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Inhibitory Effects of Small-Molecule CCRS Antagonists on
Human Immunodeficiency Virus Type 1 Envelope-Mediated
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We established a human immunodeficiency virus type 1 (HIV-1) envelope (Env)-mediated membrane fusion
assay and examined the small-molecule CCRS antagonist TAK-779 and its derivatives for their inhibitory
effects on HIV-1 Env-mediated membrane fusion and viral replication. The membrane fusion assay is based on
HIV-1 long terminal repeat-directed [3-p-galactosidase reporter gene expression in CD4- and CCR5-expressed
HeLa (MAGI-CCRS) cells after cocultivation with effector 293T cells expressing HIV-1 Env. Inhibition of HIV-1
replication was also determined in MAGI-CCRS cells infected with the corresponding cell-free HIV-1. TAK-779
effectively suppressed RS HIV-1 (strain JR-FL) Env-mediated membrane fusion as well as viral replication. Its
50% inhibitory concentrations (IC,s) for membrane fusion and viral replication were 0.87 = (.11 and 1.4 =
0.1 nM, respectively. These values corresponded well to the ICy, for "**I-RANTES (regulated on activation, T
cell expressed, and secreted) binding to CCRS (1.4 nM). The inhibitory effects of 18 TAK-779 derivatives on
membrane fusion differed from one compound to another. However, there was a close correlation among their
inhibitory effects on membrane fusion, viral replication, and RANTES binding. The correlation coefficient
between their IC;,s for membrane fusion and viral replication was 0.881. Furthermore, since this assay
depends on Env expressed in the effector cells, it is also applicable to the evaluation of CXCR4 antagonists.
These results indicate that the HIV-1 Env-mediated membrane fusion assay is a useful tool for the evaluation

of entry inhibitors.

The advent of highly active antiretroviral therapy with re-
verse transcriptase and protease inhibitors has achieved high-
level suppression of viral load in human immunodeficiency
virus type 1 (HIV-1)-infected individuals (8). However, a re-
cent report suggests that the chemotherapy presently available
is not sufficient for virus eradication (17). In addition, there are
few alternative chemotherapy options in cases of treatment
failure with existing antiretrovirals, which target only two dif-
ferent events in the HIV-1 replication cycle. Therefore, it is
mandatory to discover novel anti-HIV-1 agents with a different
mechanism of action. HIV-1 entry is one of the promising
targets, since T20, an inhibitor of gp41-mediated HIV-1 entry,
has shown efficacy in a recent phase I/II clinical trial (19). The
chemokine receptors CCRS and CXCR4 act as major corecep-
tors for the entry of macrophage-tropic (CCR5-using or R5)
and T cell line-tropic (CXCR4-using or X4) HIV-1 into host
cells, respectively (2, 10, 12-14, 16). Natural ligands for CCRS
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(regulated on activation, normal T cell expressed, and secreted
[RANTES] and macrophage inflammatory proteins la and 1B)
and for CXCR4 (stromal cell-derived factors 1o and 1B) are
known to block RS and X4 HIV-1 infections, respectively (7,
11, 23). Therefore, chemokine receptor antagonists function-
ing as HIV-1 entry inhibitors may be promising candidates for
the treatment of HIV-1 infection.

Cell-to-cell membrane fusion assays have been employed
widely to study HIV-1 entry mechanisms because they are easy
to operate and do not need an infectious virus. The assays may
also be a useful tool for the screening of HIV-1 entry inhibi-
tors. However, it has not been demonstrated whether the in-
hibitory effects of entry inhibitors on envelope (Env)-mediated
membrane fusions exactly reflect those on viral entry. In par-
ticular, small-molecule inhibitors do not seem to cover com-
pletely the HIV-1 Env-binding regions of chemokine recep-
tors. There are several methods to detect the cell-to-cell
membrane fusion. For instance, fluorescent dye transfer and
morphological change (syncytium formation) can be detected
by microscopy (6, 18). This technique provides only semiquan-
titative evaluation for membrane fusion. Assays with either
B-p-galactosidase, luciferase, or chloramphenicol acetyltrans-
ferase as a reporter gene are commonly used for quantitative
detection (22, 24). However, these methods require prepara-
tion of cell lysate for measurement of reporter activities, which
is laborious and not suitable for high-throughput screening.
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FIG. 1. Chemical structures of TAK-779 derivatives.

