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The first small-molecule CCR5 antagonist, TAK-779, could not be developed as an anti-human immunode-
ficiency virus type (anti-HIV-1) agent because of its poor oral bioavailability. TAK-652 is an orally bioavailable
TAK-779 derivative with potent anti-HIV-1 activity. TAK-652 inhibited the binding of RANTES (regulated on
activation, normal T-cell expressed and secreted), macrophage inflammatory protein 1l (MIP-1), and
MIP-1f3 to CCR5-expressing cells at nanomolar concentrations. TAK-652 could also suppress the binding of
monocyte chemotactic protein 1 (MCP-1) to CCR2b-expressing cells. However, its inhibitory effect on ligand
binding to other chemokine receptors was limited. TAK-652 was active against CCR5-using (R5) HIV-1 but
totally inactive against CXCR4-using (X4) HIV-1. The compound was active against R5 HIV-1 clinical isolates
containing reverse transcriptase and protease inhibitor-resistant mutations, with a mean 50% effective con-
centration (EC;,) and EC,, of 0.061 and 0.25 nM, respectively. In addition, recombinant RS viruses carrying
different subtype (A to G) envelope proteins were equally susceptible to TAK-652. A single oral administration
of TAK-652 up to 100 mg was safe and well tolerated in humans. The compound displayed favorable phar-
macokinetics, and its plasma concentration was 7.2 ng/ml (9.1 nM) even 24 h after the administration of 25 mg.

Thus, TAK-652 is a promising candidate as a novel entry inhibitor of HIV-1.

The introduction of highly active antiretroviral therapy
(HAART) with reverse transcriptase and protease inhibitors
has achieved dramatic improvements in the prognosis for
patients suffering from human immunodeficiency virus type
1 (HIV-1) infection, leading to a remarkable decline in the
death rate of AIDS (6, 16, 17). At present, one entry inhib-
itor, eight nucleoside/nucleotide reverse transcriptase inhib-
itors (NRTIs), three nonnucleoside reverse transcriptase in-
hibitors (NNRTIs), and eight protease inhibitors (PIs) are
available in clinics (28). Although HAART can suppress the
emergence of drug-resistant mutants through simultaneously
attacking different targets, the emergence of multidrug-resis-
tant mutants often results in the failure of therapy (8). There-
fore, it still seems mandatory to discover anti-HIV-1 agents
with a novel mode of action.

The chemokine receptors CCRS and CXCR4 act as major
coreceptors of HIV-1 in consort with the primary receptor
CD4 (3, 14, 15). It has been reported that CCR5-using (R5)
HIV-1 is isolated predominantly during the asymptomatic
stage (4). R5 HIV-1 is also responsible for virus transmission
between individuals. Furthermore, it has been reported that
R5 HIV-1 seems to play a major role even in the advanced
stage of the disease (11, 26). Therefore, an attempt to suppress
RS HIV-1 replication may be able to block viral transmission
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and delay disease progression. This hypothesis has been sup-
ported by the finding that individuals having homozygous
CCR5-A32, a truncated and nonfunctional form of CCRS5,
display profound resistance to HIV-1 infection without obvious
health problems (5, 12, 20). These lines of evidence gave us the
idea that CCRS antagonists may be effective as anti-HIV-1
agents without serious side effects.

In 1999, we reported the first small-molecule nonpeptidic
CCRS antagonist, TAK-779, to be a potent and selective in-
hibitor of HIV-1 replication (2). This compound blocks RS
HIV-1 replication by binding in a pocket between the trans-
membrane helices near the extracellular surface (7). However,
TAK-779 is an anilide derivative with a quaternary ammonium
moiety and could not be further developed because of its poor
oral bioavailability. Replacement of the quaternary ammonium
moiety of TAK-779 with a polar sulfoxide moiety, a ring ex-
pansion of (6,7)-fused nuclei to (6,8)-fused nuclei, and substi-
tution of a 4-(2-butoxyethoxy) group for the methyl group led
to an increase in bioavailability and potency. Finally, we have
recently identified TAK-652, a novel and orally bioavailable
TAK-779 derivative. In this paper, we describe the results of a
preclinical evaluation of TAK-652 in vitro and its pharmaco-
kinetic profiles in humans.

