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GRL-0519, a Novel Oxatricyclic Ligand-Containing Nonpeptidic HIV-
1 Protease Inhibitor (PI), Potently Suppresses Replication of a Wide
Spectrum of Multi-PI-Resistant HIV-1 Variants In Vitro
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We report that GRL-0519, a novel nonpeptidic human immunodeficiency virus type 1 (HIV-1) protease inhibitor (PI) containing
tris-tetrahydrofuranylurethane (fris-THF) and a sulfonamide isostere, is highly potent against laboratory HIV-1 strains and pri-
mary clinical isolates (50% effective concentration [ECs,], 0.0005 to 0.0007 pM) with minimal cytotoxicity (50% cytotoxic con-
centration [CCs,), 44.6 pM). GRL-0519 blocked the infectivity and replication of HIV-1y;, ; variants selected by up toa 5 pM
concentration of ritonavir, lopinavir, or atazanavir (EC;,, 0.0028 to 0.0033 pM). GRL-0519 was also potent against multi-PI-
resistant clinical HIV-1 variants isolated from patients who no longer responded to existing antiviral regimens after long-term
antiretroviral therapy, highly darunavir (DRV)-resistant variants, and HIV-2yp,. The development of resistance against GRL-
0519 was substantially delayed compared to other PIs, including amprenavir (APV) and DRV. The effects of nonspecific binding
of human serum proteins on GRL-0519’s antiviral activity were insignificant. Our analysis of the crystal structures of GRL-0519
(30K9) and DRV (2IEN) with protease suggested that the tris-THF moiety, compared to the bis-THF moiety present in DRV, has
greater water-mediated polar interactions with key active-site residues of protease and that the #ris-THF moiety and parame-
thoxy group effectively fill the S2 and S2’ binding pockets, respectively, of the protease. The present data demonstrate that GRL-
0519 has highly favorable features as a potential therapeutic agent for treating patients infected with wild-type and/or multi-PI-
resistant variants and that the tris-THF moiety is critical for strong binding of GRL-0519 to the HIV protease substrate binding

site and appears to be responsible for its favorable antiretroviral characteristics.

" ombination antiretroviral therapy (cART) has had a major
“==impact on the AIDS epidemic in industrially advanced na-
tions. Recent analyses have revealed that mortality rates for hu-
man immunodeficiency virus type 1 (HIV-1)-infected persons
have become close to those of the general population (1-4). How-
ever, eradication of HIV-1 does not appear to be currently possi-
ble, in part due to the viral reservoirs remaining in blood and
infected tissues. Moreover, we have encountered a number of
challenges in bringing the optimal benefits of the currently avail-
able therapeutics for AIDS and HIV-1 infection to individuals
receiving cART (5-7). They include (i) drug-related toxicities, (ii)
inability to fully restore normal immunologic functions once in-
dividuals developed AIDS, (iii) development of various cancers as
a consequence of survival prolongation, (iv) flaring up of inflam-
mation in individuals receiving cART or immune reconstruction
syndrome (IRS), and (v) increased cost of antiviral therapy. Such
limitations and flaws of cART are exacerbated by the development
of drug-resistant HIV-1 variants (8—12), although the recent first-
line cART with boosted protease inhibitor (PI)-based regimens
has made the development of HIV-1 resistance less likely over an
extended period of time (13).

Successful antiviral drugs, in theory, produce their virus-spe-
cific effects by interacting with viral receptors, virus-encoded en-
zymes, viral structural components, viral genes, or their tran-
scripts without disturbing cellular metabolism or function.
However, at present, no antiretroviral drugs or agents are likely to
be completely specific for HIV-1 or to be devoid of toxicity or side
effects in the therapy of AIDS. This is a critical issue, because
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patients with AIDS and its related diseases will have to receive
antiretroviral therapy for a long time, perhaps for the rest of their
lives. Thus, the identification of new classes of antiretroviral drugs
that have a unique mechanism(s) of action and produce no or
minimal side effects remains an important therapeutic objective.

We have been focusing on the design and synthesis of nonpep-
tidyl PIs that are potent against HIV-1 variants resistant to the
currently approved PIs. One such anti-HIV-1 agent, darunavir
(DRV) (Fig. 1), containing a structure-based designed privileged
nonpeptidic P2 ligand, 3(R),3a(S),6a(R)-bis-tetrahydrofurany-
lurethane (bis-THF) (14-16), has been approved as a first-line
therapeutic agent for the treatment of individuals who are infected
with HIV-1. In the present work, we examined and characterized
the nonpeptidic HIV-1 protease inhibitors GRL-0519 (17) and its
stereoisomer, GRL-0529, both of which contain the tris-THF moi-
ety and a sulfonamide isostere. We found that GRL-0519 exerts
highly potent activity against a wide spectrum of laboratory HIV-1
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FIG 1 Structures of GRL-0519, GRL-0529, amprenavir, and darunavir. M.W., molecular weight.

strains and primary clinical isolates, including multi-PI-resistant
variants with minimal cytotoxicity. In addition, GRL-0519 was
active against HIV-2;p, as well as HIV-1 isolates examined. We
also selected HIV-1 variants with GRL-0519 by propagating a lab-
oratory wild-type HIV-1,4;,.5 in MT-4 cells in the presence of
increasing concentrations of GRL-0519 and determined the
amino acid substitutions that emerged under the pressure of GRL-
0519 in the protease-encoding region. In addition, we evaluated
the effects of nonspecific binding of physiological human serum
proteins on GRL-0519s anti-HIV-1 activity. We further analyzed
the previously published crystal structure of GRL-0519 with pro-
tease (Protein Data Bank [PDB] 1D, 30K9) to gain a better under-
standing of the present antiviral data. The crystal structure analy-
ses indicated that GRL-0519 has strong polar interactions with key
residues in the active site of the protease. GRL-0519 also has sev-
eral water-mediated polar interactions and tight van der Waals
interactions with protease residues, suggesting that GRL-0519
binds very tightly in the active site of the protease.

MATERIALS AND METHODS

Cells and viruses. MT-2 and MT-4 cells were grown in RPMI 1640-based
culture medium supplemented with 10% fetal calf serum (FCS) (JRH
Biosciences, Lenexa, MD), 50 units/ml penicillin, and 100 jg/ml kanamy-
cin. The following HIV strains were employed for the drug susceptibility
assay (seebelow): HIV-1y p, HIV-1y1 4 5 HIV-2300, HIV-1gps104pre (18),
clinical HIV-1 strains isolated from drug-naive patients with AIDS, and
six HIV-1 clinical strains that were originally isolated from patients with
AIDS who had received 9 to 11 anti-HIV-1 drugs over the past 32 to 83
months and that were genotypically and phenotypically characterized as
multi-Pl-resistant HIV-1 variants (19, 20). All primary HIV-1 strains
were passaged once or twice in 3-day-old phytohemagglutinin-activated
peripheral blood mononuclear cells (PHA-PBM), and the virus-contain-
ing culture supernatants were stored at ~80°C until they were used as
sources of infectious virions.

Antiviral agents and human serum proteins. Roche Products Ltd.
(Welwyn Garden City, United Kingdom) and Abbott Laboratories (Ab-
bott Park, IL) kindly provided saquinavir (SQV) and ritonavir (RTV),
respectively. Amprenavir (APV) was a courtesy gift from GlaxoSmith-
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Kline, Research Triangle Park, NC. Lopinavir (LPV) was kindly provided
by Japan Energy Inc., Tokyo, Japan. Atazanavir (ATV) was a contribution
from Bristol Myers Squibb (New York, NY). Darunavir (DRV) was syn-
thesized as previously described (21). Human serum albumin (HSA) and
al-acid glycoprotein (AAG) were purchased from Sigma-Aldrich (St
Louis, MO).

Drug susceptibility assay. The susceptibility of HIV-1, ,, or HIV-
2pop to various drugs was determined as previously described with minor
modifications. Briefly, MT-2 cells (10"/ml) were exposed to 100 50% tis-
sue culture infectious doses (TCIDg,) of HIV-1, 5; or HIV-2,, in the
presence or absence of various concentrations of drugs in 96-well micro-
culture plates and incubated at 37°C for 7 days. After incubation, 100 pl of
the medium was removed from each well and 3-(4,5-dimetylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) solution (10 pl, 7.5 mg/ml
in phosphate-buffered saline) was added to each well in the plate, followed
by incubation at 37°C for 2 h. After incubation to dissolve the formazan
crystals, 100 .l of acidified isopropanol containing 4% (vol/vol) Triton
X-100 was added to each well, and the optical density was measured in a
kinetic microplate reader (Vmax; Molecular Devices, Sunnyvale, CA). All
assays were performed in duplicate or triplicate. In some experiments,
MT-2 cells were chosen as target cells in the MTT assay, since these cells
undergo greater HIV-1-elicited cytopathic effects than MT-4 cells. To
determine the sensitivity of primary HIV-1 isolates to drugs, PHA-PBM
(10%ml) were exposed to 50 TCIDs, of each primary HIV-1 isolate and
cultured in the presence or absence of various concentrations of drugs in
10-fold serial dilutions in 96-well microculture plates. In determining the
drug susceptibilities of certain laboratory HIV-1 strains, MT-4 cells were
employed as target cells as previously described, with minor modifica-
tions. In brief, MT-4 cells (10°/ml) were exposed to 100 TCIDs, of drug-
resistant HIV-1 strains in the presence or absence of various concentra-
tions of drugsand incubated at 37°C. On day 7 of culture, the supernatants
were harvested and the amounts of p24 (capsid [CA]) Gag protein were
determined by using a fully automated chemiluminescent enzyme immu-
noassay system (Lumipulse F; Fujirebio Inc., Tokyo, Japan) (22,23). Drug
concentrations that suppressed the production of p24 Gag protein by 50%
(50% effective concentration [ECsp]) were determined by comparison
with the p24 production level in a drug-free control cell culture. All assays
were performed in duplicate or triplicate. PHA-PBM were derived from a
single donor in each independent experiment. Thus, to obtain the data,
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three different healthy donors were recruited. For determining the anti-
retroviral activity and cytotoxicity of a drug, we used the same cells and
cultured them for the same 7 days. The MTT assay was employed for
HIV-1, ,; and HIV-2p4p, while the p24 assay was employed for clinical
HIV-1 isolates and drug-resistant HIV-1 strains.

Creation of PI-resistant HIV-1 variants in vitro. MT-4 cells (10°/ml)
were exposed to HIV-1; 4 5 (500 TCID,,) and cultured in the presence of
various PIs at an initial concentration equal to its ECs,. Viral replication
was monitored by the determination of the amount of p24 Gag produced
by MT-4 cells. The culture supernatants were harvested on day 7 and were
used to infect fresh MT-4 cells for the next round of culture in the presence
of increasing concentrations of each drug. When the virus began to prop-
agate in the presence of the drug, the drug concentration was increased
generally 2- to 3-fold. Proviral DNA samples obtained from the lysates of
infected cells were subjected to nucleotide sequencing. This drug selection
procedure was carried out until the drug concentration reached 5 uM, as
previously described (24-26). In the experiments for selecting drug-resis-
tant variants, MT-4 cells were also exploited as target cells, since HIV-1 in
general replicates at higher levels in MT-4 cells than in MT-2 cells, as
described above.

Determination of nucleotide sequences. Molecular cloning and de-
termination of the nucleotide sequences of HIV-1 strains passaged in the
presence of anti-HIV-1 agents were performed as previously described
(24). In brief, high-molecular-weight DNA was extracted from HIV-1-
infected MT-4 cells by using the InstaGene Matrix (Bio-Rad Laboratories,
Hercules, CA) and was subjected to molecular cloning, followed by se-
quence determination. The primers used for the first round of PCR with
the entire Gag- and protease-encoding regions of the HIV-1 genome were
LTR F1 (5'-GAT GCT ACA TAT AAG CAG CTG C-3') and PRI2 (5'-
CTC GTG ACA AAT TTC TAC TAA TGC-3'). The first-round PCR
mixture consisted of 1 pul of proviral DNA solution, 10 pl of Premix Taq
(Ex Tag version; TaKaRa Bio Inc., Otsu, Japan), and 10 pmol of each of the
first PCR primers in a total volume of 20 pl. The PCR conditions used
were an initial 3 min at 95°C, followed by 35 cycles of 40 s at 95°C, 20 s at
55°C, and 2 min at 72°C, with a final 10 min of extension at 72°C. The
first-round PCR products (1 pl) were used directly in the second round of
PCR with primers LTRF2 (5'-GAGACT CTG GTA ACT AGA GAT C-3")
and KSMA2.1 (5'-CCA TCC CGG GCT TTA ATT TTA CTG GTA C-3)
under the following PCR conditions: an initial 3 min at 95°C, followed by
35 cycles of 30 s at 95°C, 20 s at 55°C, and 2 min at 72°C, with a final 10 min
of extension at 72°C (a stick diagram of HIV-1 genome PCR amplification
for sequence analysis is shown in Fig. S1 in the supplemental material).
The second-round PCR products were purified with spin columns
(MicroSpin S-400 HR columns; Amersham Biosciences Corp., Piscat-
away, NJ), cloned directly, and subjected to sequencing with a model 3130
automated DNA sequencer (Applied Biosystems, Foster City, CA).

