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GRL-04810 and GRL-05010, Difluoride-Containing Nonpeptidic
HIV-1 Protease Inhibitors (PIs) That Inhibit the Replication of Multi-
PI-Resistant HIV-1 In Vitro and Possess Favorable Lipophilicity That
May Allow Blood-Brain Barrier Penetration
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We designed, synthesized, and identified two novel nonpeptidic human immunodeficiency virus type 1 (HIV-1) protease inhibi-
tors (PIs), GRL-04810 and GRL-05010, containing the structure-based designed privileged cyclic ether-derived nonpeptide P2
ligand, bis-tetrahydrofuranylurethane (bis-THF), and a difluoride moiety, both of which are active against the laboratory strain
HIV-1, ,; (50% effective concentrations [ECs,s], 0.0008 and 0.003 M, respectively) with minimal cytotoxicity (50% cytotoxic
concentrations [CCsys], 17.5 and 37.0 pM, respectively, in CD4* MT-2 cells). The two compounds were active against multi-PI-
resistant clinical HIV-1 variants isolated from patients who had no response to various antiviral regimens. GRL-04810 and GRL-
05010 also blocked the infectivity and replication of each of the HIV-1, , ; variants selected by up to 5 puM lopinavir (EC,s, 0.03
and 0.03 pM, respectively) and atazanavir (ECygs, 0.02 and 0.04 pM, respectively). Moreover, they were active against darunavir
(DRV)-resistant variants (EC;, in 0.03 to 0.034 uM range for GRL-04810 and 0.026 to 0.043 pM for GRL-05010), while DRV had
ECs,s between 0.02 and 0.174 pM. GRL-04810 had a favorable lipophilicity profile as determined with the partition (log P) and
distribution (log D) coefficients of —0.14 and —0.29, respectively. The in vitro blood-brain barrier (BBB) permeability assay re-
vealed that GRL-04810 and GRL-05010 may have a greater advantage in terms of crossing the BBB than the currently available
PIs, with apparent penetration indexes of 47.8 X 10™° and 61.8 X 107 cm/s, respectively. The present data demonstrate that
GRL-04810 and GRL-05010 exert efficient activity against a wide spectrum of HIV-1 variants in vitro and suggest that two fluo-
rine atoms added to their bis-THF moieties may well enhance their penetration across the BBB.

ombined antiretroviral therapy (cART) has had a major im-
pact on the AIDS epidemic; however, no eradication of hu-

tate the development of viral resistance (20). In addition, HIV-1
infection of the CNS may also result in the establishment of a

man immunodeficiency virus type 1 (HIV-1) appears to be readily
possible, in part due to the viral reservoirs remaining in blood and
infected tissues. Moreover, we have encountered a number of
challenges in bringing about the optimal benefits of the currently
available therapeutics of HIV-1 infection and AIDS to individuals
receiving cART (1-6). These challenges include (i) drug-related
toxicities, (ii) partial restoration of immunologic functions once
individuals develop AIDS, (iii) development of various cancers as
a consequence of survival prolongation, (iv) immune reconstitu-
tion syndrome (IRS) or flare-ups of inflammation in individuals
receiving cART, and (v) increased cost of antiviral therapy. Such
limitations and flaws of cART are exacerbated by the development
of drug-resistant HIV-1 variants (7-11).

One of the sanctuary sites for HIV-1 infection is the central
nervous system (CNS) (12). The fact that HIV-1 enters and infects
target cells in the CNS represents a significant challenge for the
long-term suppression of virus replication and has been linked to
the development of several neurological complications (13, 14).
Although cART has significantly reduced the incidence of HIV-1-
associated dementia, the prevalence of CNS disorders such as
HIV-1-associated neurocognitive disorders, or HAND, appears to
be increasing as a result of prolonged patient survival and poor
antiretroviral drug penetration into the CNS (15-19). Further-
more, subtherapeutic drug concentrations in the CNS may facili-
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unique viral reservoir, which certain antiretroviral drugs do not
have reasonable access to (21-24). Moreover, there is evidence
that cART is less effective in lowering virus replication in the CNS
than in the blood (21), and unfortunately HIV protease inhibitors
(PIs) and several of the nucleoside analogs penetrate only poorly
into the CNS (12), allowing early CNS infection to evolve inde-
pendently over time in the inaccessible brain reservoir (25).
Successful antiviral drugs, in theory, exert their virus-specific
effects by interacting with viral receptors, virally encoded en-
zymes, viral structural components, or viral genes or their tran-
scripts without disturbing cellular metabolism or function. How-
ever, at present, no antiretroviral drugs or agents are likely to be
completely specific for HIV-1 or to be devoid of toxicity in the
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therapy of AIDS, which is a critical issue because patients with
AIDS and its related diseases will have to receive cART for a long
period of time, perhaps for the rest of their lives. Thus, the iden-
tification of a new class of antiretroviral drugs which 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 protease inhibitors (PIs) that are capable of overcoming
HIV-1 variants resistant to the currently approved PIs. One such
anti-HIV-1 agent, darunavir (DRV), containing a structure-based
designed privileged nonpeptidic P2 ligand, 3(R),3a(S),6a(R)-bis-
tetrahydrofuranylurethane (bis-THF) (26-28), has been clinically
used worldwide as a first-line therapeutic for HIV-1-infected in-
dividuals. In the present work, we designed and synthesized non-
peptidic HIV-1 protease inhibitors GRL-04810 and GRL-05010,
which contain bis-THF and a difluoride moiety, and found that
these compounds exert efficacious activity against a wide spec-
trum of laboratory HIV-1 strains and primary clinical isolates,
including multi-PI-resistant variants, with minimal cytotoxicity.
We also attempted to elucidate the binding interactions of the two
compounds with the wild-type HIV-1 protease by employing mo-
lecular modeling. Moreover, we selected HIV-1 variants with
GRL-04810 and GRL-05010 by propagating a laboratory wild-
type HIV-1y14.5 in MT-4 cells in the presence of increasing con-
centrations of GRL-04810 and GRL-05010 and determined amino
acid substitutions that emerged under the pressure of these com-
pounds in the protease-encoding region. Finally, in view of the
limited penetration of most antiviral drugs into the CNS, we eval-
uated the partition and distribution coefficients (log P and log D)
as well as the apparent permeability coefficient (P,,,) for blood-
brain barrier (BBB) using an i vitro model, where we were able to
demonstrate that GRL-04810 and GRL-05010 had potentially en-
hanced penetration capabilities across the BBB.

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 Bio-
sciences, Lenexa, MD), 50 unit/ml penicillin, and 100 pg/ml of kanamy-
cin. The following HIV-1 viruses were employed for the drug susceptibil-
ity assay (see below): HIV-1; 4, HIV-1y,.5, the clinical HIV-1 strain
HIV-1ggs104pre isolated from a drug-naive patient with ATDS (29), and six
HIV-1 clinical isolates which were originally obtained from patients with
AIDS who had received 9 to 11 anti-HIV-1 drugs over the past 32 to 83
months and which were genotypically and phenotypically characterized as
multi-PI-resistant HIV-1 variants. All primary HIV-1 strains were pas-
saged once or twice in 3-day-old phytohemagglutinin-activated periph-
eral blood mononuclear cells (PHA-PBMC), and the culture supernatants
were stored at —80°C until use.

Antiviral agents. Saquinavir (SQV) was kindly provided by Roche
Products, Ltd. (Welwyn Garden City, United Kingdom), and Abbott Lab-
oratories (Abbott Park, IL). Amprenavir (APV) was received as a courtesy
gift from Glaxo-Wellcome, 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).
DRV was synthesized as previously described (30). 3'-Azido-2',3'-di-
oxythymidine (AZT) was purchased from Sigma-Aldrich (St. Louis, MO).
Indinavir (IDV) was kindly provided by Merck Research Laboratories
(Rahway, NJ).

Drug susceptibility assay. The susceptibility of HIV-1, ,; to various
drugs was determined as previously described, with minor modifications.
Briefly, MT-2 cells (10*/ml) were exposed to 100 50% tissue culture infec-
tious doses (TCIDs,) of HIV-1, ,; in the presence or absence of various
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concentrations of drugs in 96-well microculture plates and incubated at
37°C for 7 days. After 100 pl of the medium was removed from each well,
3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) so-
lution (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 pl of acidified isopropanol contain-
ing 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 trip-
licate. 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, phytohemagglutinin-stimulated peripheral blood
mononuclear cells (PHA-PBMC) (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 mi-
croculture plates. In determining the drug susceptibility of certain labo-
ratory HIV-1 strains, MT-4 cells were employed as target cells as previ-
ously described, with minor modifications. In brief, MT-4 cells (10%/ml)
were exposed to 100 TCID;, of drug-resistant HIV-1 strains in the pres-
ence or absence of various concentrations of drugs and incubated at 37°C.
On day 7 of culture, the supernatants were harvested, and the amounts of
p24 Gag protein were determined by using a fully automated chemilumi-
nescent enzyme immunoassay system (Lumipulse F; Fujirebio, Inc., To-
kyo, Japan). Drug concentrations that suppressed the production of p24
Gag protein by 50% (50% effective concentration [ECs,]) were deter-
mined by comparison with the p24 production level in drug-free control
cell culture. All assays were performed in duplicate or triplicate. PHA-
PBMC were derived from a single donor in each independent experiment.
Thus, to obtain the data, three different donors were recruited.