MATERIALS AND METHODS

Cells. CCR1-, CCR2b-, CCR3-, CCR4-, CCR5-, and CCR7-expressing Chi-
nese hamster ovary (CHO) cells and CCR5-expressing HeLa cells were main-
tained in Ham’s F-12 medium supplemented with 10% fetal bovine serum (FBS)
and 50 pg/ml gentamicin. COS-7 cells were obtained through the Health Science
Research Resources Bank (Osaka, Japan) and maintained in Dulbecco’s modi-
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FIG. 1. Chemical structure of TAK-652.
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fied Eagle medium (DMEM) supplemented with 10% FBS and antibiotics (100
U/ml penicillin G and 100 wg/ml streptomycin). U87 astroglioma cells expressing
human CD4 and either CCR5 or CXCR4 (U87.CD4.CCRS5 cells or
U87.CD4.CXCR4 cells, respectively) were obtained from D. Littman (New York
University School of Medicine, New York, NY) and maintained in DMEM
supplemented with 10% FBS, 300 pg/ml Geneticin, 1 pg/ml puromycin, and
antibiotics. The above medium without Geneticin and puromycin was used in
viral replication assays. MOLT-4/CCRS cells, i.e., the T-lymphoblastoid cell line
MOLT-4 expressing human CCRS5, were maintained in RPMI 1640 medium
supplemented with 10% FBS, 1 mg/ml Geneticin, and antibiotics (1). MOLT-4/
CCR5/Luc™ cells, which are MOLT-4/CCRS5 cells carrying an integrated copy of
the HIV-1 long terminal repeat-driven luciferase reporter gene, were maintained
in RPMI 1640 medium supplemented with 10% FBS, 500 pwg/ml Geneticin, and
antibiotics. Peripheral blood mononuclear cells (PBMCs) obtained from healthy
volunteers were isolated by Ficoll-Hypaque gradient density centrifugation and
stimulated with 5 wg/ml phytohemagglutinin (PHA) in RPMI 1640 medium
supplemented with 20% FBS, 100 U/ml recombinant human interleukin 2
(Takeda Pharmaceutical Company, Osaka, Japan), and antibiotics for 3 days.
The above medium without PHA was used in viral replication assays.

Compounds. TAK-652, (S)-8-[4-(2-butoxyethoxy)phenyl]-1-isobutyl-N-(4-
{[(1-propyl-1H-imidazol-5-yl)methyl]sulfinyl} phenyl)-1,2,3,4-tetrahydro-1-benza-
zocine-5-carboxamide monomethanesulfonate, and the CXCR4 antagonist
AMD-3100 were synthesized by Takeda Pharmaceutical Company. The chemical
structure of TAK-652 is shown in Fig. 1.

Viruses. Seven R5 HIV-1 isolates (JR-FL, KK, CTV, HKW, HNK, HTN, and
HHA), one CXCR4-using (X4) isolate (SW), and one CCR5- and CXCR4-using
(R5X4) HIV-1 isolate (HE) were used for viral replication assays in U87 astro-
glioma cells and PBMCs. KK, CTV, HKW, HNK, HTN, HHA, and SW were
clinical isolates from HIV-1-infected patients in Japan. For viral entry assays
using recombinant HIV-1, a customized panel of 32 recombinant viruses was
prepared from ViroLogic’s specimen library. These viruses express genetically
distinct HIV-1 envelope glycoproteins classified as subtypes A, B, C, D, E (now
CRE01_AE), F, and G.

Chemokine binding assay. The assay procedure for chemokine binding inhi-
bition by test compounds has been described previously (2). In brief, CCR5-
expressing CHO cells were incubated with various concentrations of TAK-652 in
binding buffer (Ham’s F-12 medium containing 20 mM HEPES and 0.5% bovine
serum albumin, pH 7.2) containing either 200 pM '*’I-regulated on activation,
normal T-cell expressed and secreted (RANTES) (Amersham Pharmacia, Pis-
cataway, NJ), '*I-macrophage inflammatory protein la (MIP-la), or 21—
MIP-1B (Perkin-Elmer, Inc., Wellesley, MA). Binding reactions were performed
at room temperature for 40 min. The binding reaction was terminated by washing
out the cell-free ligand twice with cold phosphate-buffered saline (PBS). The
cell-associated radioactivity was recorded with a scintillation counter (Top-
count; Packard, Tokyo, Japan). Assays of the inhibitory effect of TAK-652 on the
binding of '*’I-RANTES to CCRI, '*I-monocyte chemotactic protein 1
(MCP-1) to CCR2b, '*I-eotaxin to CCR3, '**I-thymus and activation-regulated
chemokine (TARC) to CCR4, and '>*I-MIP-38 to CCR7 were carried out in a
similar manner.