Determination of replication kinetics of GRL-0519-resistant HIV-
1npas variants and wild-type HIV-1y 4 5. The GRL-0519-resistant vari-
ant at passage 37 was propagated in fresh MT-4 cells without GRL-0519
for 7 days, and aliquoted HIV-15,4" 5, viral stocks were stored at —80°C
until use. MT-4 cells (3.2 X 10°) were exposed to the HIV-1,,%,.; or
wild-type HIV-1y, 4.5 preparation containing 10 ng/ml p24 in 6-well cul-
ture plates for 3 h, and the newly infected MT-4 cells were washed with
fresh medium and divided into 4 fractions, each cultured with or without
GRL-0519 (final concentration of MT-4 cells, 10*/ml; drug concentra-
tions, 0, 0.005, 0.01, and 0.015 uM). The amounts of p24 were measured
every 2 days for up to 7 days.

Generation of recombinant HIV-1 clones. To generate HIV-1 clones
carrying the desired amino acid substitutions, site-directed mutagenesis
was performed with a QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA), and the amino acid substitution-containing genomic
fragments were introduced into pHIV-1;, 55...- Determination of the
nucleotide sequences of the plasmids confirmed that each clone had the
desired amino acid substitution but no unintended amino acid substitu-
tions. Bach recombinant plasmid was transfected into COS7 cells with
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TABLE 1 Antiviral activities of GRL-0519 and -0529 against HIV-1 ,;
or HIV-26p

ECsp (uM)*

CCq (M) Selectivity

Compound HIV-1, HIV-230p (=SD) index®
GRL-0519  0.0007 = 0.0005 0.0004 = 0.0002 44.6 =3.5 63,714
GRL-0529 0.33 £0.04 0.40 = 0.06 38.7 £ 3.7 118

SQV 0.026 = 0.006 0.003 = 0.001 19.8 £2.9 773

APV 0.033 = 0.002 0.37 = 0.11 847 =54 2,590
ATV 0.0048 £ 0.0001 0.0077 £ 0.0006 27.6 x2.7 5,520
DRV 0.0042 £ 0.0006 0.0088 £ 0.0004 152.7 =10.1 36,357

9 MT-2 cells (10%/ml) were exposed to 100 TCIDsq of HIV-1; 4; or HIV-2pop and
cultured in the presence of various concentrations of each PI, and the ECs values were
determined using the MTT assay. All assays were conducted in duplicate, and the data
shown represent mean value (%1 standard deviation [SD]) derived from the results of
three independent experiments.

b Bach selectivity index denotes a ratio of CCs, to ECsg against HIV-1, 4.

Lipofectamine LTX transfection reagent (Invitrogen, Carlsbad, CA), and
the infectious virions thus made were harvested for 72 h after transfection
and stored at —80°C until use.

Structural analysis of interactions of GRL-0519 and DRV with pro-
tease. The crystal structures of HIV-1 protease complexed with GRL-0519
or DRV were obtained from the protein data bank (PDB ID, 30K9 and
2IEN, respectively). The inhibitor conformation with the higher occu-
pancy in the crystal structure was considered for analysis. Bond orders
were properly assigned to the inhibitor molecules. Hydrogens were added
to all the heavy atoms, and their positions were optimized in an OPLS2005
force field (27) with constraints on heavy atom positions. A cutoff dis-
tance of 3.0 A between a polar hydrogen and oxygen or nitrogen was used
to determine the presence of hydrogen bonds. The structures were ana-
lyzed using Maestro version 9.3 (Schrédinger, LLC, New York, NY, 2012).

RESULTS
Antiviral activities of GRL-0519 and -0529 against HIV-1; ,; and
HIV-20p and their cytotoxicities. We first examined the antivi-
ral potencies of GRL-0519 and -0529 against a variety of HIV-1
isolates. GRL-0529 showed only moderate anti-HIV-1 activity
against a laboratory wild-type HIV-1 strain, HIV-1, ,;, and an
HIV-2 strain, HIV-2pop, with ECgys 0f 0.33 and 0.40 M, respec-
tively (Table 1). Conversely, GRL-0519 was extremely potent
against HIV-1, ,;, with an ECg; 0of 0.0007 M compared to other
clinically available Food and Drug Administration (FDA)-ap-
proved PIs examined, including DRV (Table 1), as assessed with
the MTT assay using MT-2 target cells, while its cytotoxicity was
evident only at high concentrations (50% cytotoxic concentration
[CCs), 44.6 M) and the selectivity index proved to be highly
favorable at 63,714 (Table 1). GRL-0519 was also very potent
against HIV-2,4p, with an EC., of 0.0004 M (Table 1).
GRL-0519 is potent against various Pl-selected laboratory
HIV-1 variants. We also examined GRL-0519 against an array
of HIV-1 4.5 variants, which had been selected by propagating
HIV-1yp4.5 in the presence of increasing concentrations (up to 5
M) of each of 4 FDA-approved PIs (RTV, APV, ATV, and LPV)
in MT-4 cells (24). Such variants had acquired various PI resis-
tance-associated amino acid substitutions in the protease-encod-
ing region of the viral genome (Table 2, note a). Each variant was
highly resistant to the PI by which the variant was selected and
showed significant resistance, with an EC5; of >1 puM. GRL-0519
was highly active against all the variants (except HIV-1 APVRSHM))
with ECsps of 2.8 to 3.3 nM (differences were 6- to 7-fold greater
compared to those against HIV-1,,, 5) (Table 2).
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TABLE 2 Antiviral activities of GRL-0519 and -0529 against laboratory PI-resistant HIV-1 variants

ECs (nM)"
Virus® GRL-0519 GRL-0529 APV ATV LPV TPV DRV
HIV-1yg, .5 0.5 % 0.1 356.3 = 33.8 24.9 + 0.1 42 %1, 37.8 & 4.5 362.9 = 104.4 3.9 £ 0.6
HIV-lppnRon 28 £04(6) 5043266 (1) 5329 £259(21) 364 £30(9)  501.2 =449 (13) 402.1 *56.1(1) 2901 %£2.1(7)
HIV-LapyRepnt 38.0 £ 0.9 (76)  >1,000 (>3) >1,000 (>40) 371.0 = 7.8 (88)  >1,000 (>26) >1,000 (>3) 368.5 & 32.4 (94)
HIV-Ly R 3.3 % 1.6 (7) 376.9 £ 164.8 (1) 390.0 = 11.1(16) >1,000 (>238)  >1,000 (>26) >1,000 (>3) 28.1 + 6.4 (7)
HIV-1 o apns 3.2 0.4 (7) >1,000 (>3) 420.1 = 61.9 (17)  35.1 = 4.7 (8) >1,000 (>>26) >1,000 (>3) 32.9 £ 1.3 (8)

* The amino acid substitutions identified in the protease-encoding region compared to the wild-type HIV-1,, ,_, include the following: M461, V82F, and 184V in HIV-IRWRg‘uM;
LIOF, V321, M46l, 154 M, A71V, and 184V in HIV-1 v "sng 1231 E34Q, K431, MAG], 150L, GS1A, L63P, A71V, V82A, and TYLA in HIV-1 .y "e, 5 and L10F, M46l, 154V, and
V82A in HIV-1, 5" e

" The ECy, values were determined by using MT-4 cells as target cells. MT-4 cells (10%/ml) were exposed to 100 TCIDyq of each HIV-1 strain, and the inhibition of p24 Gag protein
production by each drug was used as an endpoint. The numbers in parentheses represent the fold changes of ECys for cach isolate compared to the ECggs for HIV-14y 4.5, All assays

were conducted in duplicate or triplicate, and the data shown represent mean values (21 SD) derived from the results of two or three independent experiments.

GRL-0519 exerts potent activity against highly PI-resistant
clinical HIV-1 isolates. In our previous work, we isolated highly
multi-Pl-resistant primary HIV-1 strains, HIV-1yps HIV-
Ivpries HIV-Typrsar HIV-Typrme HIV-1yprams and HIV-
Lyprys, from patients with AIDS who had failed then-existing
anti-HIV regimens after receiving 9 to 11 anti-HIV-1 drugs over
32 to 83 months (19, 20). These primary strains contained 9 to 14
amino acid substitutions in the protease-encoding region, which
have reportedly been associated with HIV-1 resistance against var-
ious Pls (Table 3, note a). The potency of APV, ATV, and LPV
against such clinical multidrug-resistant HIV-1 strains was signif-
icantly compromised, as examined in PHA-PBM as target cells
using p24 production inhibition as an endpoint (Table 3). How-
ever, GRL-0519 exerted quite potent antiviral activity, and its
ECs,s against those clinical variants were quite low: 0.8 to 3.4 nM
(Table 3). The antiviral activity of GRL-0519 proved to be most

potent against the six multidrug-resistant clinical HIV-1 variants
examined compared to the four FDA-approved PIs (APV, ATV,
LPV, and DRV). We also examined the antiviral activity of GRL-
0519 against highly DRV -resistant variants (28). These variants
were created using the mixture of 8 highly multi-PI-resistant clin-
ical isolates as a starting HIV-1 source and selected with increasing
concentrations of DRV. GRL-0519 maintained its activity against
highly DRV -resistant MDR mixtures (ECgg, 5.6 to 30.0 nM), being
more potent than DRV by 7.8- to 8.5-fold (Table 3). Overall, GRL-
0519 exerted stronger antiviral activity against various wild-type
HIV-1 strains, drug-resistant variants, and HIV-2 strains than
DRV by 5- to 22-fold. Furthermore, GRL-0519 was more potent
than APV by 118- to 925-fold against HIV-2p4p and drug-resis-
tant variants (Tables 1 to 3).

Effects of human serum proteins on the antiretroviral activ-
ity of GRL-0519. The binding of human serum proteins to a

TABLE 3 Antiviral activities of GRL-0519 and -0529 against multidrug-resistant clinical isolates and highly DRV-resistant MDR mixtures in PHA-

PBM
ECso (nM)?
Virus® GRL-0519 GRL-0529 APV ATV LPV DRV
HIV-Lyr/rsi oapre 0.6 = 0.2 347.4 £27.3 33.8 = 5.1 2.7 0.6 314 % 4.2 3.9+ 0.6
HIV-1yprs (X4) 3.4 %= 0.5 (6) 611.8 = 72.8 (2) 459.4 *+ 99.2 (14) 469.7 = 7.4 (174) > 1,000 (>32) 27.8 £5.9(7)
HIV-1ypre (X4) 0.8 0.2 (1) 514.4 + 130.6 (1) 346.1 * 55.2 (10) 38.8 £ 2.8 (14) 436.5 = 3.5 (14) 103 2.4 (3)
HIV-1yppsc (X4) 2.6 = 1.3 (4) 655.8 + 292.9 (2) 462.6 + 64.5 (14) 19.4 + 7.5 (7) 181.3 % 23.0 (6) 27.8 52 (7)
HIV-1yprra 2.1 0.3 (4) 530.0 * 74.7 (2) 476.4 = 8.1 (14) 74.5 + 2.6 (28) 422.9 + 82.0 (13) 30.0 = 1.0 (8)
(X4)
HIV-1pppmn 2.5+0.5(4) 787.4 = 251.4 (2) 338.9 = 15.5 (10) 204.8 = 23.5 (76) 622.5 *+ 82.0 (20) 13.3+6.2(3)
(R5)
HIV-lyprpst 2.5%0.2(4) > 1,000 (>3) 436.3 + 90.4 (13) 211.3 = 98.6 (78) > 1,000 (>32) 22.1+93(6)
(R5)
HIV-1ppv™ 00 5.6 = 0.4 (9) > 1,000 (>3) > 1,000 (>32) 322.9 = 10.4 (77) > 1,000 (>32) 434+ 134 (11)

HIV-1 DR\’RZOP

30.0 = 9.8 (50)

> 1,000 (>3)

> 1,000 (>32)

> 1,000 (>370)

> 1,000 (>32)

2552 = 4.0 (64)

“ The amino acid substitutions identified in the protease-encoding region compared to the consensus type B sequence cited from the Los Alamos database include the following:
L63P in HIV-1ynssqupres 1101, K14R, L331, M361, M461, F531, KSR, 162V, L63P, A71V, G735, V82A, L90 M, and 193L in HIV-1 i L10I, 115V, K20R, L241, M361, M46L, 154V,
162V, L63P, K70Q,V82A, and L89 M in HIV-1yyprse L101, V111, T12E, 115V, L191, R41K, M46L, L63P, A71T, V82A, and L90 M in HIV-14yr/q; L101, K14R, R41K, M46L, 154V,
LG3P, A71V, V82A, L90 M, and 193L in HIV-1ypp/rag L101, K43T, M46L, 154V, L63P, A71V, V82A, L9O M, and Q92K in HIV-1ypmmae L10I, L24L, 133F, E35D, M361, N375,
M46L, 154V, R57K, 162V, L63P, A71V, G735, and V82A in HIV-1,5ms0 L10L, 115V, K20R, L241, V321, M361, M46L, 154V, 162V, L63P, K70Q, V82A, and L88 M in
HIV-1pgy® gps and L10L 115V, K20R, L24], V321, M361, M46L, L63P, A71T, V82A, and L88 M in HIV-1piv"30p. HIV-1prs1g4pre Served as a source of wild-type HIV-1. DRV-
resistant HIV-1 variants (HIV-1ppyR,op and HIV-1ppa0p) were selected in vitro by propagating a mixture of eight HIV-1,,p isolates in the presence of increasing concentrations
of DRV in MT-4 cells. Six of the eight isolates were the same as those described above. Amino acid substitutions identified in proteases of the other two isolates compared to the
consensus type B sequence cited from the Los Alamos database include the following: L10I, 115V, E35D, N37E, K45R, 154V, L63P, A71V, V82T, L90 M, 193L, and C95F in HIV-

