance values at OD,s for various time points.

RESULTS

Activity of PIs in HIV-2. The in vitro susceptibilities of three
HIV-2 isolates (HIV-2yg, HIV-2g; -3, and HIV-2¢5c510310)
and HIV-1;,5 to several PIs in clinical use (APV, ATV,
DRV, IDV, LPV, NFV, RTV, and SQV) are shown in Table 1.
The activities of LPV, SQV, and IDV in HIV-2,,4 and HIV-
2cp1.23 Were similar to those in HIV-1,; 4 5, with a less-than-
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TABLE 1. Activity of protease inhibitors in HIV-2“

ECs, (nM) (fold change compared to HIV-1)

Protease

InhibIOr by 1y HIV-2ys HIV-20p 25 HIV-2cn03100910
APV 7230 900 + 63 (12.5) 939 *+ 166 (13.0) 674 = 79 (9.2)
ATV 522  20+1(40)  39+12(7.8) 110 = 34 (22.0)
DRV 12+5 ND 83 =31 (69) 155+ 52(12.9)
IDV  38=8 22+8(05) 33+8(0.8) 108+ 6(2.6)
LPV  18=3 15+7(08) 12+4(0.7) 180 + 71 (10.0)
NEV  18=12 48+23(27) 83 %17(46) 389 + 66 (21.6)
RTV 46 =15 349 + 165 (7.6) 514 *+ 172 (11.2) 665 + 98 (14.5)
SQV 121 5+1(04) 8=2(0.7)  68+24(5.7)

“ Each ECjs, value represents the mean of at least three determinations. ND,
not determined.

threefold change in the ECs, in all cases. ATV and NFV
demonstrated slightly lower activity in HIV-2,,4 and HIV-
2¢p103 than in HIV-1y, 4.5, with four- and threefold increases
in ECs,, values in HIV-2,,4 and eight- and fivefold increases in
HIV-2 g1 -3, respectively. The activity of RTV was reduced by
8-fold in HIV-2,,5 and 11-fold in HIV-2g; »; compared to
HIV-1 4.5 Similarly, the activity of APV was reduced 13-fold
in both HIV-2,,5 and HIV-2.g; »; compared to HIV-1; 45.
DRV activity was reduced sevenfold in HIV-2; »; compared
to the activity in HIV-1 4 5.

HIV-2cpcsi010 differed from HIV-2,,5 and HIV-25; »5 in
having generally lower susceptibility to most PIs tested. IDV
demonstrated the smallest decrease in susceptibility (threefold
compared to that of HIV-1,; 43), whereas ATV had the high-
est (22-fold).

CHARACTERIZATION OF LOPINAVIR-RESISTANT HIV-2
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In order to confirm that ECy, data are comparable across
cell cultures and assays, the LPV EC,, for HIV-2,,4 was as-
sessed in both MT4 cells (by MTT and RT assays) and PBMCs
(by RT assay). The average of at least three experiments
showed that the LPV ECs, for HIV-2,,q in MT4 cells was 15 =
7 nM with the MTT assay and 6 = 1 nM with the RT assay,
whereas in PBMCs, it was 15 = 6 nM with the RT assay,
demonstrating no substantial differences between types of cell
cultures or assays. The same series of experiments performed
with the HIV-1y, 45 virus also showed similarity across cell
lines and assays.

Sequencing of the HIV-2 protease regions. In order to
assess the relationship of amino acid variation in protease to
susceptibility to PIs, both the protease-coding region and
gag cleavage sites p7/pl and pl/p6 from each HIV-2 strain
were amplified, sequenced, and compared across HIV-2 and
HIV-1 isolates. The results of this analysis are provided in
Fig. 1. Of note, all three isolates of HIV-2 had specific
amino acid changes in the protease gene compared to HIV-1
at positions known or suspected to contribute to decreased
PI susceptibility in HIV-1. These changes included 10V,
20V, 321, 361, 461, 47V, 71V, and 821 (10). Compared to
HIV-2ys and HIV-2g; »3, HIV-2¢5c310310 had six unique
protease substitutions: 7R, 12K, 64V, 67V, 91N, 92S, and
99F. In the gag cleavage sites, HIV-2-pc510310 had only one
unique substitution (S451T) compared to HIV-2,,4 and
HIV-245; 5. However, none of these substitutions has pre-
viously been identified as conferring decreased susceptibility
to PIs in HIV-1.