Generation of PI-resistant HIV-1 variants in vitro. MT-4 cells (10°/
ml) were exposed to HIV-1y;, 5 (500 TCID;,) and cultured in the pres-
ence of various PIs at an initial concentration equal to its ECy,. 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 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 propagate 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 M (31-33). In the experiments for selecting drug-resistant variants,
MT-4 cells were exploited as target cells since HIV-1 in general replicates
at greater levels in MT-4 cells than in MT-2 cells.

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 described previously
(31). In brief, high-molecular-weight DNA was extracted from HIV-1-
infected MT-4 cells by using an InstaGene Matrix (Bio-Rad Laboratories,
Hercules, CA) and subjected to molecular cloning, followed by sequence
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 PR12 (5'-CTC GTG
ACA AAT TTC TAC TAA TGC-3"). The first-round PCR mixture con-
sisted of 1 ul of proviral DNA solution, 10 ul of Premix Tag (Ex Tag
version; TaKaRa Bio, Inc., Otsu, Japan), and 10 pmol of each of the first
PCR primersin a total volume of 20 pl. The PCR conditions used were an
initial 3 min at 95°C, followed by 35 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 pl) 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'-CCATCC CGG GCT TTA ATT TTA CTG GTA C-3') under
the PCR conditions of an initial 3 min at 95°C, followed by 35 cycles of 30
sat95°C, 20 sat 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-
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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).

Determination of replication kinetics of GRL-04810- and GRL-
05010-resistant HIV-1y; , 5 variants and wild-type HIV-1yy; , 5. GRL-
04810- and GRL-05010-resistant variants were obtained at passages 18
and 10, respectively, and propagated in fresh MT-4 cells without the drugs
for 7 days, and viral stocks were stored at —80°C until use. MT-4 cells (3 X
10°) were exposed to the wild-type HIV-1y; , ; preparation or HIV-1,;, 5
preparations selected with GRL-04810 over 18 passages and GRL-05010
over 10 passages, designated HIV-15p1 oss10-p1s 20d HIV-1601 05010 8100
respectively, containing 10 ng/ml p24, in six-well culture plates for 3 h.
Such MT-4 cells were subsequently washed with fresh medium and di-
vided into three fractions, each of which was cultured with or without
each compound (final concentration of MT-4 cells, 10*/ml; drug concen-
trations, 0.01 pM and 0.001 wM). The amounts of p24 were measured
every 2 days for up to 7 days.

Determination of partition and distribution coefficients of GRL-
04810 and GRL-05010 using the shake flask method. On day —1 of the
experimental setting, saturation of 1-octanol [CH; (CH, ), CH, OH] (Na-
calai Tesque, Kyoto, Japan) with water and Tris-buffered saline (10X
working solution; 20 mM Tris, pH 7.4-0.9% NaCl [Sigma-Aldrich, St.
Louis, MO]) took place. Four different flasks were used. One contained 50
ml of water plus 100 ml of 1-octanol, and another flask contained 1-octa-
nol saturated with water by the addition of 50 ml of 1-octanol and 100 ml
of water. For the other two flasks, the same ratios and volumes were kept
for 1-octanol saturated with Tris buffer and Tris buffer saturated with
1-octanol. The flasks were sealed and placed in a Bioshaker at room tem-
perature for 24 h at 90 rpm. Simultaneously, dilutions of GRL-04810,
GRL-05010, and DRV were performed from a 20 mM dimethyl sulfoxide
(DMSO) stock to a final concentration of 100 wM using distilled H,O
(dH,0), Tris-buffered saline, and 1-octanol as solvents. Successive dilu-
tions were made to obtain concentrations of 10 uM, 1 uM, and 0.1 pM. A
standard curve was generated on a light spectrophotometer (DU Series
700; Beckman Coulter, Fullerton, CA) at an absorbance of 230.

On day 1 of the experiment, the lipid and liquid interfaces were sepa-
rated, and compounds were diluted again from 20 mM DMSO to 100 pM
using the 1-octanol, water, and Tris-buffered saline obtained from the
shake flask assay. The resulting diluted compounds were then added to
separate serum tubes containing equal proportions of 1-octanol and water
and of 1-octanol and Tris-buffered saline. The solution was hand shaken
for 5 min and then centrifuged at 3,500 rpm and room temperature for 20
min. Finally, the compounds were recovered from the 1-octanol, Tris
buffer, and water interfaces and then measured on a light spectrophotom-
eter.

The values for log P and log D were obtained according to the follow-
ing mathematical formulas: log P, ,.o1water = 10g (Icompound],,_ocianol/
[compound} wa(er) andlog Doctanol/water = ]Og ([Compound) m-octanol/[com'
pound}igniea T /[compound]....)> Where [compound], ocanon
[compound], ey [cOmpound];  i,eq» and [compound], . ...; represent
the concentrations of compound in n-octanol, water, ionized water, and
neutral water, respectively.

Determination of the apparent permeability coefficients of GRL-
04810 and GRL-05010 for the blood-brain barrier using a novel in vitro
model. A novel in vitro BBB model (BBB Kit; PharmaCo-Cell, Ltd., Na-
gasaki, Japan), incorporating a triple culture of rat-derived astrocytes,
pericytes, and monkey-derived endothelial cells (34) was used to deter-
mine the apparent permeability coefficient (P, in cm/s) for the BBB of
GRL-04810, GRL-05010, AZT, IDV, SQV, LPV, ATV, DRV, caffeine, and
sucrose.

The BBB Kit was kept at —80°C until it was thawed on day 0 of the
experiments. Nutritional medium was added to both brain and blood
sides of the wells. This solution consists of Dulbecco’s modified Eagle’s
medium (DMEM)/F-12 medium with 10% (vol/vol) FCS, 100 p.g/mlhep-
arin, 1.5 ng/ml basic fibroblast growth factor (bEGF), 5 ug/ml insulin, 5
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pg/ml transferrin, 5 ng/ml sodium selenite, 500 nM hydrocortisone, and
50 pg/ml gentamicin. Fresh medium was added 3 h after thawing, follow-
ing the manufacturer’s instructions, and 24 h later. The plates were incu-
bated at 37°C until day 4 of the experiment when the condition of astro-
cytes was checked under a light microscope. Following this, the integrity
of the collagen-coated membrane was verified by the measurement of
transendothelial electrical resistance (TEER) using an ohmmeter pro-
vided by the manufacturer. As TEER increases over time and reaches a
peak between days 4 and 6 of the experiment, determinations were done
during this period. Membranes were tested individually, and collagen-
coated membranes displaying TEER values greater than 150 {}/cm? were
deemed suitable for the execution of the drug BBB penetration assay.
Detailed information regarding the components of the BBB Kit as well as
its mechanisms can be seen by accessing the manufacturer’s website
(PharmaCo-Cell, Nagasaki, Japan).

Once the conditions of cell viability and membrane integrity were met,
drug dilutions were performed from 20 mM DMSO stocks of GRL-04810,
GRL-05010, AZT, IDV, SQV, LPV, ATV, and DRV, while caffeine and
sucrose were used as positive and negative controls, respectively. Standard
curves were generated for each compound on a light spectrophotometer
as previously described. Each compound (100 M) was added to the
luminal (blood) side of the wells and incubated at 37°C for 30 min, and
then the amount of drug that crossed the in vitro BBB was collected and
measured under a light spectrophotometer at an absorbance of 230.

P,pp was calculated using the following mathematical formula: P,
(cm/s) = (VA/A X [Cliumina) X (AlC]brumina/ At), where VA is the vol-
ume of the abluminal chamber (0.9 cm®), A is the membrane surface area
(0.33 cm?), [Cliuminal 18 the initial luminal compound concentration
(M), A[Cl b1umina i$ the abluminal compound concentration (WM), and
At is the time of the experiment (seconds).

Determination of antiviral activities of GRL-04810, GRL-05010, and
DRV recovered from the brain side of the BBB assay. Each drug that
successfully crossed the brain interface in the BBB assay described above
was harvested; these drugs were designated GRL-04810°%", GRL-
0501072, DRYPrein, AZTbrin [HYPrain, and SQVPTR, The susceptibility
of HIV-1; ,; and HIV-lgggiosne to GRL-04810°7", GRL-05010°",
DRV A7Tbrin [DVPRn and SQVP™T was then determined in an
MTT assay using MT-2 cells or a p24 assay employing PHA-PBMC as
described in the drug susceptibility assay section. The assay was carried
out using brain-side stocks of compounds diluted 10-, 100-, 1,000-, and
10,000-fold.

Structural interactions of GRL-04810 and GRL-05010 with wild-
type HIV-1 protease. Molecular models of the interactions of GRL-04810
and GRL-05010 with wild-type HIV-1 protease were generated as follows.
The coordinates of the structure of a reference compound, GRL-0519,
with HIV-1 protease were obtained from the Protein Data Bank (PDB
code 30K9 [http://www.rcsb.org/]). GRL-0519 shares structural similar-
ity with GRL-04810, and its structure was modified to generate the mo-
lecular model of interactions of GRL-04810 and HIV-1 protease. The
complex was energy minimized using OPLS-2005 force field as imple-
mented in Maestro (version 9.3; Schrédinger, LLC, New York, NY). A
model of the interactions of GRL-05010 with HIV-1 protease was ob-
tained in a similar fashion using the crystal structure of darunavir with
protease (PDB code 2IEN) as a reference. Visualization, analyses of the
models, and figures depicting structural interactions were generated using
Maestro.