Envelope-mediated membrane fusion assay. An assay of HIV-1 envelope-
mediated membrane fusion was carried out according to a previously described
method (22), with some modifications. COS-7 cells were seeded in a six-well
plate at 5 X 10° cells/well. The culture supernatants were removed on the next
day, and the cells were transfected with 0.6 pg of either pSG322-env, pHXB2-
env, or pBluescript (Stratagene, La Jolla, CA), 0.2 pg of pSG5-rev, and 1.0 pg of
pSG5-tat with Lipofectamine 2000 (Invitrogen, Gaithersburg, MD). pSG322-env
and pHXB2-env encode the JR-FL (RS5) and HXB2 (X4) envelope glycopro-
teins, respectively. After incubation for 6 h at 37°C, the supernatants were
removed, and the cells were incubated with fresh culture medium for 2 days at
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37°C. The transfected COS-7 cells and MOLT-4/CCR5/Luc™ cells were seeded
in a 96-well plate at 1 X 10* cells (each) per well, and various concentrations of
test compounds were added to the wells. The cell suspension was incubated at
37°C. A mixture of DMEM and RPMI 1640 medium supplemented with 10%
FBS and antibiotics was used for membrane fusion. After an overnight incuba-
tion, Luc-Screen (Tropix, Foster City, CA) was added to each well, and the
mixtures were incubated at room temperature for 10 min. The luciferase activity
was measured with a luminometer (Wallac 1420 ARVO SX; Wallac Berthold
Japan, Tokyo, Japan).

Antiviral assay with U87 astroglioma cells. U87.CD4.CCRS5 or U87.CD4.
CXCR4 cells were seeded into a 48-well plate (3 X 10* cells/well) and incubated
overnight at 37°C. The culture supernatants were removed, and the cells were
inoculated with 1,000 50% cell culture infective doses of R5X4 HIV-1 (HE) per
well in the presence of test compounds (100 nM) in a total volume of 400 wl.
After incubation for 6 h, the cells were washed to remove unadsorbed viral
particles and further incubated in the presence of the same concentration of test
compounds for 3 days. On day 3 after infection, the culture supernatants were
collected and tested for their p24 antigen levels with an enzyme-linked immu-
nosorbent assay (ELISA) kit (ZeptoMetrix Corp., Buffalo, NY).

Antiviral assay with PBMCs. PHA-stimulated PBMCs were inoculated with
500 50% cell culture infective doses of JR-FL or 11 to 55 ng of p24 from HIV-1
clinical isolates per 4 X 10° cells and incubated for 4 h. The cells were washed
with culture medium to remove unadsorbed viral particles and then seeded into
a 96-well plate (2 X 10° cells/well) with culture medium containing various
concentrations of test compounds. On day 4 after infection, the cells were
subcultured at 1:2 with culture medium containing the same concentrations of
the test compounds. On day 7 after infection, the culture supernatants were
collected and tested for their p24 antigen levels with an ELISA kit.

Viral entry assay using recombinant HIV-1. An HIV-1 entry assay was devel-
oped by modifying the PhenoSense HIV assay, which is a novel phenotypic assay
for drug susceptibility to HIV-1 (19). In brief, nucleic acid amplification (reverse
transcriptase PCR) was carried out to obtain HIV-1 gp160 sequences derived
from HIV-1-positive plasma samples. The amplified envelope sequences were
incorporated into an expression vector (pCXAS) using conventional cloning
methods. Envelope expression vectors (pHIVenv) were prepared as large pools
of sequences that accurately represent the viral quasispecies in patients at the
time of sample collection. Recombinant HIV-1 stocks containing viral envelope
glycoproteins from patients were prepared by cotransfecting human embryonic
kidney 293 cells with an HI'V-1 genomic viral vector and an appropriate envelope
expression vector. The genomic vector (pHIVIucAU3) was replication defective
and contained a luciferase expression cassette within a deleted region of the
envelope gene. Recombinant virus particles were harvested 48 h after transfec-
tion and used for subsequent infection of U87.CD4.CCRS5 or U87.CD4.CXCR4
cells. The infected cells were cultured in the presence of various concentrations
of TAK-652 for 48 h. Viral entry followed by single-round replication was
determined by measuring the luciferase activity of the cells.

Cytotoxicity evaluation. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sigma Chemical Co. (St. Louis, MO) and
used to determine the cytotoxicity of test compounds in mock-infected cells (18).
MTT was added to each well and incubated at 37°C for 2 h, and then acidified
isopropyl alcohol was added to dissolve formazan crystals. The optical density
was determined with a microplate reader (model 550; Bio-Rad Laboratories,
Hercules, CA).