Inowsa; LIOR, N37D, M46l, 162V, L63P, A71V, G738, V741, V82T, L90 M, and 193L in HIV-1npp/ss:

b The ECs, values were determined by using PHA-PBM as target cells, and the inhibition of p24 Gag protein production by each drug was used as an endpoint. The numbers in
parentheses represent the fold changes of ECsgs for each isolate compared to the ECsos for HIV-1ppg)04pre- All assays were conducted in duplicate or triplicate, and the data shown
represent mean values (1 SD) derived from the results of three independent experiments. PHA-PBM were derived from a single donor in each independent experiment.
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TABLE 4 Nonspecific binding effects of human serum proteins on
GRL-0519’s antiviral activity

EC,, (nM)”
Compound None HSA AAG
GRL-0519 0.6 £0.2 1.9 £ 1.1(3) 2.4 %03 4)
GRL-0529 347.4 £ 273 351.5 £22.7 (2) 649.0 * 48.9 (2)
APV 31.5 £ 5.5 30.5 £2.6(1) 286.3 £ 14.8 (9)
ATV 2.7 206 14.6 £ 1.2 (5) 32.7 £15.9(12)
LpPV 31442 32.5x2.7(1) 232,1 £ 15.2(7)
DRV 39*1.0 7.4 *1.2(2) 33.8 £3.5(9)

“ HSA (40 mg/ml) or AAG (10 M) was used to evaluate the binding effects of human
serum proteins on GRL-519 and -529 antiviral activities. The ECs, values against HIV-
Lrsiaapre With or without HSA or AAG were determined by p24 assay using PHA-PBM
as target cells, and the inhibition of p24 Gag production by each drug was used as an
endpoint. The numbers in parentheses represent the fold changes of the ECs, values
compared to the values without HSA or AAG. The data shown represent mean values
derived from the results of two or three independent experiments. PBM were derived
from a single donor in each independent experiment.

drug is an important determinant of its pharmacological activ-
ity in vivo, because overly tight binding may result in reducing
interactions between the drug and its target (29). We thus de-
termined the effects of the binding of HSA and AAG on GRL-
0519’s antiretroviral activity in vitro. Physiologically normal
concentrations of HSA (40 mg/ml) and AAG (10 pM) were
used to evaluate their binding effects on GRL-0519’s activity
against a wild-type clinical isolate, HIV-1gpgipap.. All four
FDA-approved drugs substantially maintained their activity in
the presence of HSA, with reduction of activity by up to 5-fold
relative to the activity in the absence of additional HSA (Table
4). The activities of those PIs were reduced in the presence of
AAG by 7- to 12-fold (Table 4). However, the binding effects of
both HSA and AAG on GRL-0519’s activity were insignificant,
only a 3- to 4-fold difference. Of note, GRL-0519’s EC,,s with
HSA or AAG (1.9 to 2.4 nM) significantly exceeded those of the
four FDA-approved Pls (Table 4).

GRL-0529

0.1 :

Drug concentration (pM)

0.001 &

In vitro selection of HIV-1 variants resistant to GRL-0519.
We next attempted to select HIV-1 variants resistant to GRL-0519
by propagating a laboratory HIV-1 strain, HIV-1y; 4.5, in MT-4
cells in the presence of increasing concentrations of GRL-0519 as
previously described (24). HIV-1y,, 5 was initially exposed to
0.0007 1M GRL-0519 and underwent 37 passages, after which the
concentration of GRL-0519 was found to have increased 19-fold
(0.0131 M) compared to that at the initiation of selection. Judg-
ing from the amounts of p24 Gag protein produced in the culture
medium (up to ~282 ng/ml), the replicative capacity of HIV-
Inpas at passage 37 (HIVsoRps,) was thought to have been
reasonably well maintained. Compared to the kinetics of the
emergence of variants resistant to APV, the emergence of GRL-
0519- and DRV-resistant variants was substantially delayed (Fig.
2). Of note, HIV-1 variants resistant to APV and capable of repli-
cating at >5 uM emerged by passage 20, and variants resistant to
GRL-0529, replicating at >1 M, emerged by passage 6, while it
became fairly difficult to increase the concentrations of DRV and
GRL-0519 around and beyond passage 20, since the virus popula-
tions ceased to replicate with further increased concentrations.

The protease-encoding region of the proviral DNA isolated
from infected MT-4 cells was cloned and sequenced at passages 6,
13,22,29,and 37 under GRL-0519 selection. The sequences of the
region cloned and the percent frequency of identical sequences at
each passage are depicted in Fig. 3. By passage 13, the wild-type
protease gene sequence was seen in 7 of 19 clones, although an
N37S substitution was noted in 10 of the 19 clones. However, by
passage 22 and beyond, N37S disappeared, and the virus had
mostly acquired K43I and A71T substitutions. As the passages
proceeded, greater numbers of amino acid substitutions emerged.
At passage 29, V821 substitution was seen in 16 of 22 clones, and
V821 became dominant by passage 37 (25 of 26 clones). An L33V
substitution was also observed in 4 of the 26 clones by passage 37.
Reportedly, APV-resistant HIV-1 variants contain V321, I50V,
154L/M, L76V, 184V, and L90M substitutions (30, 31), and such
substitutions were also identified in the present study (data not

GRL-0519

00001 et
1 5 10 15

20 25 30 35 40

Passages (wk)

FIG 2 Invitro selection of PI-resistant HIV-1 variants. HIV-1y, ,.; was propagated in MT-4 cells in the presence of increasing concentrations of amprenavir (®),
darunavir (A), GRL-0519 (&), or GRL-0529 (O). Each passage of virus was conducted in a cell-free manner.
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FIG 3 Amino acid sequences of the protease-encoding regions of HIV-1yy, , , variants selected in the presence of GRL-0519. The amino acid sequences of
protease, deduced from the nucleotide sequence of the protease-encoding region of each proviral DNA isolated at each indicated time, are shown. The amino acid
sequence of the wild-type HIV-1,, , ; protease is illustrated at the top as a reference.

shown). However, no such APV resistance-associated amino acid
substitutions emerged during the GRL-0519 selection (Fig. 3). Ad-
ditionally, HIV-1 selected with GRL-0519 (HIV,%55;) acquired the
following Gag amino acid substitutions: E17K and V84A in the ma-
trix (MA) region and G61E and D152N in the CA region.
HIV;,, 5, fails to replicate at a low concentration of GRL-
0519. Since the replicative capacity of HIV; o%ps, was thought to

A. )
1500 —O- Without GRL-0519
. —A- 0.005.M
-0 0.01pM
T 1000 ~O- 0.015uM
&
£
<t
N
Q.
& 500 -

> 3
1 3 5 7

be reasonably well maintained despite the presence of GRL-0519,
as mentioned above, we determined the replication kinetics of
HIVs,6"ps7 and HIV-Ty,5. As shown in Fig. 4A, HIV-1y145
failed to replicate in the presence of aslittle as 0.005 pM GRL-0519
during the entire culture period of 7 days. However, HIVs,o%ps,
was capable of replicating in the presence 0f 0.005 and 0.01 uM
GRL-0519, and the amount of p24 produced in the culture

—@— Without GRL-0519
—A— 0.005uM
8 0.01 .M
—4— 0.015uM

B.
1500 -

1000

500 -

<*

0
1 3 5 7

Days post-infection

FIG 4 Replication kinetics of HIV-1,y; 4.5 and HIV, o8 ps7. MT-4 cells (3.2 X 10%) were exposed toa HIV-1,y. 45 or HIV-15,,%p5, preparation containing 10 ng/ml
P24 in 6-well culture plates for 3 h, and the MT-4 cells were washed with fresh medium and divided into 4 fractions, each cultured with or without GRL-0519
(final concentration of MT-4 cells, 10%/ml; drug concentrations, 0, 0.005, 0.01, and 0.015 jLM). The amount of p24 in each culture flask was measured every 2 days
for up to 7 days, once at each time point.
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TABLE 5 Roles of 3 amino acid substitutions that emerged during
selection with GRL-0519 on GRL-0519’s anti-HIV-1 activity

Virus® GRL-0519 EC4, (nM)”
HIV-Tggs o 0.5+ 0.1
HIV-155"s; 6.0+ 1.4 (12)
HIV-1x45 12£02(2)
HIV-1,517 1.4+ 06 (3)
HIV-1yes ’ 32£01(6)

“HIV-1g 431 HIV-],\,l »and HIV-IVS” were c1eated using a HIV-1y; 45 plasmid .-
clone.

" The ECs values were determined with MT-4 cells, employing a p24 assay. The data
shown represent mean values (=1 SD) derived from the results of two or four
independent experiments. The numbers in parentheses represent the fold changes of
ECsqs compared to the value agamst HIV-Tyias

medium 1eached the amount without GRL-0519 by day 7.
However, HIV,,"p5; failed to replicate in the presence of 0.015
wM GRL-0519, and no p24 was detected throughout the cul-
ture period (Fig. 4B).

Roles of 3 amino acid substitutions that emerged dunng se-

lection with GRL 0519 in GRL- 0519’s anti-HIV-1 activity. We
also examined the roles of 3 substitutions that emerged during the
GRL-0519 selection experiment, K431, A7 1T, and V821, using sin-
gle-amino-acid substitutions carrying HIV-1y; 4 ; variants. First,

we determined the exact ECy, of GRL-0519 against HIVs;stpsr

using a p24 assay. GRL-0519 suppressed the replication of
HIV5 s, with an ECs, of 6.0 nM, 12-fold different from the
ECs, against HIV- 1NL4 .5 (Table 5). Next, we determined ECyos of
GRL-0519 against 3 single-amino-acid substitution-containing
HIV-1gp45 variants (HIV-1y,s, HIV-1,451, and HIV-1ygs).
GRL-0519 inhibited the replication of HIV-1y3;, HIV-1 4,1, and
HIV-1y4; with ECgos 0f 1.2, 1.4, and 3.2 nM, respectively (differ-
ences were 2-, 3-, and 6-fold compared to those against HIV-
Ina-3 respectively) (Table 5).

In vitro selection of a mixture of 8 HIV-1,,, variants resis-
tant to GRL-0519. As described above and as shown in Fig. 2, the
emergence of HIV-1 variants resistant to GRL-0519 was much
delayed, and it took as many as 37 passages (37 weeks) for the virus
to acquire its replicative activity in the presence of low concentra-
tions (~0.01 uM). Thus, we attempted to select out GRL-0519-
resistant variants using a mixture of 8 multidrug-resistant clinical
isolates (HIV-1,,pr) as a starting HIV-1 population, as previously
described (28, 32). We performed an additional selection experi-
ment with MT4 cells and a mixture of 8 HIV-1pg variants as a
starting virus population, with APV, DRV, and GRL-0519 and
-0529. Similar to the results of selection experiments using MT-4
cells and HIV-1yp 4.5, the emergence of HIV-1 strains capable of
replicating in the presence of GRL-0519 was significantly delayed
compared to the cases with APV and DRV (Fig. 5).

Structural analyses of GRL-0519 interactions with protease.
We have recently reported the crystal structure depicting the bind-
ing mode and interactions of GRL-0519 with protease (17). GRL-
0519 has a tris-THF moiety as its P2 ligand, and DRV has a bis-
THF group as its P2 ligand (Fig. 1). Another difference is that
GRL-0519 has a methoxybenzene as a P2’ ligand, whereas DRV
has an aniline. We analyzed the crystal structure of GRL-0519 with
protease and compared it with the structure of protease com-
plexed with DRV. We found that the oxygens of the first and
second THF rings of GRL-0519 form hydrogen bond interactions
with the backbone amide nitrogens of Asp-29 and Asp-30 in the S2
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binding pocket of the protease (Fig. 6A). The urethane NH of
GRL-0519 forms a hydrogen bond with Gly-27. The hydroxyl
group of GRL-0519 forms hydrogen bonds with the catalytic
Asp-25 and Asp-25'. The carbonyl oxygen and the sulfonamide
oxygen of GRL-0519 form polar interactions with le-50 and Ile-
50’ in the protease flap through a bridging water molecule. These
interactions are also seen for DRV (Fig. 6B). In fact, the polar
interactions with Gly-27; lle-50,and Ile-50’, as well as with Asp-25
and Asp-25'; are also seen for other protease 1nh1b1t0rs (33, 34).