A. 10 20 30 40 50
* ¢ * * * ¢ *
HIV1-NL4-3 PQITLWQRPL VTIKIGGQLK EALLDTGADD TVLEEMNLPG RWKPKMIGGI
HIV2-MS ..FS..K..V ..AH.ED.PV .V........ SIVAGIE.GD NYT..IV...
HIV2-CBL-23 ..FS.LK..V ..AYVE..PV .V........ SIVAGIE.GS NYS..IV...
HIV2-CDC310319 ..FS..R..\_’ KANEP! Vs s ot o @ SEVAGEE.GN NYT..H...
HIV2-ROD ..FS..K..V V.AY.E..PV .V........ SIVAGIE.GN NYS..IV...
60 70 80 90
* * * *
HIV1-NL4-3 GGFIKVGQYD QILIEICGHK AIGTVLVGPT PVNIIGRNLL TQIGCTLNF
HIV2-MS . .NTKE.K NVE.KVLNKR VRA.IMT.D. .I..F...V. .AL.M...L
HIV2-CBL-23 ..NTKE.K NVK. .VL.K. !RA.IMT.D. EF I AL.MS..L
HIV2-CDC310319 . .NTKE.K NVEV.VV.KR !RA.IMT.D. EFI NSL.M....
HIV2-ROD ..NTKE.K NVE..VL.K. \_/RA.IMT.D. EF I AL.MS..L
B. p71pl plip6
Gag aa* 428 437 444 453
* * * *
HIV1-NL4-3 ERQAN | FLGKI RPGNF | LQSRP
HIV2-MS ....G|...MG K.R..|PVAQA
HIV2-CBL-23 D..VG]|...MG K.R..|P.AQV
HIV2-CDC310319 ....G|...FG K.R..|PVTQA
HIV2-ROD D...G|...LG K.R..|PVAQV

FIG. 1. Alignment of the protease amino acid sequence (A) and gag p7/pl and pl/p6 cleavage sites (B) from the HIV-2 isolates. The dots
represent homology to the reference strain HIV-1y; 45. A letter indicates an amino acid substitution relative to the reference. Underlined amino
acids are those associated with a decreased susceptibility to PIs in HIV-1, and arrows point to the positions where mutations were observed after

LPV selection in the current study.
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FIG. 2. Concentration of LPV used in selection of LPV resistance
in HIV-2,,s. The line shows the concentration of LPV in nM versus
passage number, and the bars show the ECs, of LPV versus the
passaged virus stock at passages 1 and 18.

Selection for decreased susceptibility to LPV in HIV-2 by in
vitro passage. To select HIV-2 with decreased susceptibility to
LPV in vitro, MT4 cells were infected with HIV-2,,4 and
serially passaged in the presence of increasing concentrations
of LPV beginning with 10 nM LPV (passage 1). Cultures were
tested for virus production every 3 to 5 days with the HIV-2
p27 assay and passaged under increasing concentrations of
LPV as shown in Fig. 2. The concentration of LPV was in-
creased to 1,000 nM by passage 18. Phenotypic analysis of virus
at passage 18 revealed 34-fold-decreased susceptibility to LPV
compared to baseline virus (Table 2).

Sequence analysis of LPV-selected HIV-2 clones. To exam-
ine the protease sequence changes in LPV-selected HIV-2,,
proviral DNA sequences from infected cells were cloned and
sequenced for passages 1, 11, and 18. Clonal sequencing of the
protease and p7/pl and pl/p6 gag cleavage site coding region
of these virus populations revealed two developing mutations,
G17N and V47A (Table 2). The wild-type sequence was ob-
served in all eight of the clones obtained from passage 1. By
passage 11, two single protease mutations, D17N and V47A,
had emerged and were present in 7 and 4 of 23 clones se-
quenced, respectively. No clone contained both mutations at
this time point. In contrast, at passage 18, when LPV concen-
trations reached 1,000 nM, half of the clones sequenced
showed the double mutation D17N/V47A. Interestingly, 5 of
the 23 clones sequenced at passage 18 still carried the wild-type
sequence at these two amino acids, 5 contained the single
mutation D17N, and 1 clone had the single V47A amino acid
substitution. The five clones carrying wild-type sequence at
positions 17 and 47 contained no other amino acid substitu-
tions.