Single-dose safety and pharmacokinetics in humans. A double-blind phase I
trial was conducted to evaluate the safety, tolerability, and pharmacokinetics of
a single oral administration of TAK-652 in humans. Twenty-four healthy volun-
teers were enrolled in this study (two for a placebo and six for each dose), and
three doses (25, 50, and 100 mg) of TAK-652 were administered orally as a
solution to individuals in a fasted state. The TAK-652 solution was formulated in
0.5% (wt/vol) methylcellulose with 0.1% (wt/vol) Polysorbate 80 and 2 mM
hydrochloric acid in distilled water. The placebo solution was 0.5% (wt/vol)
methylcellulose with 0.1% (wt/vol) Polysorbate 80 and 2 mM hydrochloric acid in
distilled water. Doses were selected based on allometric scaling of preclinical
pharmacokinetic data and considerations of preclinical toxicology (no observed
adverse effects). Screening was performed in the 3-week period prior to dosing,
and poststudy assessments were carried out at 5 to 7 days postdosing. Safety and
tolerability were evaluated by physical examinations (screening and poststudy),
recording of vital signs (screening, predose, 1, 2, 4, 8, and 24 h postdose, and
poststudy), electrocardiograms (ECG; screening, predose, 2, 6, and 24 h post-
dose, and poststudy), clinical laboratory evaluations (hematology, serum chem-
istry, and urinalysis; screening, predose, 24 h postdose, and poststudy), and
recording of adverse events (predose, 3, 12, and 24 h postdose, and poststudy).
Serial blood samples were collected to determine the plasma concentration of
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FIG. 2. Inhibitory effect of TAK-652 on binding of RANTES (A),
MIP-1a (B), and MIP-18 (C) to CCR5. CCRS5-expressing CHO cells
were incubated with various concentrations of TAK-652 in binding
buffer containing '**I-labeled RANTES, MIP-1qa, or MIP-1B. Binding
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TAK-652. Blood samples were collected prior to drug administration (0 h) and
then 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h after administration. The samples were
immediately processed, and the plasma concentration of TAK-652 was quanti-
fied by liquid chromatography/tandem mass spectrometry. The lower limit of
TAK-652 quantification in plasma was 0.05 ng/ml. Pharmacokinetic parameters
were estimated by noncompartmental procedures using WinNonlin, version 3.2,
Enterprise (Pharsight Corporation, Mountain View, CA). The maximum plasma
concentration (Cy,,,) and time to reach C,,.. (Tp..) for each subject were
calculated from the measured concentrations. The area under the plasma con-
centration-time curve from time zero to the last quantifiable concentration
(AUC,.,) for each subject was calculated from the measured concentrations by
the trapezoidal rule.

Data analysis. Fifty and ninety percent inhibitory concentrations were calcu-
lated using the SAS system procedure NLIN, which produces least-square esti-
mates of the parameters of a nonlinear model (logistic model).

RESULTS

Inhibition of chemokine binding to receptor-expressing
cells. The inhibitory effect of TAK-652 on the binding of RAN-
TES, MIP-1a, and MIP-1B to CCR5-expressing CHO cells was
examined. The drug inhibited the binding of RANTES to
CCRS in a dose-dependent manner (Fig. 2A), and the 50%
inhibitory concentration (ICs,) for RANTES binding was 3.1
nM. The compound also blocked the binding of MIP-1a and
MIP-1B to CCRS, with an ICs, of 2.3 nM (Fig. 2B and C).
When the inhibitory effect of TAK-652 on the binding of other
chemokines was investigated, TAK-652 did not affect the bind-
ing of RANTES and MIP-33 to CCR1- and CCR7-expressing
CHO cells, respectively, at concentrations of up to 10,000 nM
(Fig. 3). It modestly suppressed the binding of eotaxin and
TARC to CCR3- and CCR4-expressing cells, with ICs,s of
2,400 and 1,100 nM, respectively. TAK-652 inhibited the bind-
ing of MCP-1 to CCR2b, with an IC,, of 5.9 nM (Fig. 3),
suggesting that the compound is a potent inhibitor of CCRS
and CCR2b. Furthermore, TAK-652 abrogated RANTES-in-
duced Ca** mobilization in CCR5-expressing HeLa cells, but
not in CCR1-expressing HeLa cells (data not shown), indicat-
ing that TAK-652 interacts with the chemokine receptor but
not with its ligands.

Inhibition of RS envelope-mediated membrane fusion. In
the next experiment, TAK-652 was examined for its inhibitory
effect on fusion between the HIV-1 envelope and the cell
membrane, using envelope-expressing cells and CD4- and co-
receptor-expressing cells. TAK-652 inhibited RS HIV-1 (JR-
FL) envelope-mediated membrane fusion, with an I1Cy, value
of 0.10 nM, but did not affect X4 HIV-1 (HXB2) envelope-
mediated membrane fusion, even at concentrations up to 1,000
nM (Table 1). In contrast, the CXCR4 antagonist AMD-3100
inhibited X4 HIV-1 envelope-mediated membrane fusion, with
an ICs, value of 44 nM, yet had no effect on R5 HIV-1 enve-
lope-mediated membrane fusion, even at a concentration of
1,000 nM (Table 1).