Direct detection of reporter activities without the requirement
for preparation of cell lysate is desirable for this purpose.
TAK-779 is a small-molecule CCRS antagonist with highly
potent and selective antiviral activity against RS HIV-1 (4).
TAK-779 derivatives also proved inhibitory to RANTES bind-
ing in CCRS5-expressing cells (26), yet their activities against
HIV-1 replication and Env-mediated membrane fusion have
not been determined. In this study, we constructed an HIV-1
Env-mediated membrane fusion assay and evaluated various

TAK-779 derivatives for their inhibitory effects on membrane
fusion. We also examined their inhibitory effects on HIV-1
replication and found that there was a close correlation be-
tween inhibition of membrane fusion and viral replication.

MATERIALS AND METHODS

Cells and virus. MAGI-CCRS, a HeLa-CD4 cell line that expresses CCRS and
that has an integrated copy of the HIV-1 long terminal repeat (LTR)-driven
B-D-galactosidase reporter gene (9), were maintained in Dulbecco’s modified
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FIG. 2. Schematic presentation of the HIV-1 Env-mediated membrane fusion assay. 293T cells transiently expressing HIV-1 Tat and Env were
used as the effector cells, and MAGI-CCRS cells were used as the target cells. When cell-to-cell membrane fusion occurs between the effector and
target cells, the reporter gene is activated by Tat under the control of HIV-1 LTR. Reporter activity was detected by chemiluminescence.

Eagle’s medium (Nikken BioMedical Laboratory, Kyoto, Japan) supplemented
with 10% heat-inactivated fetal bovine serum (Life Technologies, Gaithersburg,
Md.), 100 U of penicillin per ml and 100 pg of streptomycin per ml (Life
Technologies), 0.2 mg of G418 (Life Technologies) per ml, 0.2 mg of hygromycin
B (Boehringer Mannheim, Mannheim, Germany) per ml, and 1 g of puromycin
(Sigma, St. Louis, Mo.) per ml. 293T cells were maintained using Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum and anti-
biotics. The R5 HIV-1 strain JR-FL was used in this study. The JR-FL strain was
propagated in MOLT-4/CCRS cells, which are highly permissive for the replica-
tion of R5 HIV-1 (3). The virus stocks were determined for their p24 antigen
levels with a sandwich enzyme-linked immunosorbent assay kit (ZeptoMetrix
Corporation, Buffalo, N.Y.) and stored at —80°C until use.

Compounds. TAK-779 and 18 derivatives were used in this study. These
compounds were synthesized by Takeda Chemical Industries (Osaka, Japan). All
compounds were dissolved in dimethyl sulfoxide at 20 mM and stored at —20°C
until use. Their chemical structures are shown in Fig. 1.

HIV-1 replication assay. The inhibitory effects of the test compounds on
HIV-1 replication are due to the inhibition of virus-induced infectious focus
formation in MAGI-CCRS cells (20). Briefly, MAGI-CCRS cells were seeded in
a 96-well plate at 1.5 X 10* cells per well. The culture supernatants were removed
on the next day, and fresh culture medium containing the virus (approximately
300 focus-forming units per well) and various concentrations of the test com-
pounds were added to each well. On day 2 after viral infection, the culture
supernatants were removed and fixing solution (1% formaldehyde and 0.2%
glutaraldehyde in phosphate-buffered saline [PBS]) was added to each well. The
cells were fixed at room temperature for 5 min and washed twice with PBS.

X-Gal staining solution (4 mM potassium ferrocyanide, 4 mM potassium ferri-
cyanide, 2 mM magnesium chloride, and 0.4 mg of 5-bromo-4-chloro-3-indoyl-
B-D-galactopyranoside per ml in PBS) was added to each well, and the cells were
stained at 37°C for 45 min. The number of infected (blue) cells was counted
microscopically.

Env-mediated membrane fusion assay. The inhibitory effects of the test com-
pounds on HIV-1 Env-mediated membrane fusion were determined by a B-p-
galactosidase reporter gene system. For preparation of the effector cells, 293T
cells were seeded in a six-well plate at 10° cells per well. The culture supernatants
were removed on the next day, and the cells were transfected with 0.6 g of Env
expression vector, 0.2 pg of p-rev encoding HIV-1 Rev, and 1.0 pg of pSV2tat
encoding HIV-1 Tat with Lipofectamine (Life Technologies). After a 6-h incu-
bation, the mixtures were removed and the cells were incubated with fresh
culture medium for 2 days. For preparation of the target cells, MAGI-CCRS5 cells
were seeded in a 96-well plate at 10* cells per well. Culture supernatants were
removed on the next day, and fresh culture medium containing transfected 293T
cells (10* cells per well) and various concentrations of the test compounds were
added to each well. The target and effector cell suspensions were incubated at
37°C. After an overnight incubation, Gal-Screen (Tropix, Foster City, Calif.) was
added to each well and the mixtures were incubated at 30°C for 45 min. The
B-D-galactosidase activity in each well was measured with a luminometer (Mi-
crolumat LB96P; Berthold, Wildbad, Germany).