The oxygen of the methoxybenzene (P2’ ligand) of GRL 0519
forms ahydrogen bond with the backbone amide nitrogen of Asp-
30" in the S2' site of protease. This interaction at the S2’ site is
different in the case of DRV. DRV has an aniline as the P2’ ligand,

and it forms polar interactions with the backbone carbonyl oxy-
gen of Asp-30". The third THF ring of the #ris-THF has water-
mediated interactions with Thr-26 and Arg-8 involving 6 bridging
water molecules. We also analyzed the van der Waals interactions
between GRL-0519 and protease (Fig. 7). The methoxy moiety of
GRL-0519 makes good van der Waals contacts with 'the Asp-29’
and Asp-30" residues at the S2’ site of protease (Fig. 7A). The
* contacts seem stronger than the interactions of the corresponding
amine group of DRV (Fig. 7B). Analysis of the crystal structure of
protease complexed with DRV had suggested that there is room

. GRL-0529

o
=~

GRL-0519
0.01 & L

Drug concentration (uM)

0.001

,,,,,,,,

0.0001 * :
1 5 10 15 20 25 30
Passages (wk)

FIG 5 In vitro selection using a mixture of 8 multi-Pl-resistant HIV-1,,nr
isolates. A mixture of § different multi-Pl-resistant clinical HIV-1 isolates was
propagated in MT-4 cells in the presence of increasing concentrations of am-
prenavir (@), darunavir (A), GRL-0519 (A), or GRL-0529 (O). Each passage
of virus was conducted in a cell-free manner. The amino acid substitutions
identified in the protease-encoding regions of 2 different multi-PI-resistant
clinical isolates compared to the consensus type B sequence cited from the Los
Alamos database include L101, 115V, E35D, N37E, K45R, 154V, L63P, A71V,
V82T, L90M, 1931, and C95F in HIV-1,pr/s and L10R, N37D, M46], 162V,
L63P, A71V, G738, V77IV82T, LOOM, and 193L in HIV-1,,pp s The amino
acid substitutions of the other 6 HIV-1pr variants are given in Table 3,
note a.
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Gly-27

Asp28 =

FIG 6 Hydrogen bond interactions of GRL-0519 and darunavir with protease. The interactions between protease~-GRL-0519 (PDB ID, 30K9) and protease-
DRV (PDB ID, 21EN) complexes as determined from their respective crystal structures were analyzed. (A and B) Similar interactions between protease—~GRL-
0519 (A) and protease-DRV (B) complexes. GRL-0519 has polar interactions with Asp-29, Asp-30, Gly-27, Asp-25, and Asp-25". It has polar interactions with
Ile-50 and Ile-50" through a bridging water molecule, The protease-DRV complex also has these polar interactions. Both inhibitors have polar interactions with
different backbone atoms of Asp-30" in the §2 site of the protease. GRL-0519 interacts with the backbone amide nitrogen, whereas DRV interacts with the
carbonyl oxygen. (C and D) The interactions of tris-THF (C) and bis-THF (D) moieties with water molecules highlight differences in the polar interactions of the
two inhibitors. The additional THF ring of GRL-0519 interacts with an extra water molecule and has four more polar interactions than DRV, The figures shown
here were made with Maestro version 9.3 (Schrddinger, LLC, New York, NY, 2012).

for an extra THF moiety to make additional contacts with pro-
tease. The crystal structure examined in the present study con-
firms that the tris-THF fully occupies the binding cavity and forms
better van der Waals contacts with protease than the bis-THF of
DRV (Fig. 7C and D). Contact (C) is defined by the following
formula: C = D,,/(R, + R,), where D,, is the distance between
atoms 1 and 2 and R, and R, are the van der Waals radii of atoms
1 and 2. A good contact is defined as follows: 1.30 > C > 0.89.
The tris-THF moiety increases water-mediated polar inter-
actions with protease. We further analyzed the polar interactions
around the #ris-THF ring of GRL-0519. The crystal structure
shows that there are several water molecules that form polar in-
teractions with GRL-0519 and bridge polar interactions with pro-
tease (Fig. 6C). Three water molecules, Wat-1, Wat-2, and Wat-3,
form a tight network of hydrogen bonds among themselves and
mediate polar interactions between GRL-0519 and the active-site
residues. Wat-1 directly bridges the polar interactions between the
oxygen of the second THF of GRL-0519 and Asp-29. The oxym-
ethyl oxygen of the third THF ring of GRL-0519 enhances the
strength of these networks of hydrogen bonds by its polar inter-
actions with Wat-3 and Wat-4 (Fig. 6C). Wat-2 and Wat-3 also
bridge the polar interaction between the oxymethyl of the third
THF and Arg-87. There is one polar interaction between the third
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oxymethyl and Arg-8' through Wat-3 and another network of
polar interactions through Wat-4, Wat-5, and Wat-6. The crystal
structure of DRV indicates the presence of five water molecules in
this region compared to six present for GRL-0519 (Fig. 6D). The
tris-THF of GRL-0519 and the additional water molecule are re-
sponsible for forming a total of 18 hydrogen bonds in this region
compared to 14 for DRV, which has a bis-THF group as its P2
ligand.

DISCUSSION

GRL-0519, which contains a unique cyclic ether-derived nonpep-
tide P2 ligand, tris-THF, and a sulfonamide isostere, suppressed
the replication of a wide spectrum of wild-type HIV-1 and HIV-2
strains with extremely low ECgps (Table 1). GRL-0519 was highly
potent against a variety of multidrug-resistant clinical HIV-1 iso-
lates with ECgys ranging from 0.0008 to 0.0034 M, while the
existing FDA-approved PlIs examined either failed to suppress the
replication of those isolates or required much higher concentra-
tions for viral inhibition (Table 3). GRL-0519 also efficiently
blocked, with an ECg, of 0.03 pM, the replications of a highly
DRV-resistant variant (HIV gy pao)s to which the three PIs (APV,
ATV, and LPV) had ECsps of >1 uM and DRV had an ECy, of
0.255 M (Table 3). Moreover, GRL-0519 exerted potent activity
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GRL-0519

% Darunavir

FIG 7 van der Waals interactions of GRL-0519 and darunavir with protease. GRL-0519 is shown as sticks (green carbons), and the van der Waals surfaces of
selected moieties of GRL-0519 and its complexed protease are shown in gray and blue, respectively. DRV is shown as sticks (gray carbons), and the van der Waals
surfaces of selected moieties of DRV and its complexed protease are shown in yellow and plum, respectively. (A and B) van der Waals interactions between the
benzomethoxy of GRL-0519 and Asp-29' and Asp-30’ of protease (A) and interactions between the aniline of DRV and Asp-29’ and Asp-30’ of protease (B). The
surface interactions suggest that the methoxy group of GRL-0519 makes stronger van der Waals interactions with Asp-29" and Asp-30' of protease than does
DRYV. (C and D) The molecules are rotated to show the van der Waals surface interactions of the tris-THF (C) and bis-THF (D) moieties with protease. The
tris-THF group of GRL-0519 forms better van der Waals contacts at the S2 site of protease than the bis-THF of DRV. The figures were made with Maestro version

9.3 (Schrddinger, LLC, New York, NY, 2012).

against laboratory Pl-selected HIV-1 variants (except HIV-
Lapvsun) with significantly low ECys (Table 2). GRL-0519 was
less potent against HIV-1,py"5 > With an ECs, of 38.0 nM (a
76-fold difference), presumably due to the structural resemblance
between GRL-0519 and APV, both of which contain a sulfon-
amide isostere (Fig. 1).

In an attempt to explain why GRL-0519 showed such potent
activity against both wild-type and drug-resistant variants, we an-
alyzed the crystal structure of the protease~GRL-0519 complex
with protease (PDB ID, 30K9). GRL-0519 has strong polar inter-
actions with multiple regions of protease (Fig. 6A and C). The
oxygens from two of the THF rings of GRL-0519 have strong polar
interactions with the backbone amide nitrogens of Asp-29 and
Asp-30. GRL-0519 also forms hydrogen bonds with Gly-27 and
with the side chains of the catalytic aspartates, Asp-25 and Asp-
25’. The sulfonamide oxygen and the carbony! oxygen form polar
contacts with Ile-50 and Ile-50' in the flap through the bridging
water molecule. Comparison of the crystal structures of protease
complexes with GRL-0519 and protease complexes with DRV
highlights the similarities and differences in interactions between
these two inhibitors. The two oxygens from the bis-THF of DRV
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form hydrogen bond interactions with the backbone amide nitro-
gens of Asp-29 and Asp-30 (Fig. 6B). DRV also forms polar inter-
actions with Gly-27, Asp-25, and Asp-25' and polar contacts with
the protease flap through the bridging water molecule. However,
there are important differences in the interactions of GRL-0519
and DRV with protease. An additional water molecule (Wat-3 in
Fig. 6C) around the tris-THF ring of GRL-0519 is observed in the
crystal structure. This water molecule forms hydrogen bond in-
teractions with the third THF ring of GRL-0519 and enhances the
polar contact through a network of hydrogen bonds with Asp-29,
Thr-26, Arg-87, and Arg-8'. There are four additional polar con-
tacts arising out of the presence of the third THF ring of GRL-0519
and Wat-3 compared to the water-mediated polar interactions in
this region of the protease complexes with DRV (Fig. 6D). Even
though both GRL-0519 and DRV form polar interactions with the
backbone atoms of Asp-30’ in the S2' site, they interact with dif-
ferent sets of atoms (Fig. 6A and B). GRL-0519 forms the hydro-
gen bond with the amide nitrogen, whereas DRV forms polar
contact with the carbonyl oxygen of Asp30’. The van der Waals
surface interactions of GRL-0519 and DRV are also different (Fig.
7A to D). The #ris-THF and methoxy group of GRL-0519 form
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stronger van der Waals contacts with the 52 and 52" sites of pro-
tease, respectively. These interactions are stronger than the corre-
sponding interactions of the bis-THF and aniline groups of DRV.

It should be noted that GRL-0519, as previously reported (35),
blocks the dimerization of HIV-1 protease monomer subunits
more potently, by at least 10-fold, than DRV, as examined by a
fluorescence resonance energy transfer (FRET)-based HIV-1 ex-

pression assay that uses cyan (CFP) and yellow (YFP) fluorescent -
protein-tagged protease monomers (17). Considering that the -
dimerization of HIV-1 protease subuinits is an essential process for -

its acquisition of proteolytic activity, which plays a critical role in
the maturation and replication of the virus (36), the potent activ-
ity of GRL-0519 to block protease dimerization should also con-
tribute to the greater antiviral potency of GRL-0519 than of DRV.
Taken together, the stronger polar and nonpolar contacts of GRL-
0519 with protease, as observed in its crystal structure, in addition
t0 its potent activity to block protease dimerization, are likely to be
responsxble for its much more potent antmral actmty than that
of DRV.

Inour study, all the PIs examined showed no 31g111ﬁcant reduc-
tion.of antiviral activity with the addition of HSA (Table 4). In
contrast, the addition of AAG substantially reduced the antiretro-
viral activities of APV, ATV, and DRV by more than 9-fold, and
their ECs,s increased to 286.3, 32.7, and 33.8 nM, respectively,

However, the reduction with GRL-0519 was only 4-fold, and its

absolute ECs, was as low as 2.4 nM (Table 4). AAG is an acute-
phase protein, and its concentration can increase upon injury,
surgery, inflammation, malignancy, and infection, including
HIV-1 infection (29, 37). Therefore, this feature of GRL-0519 may
represent an advantage for its potential clinical application.

In our HIV-1,y 4.5 selection experiment using GRL-0519, the
emergence of GRL-0519-resistant variants was substantially de-
layed compared to other PIs and DRV. The use of a mixture of
multiple-drug-resistant H1V-1 isolates can expedite the emer-
gence of variants resistant to the drug used for the selection in vitro
through homologous recombination and should reflect what oc-
curs within individuals harboring a number of drug-resistant
HIV-1 species (quasispecies) (28, 32). Thus, in this study, we also
employed the mixture of 8 different multi-PI-resistant clinical iso-
lates as a starting viral population (Fig. 5). In the present study, by
passage 37, 3 major amino acid substitutions (K431, A71T, and
V82I) were identified in PR of HIV-1yp,.5. The residue V82 is
located in the vicinity of the binding pocket of the protease and
forms van der Waals contact with GRL0519. The V82A substitu-
tion is reportedly associated with resistance against various pro-
tease inhibitors (33, 34). However, K43 and A71 are distal from
the inhibitor binding pocket and have no direct association with
GRLO0519. Thus, it is likely K431 and A71T are secondary substi-
tutions. It is particularly noteworthy that we failed to select the
A28S amino acid substitution in the present selection experiment
with GRL-0519. In our previous studies of potent PIs, such as
TMC-126 and GRL-1398, containinga paramethoxy group in the
P2’ site, the A28S amino acid substitution was identified as a re-
sistant variant (19, 25). In this regard, the combination of #ris-
THEF as the P2 ligand and the paramethoxy moiety at P2’ seems to
have prevented the selection of the A28S substitution as a resistant
variant.

The tris-THF moiety has more interactions with the S2 site
of the protease than the bis-THF present in either TMC-126 or
DRV. Also, the p-OCHS3 moiety seems to have more favorable van
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der Waals interactions with the S2 site than DRV (Fig. 7). It would
be reasonable to expect that the combination of tris-THF and
p-OCH3 may increase the activity, but the antiviral data suggest
that GRL-0519 and TMC-126 have essentially the same antiviral
activity (see Table SI in the supplemental material). For any po-
tential antiretroviral agents (including protease inhibitors) to ex-
ert their antiretroviral activity even in vitro, multiple factors are
involved. They include (i) structural stability in culture medium,
as well as in the cytoplasmy (i) permeability into cells; and (iif)
compartmentalization. Moreover, such potential antiretroviral
agents have to tightly bind to the active site of the target viral
protein (i.e., the protease active site) but should not bind to cel-
lular plotems critical to the survival and functionality of the cells.
It is possible that while GRL-0519 has greater interactions derived
from the presence of the tris-THFE group, those interactions are
not directly reflected in the ultimate antiretroviral activity.