Inhibition of CCRS5-mediated HIV-1 infection. The anti-
HIV-1 activity of TAK-652 was examined in two cell lines that
are identical except for their coreceptor expression, namely,
U87.CD4.CCRS and U87.CD4.CXCR4 cells. TAK-652 com-

reactions were performed at room temperature and terminated by
washing out the cell-free ligand with PBS. The cell-associated radio-
activity was measured with a scintillation counter. Data represent
means * standard deviations for triplicate wells.
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FIG. 3. Inhibitory effect of TAK-652 on ligand binding to various
chemokine receptors. CHO cells expressing CCR1 (open circles),
CCR2b (open squares), CCR3 (filled triangles), CCR4 (open trian-
gles), or CCRY7 (filled circles) were incubated with various concentra-
tions of TAK-652 in binding buffer containing '*’I-labeled RANTES,
MCP-1, eotaxin, TARC, or MIP-3p, respectively. Binding reactions
were performed at room temperature and terminated by washing out
the cell-free ligand with PBS. The cell-associated radioactivity was
measured with a scintillation counter. Data represent means * stan-
dard deviations for triplicate wells.

1000 10000

pletely inhibited the replication of R5X4 HIV-1 (HE) in
U87.CD4.CCRS cells at a concentration of 100 nM but was
inactive against the same strain in U87.CD4.CXCR4 cells (Fig.
4). In contrast, AMD-3100 displayed an apparent inhibition of
R5X4 HIV-1 replication only in U87.CD4.CXCR4 cells.
Anti-HIV-1 activity against clinical isolates in PBMCs. To
estimate the efficacy of TAK-652 in HIV-1-infected patients,
the anti-HIV-1 activity of TAK-652 was examined with six RS
and one X4 HIV-1 clinical isolate in PBMCs. The anti-HIV-1
activity was also tested with one R5X4 strain. TAK-652 inhib-
ited the replication of all RS isolates, with 50% effective con-
centrations (ECs,s) and ECygs ranging from 0.024 to 0.089 nM
and from 0.13 to 0.36 nM, respectively (Table 2). The mean
EC;, and mean ECy, were 0.061 and 0.25 nM, respectively. On
the other hand, the compound did not inhibit the replication of
R5X4 HIV-1 (HE) and X4 HIV-1 (SW), even at a concentra-
tion of 10,000 nM (Table 2). TAK-652 did not affect the via-
bility and proliferation of uninfected PBMCs at concentrations
up to 10,000 nM (data not shown). Thus, TAK-652 was found

TABLE 1. Inhibitory effect of TAK-652 and AMD3100 on HIV-1
envelope-mediated membrane fusion

IC5o (nM)*
Compound
JR-FL (R5) HXB2 (X4)
TAK-652 0.10 (0.070-0.14) >1,000
AMD-3100 >1,000 44 (35-55)

“ Assays were carried out in triplicate wells, and values in parentheses repre-
sent 95% confidence intervals.
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FIG. 4. Antiviral activity of TAK-652 against R5X4 HIV-1 in
U87.CD4.CCRS5 and U87.CD4.CXCR4 cells. The cells were infected
with R5X4 HIV-1 (HE) and incubated in the presence of test com-
pounds (100 nM). After incubation for 6 h, the cells were washed to
remove unadsorbed viral particles and further incubated in the pres-
ence of the same concentration of the test compounds for 3 days. On
day 3 after virus infection, the culture supernatants were collected and
tested for their p24 antigen levels by ELISA. The percent inhibition
was calculated as follows: 100 X (1 — p24 antigen level in the presence
of compound/p24 antigen level in the absence of compound). Data
represent means = standard deviations for triplicate wells.

to be a potent and selective inhibitor of RS HIV-1 clinical
isolates in PBMCs.

Anti-HIV-1 activity in the presence of human serum. To
further estimate the efficacy of TAK-652 in vivo, the influence
of human serum (HS) on its anti-HIV-1 activity was examined.
The mean ECs, of TAK-652 in PBMCs obtained from four
different donors was 0.085 nM in the presence of 20% FBS and
0.29 nM in the presence of 40% HS plus 10% FBS (Table 3).
The ratios of ECs,s for both conditions (ECs, in the presence
of HS/EC,, in the absence of HS) for each individual ranged
from 2.2 to 8.2, and the mean ratio among the four donors was
5.0 (Table 3).

Anti-HIV-1 activity in PBMCs from different donors. It ap-
pears that the anti-HIV-1 activity of compounds is often af-
fected by host cells obtained from different donors. Therefore,
the activity of TAK-652 against two RS strains (JR-FL and
KK) was examined in PBMCs from eight different donors. In
the absence of the compound, the p24 antigen levels in culture

TABLE 2. Anti-HIV-1 activity of TAK-652 for HIV-1 clinical
isolates in PBMCs®

. o No. of ECs, (nM) ECq (nM)

Strain Tropism'

assays Mean SD Mean SD
KK RS 3 0.043 0.027 0.19 0.12
CTV RS 4 0.070 0.029 0.31 0.20
HKW RS 3 0.049 0.014 0.16 0.15
HNK RS 3 0.087 0.046 0.36 0.14
HTN RS 4 0.089 0.097 0.32 0.25
HHA RS 4 0.024 0.0084 0.13 0.054
HE R5X4 1 >10,000 >10,000
SW X4 2 >10,000 >10,000

“ PBMCs were obtained from different donors and used in each assay. The
anti-HIV-1 activity was determined by measuring the p24 antigen levels in cul-
ture supernatants on day 7 after virus infection. Assays were carried out in
triplicate wells and repeated the indicated number of times.