Data analysis. Fifty percent inhibitory concentrations (ICs,s) of the test com-
pounds for membrane fusion and HIV-1 replication were determined by least-
squares linear regression analysis of the ascending linear portions of the dose-
response curves.
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RESULTS

To detect the Env-mediated membrane fusion, we estab-
lished a cell-to-cell membrane fusion assay using an HIV-1
Tat- and LTR-driven-B-p-galactosidase reporter system. A
schematic presentation of this assay system is shown in Fig. 2.
293T cells transiently expressing HIV-1 Tat and Env were used
as the effector cells, and MAGI-CCRS cells were used as the
target cells. When cell-to-cell membrane fusion occurs be-
tween effector and target cells, the reporter gene is activated by
Tat under the control of HIV-1 LTR. Reporter activity was
detected by chemiluminescence without preparation of cell
lysate. The signal-to-noise ratios for JR-FL Env-mediated
membrane fusion after 24- and 48-h reactions were about 10
and greater than 20, respectively (data not shown). As a signal-
to-noise ratio greater than 10 is sufficient to obtain reliable
results, a 24-h reaction time was chosen for the following
experiments. Env from another HIV-1 strain is also applicable
in this system. In fact, we could obtain similar results with
expression vectors of Env derived from HXB2 (X4) and 89.6
(R5X4) and from other R5 HIV-1 strains (data not shown).

TAK-779 was previously reported to inhibit RS but not X4
HIV-1 replication in MAGI-CCRS cells through the blocking
of viral entry (4). In this study, we examined whether TAK-779
interfered specifically with RS HIV-1 Env-mediated mem-
brane fusion. TAK-779 proved inhibitory to JR-FL Env-medi-
ated membrane fusion in a dose-dependent fashion (Fig. 3A).
A similar dose-response curve was also obtained in the repli-
cation assay (Fig. 3B). ICs,s of TAK-779 for membrane fusion
and viral replication were 0.87 and 1.4 nM, respectively. TAK-
779 was totally inactive against X4 HIV-1 (HXB2) Env-medi-
ated membrane fusion (data not shown). In addition, the
CXCR4 antagonist AMD3100 did not inhibit JR-FL Env-me-
diated membrane fusion at concentrations up to 10 uM (data
not shown). These data suggest that TAK-779 blocks RS
HIV-1 replication at a stage of membrane fusion.

To elucidate the correlation between the inhibition of mem-
brane fusion and HIV-1 replication, TAK-779 and 18 deriva-
tives were examined for their inhibitory effects on mem-
brane fusion and viral replication (Table 1). Their ICss for
125_.RANTES binding to CCRS5 ranged from 1.4 to 1,100 nM,
as previously described (26), whereas the I1Cs,s for membrane
fusion ranged from 0.69 to 10,000 nM. Ten compounds, 11, 1m,
1n, 1o, 1r (TAK-779), 1s, 1t, 1u, 1v, and 1w, displayed potent
activities against membrane fusion, with ICs,s ranging from
0.69 to 5.2 nM. These compounds also showed potent inhibi-
tory effects on viral replication, with ICs,s ranging from 1.1 to
6.0 nM. Four compounds (1j, 1k, 1p, and 1q) had moderate
activities against membrane fusion (ICs,s of 19 to 110 nM)
and viral replication (ICsos of 14 to 56 nM) as well as
IZI.RANTES binding (ICs,s of 6.8 to 110 nM). Five com-
pounds (1a, 1b, 1c, 1g, and 1h) could not achieve 50% inhibi-
tion, even at a concentration of 200 nM in all assays. No
compound showed any cytotoxicity in MAGI-CCRS cells at
concentrations up to 20 wM (data not shown). The correlation
coefficient was calculated using the ICsys for membrane fusion
and viral replication. As shown in Fig. 4, there was a close
correlation (r = 0.881) between them, indicating that inhibi-
tion of the fusion process is a principal mechanism of the
inhibition of HIV-1 replication by TAK-779 and its derivatives.
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FIG. 3. Inhibitory effects of TAK-779 on HIV-1 Env-mediated
membrane fusion (A) and on virus replication (B). Assay procedures
are described in Materials and Methods. All data represent means *
standard errors of the means obtained in three separate experiments.