RESULTS

Antiviral activity of GRL-04810 and GRL-05010 against HIV-
1p45- We designed and synthesized GRL-04810 and GRL-05010
that contain two fluorine atoms in the bis-THF moiety (Fig. 1) and
examined their antiviral activities against a variety of HIV-1 iso-
lates. We found that GRL-04810 and GRL-05010 were highly ac-
tive in vitro against a wild-type laboratory HIV-1 strain, HIV-1; ,;,
with ECsos of 0.0008 and 0.003 M, respectively, as examined
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FIG 1 Structures of GRL-04810, GRL-05010, and darunavir. MW, molecular weight.

using an MTT assay with MT-2 as target cells, while FDA-ap-
proved PIs (SQV, LPV, ATV, APV, and DRV) displayed ECss
ranging from 0.005 to 0.03 wM (Table 1). Cytotoxicity was seen
for GRL-04810 and GRL-05010 only at high concentrations, with
CCs, values 0f 17.5 and 37.0 wM; the selectivity index proved to be
high for GRL-04810 at 21,875, while GRL-05010 scored a moder-
ate selectivity index of 12,333 (Table 1).

GRL-04810 and GRL-05010 exert efficacious activity against
highly PI-resistant clinical HIV-1 isolates. In our previous work,
we isolated highly multi-PI-resistant primary HIV-1 strains, HIV-
Lyprss (Where MDR is multidrug resistant), HIV-1yppr/c, HIV-
Lvirie HIV-1yprmvs HIV-lypris, and HIV-1ymean from
patients with AIDS who had failed then-existing anti-HIV regi-
mens after receiving 9 to 11 anti-HIV-1 drugs over 32 to 83
months (35). These primary strains contained 9 to 14 amino acid
substitutions in the protease-encoding region that have reportedly
been associated with HIV-1 resistance against various PIs (substi-
tutions are identified in the footnote of Table 2). The ECsys of
SQV, LPV, ATV, and APV against clinical multidrug-resistant

TABLE 1 Antiviral activity of GRL-04810 and GRL-05010 against HIV-
1141 and their cytotoxicities?

Compound ECs, (LM) CCsp (M) Selectivity index”
sQv 0.021 £ 0.001 17.7 £ 34 843

LPV 0.020 = 0.001 26.8 + 0.9 1,340

ATV 0.005 = 0.001 28.6 £ 0.9 5,720

APV 0.03 = 0.001 >100 >3,333

DRV 0.005 = 0.001 >100 >20,000
GRL-04810 0.0008 = 0.0002 175 £ 0.9 21,875
GRL-05010 0.003 =+ 0.001 37.0 £ 0.4 12,333

@ MT-2 cells (10*/ml) were exposed to 100 TCIDs, of HIV-1; ,; and cultured in the
presence of various concentrations of each PI, and the ECy,s were determined by MTT
assay. All assays were conducted in duplicate, and the data shown represent mean
values derived from the results of three independent experiments.

¥ Each selectivity index denotes a ratio of the CCs, to ECs, against HIV-1p ;.
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HIV-1 strains were significantly higher than those against a wild-
type clinical HIV-1 isolate, HIV-1lgggqspre a5 examined in the
assay employing PHA-PBMC as target cells and using p24 produc-
tion inhibition as an endpoint. However, GRL-04810 and GRL-
05010 exerted efficient antiviral activities, and their ECss against
those clinical variants were substantially low, varying from 0.002
M t00.021 wM (Table 2). GRL-04810 and GRL-05010 proved to
be more active against all six multidrug-resistant clinical HIV-1
variants examined than all of the currently available approved Pls
examined. The activities of the two compounds were comparable
to or greater than the activity of DRV against the variants (Ta-
ble 2).

GRL-04810 and GRL-05010 are effective against PI-selected
laboratory HIV-1 variants. We also examined GRL-04810 and
GRL-05010 against a variety of HIV-1y,.; variants selected in
vitro with each of four FDA-approved PIs (SQV, LPV, ATV, and
APV). Such variants were selected by propagating HIV-1y 4.5 in
the presence of increasing concentrations of each PI (up to 5 uwM)
in MT-4 cells (31); these variants had acquired various PI resis-
tance-associated amino acid substitutions in the protease-encod-
ing region of the viral genomes (substitutions are identified in the
footnote of Table 3). These variants were designated HIV-15oy" LM
HIV-1pv"5 i HIV-140®s uap and HIV-1,p0 s 0 with the
superscript indicating the drug each of the variants was selected
against. Each of the varjants was highly resistant to the very PI
against which the variant was selected and showed significant re-
sistance, with ECsgs of >1 pM. GRL-04810 and GRL-05010 were
generally as active against HIV-15, s WM HIV-11 50" o and
HI’V—IAWR5 M 28 DRV (Table 3) when the absolute ECs,s were
compared (Table 3). As in the case of DRV, the two compounds
were less active against HIV-1,py"s . With ECsgs 0f 0.43 and 0.56
uM, respectively, presumably due to their structural resemblance
to APV.

GRL-04810 and GRL-0510 are moderately active against
highly DRV-resistant HIV-1 variants. We also examined the an-
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TABLE 2 Antiviral activity of GRL-04810 and GRL-05010 against multidrug-resistant clinical isolates in PHA-PBMC

ECsq (M)
Virus (tropism)®  SQV LPV ATV APV DRV GRL-04810 GRL-05010
HIV-Tppgiopre (X4)  0.0039 £ 0.0001  0.033 %0003 00021 = 0.0001  0.0295 + 0.0004  0.004 * 0.001 0.0023 = 0.0001  0.0027 = 0.0003
HIV-lypes (X4)  0.35(90) £0.01  >1(>33) 0.45(214) £0.07 049 (15) £ 0.05  0.021(5) £0.001 0.014(7) = 0.001  0.011(3) = 0.001
HIV-1yone (X4)  0.31(78) %002  >1(>33) 043 (204) £ 0.01 021 (7) + 0.02 0.005 (1) = 0.001  0.002 (1) + 0.001  0.002 (1) = 0.001
HIV-1ypne (X4)  0.039 (10) = 0.002  >1(>33) 0.042 (19) £ 0.001 0.31(11) 20.08  0.014(4) £0.009 0.004(2) = 0.001  0.004 (1) % 0.001
HIV-lypnm (X4)  0.10(25) £0.04  >1(>33) 0.056 (24) £ 0.007 0.328 (12) £0.001 0.03(9) = 0.01  0.004(2) = 0.001  0.004 (2) % 0.001
HIV-lpne (RS) 053 (133) £0.01  >1(>33) >1 (>476) 0.630 (22) £ 0.009  0.025 (5) £ 0.002  0.021 (10) = 0,004  0.020 (7) = 0.0002
HIV-Typemee (RS) 011 (27) £0.01  >1(>33) 0.081 (38) = 0.008  0.27 (9) % 0.01 0.010 (3) £ 0,001 0.002 (1) £0.001  0.003 (1) % 0.001

# The amino acid substitutions identified in the protease-encoding region compared to the consensus type B sequence cited from the Los Alamos database include L63P in HIV-
Lerstoapres L10L, K14R, 1331, M361, M461, F531, K55R, 162V, L63P, A71V, G738, V82A, L90M, and 193L in HIV-1ypng/ms L10L, 115V, K20R, L241, M361, M46L, 154V, 162V, L63P,
K70Q, V82A, and L8M in HIV-1ymp,e; L10L, V111, T12E, 115V, L191, R41K, M46L, L63P, A71T, V82A, and L90M in HIV-1ypg,q; L10L, K14R, R41K, M46L, 154V, L63P, A71V,
V82A, L9OM, and I93L in HIV-1ypprpas L10I, L241, I33F, E35D, M361, N378, M46L, 154V, R57K, 162V, L63P, A71V, G73S, and V82A in HIV-1ypp,ysp; L10L, K43T, M46L, 154V,
L63P, A71V, V82A, L90M, and Q92K in HIV-1yprsm HIV-1grs)04pre SeTved as a source of wild-type HIV-1.

¥ The EC;, values were determined by using PHA-PBMC 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 EC5s for each isolate compared to the ECsgs for wild-type HIV-1ggs;04pre- 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-PBMC were derived from a single donor in each

independent experiment.

tiviral activity of the two compounds against DRV-resistant vari-
ants, which we previously selected out in vitro against DRV (36).
These variants were generated using a mixture of eight highly
multi-Pl-resistant clinical isolates as a starting HIV-1 population
and were selected with increasing concentrations of DRV. GRL-
04810 and GRL-05010 exhibited slightly decreased activity against
variants selected with DRV over 10 and 20 passages (ECsos 0f 0.03
to 0.034 M for the former and 0.026 to 0.043 M for the latter)
(see Table S1 in the supplemental material), while DRV was less
active against HIV-1ppy psp than the two compounds, with an
ECs, 0f 0.174 pM (see Table S1).