> The tropism of clinical isolates was determined by their infectivity in
U87.CD4.CCRS5 and U87.CD4.CXCR4 cells.
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TABLE 3. Anti-HIV-1 activity of TAK-652 in PBMCs in the
presence of high concentrations of human serum®

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 5. Anti-HIV-1 activity of TAK-652 for recombinant HIV-1
strains expressing different subtype envelope glycoproteins

ECs5, (nM) in presence of:

Donor” Ratio®
20% FBS 40% HS + 10% FBS
1 0.021 0.13 6.2
2 0.068 0.25 3.7
3 0.041 0.33 8.2
4 0.21 0.46 2.2
Mean + SD 0.085 + 0.087 0.29 +0.14 5.0+27

¢ Cells were infected with R5 HIV-1 (JR-FL) and incubated in the presence of
various concentrations of TAK-652 and either 20% FBS alone or 40% HS plus
10% FBS.

® PBMCs from four different healthy donors were used.

¢ Ratio of ECs in the presence of 20% FBS to ECs in the presence of 40%
HS plus 10% FBS.

supernatants ranged from 1.5 to 270 ng/ml for the JR-FL strain
and from 2.0 to 350 ng/ml for the KK strain on day 7 after virus
infection (Table 4). These results indicate that the replication
efficiency of R5 HIV-1 differed considerably from one donor to
another. However, this difference in HIV-1 replication scarcely
influenced the anti-HIV-1 activity of TAK-652. The drug in-
hibited RS HIV-1 replication, with ECs,s ranging from 0.021
to 0.21 nM for the JR-FL strain and from 0.033 to 0.091 nM for
the KK strain (Table 4). In particular, the ECs,s for the clinical
isolate KK varied less than threefold among the PBMCs from
the eight donors.

Activity against recombinant HIV-1 expressing different
subtype envelope proteins. TAK-652 was examined for its in-
hibitory effect on the replication of recombinant viruses con-
taining 26 RS, 3 X4, and 3 R5X4 HIV-1 envelope glycoproteins
in U87.CD4.CCR5 and US87.CD4.CXCR4 cells. TAK-652
blocked the infection of all RS and R5X4 HIV-1 strains in
U87.CD4.CCRS cells, with ECys ranging from 0.4 to 2.4 nM
(Table 5). All subtypes evaluated in this study (A, B, C, D, E,
F, and G) were found to be highly susceptible to TAK-652. The
variation in their susceptibility to TAK-652 was approximately
sixfold and was independent of the envelope subtype. The drug
did not inhibit the infection of X4 or R5X4 HIV-1 in
U87.CD4.CXCR4 cells, even at a concentration of 500 nM

TABLE 4. Anti-HIV-1 activity of TAK-652 in PBMCs from eight
different donors®

Value in presence of JR-FL Value in presence of KK

Donor
ECsy (nM) p24 (ng/ml) ECsy (nM) p24 (ng/ml)
1 0.10 39 0.068 7.6
2 0.021 28 0.047 30
3 0.037 6.3 0.075 3.8
4 0.068 65 0.043 44
5 0.041 16 0.055 21
6 0.21 270 0.091 350
7 0.10 11 0.039 11
8 0.033 1.5 0.033 2.0
Median 0.054 13 0.051 16

“ The anti-HIV-1 activity was determined by measuring the p24 antigen levels
in culture supernatants on day 7 after virus infection. Assays were carried out in
triplicate wells.

EC5, (nM)*
Tropism  Subtype and sample no. US7.CD4.CCR5 US7.CD4.CXCRA4
cells cells
RS A RS 1 0.7 NR
AR5 2 1.2 NR
A_R5 3 0.9 NR
B R5_1 1.0 NR
B R52 1.0 NR
B _R5 3 0.9 NR
B R5 4 1.1 NR
B_R55 2.4 NR
B R5 6 0.4 NR
B_R5 7 0.8 NR
B R5 8 0.9 NR
B_R5 9 1.1 NR
B _R5_10 2.4 NR
CR5 1 1.0 NR
CR52 0.8 NR
C_ R53 1.0 NR
D R5 1 0.5 NR
D R5 2 0.7 NR
D _R5 3 1.0 NR
E R5 1 0.7 NR
E R5 2 1.6 NR
E R53 0.8 NR
F R5 1 1.0 NR
F R5 2 1.1 NR
F R53 0.7 NR
G_R5_RUS570 1.1 NR
R5X4 B Dual 1 1.0 >500
B_Dual 2 0.9 >500
B Dual 3 0.5 >500
X4 B X4 1 NR >500
B X4 2 NR >500
B X4 3 NR >500

“ Data represent means for two separate experiments. NR, not replicable.