Since the GRL-0519-selected variant, HIV ;o ps7, was thought
to be substantially 1ephcat10n competent, the replication kinetics
of HIV-1yy; 4.5 and HIV5,9 37 Were compared in the presence and
absence of GRL-0519. The data showed that HIV-1y 5 failed to
rephcate in the presence of -0.005 pM GRL-0519 and that
HIV, o857 did the same in the presence of 0.015 WM GRL-0519
throughout the 7-day culture period (Fig. 4). The concentration
range of 0.005 to 0.015 uM is relatively casily achieved in the
clinical use of various Pls. For example, the peak and nadir plasma
levels of DRV were ~7.1 and 3.4 uM when 400 and 100 mg of
DRV/RTV were administered twice daily for 7 days (38). Consid-
ering that the ECs,s of GRL-0519 are extremely low, ranging from
0.0005 to 0.030 WM (Tables 1 to 4), and that GRL-0519’s selectiv-
ity index of 63,714 is highly favorable compared to other conven-
tional PlIs examined in this study (Table 1), both the anti-HIV
potency and safety of GRL-0519 could be favorable, although the
efficacy and emergence of adverse effects should be ultimately
determined by controlled clinical trials.

In conclusion, GRL-0519 possesses a number of fairly favor-
able features for the development of the compound as a potential
therapeutic for HIV-1 infection and AIDS. However, its oral bio-
availability, pharmacokinetics/pharmacodynamics, and biodistri-
bution remain to be determined, and further investigation is war-
ranted.
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Loss of the Protease Dimerization Inhibition Activity of Tipranavir
(TPV) and Its Association with the Acquisition of Resistance to TPV
by HIV-1

Manabu Aoki,®® Matthew L. Danish,? Hiromi Aoki-Ogata,® Masayuki Amano,® Kazuhiko Ide,® Debananda Das,© Yasuhiro Koh,*
and Hiroaki Mitsuya™*

Departments of Infectious Diseases and Hematology, Kumamoto University Graduate School of Medical Sciences, Kumamoto, Japan?; Department of Medical
Technology, Kumamoto Health Science University, Kumamoto, Japan®; and Experimental Retrovirology Section, HIV and AIDS Malignancy Branch, National Cancer
Institute, National Institutes of Health, Bethesda, Maryland, USA

Tipranavir (TPV), a protease inhibitor (PI) inhibiting the enzymatic activity and dimerization of HIV-1 protease, exerts potent
activity against multi-PI-resistant HIV-1 isolates. When a mixture of 11 multi-PI-resistant (but TPV-sensitive) clinical isolates
(HIV,;nirx)> which included HIVy, and HIV ., was selected against TPV, HIV, .y rapidly (by 10 passages [HIV, px '0]) ac-
quired high-level TPV resistance and replicated at high concentrations of TPV. HIV 3« '° contained various amino acid sub-
stitutions, including 154V and V82T. The intermolecular FRET-based HIV-1 expression assay revealed that TPV’s dimerization
inhibition activity against cloned HIVy (cHIVy) was substantially compromised. The introduction of I54V/V82T into wild-type
cHIVyp 5 (cHIV gy 4 gisevveer) did not block TPV’s dimerization inhibition or confer TPV resistance. However, the introduction of
154V/V82T into cHIVy, (cHIV,P*V'V82T) compromised TPV’s dimerization inhibition and cHIV,*Y/V82T proved to be signifi-
cantly TPV resistant. L24M was responsible for TPV resistance with the cHIV - genetic background. The introduction of L24M

into cHIVyy 4 5 (cHIVygp, 512m) interfered with TPV’s dimerization inhibition, while L24M increased HIV-1’s susceptibility to
TPV with the HIV g, ; genetic background. When selected with TPV, cHIV g, jisevver most readily developed TPV resistance
and acquired E34D, which compromised TPV’s dimerization inhibition with the HIV ;4 ; genetic background. The present data
demonstrate that certain amino acid substitutions compromise TPV’s dimerization inhibition and confer TPV resistance, al-
though the loss of TPV’s dimerization inhibition is not always associated with significantly increased TPV resistance. The find-
ings that TPV’s dimerization inhibition is compromised with one or two amino acid substitutions may explain at least in part
why the genetic barrier of TPV against HIV-1’s development of TPV resistance is relatively low compared to that of darunavir.

a"i’%ﬁ“ipranavir (TPV) is a nonpeptidyl protease (PR) inhibitor (PI)
which is administered in combination antiretroviral therapy
to treat HIV-1 infection and AIDS. TPV has been shown to inhibit
the replication of HIV-1 variants that are resistant to other PIs and
is recommended for patients who harbor multi-PI-resistant
HIV-1 variants and do not respond to therapeutic regimens, in-
cluding PIs (34). HIV-1 resistance to TPV has been reported to
require multiple amino acid substitutions in protease (9); how-
ever, we have witnessed that HIV-1 often acquires significant lev-
els of resistance to TPV among HIV-1-infected individuals receiv-
ing long-term combination chemotherapy (4, 17, 31). TPV is
currently not recommended in the initial therapy mainly because
of the higher rate at which patients previously experienced hepatic
abnormalities (5, 29, 37).

Dimerization of HIV-1 PR subunits is an essential process for
the acquisition of the proteolytic activity of HIV-1 PR (23, 39).
Thus, inhibition of PR dimerization likely abolishes proteolytic
activity and intervenes in the replication of HIV-1. We have re-
cently developed an intermolecular fluorescence resonance en-
ergy transfer (FRET)-based HIV-1 expression assay employing
cyan fluorescent protein (CFP)- and yellow fluorescent protein
(YFP)-tagged HIV-1 PR monomers to detect and quantify PR
dimerization (21). Using this assay, we have recently identified a
group of nonpeptidyl small-molecule inhibitors of HIV-1 PR
dimerization, including TPV, darunavir (DRV), and a series of
experimental antiretroviral agents (21). DRV (12, 13, 22) potently
inhibits the enzymatic activity and dimerization of HIV-1 PR (20,
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21), and a high genetic barrier against HIV-1 development of DRV
resistance exists (7, 8). However, various amino acid substitutions
that are potentially related to HIV-1 resistance to DRV have been
reported (7,19, 20, 27, 38). We have recently demonstrated, using
the FRET-based HIV-1 expression assay, that the loss of DRV
activity to inhibit protease dimerization requires at least four
combined amino acid substitutions in protease and that the loss of
DRV’s protease dimerization inhibition activity is associated with
HIV-1 acquisition of DRV resistance (20). In the present work, we
specifically asked whether TPV’s protease dimerization inhibition
activity contributes to the antiretroviral activity of TPV against a
series of multi-PI-resistant HIV-1 variants and whether the loss of
such protease dimerization inhibition activity of TPV is associated
with the development of HIV-1 resistance to TPV.

MATERIALS AND METHODS

Cells and viruses. MT-4 cells were grown in RPMI 1640-based culture
medium, while 293T and COS7 cells were propagated in Dulbecco’s mod-
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ified Eagle’s medium. These media were supplemented with 10% fetal calf
serum (FCS; PAA Laboratories GmbH, Linz, Austria) plus 50 U of peni-
cillin and 50 g of kanamycin per ml. Peripheral blood mononuclear cells
(PBMCs) were isolated from the buffy coat of HIV-1-seronegative indi-
viduals using Ficoll-Hypaque density gradient centrifugation and cul-
tured in RPMI 1640-based culture medium containing 10% FCS and
antibiotics with 10 pg of phytohemagglutinin (PHA-PBMCs) for 3 days
prior to use. The following HIV-1 strains were used for the drug suscep-
tibility assay and selection experiments: a clinical HIV-1 strain isolated
from an antiretroviral therapy-naive patients with AIDS (HIVq,,,..) (41)
and 11 HIV-1 clinical strains (HIV,, HIVy, HIVe, HIVe, HIVy,
HIV gy HIV gy, HIV g, HIV g, HIVy, and HIV, 5 g,) which were origi-
nally isolated from patients with AIDS who were enrolled in an open-label
clinical study of amprenavir (APV) and abacavir (ABC) at the Clinical
Center, National Institutes of Health, and were randomly chosen from
among the enrollees who had failed the APV -plus-ABC therapy (36, 41) or
a phase I/II study of tenofovir disoproxil fumarate (TDF) (15). Such pa-
tients had failed existing anti-HIV-1 regimens after receiving 7 to 11 anti-
HIV-1 drugs over the previous 24 to 83 months in the 1990s (15, 36, 41).
The clinical strains used in the present study contained 8 to 16 amino acid
substitutions in the protease-encoding region which have reportedly

been associated with HIV-1 resistance to various PIs and have been
genotypically and phenotypically characterized as multi-PI-resistant
HIV-1. The amino acid sequences of the protease of the 11 clinical isolates
are illustrated in Fig. ST in the supplemental material.

Antiviral agents. DRV was synthesized as described previously (14).
Saquinavir (SQV) was kindly provided by Roche Products Ltd. (Welwyn
Garden City, United Kingdom) and Abbott Laboratories (Abbott Park,
1L). APV was a kind gift from GlaxoSmithKline (Research Triangle Park,
N.C). Indinavir (IDV) and lopinavir (LPV) were kindly provided by Japan
Energy Inc., Tokyo, Japan. Atazanavir (ATV) was a kind gift from Bristol-
Myers Squibb (New York, NY). TPV was obtained through the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, Na-
tional Institutes of Health.

Generation of highly TPV-resistant HIV-1 in vitro. Thirty 50% tis-
sue culture infectious doses (TCIDg;s) of each of the 11 highly multi-PI-
resistant HIV-1 isolates was mixed and propagated in a mixture of an
equal number of PHA-PBMCs (5 X 10°) and MT-4 cells (5 X 10%), in an
attempt to adapt them for replication in MT-4 cells. The cell-free super-
natant was harvested on day 7 of coculture (PHA-PBMCs and MT-4
cells), and the viruses (designated HIV, x> Where PO represents pas-
sage 0) were further propagated in fresh MT-4 cells for the selection ex-
periment (19). On the first passage, MT-4 cells (5 X 10°) were exposed to
culture supernatant of mixed viruses or 500 TCIDgqs of each infectious
molecular HIV-1 clone and cultured in the presence of TPV at initial
concentrations of 0.1 to 0.4 uM. On the last day of each passage (approx-
imately day 7), 1 ml of the cell-free supernatant was harvested and trans-
ferred to a culture of fresh uninfected MT-4 cells in the presence of in-
creased concentrations of the drug for the following round of culture. In
this round of culture, three drug concentrations (increased by 1-, 2-, and
3-fold compared to the previous concentration) were employed. When
the replication of HIV-1 in the culture was confirmed by substantial Gag
protein production (greater than 200 ng/ml), the highest drug concentra-
tion among the three concentrations was used to continue the selection
(for the next round of culture). This protocol was repetitively used until
the drug concentration reached the targeted concentration (2, 19). Provi-
ral DNA samples obtained from the lysates of infected cells were subjected
to nucleotide sequencing,.

Determination of nucleotide sequences. Molecular cloning and de-
termination of the nucleotide sequences of HIV-1 strains passaged in the
presence of TPV were performed as previously described (2, 40). In brief,
high-molecular-weight DNA was extracted from HIV-1-infected MT-4
cells by using the InstaGene matrix (Bio-Rad Laboratories, Hercules, CA)
and was subjected to molecular cloning, followed by sequence determi-
nation. The primers used for the first round of PCR with the entire Gag-
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and protease-encoding regions of the HIV-1 genome were LTR F1 (5'-
GAT GCT ACATAT AAG CAG CTG C-3") and PRI2 (5'-CTC GTG ACA
AAT TTC TAC TAA TGC-3"), The first-round PCR mixture consisted of
I pl of proviral DNA solution, 10 pl of Premix Taq (ExTaq version;
TaKaRa Bio Inc., Otsu, Japan), and 10 pmol of each of the first PCR
primers in a total volume of 20 pl. The PCR conditions used were an
initial 3 min at 95°C, followed by 30 cycles 0f 40 s at 95°C, 20 s at 55°C, and
2 min at 72°C, with a final 10 min of extension at 72°C. The first-round
PCR products (1 pul) were used directly in the second round of PCR with
primers LTR F2 (5'-GAG ACT CTG GTA ACT AGA GAT C-3') and
Ksma2.1 (5"-CCATCCCGG GCTTTAATT TTACTG GTA C-3") under
the PCR conditions of an initial 3 min at 95°C, followed by 30 cycles of 30
sat 95°C, 20 s at 55°C, and 2 min at 72°C, with a final 10 min of extension
at 72°C. The second-round PCR products were purified with spin col-
umns (MicroSpin $-400 HR columns; Amersham Biosciences Corp., Pis-
cataway, NJ), cloned directly, and subjected to sequencing with a model
3130 automated DNA sequencer (Applied Biosystems, Foster City, CA).