In vitro selection of HIV-1 variants resistant to GRL-04810
and GRL-05010. We attempted to select HIV-1 variants with
GRL-04810 and GRL-05010 by propagating a laboratory HIV-1
strain, HIV-114.3, in MT-4 cells in the presence of increasing
concentrations of each of the two drugs, as previously described
(31). HIV-1yg1 4.5 was exposed to GRL-04810 with an initial con-
centration of 0.003 pM and underwent 25 passages when the virus
had acquired an ability to replicate in the presence of a 26-fold-

increased concentration of GRL-04810 (0.080 wM). A selection
assay was also carried out for GRL-05010 starting at 0.003 puM.
(Fig. 2), and HIV-1y, 5 attained an ability to replicate in the
presence of 0.037 uM GRL-05010 by passage 15.

Judging from the amounts of p24 Gag protein secreted into the
culture medium, the replicative capacity of HIV-1y , 5 at passages
25 and 15 for GRL-04810 and GRL-05010, respectively, was gen-
erally maintained. We compared whether the emergence of resis-
tance-associated amino acid substitutions in GRL-04810- and
GRL-05010-exposed HIV-1y 4.5 was delayed in comparison with
the emergence of resistant variants against two commercially
available FDA-approved PIs (LPV and DRV). The protease-en-
coding region of proviral DNA isolated from MT-4 cells was
cloned and sequenced at passages 5, 10, 15, and 20 during the
GRL-04810 selection and at passages 5, 10, and 15 for GRL-05010.
HIV-1y14.; exposed to GRL-04810 by passage 20 had acquired
L33Fand V82Iin 15 0f 22 clones and A28S in 5 clones. HIV-1,y 4.5
exposed to GRL-05010 had acquired amino acid substitutions
M46I and I50V by passage 15 in all 24 clones examined, while

TABLE 3 Antiviral activity of GRL-04810 and GRL-05010 against laboratory PI-resistant HIV-1 variants and GRL-04810- and GRL-05010-exposed

HIV-1 variants

ECsq (nM)
Virus® sSQv LpPV ATV APV DRV GRL-04810 GRL-05010
HIV-Tq145 0.037 %= 0.002 0.035 = 0.005 0.0047 % 0.0001 0.081 = 0.001 0.004 * 0.001 0.0005 £ 0.0005 0.0037 = 0.0001
HIV-ISQVRS"_LM >1(>25) >1(>25) >1(>250) 0.435 (5) £ 0.001 0.04 (10) % 0.01 0.13 (260) = 0.05  0.046 (13) = 0.001
HIV—ILPVRSHM 0.025 (1) £0.005 >1(>25) 0.033 (8) £ 0.001  0.033(1) = 0.005 0.032(8) = 0.001  0.03 (66) = 0.01 0.03 (8) = 0.02
HIV—]ATVRS‘LM 0.46 (12) £0.02 >1(>25) >1(>250) >1(>13) 0.05 (13) = 0.01 0.02 (36) = 0.01 0.04 (12) = 0.02
Hl'V-lAP\,Rs,LM 0.09 (2) = 0.04 >1(>25) 0.66 = 0.02 >1(>13) 0.51(128) £ 0.03  0.43(860) £0.02  0.56 (187) = 0.03
HIV-lgpiossioes 0032 (1) £0.005 0.37 (11) *+ 0.02 0.325(81) £ 0.004 >1(>13) 0.041 (11) = 0.001  0.033 (66) = 0.003  0.039 (13) = 0.005
HIV-lgprosoio i 0036 (1) £0.003 0.375(11) = 0.005 0.095 (24) = 0.035 >1(>13) 0.037 (10) = 0.003  0.029 (58) = 0.001 0.036 (10) % 0.001

“ The amino acid substitutions identified in the protease-encoding region compared to the wild-type HIV-1y , 5 include L10F, V321, M461, 154M, A71V, and 184V in
HIV-1,pyRs 0 L231, E34Q, K431, M46L, TS0L, G514, L63P, A71V, V82A, and T9LA in HIV-1,R5 5 LIOF, M461, 154V, and V82A in HIV-1; pyR5,. and L10I, G48V, 154V,

A71V, 184V, and LIOM in HIV-1gau s,

b MT-4 cells (10°/ml) were exposed to 100 TCID5, of each HIV-1, 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 ECss for each isolate compared to the ECsqs for wild-type HIV-1yq; ,_5. All assays were conducted in duplicate or triplicate, and the data
shown represent mean values (% 1 standard deviation) derived from the results of two or three independent experiments. In addition, GRL-04810- and GRL-05010-resistant
variants selected in vitro were used for antiviral activity determination assays. Time point viruses were harvested at passages 18 and 10, respectively. Washing steps were performed
to remove the remaining compounds from the viral stocks, and compound-free viruses were obtained for the experiment. Five commercially available protease inhibitors were used
as controls. Absolute values are given plus the fold changes relative to the baseline ECs, for each compound. By passage 18, three amino acid substitutions A28S, L33F, and V821
were identified in HIV-1ggy 04810 p1ss Dy Passage 10, M46IL, 150V, N38K, and M36] were detected in HIV-1gpy 3010 p10- ASSays were performed in duplicate and the average values
(with 1 standard deviation) are shown.
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FIG 2 Selection of in vitro variants resistant to GRL-04810 and GRL-05010. MT-4 cells were exposed to the wild-type strain HIV-1y;, ; and cultured in the
presence of increasing concentrations of GRL-04810, GRL-05010, DRV, and LPV. Culture supernatants were collected weekly, and if the amounts of p24 Gag
were found to surpass the cutoff value of 200 ng/ml, those supernatants were used for the subsequent passage. Each passage was conducted in a cell-free manner.

N38K was detected in 8 of 24 clones, and M361 was found in 3
clones (Fig. 3).

GRL-04810- and GRL-05010-resistant HIV-1,;, ; variants
maintain robust replicative activity. We determined the replica-
tion kinetics of HIV-1ggy ss10 p1 HIV-lgri-oso10 p1or and the
wild-type HIV-1y 4.5 using replication kinetics assays as previ-
ously described (31). HIV-1y; .5 replicated well in the presence of
0.001 M each of the two compounds, but was delayed in starting
to replicate or failed to replicate in the presence of 0.01 wM each
compound in the 7-day replication kinetics assay (Fig. 4). How-
ever, HIV-1gr1 0410 p1s and HIV-1gg1 05010 1o Tobustly repli-
cated in the presence of 0.001 and 0.01 pM each of the two com-
pounds (Fig. 4).

GRL-04810 and GRL-05010 remain active against the vari-
ants selected with GRL-04810 and GRL-05010. We then at-
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tempted to determine the impact of the amino acid substitutions
identified in HIV-1gp; gusio prs and HIV-1gri osoio pro- Five
commercially available protease inhibitors (SQV, LPV, ATV,
APV, and DRV) were used as controls. GRL-04810 and GRL-
05010 generally remained active against HIV-1gpy _g4s10 915 and
HIV-1grios010 p1o> With ECss ranging from 0.029 uM to 0.039
M. SQV was active against the two variants HIV-1gry o410 p1s
and HIV-1gg; -oso10 p10> With narrow ECs, ranges of 0.032 to 0.036
M, while LPV displayed values significantly higher (0.37 and
0.375 pM) than those of GRL-04810 and GRL-05010. ATV was
moderately active against the HIV-1gg; os016 p10 Variant (0.095
wM), while the absolute ECys of GRL-04810 and GRL-05010
were generally lower than the ECy,s of ATV against those variants.
As for DRV, the values against the variants resistant to GRL-04810
and GRL-05010 were 0.041 and 0.037 M, respectively. However,

60 70 80 S0
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FIG 3 Amino acid sequences of the protease-encoding region of HIV-1 variants selected in the presence of GRL-04810 and GRL-05010. Shown are the amino
acid sequences deduced from the nucleotide sequences of the protease-encoding region of proviral DNA isolated from HIV-1y;, 5 variants selected in the
presence of GRL-04810, GRL-05010, and DRV at passages 20, 15, and 20, respectively. Identified amino acid substitutions in the protease-encoding region and
their frequencies (far-right column) are shown. The amino acid sequence of the wild-type HIV-1y ,_5 protease (pNL4-3 PR) is shown at the top as a reference.
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FIG 4 Replication kinetics of GRL-04810- and GRL-05010-resistant HIV-1 variants generated in vitro. GRL-04810- and GRL-05010-resistant viruses were
obtained from the selection assay illustrated in Fig. 2. Two time point passages, HIV-1p1 oss10 p1s a0d HIV-1gpi 0s0105p100 Were chosen. HIV-1y; , ; or two
resistant viruses were propagated in CD4* MT-4 cells in the presence of 0.01 M (A) and 0.001 wM (M) GRL-04810 and GRL-05010 or in the absence () of
the compounds in culture flasks. The amounts of p24 in each culture flask were quantified every 2 days for 1 week. Sup, supernatant.

APV was not active against any of the selected variants examined
(ECsgs 0of >1 uM), presumably due to its structural resemblance
to the two PIs used for the selection (Table 3).