TABLE 2. Genotype and phenotype of LPV-passaged HIV-2,,4"

No. of positive clones/total no. of
clones tested

P LPV concn ECs, (nM)
assage (nM) DI7N/ (fold change)
WT  DITN  V47TA - 00
1 1 8/8 0/8 0/8 0/8 15(1)
11 120 12/23  7/23 4/23 0/23 ND
18 1,000 5122 5/22 122 11722 515 (34)

“WT, wild type; ND, not determined.
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TABLE 3. Activity of protease inhibitors in HIV-2 o, and
site-directed mutants®

ECs, (nM) (fold change compared to HIV-2pop)

Protease

inhibitor gy o G17N V4TA GI7N/VATA
ATV 34+3  20+1(0.6) 5=05(0.1) 3=+05(0.1)
APV 85555 583 +28(0.7) 630 = 118 (0.7) 404 = 20 (0.5)
DRV ~ 9=2  6+04(0.7) 10+1(L1)  8+03(0.9)
IDV 655 52+5(08) 34+5(0.5) 24+1(0.5)
LPV 352  28+1(0.8) 340+ 15(9.7) 260+ 25 (7.4)
NEV 28132 199+9(0.7) 177 +17(0.6) 100+ 34 (0.4)
RTV  421=10 310+23(0.7) 115+6(0.3)  84+5(0.2)

SOV 3606 22+0.1(0.6) 02+02(0.1) 02=+.07(0.1)

“ Each ECj value represents the mean of three determinations.

Effect of protease 17N and 47A on PI susceptibility and
replicative fitness in HIV-2. To investigate the relationship
between the amino acid changes in passaged HIV-2,,5 and the
decreased susceptibility to LPV, a series of molecular clones
was constructed in HIV-2, 5 containing each mutation indi-
vidually and one containing the double mutation. Note that
while HIV-2,,¢ carries D at protease amino acid position 17,
all other HIV-2 (including HIV-2p) and HIV-1 strains in
this study contain G at this position, so this mutation will be
referred to as G17N.

PI EC,, determinations show that the single mutation V47A
and the double mutation G17N/V47A exhibit approximately
10-fold-reduced susceptibility to LPV (Table 3). The single
G17N mutation did not affect the susceptibility of the virus to
LPV or to any of the other PIs either as a sole mutation or on
a background of V47A. HIV-2, 5 clones containing either the
V47A or the double G17N/V47A mutation maintained wild-
type susceptibility to DRV, IDV, NFV, and APV. However,
these mutants also displayed hypersusceptibility to ATV and
SQV, with both compounds having approximately 10-fold-
greater activity in these mutants than in HIV-2g 5.

The replication capacity of each of the clones, as measured
by RT activity assay, is shown in Fig. 3. Both the V47A single
and G17N/V47A double mutants grew slightly more slowly
than HIV-2,5p.

2.5 -
2 J
15 4
wn
g
a1
(o]
-0 -—HIV-2ROD
0.5 4 —8—G17N
—A—VATA
oo X - GITNMATA
O -1 T T T

0 1 3 5 7 9 11 13
Day

FIG. 3. Replication capacity of HIV-2yop and site-directed mu-
tants. Replication capacity was measured by OD,,s (OD at 405 nm).
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DISCUSSION

In this study, we have shown that HIV-1 PIs demonstrate
various activities against HIV-2. LPV showed substantial ac-
tivity in both HIV-2,,5 and HIV-2g; ,3, with ECs, values
similar to the ECs, value in HIV-1;,5. However, HIV-
2cpesioste displayed approximately 10-fold-reduced suscepti-
bility to LPV. IDV, SQV, and NFV had similar activities in
HIV-1y 4.3, HIV-2, and HIV-2.g, 55, whereas APV and
RTYV had significantly reduced activity against these two HIV-2
strains. These results concur with data from previous compar-
isons of these compounds against HIV-2; 5, and HIV-2g4
(27).

The mechanism of the generally reduced susceptibility of
HIV-2cpcsi0310 to Pls is unknown. However, it is noteworthy
that several amino acid changes that contribute to reduced
susceptibility to PIs in HIV-1 were identified in the sequence
of all three HIV-2 strains, including 101, 20V, 32I, 361, 461,
47V, 71V, and 82I. Any additional mutations superimposed on
this preexisting genotype may result in a significant reduction
in PI activity against HIV-2.