Drug susceptibility assay. To determine the susceptibility of
HIV g4ppe and clinical multi-Pl-resistant HIV-1 isolates, PHA-PBMCs
(10%/ml) were exposed to 50 TCIDsqs of each HIV-1 isolate and cultured
in the presence or absence of various concentrations of drugs in 10-fold
serial dilutions in 96-well microtiter culture plates. PHA-PBMCs were
derived from a single donor in each independent experiment. For obtain-
ing the data, three different donors were recruited. To determine the drug
susceptibility of infectious molecular HIV-1 clones and TPV-selected
HIV-1 variants, MT-4 cells were used as target cells. MT-4 cells (10°%/ml)
were exposed to 50 TCIDg,s of infectious molecular HIV-1 clones and
TPV-selected HIV-1 variants in the presence or absence of various con-
centrations of drugs and were incubated at 37°C. On day 7 of culture, the
supernatant was harvested and the amount of p24 Gag protein was deter-
mined by using a fully automated chemiluminescent enzyme immunoas-
say system (Lumipulse F; Fujirebio Inc., Tokyo, Japan) (22). The drug
concentrations that suppressed the production of p24 Gag protein by 50%
(50% inhibitory concentrations [ICs4s]) were determined by comparison
with the level of p24 production in drug-free control cell cultures. All
assays were performed in duplicate or triplicate (1, 18, 22).

Generation of recombinant HIV-1 clones. The PCR products ob-
tained as described above were digested with two of the three enzymes
BssHII, Apal, and Xmal, and the obtained fragments were introduced into
PHIV-14; ¢ designed to have a Smal site by changing two nucleotides
(2590 and 2593) of pHIV-1, 4.5 (2, 11). To generate HIV-1 clones carry-
ing the mutations, site-directed mutagenesis was performed using a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), and
the mutation-containing genomic fragments were introduced into pHIV-
Inisme Determination of the nucleotide sequences of plasmids con-
firmed that each clone had the desired mutations but no unintended
mutations. 293T cells were transfected with each recombinant plasmid by
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), and the
infectious virions thus obtained were harvested 48 h after transfection and
stored at —80°C until use.

Generation of FRET-based HIV-1 expression system. The intermo-
lecular fluorescence resonance energy transfer-based HIV-1 expression
assay employing cyan and yellow fluorescent protein (CFP and YFP, re-
spectively)-tagged protease monomers was generated as previously de-
scribed (Fig. 1) (21). In brief, CFP- and YFP-tagged wild-type HIV-1
protease constructs (pPHIV-PRy,~"" and pHIV-PRy, ™, respectively)
were generated using BD Creator DNA cloning kits (BD Biosciences, San
Jose, CA). For the generation of full-length molecular infectious clones
containing CFP- or YFP-tagged protease, the PCR-mediated recombina-
tion method was used (10). A linker consisting of five alanines was in-
serted between protease and fluorescent proteins. The phenylalanine-pro-
line site that HIV-1 protease cleaves was also introduced between the
fluorescent protein and reverse transcriptase (RT). DNA fragments thus
obtained were subsequently joined by using the PCR-mediated recombi-
nation reaction performed under the standard conditions for ExTaq poly-
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FIG 1 FRET-based HIV expression system. Plasmids encoding full-length molecular infectious HIV (HIV\y.4.5) clones that produce CFP- or YFP-tagged PR
were prepared using the PCR-mediated recombination method, as described in Materials and Methods. A linker consisting of five alanines was inserted between
HIV PR and the fluorescent protein. A phenylalanine-proline site (F/P) that HIV PR cleaves was introduced between the fluorescent protein and RT. Shown are
structural representations of PR monomers and dimer in association with the linker atoms and fluorescent proteins. FRET occurs when the two fluorescent
proteins become 1 to 10 nm apart. If an agent that is capable of inhibiting the dimerization of PR monomer subunits is present when the CFP- and YFP-tagged
PR monomers are produced within the cell upon cotransfection, no FRET occurs.

merase (TaKaRa Bio Inc., Otsu, Japan). The amplified PCR products were
cloned into the pCR-XL-TOPO vector according to the manufacturer’s
instructions (Gateway cloning system; Invitrogen, Carlsbad, CA). PCR
products were generated with the pCR-XL-TOPO vector as the templates,
followed by digestion by both Apal and Xmal, and the Apal-Xmal frag-
ment was introduced into pHIV- 1,y sima (11), generating pHIV-PRyy
and pHIV-PRyy "7, respectively.

FRET procedure. COS7 cells plated on an EZ view cover-glass-bottom
culture plate (Twaki, Tokyo, Japan) were transfected with pHIV-PRyy =¥
and pHIV-PR,.."* using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions in the presence of var-
ious concentrations of each compound, cultured for 72 h, and analyzed
under a Fluoview FV500 confocal laser scanning microscope (Olympus
Optical Corp., Tokyo, Japan) at room temperature as previously de-
scribed (21). When the effect of each compound was analyzed by FRET,
test compounds were added to the culture medium simultaneously with
plasmid transfection. Results of FRET were determined by quenching of
CFP (donor) fluorescence and an increase in YFP (acceptor) fluorescence
(sensitized emission), since part of the energy of CFP is transferred to YFP
instead of being emitted. The changes in the CFP and YFP fluorescence
intensity in the images of selected regions were examined and quantified
using the Olympus FV500 Image software system (Olympus Optical
Corp). Background values were obtained from the regions where no cells
were present and were subtracted from the values for the cells examined in
all calculations. Ratios of intensities of CFP fluorescence after photo-
bleaching to CFP fluorescence prior to photobleaching (CFPA® ratios)
were determined. It is well established that CFPA/® ratios of greater than
1.0 indicate that an association of CFP- and YFP-tagged proteins oc-
curred, and it was interpreted that the dimerization of protease subunits
occurred. CFPA® ratios of less than I indicated that the association of the
two subunits did not occur, and it was interpreted that protease dimeriza-
tion was inhibited (21).

RESULTS

Generation of TPV-resistant HIV-1 usinga mixture of multi-PI-
resistant clinical HIV-1 isolates. TPV and DRV inhibit the enzy-
matic activity of HIV-1 protease (21, 30), block the dimerization
of protease subunits (21), and exert potent activity against a wide
spectrum of wild-type and multi-PI-resistant HIV-1 variants (3,
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22, 30). Although the emergence of DRV-resistant HIV-1 is sub-
stantially delayed in vitro (6, 19) and in vivo (32), we recently
reported that the use of a mixture of 8 multiple-PI-resistant clin-
ical HIV-1 isolates as a starting HIV-1 population makes it possi-
ble to relatively rapidly select highly DRV-resistant HIV-1 variants
(19). We therefore attempted to generate TPV-resistant HIV-1
variants, employing as a starting HIV-1 population a mixture of
11 highly multiple-PI-resistant clinical HIV-1 strains (HIV,;3x)
isolated from patients with AIDS, who had failed multiple antiret-
roviral regimens containing various PIs. All such clinical isolates
contained a variety of PI resistance-associated amino acid substi-
tutions in their protease and showed, in general, high levels of
resistance to five approved PIs (SQV, IDV, APV, LPV, and ATV),
as examined in PHA-PBMCs as target cells using p24 production
inhibition as an endpoint (Table 1). However, it was noted that
TPV retained its anti-HIV-1 activity against each of the virus
strains in HIV, . with 0.4- to 3-fold-differences in its ICs,
against a wild-type clinical strain HIV . (35) relative to those
against multiple-Pl-resistant clinical HIV-1 strains (Table 1).
Each of four selected primary strains (HIVy, HIV, HIV, and
HIVqyy) and HIV % were propagated in a mixture of an equal
number of PHA-PBMCs and MT-4 cells, in an attempt to adapt
each virus population for replication in MT-4 cells in the presence
of 0.4 uM TPV as a starting concentration. The four primary
HIV-1 strains were chosen since they were all highly resistant to
the majority of nucleoside reverse transcriptase inhibitors (35, 41)
and a variety of PIs (Table 1). The cell-free supernatant was har-
vested at the conclusion of each passage (approximately 7 days) of
culture, and the viral preparation was further propagated in fresh
MT-4 cells. HIV ;4% at passage 10 (HIV ),y %) was capable of
replicating in the presence of TPV at a concentration as high as 15
wM (Fig. 2). Two (HIVy and HIV.) of the four primary HIV
strains also became replicative in the presence of 15 uM TPV by
passages 10 and 15, respectively, while HIV; and HIVy, failed to
replicate in the presence of 2 and 3 pM TPV, respectively (Fig. 2).
However, the HIV ;45 clone (cHIVy; ,.5) did not develop a high
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TABLE 1 Sensitivities of multidrug-resistant clinical isolates to various PIs*

Protease Dimerization Inhibition and HIV Resistance

1Cs,, mean & SD (M) (fold change)

Virus SQV 10)Y APV LPV ATV TPV

HIV v 0.0073 * 0.0014 0.042 = 0.003 0.029 = 0,002 0.034 = 0.002 0.002 % 0.0004 0.16 % 0.03
HIV, 0.075 + 0.001 (10) 0.59 £ 0.04 (14) 0.074 % 0.013 (3) 0.26 = 0.014 (8) 0.024 *+ 0.003 (12) 0.36 = 0.007 (2)
HIV, 0.36 = 0.001 {49) =1 (>24) >1 (>34) =1 (>29) 0.28 = 0.01 (140) 0.18 = 0.01 (1)
HIV,. 0.032 = 0.002 (4) =1 (>24) 0.37 % 0.01 (11) > (>29) 0.034 = 0.004 (17) 0.17 = 0.04 (1)
HIV, 0.030 = 0.001 (4) 0.36 = 0.1 (9) 0.43 0,04 (15) 0.26 == 0.04 (8) 0.043 = 0.022 (22) 0.24 £ 0.08 (2)
HIV iy 0.26 = 0.04 (36) =1 (>24) 0.32 % 0.007 (11) >1(>29) 0.065 == 0,008 (33) 0.38 = 0.05 (2)
HIV 0.22 % 0.01 (29) =1 (>24) 0.32 = 0.03 (11) 0.59 = 0.004 (17) 0.21 = 0.02 (105) 0.35 = 0.007 (2)
HIV 0.17 = 0.004 (23) >1(>24) 0.13 % 0.01 (4) 0.21 = 0.04 (6) 0.032 = 0.006 (16) 0.41 = 0.14 (3)
HIVyg, 0.30 = 0.02 (41) =1 (>24) 0.78 = 0.1 (27) =1 (>29) 0.43 % 0.04 (215) 0.23 = 0.05 (1)
HIVy 0.36 = 0.05 (49) 0.25 = 0.02 (6) >1 (>34) =1 (>29) 0.43 * 0.04 (215) 0.066 *+ 0.016 (0.4)
HIVgg 0.45 % 0.01 (62) >1 (>24) >1 (>34) 0.41 = 0.01 (12) 0.032 = 0.004 (16) 0.34 = 0.01 (2)
HIV ;50 0.029 = 0.003 (4) 0.32 % 0.03 (7) 0,030 = 0.003 (1) 0.22 % 0.1 (6) 0.021 % 0.007 (11) 0.10 = 0.01 (0.6)

“ ICqqs were determined by using PHA-PBMCs as target cells, and the inhibition of p24 Gag protein production by each drug was used as the endpoint. Numbers in parentheses
represent the n-fold change of the 1C4, for each isolate compared to the ICs, for wild-type strain HIV ... All assays were conducted in duplicate or triplicate, and the data shown
represent mean values *1 standard deviation derived from the results of three independent experiments. PHA-PBMCs were derived from a single donor in each independent

experiment.

level of resistance to TPV, and its replication was found to be
significantly compromised in the presence of >1.5 uM TPV
(Fig. 2).

Susceptibility of TPV-selected HIV ¢ populations to var-
ious PIs, including TPV. In order to determine the susceptibility
of the above-described TPV-selected HIV-1 variants to seven
FDA-approved Pls, we harvested HIV, ™" HIV, vk > and
HIV, v ' at passages 0, 5, and 10, respectively, and tested them
using the drug susceptibility assay. As shown in Table 2,
HIV, - showed considerable resistance to 5 Pls (SQV, 1DV,
APV, LPV, and ATV), with fold changes of § to 29 in their ICsqs
against the variants over the ICs, of each PI against wild-type
HIV ggpre- HIV Lmix T was more resistant to each of the 5 Pls,
while DRV and TPV remained fairly active against both

16
O HIVypux

14 A HiVg
%: i2 o HIVg
2 ® HiVg
S 10
g A HIVy,
5 8 B cHIVyy s
C
8 6
>
a
= 4

2

ot ]

1 5 10 15
Passage

FIG 2 In vitro selection of TPV-resistant variants using multidrug-resistant
clinical HIV-1 isolates. A mixture of 11 multi-PI-resistant HIV-1 isolates
(HIV,pax)> four multidrug-resistant clinical HIV-1 isolates (HIVy, HIV,
HIV;, and HIVyy), and an infectious molecular HIV-1 clone (cHIV4.5)
were propagated in the presence of increasing concentrations of TPV in MT-4
cells. The selection was carried out in a cell-free manner for a total of 10 to 15
passages with drug concentrations escalating from the IC;, for each virus up to
15 pM. The nucleotide sequences of proviral DNA were determined using the
cell lysates of HIV-1-infected MT-4 cells at the termination of each indicated
passage.
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HIV, i S and HIV, s with fold changes of 1 to 8 (Table 2).
HIV, i’ ¥ showed high levels of resistance to the 5 PIs (ICsqs for
all drugs, >1 M), HIV, yx"'? was resistant to TPV with a fold
change of >34, while it remained relatively susceptible to DRV
with a fold change of 10. Of note, the absolute ICs, of DRV against
HIV, o ' was 0.034 == 0,004 1M, while that of TPV was >10
M (Table 2), indicating that the TPV-selected HIV-1 variant was
yet fairly susceptible to DRV.