GRL-04810 and GRL-05010 show favorable lipophilicity in-
dexes for their partition and distribution coefficients. The addi-
tion of fluorine atoms is generally expected to confer greater lipo-
philicity on nucleoside analogs and certain compounds (37-39).
Thus, we determined the partition (log P) and distribution (log D)
coefficients of GRL-04810 and GRL-05010. 1-Octanol, organic
alcohol, and water were used for log P determination, while Tris-
buffered saline (pH 7.4) and water were utilized for log D deter-
mination. Prior to obtaining the actual values, a standard curve
was generated as a reference, and drug concentrations attained for
each compartment (1-octanol, water, and Tris-buffered saline)
were measured on a light spectrophotometer (at an absorbance of
230 nm) as previously described by Rak et al. (40). Of note, GRL-
04810 reached the highest concentration in the octanol lipid in-
terface (72 wM) versus 14.09 pM for GRL-05010 and 11.89 uM
for DRV (Table 4). GRL-04810 appeared the most lipophilic, with
a log D value of —0.29, representing a 4-fold greater log D value
than that of DRV (—1.03), since the assumption is that the more
negative the log D value is, the less lipophilic the substance is
estimated to be (40). GRL-05010 was found to have a log D value
(—1.01) comparable to that of DRV.

GRL-04810 and GRL-05010 penetrate well across the blood-
brain barrier in vitro. We also attempted to evaluate whether
GRL-04810 and GRL-05010 had optimal blood-brain barrier
(BBB) apparent permeability coefficients by employing an in vitro
model using a triple cell coculture system with rat astrocytes, peri-
cytes, and monkey endothelial cells. This model (BBB Kit) is
thought to represent an in vitro BBB model for drug transport
assays, permitting adequate cross talk of the cell lines involved and
providing a way to test apparent passage of small molecules across
the BBB, as previously described by Nakagawa et al. (41). AZT,
IDV, SQV, LPV, ATV DRV, GRL-04810, or GRL-05010 was
added to the luminal interface (termed the blood side) of micro-
titer culture wells under the optimal conditions for transendothe-
lial electrical resistance (TEER) determination. The concentra-
tions of each compound that permeated into the abluminal
interface (termed the brain side) were determined using a spec-
trophotometer 30 min after the addition of each drug to the wells.
As shown in Table 5, the amounts of caffeine and sucrose, serving
as the most and least lipophilic substances, in the abluminal inter-
face were 6.60 and 0.03 pM, respectively. AZT, IDV, SQV, LPV,
ATV, and DRV were also used as controls in the assay, giving
amounts of 1.50, 2.42, 0.33, 0.94, 1.02, and 0.65 uM, respectively.
In contrast, GRL-04810 and GRL-05010 yielded greater concen-

TABLE 4 Partition and distribution coefficients of GRL-04810, GRL-05010, and DRV using the shake flask method

Concn (uM) in:
Compound Water Tris buffer n-Octanol n-Octanol Log Py iancliwater Log Dy cranot/rris
GRL-04810 99.78 42.32 70.00 72.00 —0.14 —0.29
GRL-05010 94.55 49.84 18.70 14.09 —0.83 —1.01
DRV 81.49 48.77 15.50 11.89 —0.63 —1.03

4 The partition (log P) and distribution (log D) coefficients of GRL-04810 and GRL-05010 were determined. DRV was used as a control. n-Octanol, an organic alcohol, and water
were used for log P determination, while Tris buffer (pH 7.40) and octanol were utilized for the log D assay. Prior to the retrieval of actual values, a standard curve was generated as
a reference. The drug concentrations for each compartment (octanol, water, and Tris buffer) were measured at an absorbance of 230 using a light spectrophotometer. Assays were
performed following the OECD guidelines for testing of chemicals (55). Log P and log D values were calculated according to the formulas given in Materials and Methods.
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TABLE 5 Estimation of the apparent blood brain barrier permeability
coefficient using an in vitro model®

Final abluminal tracer P,

Initial lJuminal tracer app

Compound  concn (LM) concn (M) (107 cm/s)
AZT 100 1.50 = 0.12 22.7 1.9
IDV 100 2.42 = 0.12 36.7 £ 1.7
sSQv 100 0.33 = 0.03 4.9 04
LPV 100 0.94 = 0.05 142 £ 0.7
ATV 100 1.02 =£0.10 154+ 14
DRV 100 0.65 = 0.23 9.9 *42
GRL-04810 100 3.16 = 0.48 47.8 = 8.8
GRL-05010 100 4,08 = 0.65 61.8 = 12.1
Caffeine 100 6.60 100
Sucrose 100 0.03 = 0.005 0.33 = 0.13

“In the in vitro model using a triple coculture of rat astrocytes, pericytes, and monkey
endothelial cells, AZT, IDV, SQV, LPV, ATV, DRV, GRL-04810, GRL-05010 (all 100
M), and the positive and negative controls, caffeine and sucrose, respectively, were
added to the Iuminal interface (termed blood side) of duplicate wells. The mathematical
formula used for the calculation of P, is described in Materials and Methods. Results
show average values =1 standard deviation of duplicate determinations.

trations, with 3.16 and 4.08 M in the abluminal interface of the
microtiter culture wells.

The apparent permeability coefficient (P,,,), referred to as a
brain uptake index (BUI), is a way to determine the penetration
efficiency of a compound across a BBB model quantitatively and
qualitatively (42). The P, values of GRL-04810 (47.8 X 107°
cm/s) and GRL-05010 (61.8 X 107 cm/s) were significantly
greater than the P,,, of DRV (9.9 X 10~ ®cm/s) and the P, values
of other antiviral drugs tested: AZT (22.7 X 107¢ cm/s), IDV
(36.7 X 107¢ cm/s), SQV (4.9 X 107¢ cm/s), LPV (14.2 X 107°
cm/s), and ATV (15.4 X 107° cm/s). Compounds with apparent

permeability coefficients greater than 20 X 107 cm/s are thought
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to have reasonably efficient penetration across the BBB; those with -
values of 10 X 107 to 20 X 107 cm/s have a moderate degree of
penetration, whereas those with values lower than 10 X 1075 cm/s
do not penetrate the BBB well (41).

GRL-04810 and GRL-05010 recovered from the brain inter-
face in the BBB model retain antiviral activity greater than that
of DRV. Finally, we attempted to examine whether the drug con-
centrations penetrated into the abluminal interface (brain side) in
the BBB Kit as described above had sufficient activity to suppress
the replication of HIV-1 in vitro. Each drug that successfully
crossed the brain interface in the BBB assay was harvested; these
drugs were designated GRL-04810°" GRL-05010°"", DRV,
AZTP™ IDVP™" and SQVP™™, The susceptibility of HIV-1, .,
and HIV-1ggs; ggpre to GRL-04810°", GRL-05010"*", DRV"™*™,
AZTP™R IDVP™R and SQVP™® was then determined in MTT
assays using MT-2 cells or in p24 assays employing PHA-PBMC as
described in the drug susceptibility assay section. In the assay, we
used 10-fold serial dilutions of the original brain side preparation
containing GRL-04810 (3.16 uM) (designated GRL-04810°"")
and determined antiviral suppression levels. The 10-fold-diluted
GRL-04810°"" (concentration, 0.316 uM) suppressed HIV-1; ,;
replication by 94%, whereas 100-fold-diluted GRIL-04810°"
(concentration, 0.0316 wM) suppressed replication by 45%. The
10-fold-diluted GRL-05010*" (concentration, 0.408 pM) sup-
pressed HIV-1, 4y replication by 91%, whereas 100-fold-diluted
GRL-05010"*" (concentration, 0.0316 wM) suppressed replica-
tion by 73%. However, the suppression levels of all of the other
preparations examined (DRV®™n  AzTPrein Jpybrain. ang
SQV ™) were less than those of GRL-04810°*" and GRL-
05010°=" (Fig, 5). When PHA-activated PBMC and the treat-
ment-naive clinical isolate HIV-1grg;o4pre Were used in the drug
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FIG 5 Antiviral activity of GRL-04810°7", GRL-05010°™, DRV®™, AZTbrein 1DVP™in gnd SQVP™in against HIV-1, ;. Compounds recovered from the brain
side of the medium in the BBB in vitro assay were challenged with HIV-1 ,;, as indicated, in a p24 assay using PHA-PBMC. Dilution ranges were between 10-fold
and 10,000-fold, and the percentage of viral inhibition was used as an endpoint. It is assumed that the greater the percentage of inhibition of HIV-1, ;, the greater
the concentration of the drug in the brain side medium. Assays were conducted in duplicate, and error bars show standard deviations.
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FIG 6 Antiviral activity of GRL-04810°", GRL-05010°"", DRV®™", AZT®", IDV®™ and SQV™* against HIV-1gpg;0spre Compounds recovered from the
brain side of the medium in the BBB in vitro assay were challenged with HIV-1gpg)g4pre 28 indicated, in a p24 assay using PHA-PBMC. Dilution ranges were
between 10-fold and 10,000-fold, and the percentage of viral inhibition was used as an endpoint. It is assumed that the greater the percentage of inhibition of
HIV-1gpgiospre the greater the concentration of the drug in the brain side medium. Assays were conducted in duplicate, and error bars show standard deviations.

susceptibility assay, virtually the same antiviral profiles of GRL-
048105 and GRL-05010"* were observed (Fig. 6).
Molecular interactions of GRL-04810 and GRL-05010 with
wild-type HIV-1 protease. We generated molecular models of the
interactions of GRL-04810 and GRL-05010 with wild-type HIV-1
protease. A bird’s eye view of GRL-04810 bound to protease is
shown in Fig. 7A. The interactions of DRV with HIV-1 protease
seen in a crystal structure (Fig. 7B) share key interactions with
both GRL-04810 and GRL-05010 as follows. Analysis of the model
structure revealed that both oxygen atoms present in the bis-THF
group of GRL-04810 have polar interactions with the backbone
nitrogens of Asp29 and Asp30 in the S2 site of the protease (Fig.
7C). The O-methoxy oxygen has a polar interaction with the back-
bone NH of Asp30’ in the S2' site of the protease. GRL-04810
maintains polar interactions with Gly27 and Asp25, as well as with
Ile50 and I1e50', through a bridging water molecule. The oxygens
in the bis-THF group of GRL-05010 also exhibit polar interactions
with Asp29 and Asp30 in the S2 site of protease (Fig. 7D). Polar
interactions with Gly27, the catalytic Asp25, and the bridging wa-
ter molecule are also seen for GRL-05010. Even though both GRL-
04810 and GRL-05010 form polar interactions with Asp30” in the
S2' site of the protease, there is a subtle difference due to the
different chemical moieties present in the P2’ sites of these inhib-
itors. The O-methoxy oxygen forms a polar contact with the back-
bone NH of Asp30’, while the NH nitrogen of GRL-05010 forms a
polar contact with the backbone carboxyl of Asp30’. The fluoride
atoms in the bis-THF group of GRL-04810 and GRL-05010 fill the
otherwise empty cavity toward the HIV-1 protease flap.