An analysis of the p7/p1 and p1/p6 gag cleavage sites did not
reveal any further insight into this reduced susceptibility. HIV-
2mss HIV-2 g1 53, and HIV-2¢5,¢310310 all carry five amino acid
differences from the HIV-1 sequence in these regions: N432G,
1437G, R444K, G446R, and L449P. To our knowledge, none of
the changes at these sites has previously been associated with
PI resistance (2, 26). HIV-2¢pc310310 Carries two changes in
the gag cleavage sites (K436F and S451T) not seen in either
HIV-2ys or HIV-2, 5. In HIV-1, the accumulation of dif-
ferent mutations at K436 was associated with PI treatment
(26), and we cannot rule out the possibility that this change
may confer reduced susceptibility to PIs. In addition, HIV-
2cp1 23 carries a change (A431V) that has been associated with
PI exposure both in vitro (4) and in vivo (2, 26), particularly in
the presence of the M46I PI resistance mutation in the pro-
tease gene (a substitution present in the sequences of all three
HIV-2 strains studied here). However, this combination does
not appear to confer reduced susceptibility to LPV in HIV-
2cpr23

The passage of the HIV-2,,4 strain in the presence of in-
creasing concentrations of LPV selected two protease muta-
tions, 17N and 47A. Sequencing of the gag cleavage sites p7/pl
and pl/p6 revealed no mutations at passage 18 compared to
the wild type, eliminating this area as a possible source of
additional resistance in this study. In HIV-1, protease 47A has
been demonstrated to produce decreased susceptibility to LPV
but not to other PIs. While the genetic change to 47A is a
two-step process (14—I147V—I47A) in HIV-1, most wild-type
HIV-2 strains appear to have Val at position 47 of protease
instead of Ile. Thus, only a single mutation is needed to de-
velop 47A in HIV-2, a lower genetic barrier than in HIV-1.
Our data confirm the ease of in vitro selection of this mutation
by LPV in HIV-2.

Protease 47A demonstrated reduced susceptibility to LPV
when introduced into an HIV-2,, molecular clone, confirm-
ing the importance of this amino acid change with regard to
LPV susceptibility. Protease 47A also appeared to confer 10-
fold-increased susceptibility (hypersusceptibility) to ATV and
SQV, suggesting the potential utility of these PIs in HIV-2 with
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this drug resistance mutation. These data are consistent with
observations of HIV-1 in which 47A appeared to confer re-
duced susceptibility specific to LPV, with hypersusceptibility to
SQV observed (8). In contrast, the introduction of protease
17N into HIV-2, 4 (With or without the presence of 47A) did
not appear to affect the potency of any of the PI compounds
tested or the replication capacity of the virus. Whether the
presence of 17N on a background of 47A would result in
decreased LPV susceptibility or an increased replication ca-
pacity in HIV-2,,4 (which differs from HIV-24p in 10% of
amino acids in the protease gene) would need to be investi-
gated further once an HIV-2,,4 molecular clone becomes
available.

While no controlled clinical trials of LPV/r for the treatment
of HIV-2 have been performed, limited case reports suggesting
clinical antiviral activity of LPV/r against HIV-2 have been
published (16, 19, 20). However, the failure of LPV/r has also
been described relatively frequently in these reports, consistent
with the hypothesis that the high genetic barrier noted with
LPV/r treatment of HIV-1 may be compromised by the pres-
ence of PI resistance-associated mutations in wild-type HIV-2
(21). In addition, the presence of protease 47V in wild-type
HIV-2 implies that a single nucleotide change would result in
47A, producing clinically significant LPV resistance. Recent
reports suggest that this may be a relatively common pathway
for the emergence of LPV resistance in HIV-2-infected pa-
tients treated with LPV/r (21).

In conclusion, our in vitro studies suggest variable activity of
PIs against HIV-2. Notably, the presence of several mutations
in wild-type HIV-2 protease generally associated with PI resis-
tance in HIV-1 along with the ease of selection of 47A (a
one-step process from 47V in HIV-2) will likely result in a
lower genetic barrier to clinically significant PI resistance and
may compromise the response to therapy. However, other PlIs,
including SQV and ATV, appear to maintain potent activity
against viral isolates that have developed the 47A mutation
after LPV exposure and may be appropriate considerations for
therapy of select patients with LPV-resistant HIV-2 infection.
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