154V and V82T are major substitutions associated with
HIV, vx acquisition of TPV resistance. We determined the
amino acid sequences of the protease in HIV-1 clones prepared at
various selection passages of each viral population. In HIV 3",
the original protease sequences of the four isolates HIVy, HIV,,
HIV, and HIV.y (see Fig. S1 in the supplemental material for
each sequence) were predominantly identified (3 of 20 clones, 9 of
20 clones, 6 of 20 clones, and 2 of 20 clones, respectively), while the
original sequence of HIV}; protease appeared to be the most pre-
dominant in HIV, yax "and HIV |y ', as shown in Fig. 3A. Of
note, 154V was present in the protease of 12 of 20 HIV ;™"
clones, while it was present in all clones generated from
HIV, i ® and HIV, 0x0. V82A was present in all clones of
HIV, i C and HIV, x> (20 of 20 clones), while it had been
converted to V82T in all clones of HIV;p1x” '° (20 of 20 clones)
(Fig. 3A), in line with the results previously reported by Baxter et
al. (4).

We also analyzed the amino acid sequences of the protease of
the four TPV-selected primary HIV-1 strains. I54V was present in
4 of 20 clones of HIVBPO, while it was found in all clones of
HIVP', Similarly, 154V was seen in 16 of 20 clones and 18 of 20
clones of HIV " and HIV1,,"°, respectively, while it was seen in
all dlones of HIV:S™ and HIVy,"'®. As seen in the case of
HIV, vio V82A was seen in 20, 16, 20, and 18 of 20 clones of
HIV,™, HIVCS, HIVAT, and HIV,,, ™, respectively, and V82T
was seen in all clones of HIV,F!, HIVSLY, HIVFY, and
HIV'', as illustrated in Fig. 3B. The results that 154V and
V82T were seen in all clones by passage 10 in HIV . and 3 of
the 4 primary HIV-1 strains at passage 10 and/or passage 15
suggested that these two amino acid substitutions may repre-
sent major amino acid substitutions presumably responsible
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TABLE 2 Sensitivities of TPV-resistant variants to various PIs*

ICqq, mean * SD (M) (fold change)

Virus sQv IDV APV LPV ATV DRV TPV

HIVigyre  0.0043 +0.0004  0.033 = 0.002 0.031 £ 0.001 0.031 £0.001  0.0036 £0.0001  0.0035%0.0002  0.29 % 0.03
HIV, o™ 0.036 % 0,002 (8)  0.97 +0.007 (29) 031 + 0.003 (10) 034 +0.04 (11)  0.043 +0.005 (12) 0.015 = 0.001 (4)  0.32 = 0.01 (1)
HIV, > 0.21 £0.08 (48)  >1(>>30) 032 £0.01(10) >1(>32) 038 = 0.04 (105)  0.021 £ 0.008 (6) 2.5 % 0.01 (8).
HIV "% >1(>233) >1(>30) >1(>32) >1(>32) >1(>280) 0.034 = 0.004 (10) >10 (>34)

4 1Cs0s were determined by employing MT-4 cells exposed to each virus (50 TCIDsgs) in the presence of each P1, and the inhibition of p24 Gag protein production was used as the
endpoint. All values were determined in triplicate, and the data are shown as mean values % 1 standard deviation of the results from two or three independent experiments. The
numbers in parentheses are changes (1-fold) in the IC5, for each isolate compared to the ICs, of each P for HIV gy

for the initiation and/or progression of the development of
TPV resistance.

154V and V82T substitutions do not significantly compro-
mise TPV activity to block protease dimerization. We previously
reported that TPV inhibits the dimerization of wild-type HIV-1
protease, as examined with the FRET-based HIV-1 expression sys-
tem (21). Figure 4A demonstrates the dimerization inhibition
profiles of TPV and DRV against wild-type HIV-1 protease. In this
assay, COS7 cells were exposed to various concentrations of TPV,
DRV, or APV and subsequently transfected with pHIV-PRy,""
and pHIV-PRy,"F", and the CFP*/® ratios were determined at the
end of the 72-h period of culture. In the absence of drug, the
average CFP*® ratio was 1.06, indicating that protease dimeriza-
tion occurred in the absence of TPV in the system. In the presence
of 0.1 wM TPV, the average CFP*'® ratio was 1.10, indicating that
the dimerization still occurred. However, in the presence of 1 and
10 pM TPV, the average CFP*'® ratios were 0.85 and 0.64, respec-
tively, indicating that TPV at both concentrations clearly blocked
the dimerization of HIV-1 protease. In contrast, DRV was active
in blocking the dimerization at 0.1 uM, with the average ratio
being 0.72, while APV failed to block the dimerization at 1 pM
(Fig. 4A), as previously reported (21).

We next asked whether amino acid substitutions identified un-
der the selection with TPV affected the dimerization inhibition
activity by TPV, As shown in Fig. 3A and B, 154V was seen in all
HIV,,mix clones by passage 5 and beyond in all clones of
HIV, v % HIVETY HIVEEY, and HIV,,, P2, Tt was noted that
all the clones of passage 0 virus populations (HIV™, HIV.™,
HIV:, and HIV 1y °) contained V82A or V82I; however, by pas-
sage 10 or 15, all clones contained V82T, strongly suggesting that
another base change produced V82A (bases for V and A were GTC
and GCC, respectively) and V82I (bases for I were ATC), resulting
in acquisition of V82T (bases for T were ACC) (Fig. 3B).

We therefore examined the effects of the 154V and V82T substi-
tutions on the susceptibility of cloned HIV,y 4 5 (cHIV g4 551),
CHIV g4 3verr, and cHIVyy 4 gisvwveer to the dimerization inhibition
activity of TPV. As shown in Fig. 4B, in the presence of 1 and 10
M TPV, the respective CFP*'® ratios for cHIV 45 were 0.91
and 0.88, those for cHIVyy; 4_5vs2r were 0.92 and 0.88, and those for
CHIV pq.3vvszr were 0.86 and 0.81 (Fig. 4B), signifying that 154V
and V82T do not significantly affect the dimerization process of
protease with the genetic background of cHIVyy 4 5.

We also examined the effects of the 154V and V82T substitu-
tions on the susceptibility of protease with the genetic background
of HIV}, to TPV’s dimerization inhibition activity by generating
and testing PHIV-PRy“"- and pHIV-PRy " -tagged
CHIV,®Y and cHIVP*YV82T in the FRET-based HIV-1 expres-
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sion assay (Fig. 4B). In the absence of TPV, the CFP*® ratio for
cHIV was 1.02, and the ratios in the presence of 1 and 10 wWM TPV
were 1.15 and 0.94, respectively. The ratios seen with cHIV"™*Y
and cHIV™*YV8T i1 the absence of TPV were both 1.12, signify-
ing that the presence of the I54V and V82T substitutions per se
does not compromise the dimerization process of protease with
the genetic background of HIVy,. In the presence of 1 and 10 pM
TPV, the CFPA'F ratios for cHIV;"**Y were 1.29 and 0.98, respec-
tively (Fig. 4B). These data suggested that 1 uM TPV failed to
block the dimerization of cHIV,"™*Y protease, while 10 pM TPV
barely blocked the dimerization. The ratios with cHIV,>*V/V82Tip
the presence of 1 and 10 wM TPV were 1.19 and 1.0, respectively,
indicating that 10 uwM TPV did not significantly block the
dimerization of cHIV™*Y/V82T protease. However, DRV at 0.1
M effectively blocked the dimerization of cHIV"*/V82T pro-
tease, suggesting that DRV is more potent in blocking protease
dimerization than TPV and/or that the way in which DRV blocks
the dimerization of protease monomers differs from that of TPV.

L.24M, L1331, and L33F are associated with the loss of TPV’s
dimerization inhibition. HIV - originally contained the L241 sub-
stitution in its protease (see Fig. S1 in the supplemental material),
and this substitution converted to L24M in HIV""? in the pres-
ence of the selection pressure with TPV (Fig. 3B). In order to
examine the impact of L24M on the susceptibility of HIV to
TPV’s dimerization inhibition activity, we introduced L241 and
L24M into the protease in the FRET-based HIV-1 expression
assay, and the clones were designated cHIVy, 520 and
cHIV yp4_3t2m, respectively. TPV at 1 and 10 pM effectively inhib-
ited the dimerization of the protease of cHIV ;4 521, giving aver-
age ratios of 0.85 and 0.79, respectively (Fig. 4C). In contrast,
upon the introduction of L24M (cHIV 4 512m), both 1 and 10
LM TPV failed to block the dimerization, giving ratios of 1.32 and
1.26, respectively.

L1331 was also identified in all HIV, ' "and HIV, iyt
clones examined, although 3 of 20 HIV " clones had L331.
Reportedly, the L33F substitution in protease is frequently seen in
HIV-1 isolates from patients failing TPV-containing regimens
(24, 28). Thus, we introduced L1331 and L33F into the protease in
the FRET-based HIV-1 expression assay, and the clones were des-
ignated cHIV 4 sus and cHIV gy 45153, respectively. TPV at both
1 and 10 pM failed to block the dimerization of the protease of
CHIV 4.5, giving average ratios of 1.11 and 1.03, respectively
(Fig. 4C). TPV also failed to block the dimerization of the
cHIV gy 4.5t3¢ protease at both 1 and 10 pM.

Moreover, to confirm the responsibility of L33I for compro-
mising TPV’s dimerization inhibition, we reverted L33l to the
wild-type amino acid (Leu-33) in cHIVy, cHIV,"™*Y, and
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FIG 3 Amino acid sequences of protease-encoding regions of HIV |, ;x, HIV, HIV ., HIV, and HIV ., on TPV selection. Shown are the amino acid sequences
deduced from the nucleotide sequences of the protease-encoding region of proviral DNA isolated from HIV |, at passages 1, 5, and 10 (A) and HIVy, HIV,
HIV, and HIV. at passages 1 and 10 or 15 (B) in the TPV selection. The consensus sequence of cHIVyy 4 5 is illustrated at the top as a reference. Identity with
the consensus sequence at individual amino acid positions is indicated by dots. The fractions of the virus from which each clone is presumed to have originated
over the number of clones examined are shown on the right.
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FIG 4 Impact of amino acid substitutions on TPV’s dimerization inhibition. (A) COS7 cells were exposed to each of the drugs (TPV, DRV, and APV) at various
concentrations and subsequently cotransfected with plasmids encoding each full-length molecular infectious HIV-1 (HIV g ,.5) clone producing CFP- or YFP-tagged
wild-type protease. After 72 h, cultured cells were examined in the FRET-HIV-1 assay system and the CEP*'® ratios were determined. The mean values of the ratios
obtained are shown as bars. A CFP*/® ratio that is greater than 1 signifies that protease dimerization occurred, whereas a ratio that is less than 1 signifies the disruption
of protease dimerization. All the experiments were conducted in a blind fashion. *, not significant; **, P < 0.05. (B) COS7 cells were cotransfected with a pair of clones,
PHIV 4507 and pHIV g 4 5. carrying 154V (cHIV g 4 551v), V82T (cHIVyy4.5v1), or 154V/V82T (cHIVyy 4 swvaver) or a pair of clones, pHIVES™ and pHIV ™,
carrying no additional substitution (cHIVp), 154V (cHIV,™*Y), or 154V/V82T (cHIV,*#V/V82T) in the absence or presence of 1 or 10 &M TPV or 0.01 or 0.1 £M DRV,
and CEP*P ratios were determined. *, not significant; **, P < 0.05. The statistical differences (P values) between the CEPA’® ratios in the absence of drug (CFPA/Pro drug)
and the CFP*/® ratios in the presence of 1 M TPV (CEP*® ™) and those between the CEP*'® ratios in the absence of drug (CFP*/P de) and the CFP*® ratios in the
presence of 10 uM TPV (CEP*P1 ™) wyere, respectively, <0.0001 and <<0.0001 for cHIVyq 455, 0.0067 and 0.0005 for cHIVyy 4.5ver, 0.0009 and 0.0005 for
CHIV 4. 550ns2r, 0.359 and 0.2865 for cHIVy, 0.132 and 0.0234 for cHIV,™#Y, and 0.3689 and 0.1653 for cHIV,™*/V#2T, The statistical differences (P values) between
the CFP*® ratios in the absence of drug (CFP*/Br dre) and the CFP*® ratios in the presence of 0.01 WM DRV (CFP™/Boa D) and those between the CEPA® ratios in the
absence of drug (CFPA/Pr dn) and the CFP*/® ratios in the presence of 0.1 uM DRV (CEPA/™1 PRV} were 0.5956 and 0.0021, respectively, for cHIV*#/V82T (C) COS7
cells were cotransfected with a pair of clones, pHIVyy , ;0 and pHIV y .57, carrying L241, L24M, 1331, or L33F or a pair of clones, pHIV,“™ and pHIVY™,
with Leu-33 (wild-type) reverted from Ile-33 (cHIV,™") with an additional 154V substitution (cHIV™? %) or with an additional 154V/V82T substitution
(CHIVP3/IS#VIVET) in the absence or presence of 1 or 10 uM TPV, and CFP*/® ratios were determined. *, not significant; **, P < 0.05,

13390 jviasm.org Journal of Virology

ALISHIAINN OLOWYINNM Ad €102 ‘Gz IUdy uo /Bio°wseIAlj/:dpy wols pepeojumo(



Protease Dimerization Inhibition and HIV Resistance

TABLE 3 Effects of L331, L33F, 154V, and V82T substitutions on the susceptibility of cHIVy, , 5 and cHIV; to TPV

Mean % SD ICq, Fold
Infectious clone Amino acid substitution(s) in PR (M) resistance
CHIVig14 Wild type 0.27 £ 0.003 1
cHIV g5 1331 Does not replicate
CHIVygy,.5" L33F 0.27 % 0,001 1
CHIVy, Y 154V 0.37 =+ 0.005 1
CHIV g, 5 veaT 0.31 % 0.025 1
cHIVyy, , %" V82l 0.33 * 0.023 1
CHIV gy ., 2N L1331, M36] 0.33 == 0.004 1
CHIVy, , HYveT 154V, V82T 0.28 =+ 0.004 1
cHIVy, L101, L331, M361, M461, F53L, K55R, 162V, L63P, A71V, G73S, V824, L9OM, 1931 0.30 = 0.02 1
cHIV,H L101, M361, M461, F53L, K55R, 162V, L63P, A71V, G738, V824, LOOM, 193L 0.26 = 0.03 1
cHIV Y L101, L331, M361, M461, 154V, K55R, 162V, L63P, A71V, G735, V82A, L9OM, 1931, 2.9 0.1 11
cHIVvveT L101, L331, M36I, M461, 154V, K55R, 162V, L63P, A71V, G73S, V82T, L9OM, 1931 3.2 % 0.1 12
cHIV 23sav L10], M361, M461, 154V, K55R, 162V, L63P, A71V, G73S, V82A, L90M, 193L 1.2 +0.19 4
CHIV 3/ sav/ver L101, M361, M46L, 154V, K55R, 162V, L63P, A71V, G735, V82T, L90M, 193L 2.5 +0.26 9

 Data shown represent mean values & 1 standard deviation derived from the results of three independent experiments conducted in triplicate. The ICs were determined by
employing MT-4 cells exposed to each infectious HIV-1 clone (50 TCIDg,s) in the presence of each PI and using the inhibition of p24 Gag protein production as the endpoint.