DISCUSSION

DRV is an HIV-1 protease inhibitor which was most recently
added to the armamentarium of antiretroviral therapeutics. DRV
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exerts highly effective activity against a wide spectrum of multi-
drug-resistant HIV-1 variants including multi-PI-resistant vari-
ants and has been shown to resist the emergence of DRV -resistant
HIV-1 strains in vitro (36, 43) and in the clinical setting (44-46).
The mechanisms of the favorable antiretroviral activity and de-
layed emergence of DRV-resistant strains include the presence of
a unique moiety, bis-THF, in the P2’ site and DRV’s dual action to
block HIV-1 protease’s enzymatic activity (28, 47) and protease’s
dimerization (48). However, the penetration of DRV into the ce-
rebrospinal fluid (CSF) is only moderate, with a ratio of DRV
concentration in the CSF to that in peripheral blood of 0.6% (49),
probably due to the only moderate penetration of DRV through
the blood-brain barrier. The addition of fluorine atoms to nucle-
oside analogs is known to increase lipophilicity and possibly en-
hance CSF penetration (37, 39). Thus, in the present study, we
newly designed, synthesized, and characterized two PIs, GRL-
04810 and GRL-05010, which contain a bis-THF moiety to which
a difluoride group is attached.

GRL-04810 and GRL-05010 suppressed various HIV-1 iso-
lates, including multidrug-resistant clinical HIV-1 isolates with
reasonably low ECyys and favorable cytotoxicity profiles although,
as in the case of DRV, both PIs failed to efficiently block the rep-
lication of APV-resistant strains. To our knowledge, the suppres-
sion failure of APV-resistant variants has largely been seen in all of
the bis-THF-containing PIs thus far published (28, 31-33). The
reduced activity of the bis-THF-containing PIs to block the repli-
cation of APV-resistant variants is likely due to the structural sim-
ilarity between the bis-THF-containing PIs, including GRL-
04810, GRL-05010, and DRV.

In the present wild-type HIV-1yy,_; selection experiment with
the two PIs, the development of resistance against each compound
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~ G48'

Darunavir

FIG 7 Structural interactions of GRL-04810 and GRL-05010 with HIV-1 protease. A model of GRL-04810 bound to protease is shown (A). GRL-04810 is shown
in thick sticks, and residues in the protease active site are shown in wire. The following atom colors are used: carbons in gray, oxygens in red, fluorines in green,
nitrogens in blue, and sulfurs in yellow. The polar interactions (yellow dotted lines) of DRV, GRL-04810, and GRL-05010, along with other residues in the active
site, are shown in panels B, C, and D, respectively. Nonpolar hydrogens are not shown. Figures were generated using Maestro, version 9.3. (Schrddinger, LLC,

New York, NY).

exhibited different patterns from those of the two control PIs, LPV
and DRV. In the case of GRL-05010, by passage 10, two PI resis-
tance-associated amino acid substitutions (M46] and I150V) were
identified, while HIV-1y4.5 exposed to GRL-04810 acquired
three amino acid substitutions, A28S, L33F, and V821, by passage
201in 5 of 22 clones examined (Fig. 3). The emergence of the A28S
substitution has previously been documented as a resistance-con-
ferring amino acid substitution when HIV-1, ; was selected
with two bis-THE-containing PIs, TMC-126 (35) and GRL-1398
(32), both of which also contain a paramethoxy group in the P2’
site. Intriguingly, when HIV-1y, ; was selected with GRL-0519,
which contains the same paramethoxy group in the P2’ site, the
A28S substitution never appeared by up to passage 37 (50). GRL-
0519 has tris-tetrahydrofuranylurethane (tris-THF) as the P2 li-
gand and the paramethoxy moiety at the P2’ site, suggesting that
the presence of tris-THF prevented the selection of the A28S sub-
stitution. Indeed, to our knowledge, even with long-term admin-
istration of DRV, HIV-1 containing the A28S substitution has not
been documented in the clinical settings (51). Considering that
the selection of HIV-1y; 4.5 and even a mixture of eight multi-PI-
resistant clinical strains with DRV failed to select out the A28S
substitution (36) and that only GRL-04810 selection of HIV-
Inr4.3 resulted in the emergence of the A28S substitution in the
present study, the combination of bis-THF as the P2 ligand and
the paramethoxy moiety at the P2’ site seems to be associated with
the emergence of the A28S substitution. As illustrated in Fig. 3, it
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is of note that the emergence of 2 to 3 amino acid substitutions
known to be associated with HIV-1’s acquisition of PI resistance
in the selection assays with the two novel PIs and no emergence of
amino acid substitutions in the selection with DRV may possibly
pose a disadvantage for GRL-04810 and GRL-05010 with respect
to DRV.

Zidovudine (ZDV) is the only AIDS-associated retrovirus
(ARV) agent with demonstrated efficacy in the treatment of HIV-
1-associated dementia. Considering that HIV-1 causes CNS dis-
eases ranging from HIV-1-associated neurocognitive disorders
(HAND) and the milder, but also serious, presentation, HIV-1-
associated minor cognitive/motor disorder (MCMD), to the dev-
astating HIV-1-associated encephalopathy, more effective ARV
regimens with agents exerting maximal penetration of the BBB are
urgently needed. It is well established that the lipophilicity of a
molecule is one of the crucial determinants of the molecule’s
drug-likeness, including the absorption through the digestive
tract, penetration of the target cells, oral bioavailability, and pen-
etration through the BBB (37, 39). The shake flask method repre-
sents a reasonable way to determine the partition and distribution
coefficients of molecules to be tested. The partition (log P) coeffi-
cient is an estimate of a compound’s overall lipophilicity, which is
associated with the compound’s solubility, permeability through
biological membranes, hepatic clearance, lack of selectivity, and
nonspecific toxicity (52). In the present study, the log P determi-
nation of GRL-04810 gave a higher concentration in the octanol
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(lipidic) interface than GRL-05010 and DRV (Table 4). To esti-
mate the actual figures for the ionized form of the drugs (log D)
Tris-buffered saline (pH 7.4) must be employed. In both assays
the values displayed by both GRL-05010 and DRV were within the
acceptable range for the optimal lipophilicity of drug candidates
(53, 54).

Cell culture-based models have greatly contributed to the un-
derstanding of the physiology, pathology, and pharmacology of
the blood-brain barrier (41). Indeed, certain in vitro BBB models
have proven to serve as useful tools that permit the estimation of
the apparent penetration of molecules into the CNS. GRL-04810
and GRL-05010 gave reasonably favorable indexes, suggesting po-
tentially favorable penetration ability across the BBB compared to
DRYV and other anti-HIV-1 drugs examined in the present study,
including AZT, IDV, SQV, LPV, and ATV.

A well-characterized in vitro BBB cell model can also provide a
valuable tool for studying mechanistic aspects of transport as well
as biological and pathological processes related to the BBB (42).
For any in vitro BBB cell model to be employed successfully, it
needs to fulfill a number of criteria, such as reproducible perme-
ability of reference compounds, good screening capacity, the dis-
play of complex tight junctions, adequate expression of BBB phe-
notypic transporters, and transcytotic activity. The BBB model
employed in the present study complies with all of these parame-
ters and provides an additional advantage as it incorporates a
trilayer of cells consisting of astrocytes, pericytes, and brain endo-
thelial cells, thus increasing its anatomical and physiological reli-
ability. Molecules and compounds that reach P,,, values greater
than 20 X 107 cm/s are deemed to be favorable in terms of rela-
tive penetration across the BBB. Conversely, those that display
values between 2 X 107¢ cm/s and 10 X 107° cm/s are defined as
compounds with low BBB penetration. In the present work, both
GRL-05010 and GRL-04810 showed the highest values of P,
among the protease inhibitors examined, with values of 47.8 X
107%and 61.8 X 107 cm/s, respectively (Table 5).