(Table 5). These results suggest that the anti-HIV-1 activity of
TAK-652 is coreceptor dependent and subtype independent.
Safety, tolerability, and pharmacokinetics in humans. No
withdrawal due to adverse events occurred among the 24
treated subjects. A total of six clinical adverse events were
reported for four subjects. Among the six events, two dose-
independent symptoms (headache and fatigue) were judged to
be possibly related to the study drug. The other four mild
events (headache, nasopharyngitis, hypoesthesia, and dizzi-
ness) did not seem to be attributable to the administration of
TAK-652, yet this conclusion should be confirmed by further
studies. No treatment- or dose-related trends in serum chem-
istry, hematology, and urinalysis data were observed during the
study. There were no dose-related trends in supine systolic and
diastolic blood pressure and pulse rate. No apparent treat-
ment- or dose-related trends in vital signs or ECG were noted
for any subjects during the course of this study. In particular,
there was no evidence of a prolongation of the QTc interval at
any dose of TAK-652. No clinically important findings were
observed in ECG morphology for individuals receiving any
dose. No clinically significant changes were noted poststudy.
Thus, single oral doses (25, 50, and 100 mg in solution) of
TAK-652 were safe and well tolerated in healthy male subjects.
The mean plasma concentrations of TAK-652 for each dose
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FIG. 5. Plasma concentration-time profiles after single oral admin-
istration of TAK-652 to humans. Twenty-four healthy volunteers were
enrolled in this study (two for the placebo and six for each dose).
TAK-652 was administered orally in solution at a dose of 25 mg (filled
triangles), 50 mg (filled diamonds), or 100 mg (filled squares). Blood
samples were collected prior to drug administration (0 h) and 0.5, 1, 2,
3,4, 6,8, 12, and 24 h after administration. Data represent means *
standard deviations for six subjects.

from 30 min to 24 h postadministration are shown in Fig. 5. For
all doses, the drug was at detectable levels in plasma at 30 min
and after 24 h. The estimated pharmacokinetic parameters
after single oral administration for healthy volunteers are pre-
sented in Table 6. Overall, TAK-652 had good oral absorption
and a rather long half-life in plasma. Its plasma concentration
at 24 h after a 25-mg administration was 7.2 ng/ml, which
corresponds to 9.1 nM.

DISCUSSION

The present study has clearly demonstrated that TAK-652,
an orally bioavailable TAK-779 derivative, is a potent inhibitor
of HIV-1 replication in vitro. In addition, the compound was
found to equally inhibit diverse strains of HIV-1. The RS
clinical isolates HKW, HNK, and HTN are highly resistant to
several NRTIs, NNRTIs, and PIs used in clinics (S. Oka, In-
ternational Medical Center of Japan, unpublished data). TAK-
652 inhibited the replication of these multidrug-resistant
strains at concentrations similar to those that suppressed the
replication of the KK strain, an isolate from a treatment-naive
patient (Table 2). The activity of TAK-652 was not affected by

TABLE 6. Pharmacokinetic parameters of TAK-652 after single
oral administration to humans®

Value for indicated dose (mg)

Parameter
25 50 100
AUC,,, (ng - 416 (122) 1,040 (213) 2,760 (847)
h/ml)
Chax (ng/ml) 42.9 (9.4) 97.6 (20.2) 229 (69)
T nax (h)b 3.00 (2.00-3.00)  4.00 (3.00-6.00) 3.5 (2.00-4.00)
Ty (h) 12.2 (2.3) 8.77 (0.65) 8.39 (1.32)
Ci,y, (ng/ml) 11.8 (3.8) 32.5(7.7) 94.5 (28.5)
Coyy (ng/ml) 7.2 (3.0) 14.4 (3.7) 42.3 (15.0)

“ Twenty-four healthy volunteers were enrolled in this study (two for the
placebo and six for each dose), and TAK-652 was administered orally in solution.
Data represent means (standard deviations) for six subjects.

® Data are medians (minimum-maximum).
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different PBMC donors (Table 3). Furthermore, the assay re-
sults for recombinant viruses indicated that the activity spec-
trum of TAK-652 covered a variety of HIV-1 subtypes, includ-
ing subtype G RU570 (Table 4), which was reported to be
unsusceptible to SCH-C (21).