Viral replication (%)

DISCUSSION

Since RANTES, a natural ligand for CCRS, is known to
inhibit R5 HIV-1 replication (11), assays for RANTES-binding
inhibition of CCR5-expressing cells are considered useful tools
for finding CCRS antagonists with anti-HIV-1 activities. In
fact, we found TAK-779 by using a screening assay for '*°I-
RANTES-binding inhibition (4). However, several studies in-
dicate that the binding site of B-chemokines on CCRS5 does not
overlap completely with that of either recombinant gp120 or
virions (27). B-Chemokines bind predominantly to the second
extracellular loop of CCRS, whereas R5 HIV-1 gp120 interacts
with the N terminus and the second extracellular loop of CCRS
(1, 5, 21, 25). A recent report has also shown that TAK-779
binds within a cavity formed between transmembrane domains
of CCRS and induces its conformational change (15), findings
based on the assumption that the inhibition of gp120-corecep-
tor interaction by TAK-779 is attributable to its allosteric effect
on CCRS. Therefore, screening of compounds by ligand-bind-
ing inhibition might have some limitations for the discovery of
entry inhibitors with potent anti-HIV-1 activities.

In this study, we established a quantitative Env-mediated
membrane fusion assay and examined various TAK-779 deriv-
atives for their inhibitory effects on membrane fusion and
HIV-1 replication. The ICss of the compounds for membrane
fusion were found to be closely correlated with their ICs,s for
viral replication, indicating that a membrane fusion assay could
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TABLE 1. Inhibitory effects of TAK-779 and its derivatives on
HIV-1 Env-mediated membrane fusion and virus replication

1C5, (nM) for:

Compound Membrane HIV-1 125.RANTES
fusion® replication” binding”
la 10,000 = 4,800 1,100 = 100 430
1b 3,500 = 1300 1,200 = 100 390
1c 3,500 = 1300 820 = 110 380
1g 5,000 = 2500 1,100 = 100 1,100
1h 870 = 430 280 = 50 240
1j 61 =17 35+4 25
1k 5522 459 43
11 1.1+0.2 20=x0.2 1.4
1m 52=*15 6.0 0.3 3.1
In 48 = 1.1 5.8+0.6 45
lo 43*+12 51+04 33
1p 19x4 14 =1 6.8
1q 110 =20 563 110
1r (TAK-779) 0.87 = 0.11 1.4 +£0.1 1.4
1s 0.69 = 0.11 1.8 0.2 1.8
1t 1.4+04 1.2 £0.02 1.5
lu 1.0+ 0.1 1.1 +0.1 3.8
1v 0.96 = 0.06 1.3+£02 2.2
1w 0.71 = 0.17 1.2+0.1 1.8

“ Data represent means * standard errors of the means in three separate
experiments.
’ Data are taken from reference 26.

replace a viral replication assay using infectious HIV-1. In the
cases of TAK-779 and its derivatives, their inhibitory effects on
viral replication also have a close correlation with those on
I2I.RANTES binding (» = 0.856) because they were screened
in a '"*’I-RANTES-binding inhibition assay (13). However, it is
likely that a compound interacting directly with the N terminus
of CCR5 would not be detectable in the '**I-RANTES-binding
inhibition assay, even though it is a potent inhibitor of HIV-1
entry. From this point of view, the membrane fusion assay
seems superior to the '*I-RANTES-binding assay as an effi-
cient tool for the screening of entry inhibitors. However, it
should be pointed out that only TAK-779 derivatives were used
as entry inhibitors in this study. To gain further insight into the
usefulness of the membrane fusion assay, the correlation be-
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FIG. 4. Correlation between the inhibitory effects of TAK-779 de-
rivatives on HIV-1 Env-mediated membrane fusion and viral replica-
tion. Each point represents the ICs,s for membrane fusion and viral
replication (r = 0.881).
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tween inhibition of membrane fusion and HIV-1 replication
should be determined for various types of entry inhibitors.
Furthermore, in the membrane fusion assay, Tat-induced and
HIV-1 LTR-driven transcriptional activation was required for
the expression of B-p-galactosidase. This requirement could
generate false-positive results when some inhibitors of Tat- or
HIV-1 LTR-driven gene expression are examined. Although
TAK-779 strongly inhibited membrane fusion mediated by RS
HIV-1 (JR-FL) Env, it was not inhibitory to that by X4 HIV-1
(HXB?2), which indicates that TAK-779 did not affect the tran-
scriptional activation of the reporter gene.

In conclusion, the HIV-1 Env-mediated membrane fusion
assay is a safe and reliable system for the screening of entry
inhibitors. Quantitative measurement of B-p-galactosidase ac-
tivity can be performed with a luminometer in a 96-well plate.
Thus, the membrane fusion assay might also be applicable to
high-throughput screening of effective entry inhibitors of
HIV-1.
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