When we asked whether GRL-04810 and GRL-05010 har-
vested from the brain interface in the BBB model retained antiviral
activity, both the recovered GRL-04810 and GRL-05010 (termed
GRL-04810°" and GRL-05010"") significantly more pro-
foundly suppressed the replication of HIV-1;,; and HIV-
lprsiopre than other antiretroviral agents including DRV (Fig. 5
and 6), strongly suggesting that both GRL-04810 and GRL-05010
that crossed into the brain interface in the BBB assay were molec-
ularly intact and exerted robust anti-HIV-1 activity.

The present data suggest that GRL-04810 and GRL-05010 have
several advantages: (i) they exert efficient activity against a wide
spectrum of drug-resistant HIV-1 variants, presumably due to
their interactions with the main chains of the active-site amino
acids Asp29 and Asp30, (ii) they have a good lipophilicity profile
as expressed by the log D values, and (iii) they have apparently
favorable penetration across the BBB. However, their oral bio-
availability, pharmacokinetics/pharmacodynamics, and volume
of distribution, among other parameters, are yet to be determined
in further rigorous preclinical and clinical testing.
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Drug combination studies of 4'-ethynyl-2-fluoro-2'-deoxyadenosine (EFdA) with FDA-approved drugs were evaluated by two
different methods, MacSynergy II and CalcuSyn. Most of the combinations, including the combination of the two adenosine an-
alogs EFdA and tenofovir, were essentially additive, without substantial antagonism or synergism. The combination of EFdA and
rilpivirine showed apparent synergism. These studies provide information that may be useful for the design of EFdA combina-

tion regimens for initial and salvage therapy assessment.

ombination antiretroviral therapies provide durable viral
suppression and constitute the standard of care for HIV in-
fection (http://www.aidsinfo.nih.gov/guidelines/) (1). For exam-
ple, the combination of tenofovir disoproxil fumarate (TDF) and
emtricitabine (FTC) (Truvada) is one of the preferred regimens
for treatment of HIV-1 infection (2, 3). In vitro studies have shown
that tenofovir (TFV) and FTC have synergistic antiretroviral ac-
tivity (4, 5).

The investigational nucleoside reverse transcriptase inhibitor
(NRTI), 4'-ethynyl-2-fluoro-2'-deoxyadenosine (EFdA) is pres-
ently under preclinical evaluation. Unlike other NRTIs used in the
treatment of HIV infection, EFdA retains the 3'-hydroxyl moiety.
It also contains a 2-fluoro group on the adenine base and a 4'-
ethynyl group on the deoxyribose ring. Although EFdA is an aden-
osine analog, its activation is initiated by phosphorylation by 2’-
deoxycytidine kinase (dCK), and the drug is highly resistant to
degradation by adenosine deaminase (ADA) (6). EFdA shows ex-
ceptional antiretroviral activity in vitro (6-8) and in vivo (9, 10) as
well as a favorable cross-resistance profile with current reverse
transcriptase inhibitors (RT1Is) used in the clinic.

Studies on potential interactions between EFdA and other an-
tiretroviral drugs can provide information that could be useful in
the development of combinatorial therapeutic strategies. The
present study evaluates anti-HIV efficacy in combinations of
EFdA with representative FDA-approved RTTs in vitro.

We first determined the antiviral potencies of five NRTIs (zid-
ovudine [AZT], lamivudine [3TC], FTC, TDF, and EFdA) and
three nonnucleoside RTIs (NNRTTs; efavirenz [EFV], etravirine
[ETR], and rilpivirine [RPV]) against HIV-1,y,_5 in order to ob-
tain an optimal range of drug concentrations for use in combina-
tion assay analyses. As previously demonstrated (6, 7), EFdA in-
hibited HIV-1 replication several orders of magnitude more
efficiently than other currently approved NRTIs (Table 1). In the
same cell-based assays, we evaluated antiretroviral activity of
EFdA in combination with the FDA-approved RTIs. To obtain
more comprehensive evaluations of drug combinations and to
reduce analysis bias, we use two algorithms provided by the soft-
ware packages MacSynergy II (version 1.0; Ann Arbor, MI) and
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TABLE 1 Antiviral activity of HIV-1 inhibitors
ECs, (nM) for anti-HIV-1

Compound class and name activity”
NRTI
AZT 180 = 60
3TC 1,210 * 240
FIC 370 £ 70
TDF 14 £2
EFdA 3+1
NNRTI
EFV 1.6 = 0.4
ETR 1+0.1
RPV 04 *0.1

“ ECsg, 50% effective concentration. Values were determined using the TZM-bl cell line
obtained from the NIH AIDS Research and Reference Reagent Program. All assays were
conducted in triplicates. The data shown are mean values * standard deviations
obtained from the results of at least three independent experiments.

CalcuSyn (Biosoft, Ferguson, MO), which are based on the Bliss
independence model (11, 12) and the median effect principle (13),
respectively. Quantitative differences in data analyses by the two
algorithms used by the MacSynergy Il and CalcuSyn programs are
not uncommon (14). In the present work, drug interactions were
considered significant only if detected by both computational ap-
proaches.
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FIG 1 Effects of EFdA in combination with other anti-HIV-1 agents. The calculated additive surface, which represents the predicted additive interactions, is then
subtracted from the experimental surface to reveal regions of greater-than-expected interactions (synergy). A resulting surface appearing as a horizontal plane at
0% inhibition above the calculated additive surface suggests that the interactions are merely additive. Peaks of statistically significant synergy (positive value) or
antagonism (negative value) that deviate significantly from the expected additive drug interactions derived from 95% confidence interval data are shown in the
different plots of the interaction between EFdA and other anti-HIV-1 agents in the cell-based assay, as follows: AZT (A), 3TC (B), FTC (C), TDF (D), EFV (E),
ETR (F), and RPV (G). Units of M?% are analogous to the units for area under a dose-response curve in the two-dimensional situation.

Most drugs tested, including the adenosine analog TDEF,
showed little or no drug interactions in combination with EFdA
(Fig. 1 and Table 2). Data analysis with CalcuSyn suggested that
the combinations of both EFdA and 3TC (EFdA-3TC) and EFdA-
FTC are moderately antagonistic (Fig. 1 and Table 2). Using

MacSynergy, the EFdA-3TC combination was assessed as minor
antagonism, whereas the EFdA-FTC combination was considered
additive; however, its value (—23.4 uM?%) was very close to mi-
nor antagonism (—25 WM?%). The observed borderline antago-
nism may arise from competition at the first and rate-limiting

TABLE 2 Interactions of drug combinations for inhibition of HIV-1 virus or RT enzyme

MacSynergy analysis CalcuSyn analysis
Drug class and Synergy/antagonism
EFdA combination Target (LM?%)* Predicted interaction cr Predicted interaction Proposed interaction®
NRTI
AZT Virus 0/0 Additive 1.18 Additive Neutral
TDF Virus 0/—12.8 Additive 1.36 Moderate antagonism Neutral
3TC Virus 0/—39.5 Minor antagonism 1.23 Moderate antagonism Possible antagonism
FIC Virus 0/—23.4 Additive 1.25 Moderate antagonism Neutral
NNRTI
EFV Virus 1.9/0 Additive 0.9 Additive Neutral
ETR Virus 7.8/0 Additive 1.05 Additive Neutral
RPV Virus 41.0/—0.04 Minor synergy 0.64 Synergy Synergy
RPV Enzyme 34.1/0 Minor synergy 0.56 Synergy Synergy

2 The volume of the peaks in the difference plots at the 95% confidence level, which corresponds to the area under a dose-response curve and is considered to provide a quantitative
measure of possible drug interactions. MacSynergy 1I defines LM% values as follows: 25 to 50, minor synergy; 50 to 100, moderate synergy; >100, strong synergy. The
corresponding negative value ranges reflect minor, moderate, and strong antagonism, respectively. Values between 25 and ~25 jLM?% are considered insignificant.

b CI, combination Index. CalcuSyn defines CI values as follows: 0.1 to 0.3, strong synergy; 0.3 to 0.7, synergy; 0.7 to 0.85, moderate synergy; 0.85 to 1.2, additive; 1.2 to 1.45,

moderate antagonism; 1.45 to 3.3, antagonism; 3.3 to 10, strong antagonism.

¢ Proposed interaction is assessed on the basis of the predictions by the two computational methods. Neutral, a lack of drug interaction in the combination (additivity).
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TABLE 3 Antiviral and prophylactic activity of EFdA, RPV, and EFdA-
RPV combinations

Activity type (pretreatment) and Drug
virus treatment® ECs, (nM)? Clso°
Antiviral activity
Wild type EFdA 09*0.2
RPV 0.7 *0.1
EFdA-RPV 04 =02 0.55
Mig4v EFdA 153
RPV 0.6 %02
EFdA-RPV 0.7 £0.1 0.5
L100I/K103N EFdA 1+05
RPV 10+2
EFdA-RPV 9*2 0.45
Prophylaxis (2-h preincubation)
Wild type EFdA 11£5
RPV 18+ 4
EFdA-RPV 5*2 0.75
M184V EFdA 97 £22
RPV 82
EFdA-RPV 10£3 1
L100I/K103N EFdA 12%3
RPV 175 = 42
EFdA-RPV 9*2 0.6
Prophylaxis (18-h preincubation)
Wild type EFdA 3%1
RPV 214
EFdA-RPV 4x1 0.9
M184v EFdA 53*+13
RPV 14+ 4
EFdA-RPV 13 £40 0.6
L100I/K103N EFdA 6%1
RPV 250 = 25
EFdA-RPV 5x2 0.75

4 EFdA and RPV were combined at a 1:1 ratio.

® ECsy, 50% effective concentration. The data shown are mean values * standard
deviations obtained from the results of at least three independent experiments using
P4R5-MAGI cells (32).