CHIVEBWYYST generating  cHIV,'™ Y, cHIVPH5Y) and
CHIV,PHIIVVET egnectively, and determined the CFPY® ra-
tios. TPV failed to inhibit the dimerization of cHIV,™,
CHIVPHY fand cHIVPPHBVVET 3¢ 1 uM, while the CEPA®
values were barely over 1.0. In fact, TPV at 10 uM blocked the
dimerization in all three revertants (Fig. 4C). The observed mod-
erately increased susceptibility of the three revertants to TPV’s
dimerization inhibition appears to confirm that L331 and L33F
play a role in compromising TPV’s dimerization inhibition
activity.

Impact of L331, L33F, 154V, and V82T substitutions on sus-
ceptibility of HIV g, 4.5 and HIVy; to TPV’s antiviral activity. We
also examined the impact of the L33], L33F, 154V, and V82T sub-
stitutions on the activity of TPV to block HIV-1 replication. When
the L33I substitution was introduced into cHIV .5 (designated
cHIVpqstm), cHIV . 3tu failed to replicate, so the IC5, of TPV
against cHIVy st could not be determined. However,
CHIVyyp 4.50moa propagated fairly well. All of the other 4 newly
generated infectious clones, cHIVy g3,  cHIV 450,
CHIVyp4.3veer, and cHIV g, gsavivezr, also replicated well, and the
ICs0s of TPV against these four recombinant clones were readily
determined. The ICsys obtained were virtually identical to each
other, with fold differences being ~1 in comparison with the IC,,
of TPV against cHIV y, 4.5 (Table 3).

When HIVy was propagated in the presence of increasing con-
centrations of TPV, all the clones (20/20) derived from the virus at
passage 10 (HIVBPIO) had 154V and V82T substitutions, both of
which were also seen in all clones (20/20) derived from HIVCP 15
and HIVy"'® (Fig. 3B). It is of note that HIV"'® and HIV "
were propagating in the presence of ~15 pM TPV, while
HIVyy,"'? was barely propagating in the presence of 3 WM TPV,
We therefore examined the impact of both 154V and V82T sub-
stitutions on the susceptibility of HIVy to TPV by introducing
154V alone and I54V/V82T into HIVy, generating cHIV**Y and
CHIV#YV82T  respectively. cHIVE™*Y and cHIVE*Y/V82T were
significantly resistant to TPV, with ICsos of 2.9 and 3.2 pM, re-
spectively, which were 11- and 12-fold increases in comparison to
the IC,, against cHIVy, respectively (Table 3). Prior to the TPV
selection, HIV had contained the L331 substitution (see Fig. S1in
the supplemental material) and the HIV, ;" population had
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the L331 substitution in 3 of 20 clones; however, L33] became
predominant by passage 5 (20 of 20 clones; Fig. 3A). Thus, as
mentioned above, we reverted 1331 to the wild-type amino acid
(Leu-33) in cHIV,, cHIVSY, and cHIVPWYVET ) generating
CHIV, Y, cHIV, P15V and cHIV,PMVVET Lespectively,
and determined their susceptibility to TPV. The susceptibility of
cHIV,"**" to TPV was similar to that of cHIVyy, ,_s; however, both
CHIVPYBNY and cHIV, W PVVET \were less resistant to TPV
(with fold differences in ICss of 4 and 9, respectively) than their
counterparts, cHIV,®Y and cHIVP*Y/V92T respectively (which
had fold differences of 11 and 12, respectively) (Table 3). These
data suggest that (i) the L33I substitution alone is detrimental to
the viral fitness of cHIVyy 4.5, (i) the L331 substitution renders
cHIV 4.5 resistant to TPV inhibition of protease dimerization,
(iii) the L331 substitution alone does not significantly change the
antiviral susceptibility of cHIV to TPV, and (iv) with the genetic
background of cHIVy, L33] in the presence of 154V and 154V/
V82T contributes to the acquisition of relatively greater resistance
to TPV, probably through compromising TPV’s dimerization in-
hibition activity.

Impact of 1241, L24M, E35D, V82T, and 184V substitutions
on the susceptibility of HIV, .5 and HIV to TPV’s antiviral
activity. Upon the selection of HIV with TPV, by passage 15,
1241 had been converted to L24M (20 of 20 clones) and E35D (15
of 20 clones), V82T (20 of 20), and 84V (20 of 20) had newly
emerged (Fig. 3B). Thus, we assessed the effects of such amino acid
substitutions on the susceptibility of HIV to TPV’s antiviral ac-
tivity. Interestingly, the introduction of L24] and L24M substitu-
tions rendered ¢cHIV g, 5 (cHIV g2 and cHIV g, g2, re-
spectively) more susceptible to TPV, with ICsus of 0.02 and 0.029
M, respectively, compared with an ICs, of 0.27 uM against
cHIVy14.5 (Table 4). However, when L24I and L24M were present
with the genetic background of HIV , the ICs;s of TPV were 0.24
M (0.9-fold difference) and 0.6 M (2.2-fold difference), respec-
tively, suggesting that L24M is associated with the moderate resis-
tance of HIV to TPV. The introduction of V82T into HIV - made
the virus slightly resistant to TPV, with an IC5, 0of 0.38 pM (1.4-
fold difference). However, HIV with the combination of
three amino acid substitutions, CHIV F2#M/ESPVET yas signifi-
cantly more resistant to TPV. HIV. with four substitutions,
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TABLE 4 Effects of 1241, 1L24M, E35D, V82T, and 184V substitutions on the susceptibility of cHIV g, , 5 and cHIV - to TPV*

Mean * SD Fold

Infectious clone Amino acid substitution(s) in PR ICs, (uM) resistance
cHIVyias wild type 0.27 % 0.003 1
CHIVigra ™" 1241 0.02 % 0.003 0.07
CHIV e s=M L24M 0.029 = 0.003 0.1
cHIV L101, 115V, K20R, L24I, M361, M46L, 154V, 162V, L63P, K70Q, V82A, L8OM 0.24 + 0.06 0.9
CHIV 1M L101, 115V, K20R, L24M, M36I, M46L, 154V, 162V, L63P, K70Q, V82A, 0.6 = 0.02 2.2

L8OM
cHIV YT L10I, 115V, K20R, L241, M361, M46L, 154V, 162V, L63P, K70Q, V82T, L§9M 0.38 + 0.01
CHIV J2M/EISD/VE2T L10L, 115V, K20R, L24M, E35D, M361, M46L, 154V, 162V, L63P, K70Q, 1.95 = 0.04

V82T, L89M
CHIV J2AM/ESSDIVE2T/IRY L101, 115V, K20R, L24M, E35D, M361, M46L, 154V, 162V, L63P, K70Q, 2.25 +0.13 8.3

V82T, 184V, L8OM

7 Antiviral data shown represent mean values 1 standard deviation derived from the results of three independent experiments conducted in triplicate. The ICss were determined
by employing MT-4 cells exposed to each infectious HIV-1 clone (50 TCIDsys) in the presence of each Pl and using the inhibition of p24 Gag protein production as the endpoint.

2 5 76 .
CHIV JHM/ESSDIVEZT/IBY | as further move resistant to the drug,

with an ICs, 02.25 M (8.3-fold difference) (Table 4). These data
suggest that all five amino acid substitutions, 1241, L24M, E35D,
V82T, and 184V, contribute to the decreased susceptibility of
HIV¢, in particular, when combined.

The presence of 154V/V82T expedites HIVy , 5 acquisition
of TPV resistance compared to that of L33F. We further exam-
ined how the presence of L33F or 154V/V82T affected the acqui-
sition of cHIV ;4 5 resistance to TPV by propagating cHIV g 4 3133
or cHIV 4 zsnwvezr in the presence of increasing concentrations
of TPV. As shown in Fig. 5, cHIVy, ssvner, followed by
cHIVyy 4.5t readily started replicating robustly in the presence of
up to 5 uM TPV. cHIVyy 4.5 was most delayed in its acquisition of
replicative ability in the presence of TPV. These data suggest that
154V/V82T substitutions are associated with TPV resistance with the
genetic background of cHIV 4.5 and prompt HIV-1’s development
of TPV resistance, while these two substitutions do not affect the
susceptibility of protease to TPV’s dimerization inhibition activity
with the genetic background of cHIVyy, ,_; (Fig. 4B).

Determination of the amino acid sequences of cHIV ; ,_gsvrvezr
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FIG 5 In vifro selection of TPV-resistant variants using HIV-1 carrying L33F
or 154V/V82T. cHIV .5 (O), cHIV g 45153 (A), and cHIV . ginvnvsr (@)
were propagated in the presence of increasing concentrations of TPV (starting
at 0.3 wM) in MT-4 cells. The selection was carried out in a cell-free manner for
a total of 10 or 20 passages. Amino acid substitutions identified in the protease
of each HIV-1 strain at the conclusion of each passage of the selection are
shown with arrows.
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at passage 10 revealed that the virus population had additionally
acquired E34D, L63P, and A71V, while cHIVyy 4 s had addi-
tionally acquired R8Q and E35G (Fig. 5).

E34D renders HIVy 4 ; proteaseresistant to TPV’s dimeriza-
tion inhibition, while other substitutions (L63P, A71V, K451, or
V82L) do not. We finally examined whether each of the amino
acid substitutions that emerged during the selection of cHIVyy; 4.5
with TPV altered the susceptibility of cHIVy,.; protease to TPV’s
dimerization inhibition (Fig. 6). As examined in the FRET-based
HIV-1 expression assay, E34D rendered the cHIV 4.5 protease
resistant to TPV’s dimerization inhibition, while none of the four
other substitutions (L63P, A71V, K451, or V82L) changed the sus-
ceptibility of cHIV 4.5 protease to TPV’s dimerization inhibi-
tion. These data suggest that certain amino acid substitutions that
emerge under selection with TPV are associated with the loss of
TPV’s dimerization inhibition activity, although other substitu-
tions do not affect the susceptibility of protease to TPV’s
dimerization inhibition activity but contribute to the acquisition
of HIV-T’s TPV resistance. Hence, there are two distinct types of
amino acid substitutions contributing to the acquisition of HIV-
I’s TPV resistance with the genetic background of cHIV g4 5: (i)
amino acid substitutions conferring the loss of TPV’s dimeriza-
tion inhibition on protease and (ii) those contributing to the ac-
quisition of HIV resistance to TPV. without affecting its suscepti-
bility to TPV’s dimerization inhibition activity.

DISCUSSION

TPV is a Food and Drug Administration (FDA)-approved, non-
peptidic PI (34). Doyon and her colleagues have reported that the
development of HIV-1 resistance to TPV is slow and requires 9
months of sequential passage as well as multiple amino acid sub-
stitutions in culture (9). Indeed, when c¢HIV,y , ; was used as a
starting HIV:1 strain in the present study, cHIV ;4. ; failed to start
replicating in the presence of TPV (Fig. 2), which is in line with the
data presented by Doyon et al. (9). However, as shown in Fig. 2,
three HIV-1 populations (HIV, v HIVp, and HIV:) readily
started propagatingin the presence of increasing concentrations
of TPV. This observation confirms that the use of a mixture of
multiple-drug-resistant clinical strains and certain highly multi-
PI-resistant clinical strains makes it possible to substantially more
readily obtain otherwise hard-to-select drug-resistant HIV-1 vari-
ants, as previously described (19). Of note, all the clinical strains
employed as a source of the mixed HIV-1 population in the pres-
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