In terms of chemokine binding inhibition, TAK-652 also
suppressed the binding of MCP-1 to CCR2b (Fig. 3). This
property was also observed for TAK-779 (2). In contrast, TAK-
220, another member of a class of CCRS antagonists recently
reported by our groups, was found to be highly specific to
CCRS (23). TAK-220 was inhibitory to the binding of RAN-
TES and MIP-1«, but not that of MIP-1pB, to CCRS, whereas
TAK-652 equally blocked the binding of these three ligands to
CCRS (Fig. 2). These results indicate that due to the complete
difference in chemical structure between TAK-652 and TAK-
220 (anilide versus piperidine), their binding sites to CCR5 and
mechanisms of HIV-1 inhibition may also differ. In fact, TAK-
220 blocked the binding of the anti-CCRS5 monoclonal anti-
bodies (MAbs) 45531.111 and 2D7, which recognize different
regions of the second extracellular loop (ECL2) of CCRS5, but
had no effect on the binding of the anti-CCR5 MADb 3A09,
which is specific to the N terminus of CCRS5 (10, 27). Interest-
ingly, TAK-652 did not affect the binding of these MAbs to
CCRS (data not shown). Unlike RANTES, TAK-652 did not
induce CCRS internalization in CCRS5-expressing cells (data
not shown). Therefore, it is possible that TAK-652 could in-
hibit the interaction between HIV-1 gp120 and CCRS through
a conformational change of the gp120 binding site after bind-
ing to a domain of CCRS other than ECL2 or the N terminus,
presumably a site close to the TAK-779 binding site (7).

Another important issue that remains to be determined is
the resistance to TAK-652. In general, HIV-1 strains that are
resistant to an existing class of anti-HIV-1 agents often show
cross-resistance to other compounds in the same class. Once
such strains have emerged in patients, the choice of alternative
agents becomes narrow for current HAART. Several pharma-
ceutical companies are now developing CCRS antagonists,
such as UK-427,857 (P. Door et al., 10th Conf. Retrovir. Op-
portunistic Infect., abstr. 12, 2003), SCH-D (D. Schurmann et
al., 11th Conf. Retrovir. Opportunistic Infect., abstr. 140LB,
2004), AK602/ONO4128/GW873140 (13), and PRO140 (24).
It was reported that an escape mutant resistant to AD101, a
CCRS antagonist structurally related to SCH-C, could be ob-
tained through serial passages of an RS primary isolate in
PBMC:s with increasing concentrations of the compound (25).
The mutant was >20,000-fold less susceptible than the wild
type to AD101 and was cross-resistant to SCH-C. However, no
change in coreceptor usage (from CCRS to CXCR4) was ob-
served for the mutant. A subsequent analysis of the resistant
virus revealed that amino acid changes in the V3 loop of gp120
were primarily responsible for the resistance to AD101 (9).
More recently, the in vitro establishment and characterization
of UK-427,857-resistant HIV-1 have also been presented (M.
Westby et al., 13th Int. HIV Drug Resist. Workshop, abstr. 6,
2004). Thus, it is of particular importance to establish TAK-
652-resistant mutants and to clarify whether they also show
cross-resistance to other CCRS5 antagonists. Long-term culture
experiments with PBMCs infected with RS HIV-1 in the pres-
ence of TAK-652 are in progress.

Pharmacological and toxicological tests of TAK-652 were
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conducted in animals, and the compound was found to be
orally absorbable and quite safe (data not shown). However,
there was significant variability among the oral absorption lev-
els in animals. Therefore, an exploratory phase I trial was
attempted to evaluate the safety, tolerability, and pharmaco-
kinetics in humans. TAK-652 was found to show favorable oral
absorption and pharmacokinetics in this study. It is noteworthy
that TAK-652 had a long half-life in plasma. Plasma drug
concentrations were 7.2 and 14.4 ng/ml 24 h after the single
oral administration of 25 and 50 mg, respectively (Table 6).
From the results in Table 2, we have calculated that the mean
EC,, of TAK-652 for the inhibition of RS HIV-1 clinical iso-
lates is 0.25 nM, which corresponds to 0.2 ng/ml. The anti-
HIV-1 activity of TAK-652 was not affected by the PBMC
donor or the HIV-1 subtype (Tables 4 and 5). Since its anti-
HIV-1 activity was diminished approximately fivefold in the
presence of a high concentration of human serum (Table 3),
the practical ECy, of TAK-652 in humans appears to be 1
ng/ml (target concentration). Thus, TAK-652 may be able to
retain a plasma concentration sufficiently higher than the tar-
get concentration by once-daily administration at a reasonable
dose. Further trials are ongoing to determine the safety and
pharmacokinetics during consecutive administration of TAK-
652.

In conclusion, TAK-652 is a novel small-molecule CCR5
antagonist and a potent and selective inhibitor of RS HIV-1
replication. Pharmacokinetic and toxicity studies of TAK-652
indicate that the compound is safe and orally available in
humans. Thus, TAK-652 has proved to be a promising thera-
peutic agent for HIV-1 infection, and an evaluation of its
clinical efficacy in HIV-1-infected individuals will be initiated.
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