€ Clsq is the calculated combination index at a 50% inhibitory concentration.

phosphorylation step as EFdA, 3TC, and FTC are all initially acti-
vated by 2'-deoxycytidine kinase (6, 15, 16). Small differences in
the effect of 3TC versus FTC may arise from the longer half-life of
FTC. In contrast, the combination of EFdA-RPV demonstrated
apparently significant synergy, as assessed by the two different
methods (41 pM?% in MacSynergy and 0.64 combination index
[CI] in CalcuSyn). To confirm the synergy of HIV-1 inhibition by
EFdA-RPV, we further evaluated this combination in the enzy-
matic assay for reverse transcriptase. Primer extension assays (7,
17) were performed with Quant-iT PicoGreen reagent (Invitro-
gen, Carlsbad, CA) (18). As shown in Table 2, the combination of
EFdA with RPV provided synergistic effects on inhibition of re-
verse transcription.

We further compared the antiretroviral activity of various con-
centrations of EFdA alone, RPV alone, and a 1:1 molar combina-
tion of EFdA and RPV against wild-type virus and two HIV-1
mutants with reverse transcriptase (RT) mutations M184V and
L100I/K103N. To evaluate the ability of the drugs to establish a
barrier to subsequent infection in the absence of exogenous drug,
cells were pretreated with various concentrations of each drug
alone or in combination, followed by removal of exogenous drug
and inoculation with HIV-1. These conditions assess intracellular
persistence of drug following exogenous drug clearance, which is
dependent on the intracellular half-life of the test drugs. The
EFdA-RPV combination provided additive to synergistic inhibi-
tion of wild-type HIV-1 and both mutant strains (Table 3). The
protective effect established by EFdA pretreatment is likely the
result of EFdA resistance to degradation by adenosine deaminase
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(ADA) (6), consistent with a longer intracellular half-life (19).
Hence, our data suggest that EFdA could be a strong candidate for
use in preexposure prophylaxis, an approach in which TDF has
shown efficacy in clinical studies (20, 21).

Finally, we evaluated the ability of EFAA-RPV pretreatment to
protect MT-2 lymphoblastoid cells from infection by a mixed vi-
rus population consisting of six HIV-1 strains: the wild type; the
mutants K65R, Y181C, M184V, and D67N/K70R/T215F/K219Q
(thymidine analogue mutations [TAMs]); and L100I/K103N.
Cells were exposed to appropriate drugs for 16 h, and then exog-
enous drug was removed (Fig. 2). The breakthrough virus popu-
lation harvested from cells not exposed to drug contained all six
input viruses, plus some recombinant strains (Fig. 2B). Rapid vi-
rus breakthrough was evident in cells pretreated with RPV alone,
and the only virus detected in the RPV-breakthrough population
was the NNRTI-resistant L100I/K103N (100%). In contrast,
breakthrough in cells pretreated with EFdA alone was significantly
delayed. The EFdA-breakthrough population contained a mixture
of the NRTI-resistant M 184V mutant (54%) and TAMs (32%),
plus some recombinant strains consisting of M184V plus one or
more TAMs. No breakthrough was noted in cells pretreated with
the EFdA-RPV combination, suggesting an enhanced protective
effect of the drug combination compared to either drug alone.

Synergistic interactions between NRTIs and NNRTIs have
been previously reported in both viral (5, 22-24) and enzymatic
assays (5, 25-31). NNRTIs may act synergistically with NRTIs by

A
100 Q
@
5 75 O nodug
Ed - 020 EFdA
e @ 020MRPV
$ @ 01uMEFdA +0. 1l RPV
3 %
=
2
3
T 25
0—8—8-B—8-E—0—0—0-9-6—¥ 08
o 2 4 & & 1w 2 13
days after infection
B
Virus % of breakthrough virus
No drug 0.2 yMRPV 0.2 yM EFdA  Combination
Wild-type 20 0 0 -
K65R 15 0 0 -
M184V 35 0 54 -
TAMs 6 0 32 -
Y18IC 17 Q 0 -
L100/K103N 28 100 0 -
Recombinant 10.5 0 14 -

FIG 2 HIV-1 breakthrough in cells pretreated with EFdA, RPV, or a combi-
nation of EFdA and RPV. (A) MT-2 cells were incubated with the indicated
concentrations of drug for 18 h and then extensively washed to remove exog-
enous drug. The washed cells were infected with a mixture of six virus strains
(the wild type and five drug-resistant variants). Cells were examined daily for
HIV-induced cytopathic effects. (B) Genotypic composition of breakthrough
virus is shown. At least 20 clones from each breakthrough virus were se-
quenced. EFdA (0.1 uM) and RPV (0.1 wM) were used in combination. No
virus breakthrough was noted in cells pretreated with the EFdA-RPV combi-
nation. TAMs (thymidine analog resistance mutations) included the D67N,
K70R, T210F, and T219Q RT mutations. Recombinant virus possessed muta-
tions derived from at least two of the input virus strains.
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suppressing the phosphorolytic unblocking of NRTI-termi-
nated primers, possibly by stabilizing the primer terminus at a
posttranslocation position, where it cannot undergo phospho-
rolyticremoval (5, 26, 27, 29). The mechanism for the apparent
synergistic activity of the EFdA-RPV combination is under in-
vestigation.

In conclusion, EFdA in combination with RPV may provide a
beneficial interaction against replication of drug-sensitive and
certain RTI-resistant HIV-1 strains. The results of the present
study indicate that EFdA may act as promising component of
future antiretroviral therapies.
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HIV protease inhibitor (PI)-induced ER stress has been associated with adverse effects. Although it is a
serious clinical problem for HIV/AIDS patients, comparative analyses of ER stress induction by clinically
used Pls have rarely been done. Especially, there is no report on the differential ER stress response
between lopinavir (LPV) and darunavir (DRV), although these Pls are the most clinically used Pls. We
show here that LPV induces the most potent CHOP expression, ER stress marker, among the 9 Food and
Drug Administration (FDA)-approved Pls in human peripheral blood mononuclear cells, several human
epithelial cells, and mouse embryonic fibroblasts. LPV induced the most potent ROS production and JNK
activation in 9 Pls. A comparison among the most clinically used PIs, ritonavir (RTV), LPV, and DRV,
revealed that LPV potently and RTV moderately but not DRV induced ER stress via ROS-dependent JNK
activation rather than proteasome inhibition. Finally, we analyzed ER stress induction in tissues of mice
intraperitoneally injected with RTV, LPV, and DRV. RTV and LPV but not DRV showed ER stress induction in

- several mice tissues. In conclusion, we first identify LPV as the most potent ER stress inducing Pl among 9

FDA-approved PIs in human cells, and although clinical verification is necessary, we show here that DRV
has the advantage of less ROS and ER stress induction potential compared with LPV in vitro and in vivo.

© 2013 Elsevier Inc. All rights reserved.

Introduction

The combination antiretroviral therapy (cART) effectively improves
HIV/AIDS patients’ life prognosis [1]. The HIV-1 protease inhibitor
(PI) is a component of this combination therapy based on its
suppressive effect on HIV-1 protease and viral maturation to block
viral proliferation [2]. Various Pls have been developed in recent
years. Ritonavir (RTV)-boaosted lopinavir (LPV) and darunavir (DRV)
are the most clinically used PIs for cART because these drugs have
high binding affinity to HIV-1 protease and are highly active to
drug-resistant HIV-1 [3-5]. But despite rigorous drug development

Abbreviations: APV, Amprenavir; ARE, antioxidant response; ATV, Atazanavir;
CART, Combination antiretroviral therapy; DRV, Darunavir; FDA, Food and Drug
Administration; IDV, Indinavir; LDH, lactate dehydrogenase; LPV, Lopinavir; NAC,
N-acetyl-L-cysteine; NFV, Nelfinavir; PBMC, Peripheral blood mononuclear cells; PI,
Protease inhibitor; PRI, Propidium iodide; RTV, Ritonavir; SQV, Saquinavir; TPV,
Tiprenavir
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PlIs do not completely cure HIV/AIDS, and HIV/AIDS patients are
required to maintain long-term PI treatment, which causes serious
side effects such as hyperlipidemia, diabetes, diarrhea, and athero-
sclerosis [6].

ER stress is a common molecular mechanisms for Pl-induced
side effects. Several Pls disrupt lipid metabolism in hepatocytes
[7], induce apoptosis in pancreatic f cells to inhibit insulin
secretion [8], activate the expression of inflammatory cytokines
in macrophage [9], and disrupt the barrier integrity in intestinal
epithelial cells [ 10] via ER stress induction as a common molecular
mechanism. Although ER stress is thought to be important for the
induction of several side effects by PIs, exhaustive comparison of
clinically used PIs in terms of their potential to induce ER stress
has not been done. Additionally, there is no report comparing the
ER stress-inducing effects of LPV and DRV despite some clinical
reports indicating the less adverse effects of DRV compared to
those of LPV [11-15].

The accumulation of unfolded proteins, calcium disruption, and
ROS production are well known triggers of ER stress [16]. Physio-
logically, ER stress correlates to several diseases such as diabetes,



