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ABSTRACT

We have recently identified 8-difluoromethoxy-1-ethyl-6-
fluoro-1,4-dihydro-7-[4-(2-methoxyphenyl)-1-piperazinyl]-4-
oxoquinoline-3-carboxylic acid (K-12) as a potent and selective
inhibitor of human immunodeficiency virus type 1 (HIV-1) tran-
scription. In the search for more effective derivatives and their
mode of action, we have found 7-(3,4-dehydro-4-phenyl-1-
piperidinyl)-1,4-dihydro-6-fluoro-1-methyl-8-trifluoromethyl-4-
oxoquinoline-3-carboxylic acid (K-37) and 8-difluoromethoxy-
1,4-dihydro-6-fluoro-7-(3,4-dehydro-4-phenyl-1-piperidinyl)-
1-[4,(1,2,4-triazol-1-yl)methylphenyl]-4-oxoquinoline-3-carbox-
ylic acid (K-38) to be more potent inhibitors of HIV-1 replication
than K-12. The EC4, values of K-37 and K-38 for HIV-1,,g were
27 and 3.8 nm in peripheral blood mononuclear cells, respec-
tively. These values were approximately 3- and 24-fold lower
than the EC;, of K-12. K-38 was also a more potent inhibitor of
HIV-1 replication in chronically infected cells, such as tumor
necrosis factor a-stimulated OM-10.1 cells. K-37 and K-38

proved to be more cytotoxic than K-12 for a variety of cell lines
as well as peripheral blood mononuclear cells. These com-
pounds were more inhibitory of Tat-induced HIV-1 long terminal
repeat-driven gene expression than K-12, which suggests that
their mechanism of action is attributable in part to the inhibition
of Tat function. Interestingly, K-37 and K-38 could suppress the
production of tumor necrosis factor a and interleukin 6 in phy-
tohemagglutinin-stimulated peripheral blood mononuclear cells
and the expression of intercellular adhesion molecule 1 in tu-
mor necrosis factor a-stimulated human umbilical vein endo-
thelial cells at their nontoxic concentrations. In contrast, an-
other K-12 derivative, 1,4-dihydro-8-dimethylaminomethyl-6-
fluoro-7-[4-(2-methoxyphenyl)-1-piperadinyl]-1-methyl-4-
oxoquinoline-3-carboxylic acid (K-42), had anti-HIV-1 activity
and cytotoxicity profiles similar to those of K-12, but K-42
scarcely inhibited the cytokine production and intercellular ad-
hesion molecule 1 expression.

Transcription of the viral genome (integrated proviral
DNA) into its mRNA is an essential step in the replicative
cycle of HIV-1 and is considered to be a potential target for
chemotherapeutic intervention to restrict HIV-1 replication
(Cullen, 1991; Jones and Peterlin, 1994). In addition to the
viral trans-activator protein Tat, several lines of evidence
suggest that cellular factors play an important role in regu-
lating HIV-1 gene expression (Roulston et al., 1995; Baba
1997). Among these factors, NF-«B is the most potent acti-
vator of HIV-1 gene expression (Nabel and Baltimore, 1987,
Griffin et al., 1989). In general, NF-«B exists in an inactive

This work was supported in part by the Japan Health Science Foundation.

form in the cytoplasm, where it is bound to the inhibitory
molecule IkBa. Stimulation of the cells with several cyto-
kines, such as TNF-q, leads to the immediate degradation of
IkBa and activates NF-«B, resulting in the translocation of
NF-«kB from the cytoplasm to the nucleus (Roulston et al.,
1995; Thanos and Maniatis, 1995). NF-«B binds to the spe-
cific DNA motifs in the HIV-1 LTR and stimulates viral tran-
scription. However, a complex and unknown machinery may
also be involved in the regulation of HIV-1 gene expression.

In addition to the cytokine stimulation, HIV-1 gene expres-
sion can be induced by oxidative stress, suggesting that the
activation of NF-«B is redox-regulated (Staal et al., 1990;
Schreck et al., 1991). Thus, various antioxidants have been

ABBREVIATIONS: HIV-1, human immunodeficiency virus type 1; NF, nuclear factor; TNF-«, tumor necrosis factor «; LTR, long terminal repeat;
NAC, N-acetyl-L-cysteine; K-12, 8-difluoromethoxy-1-ethyl-6-fluoro-1,4-dihydro-7-[4-(2-methoxyphenyl)-1-piperazinyl]-4-oxoquinoline-3-
carboxylic acid; IL, interleukin; ICAM, intercellular adhesion molecule; K-37, 7-(3,4-dehydro-4-phenyl-1-piperidinyl)-1,4-dihydro-6-fluoro-1-
methyl-8-trifluoromethyl-4-oxoquinoline-3-carboxylic acid; K-38, 8-difluoromethoxy-1,4-dihydro-6-fluoro-7-(3,4-dehydro-4-phenyl-1-piperidinyl)-
1-[4,(1,2,4-triazol-1-yl)methylphenyl]-4-oxoquinoline-3-carboxylic acid; K-42, 1,4-dihydro-8-dimethylaminomethyl-6-fluoro-7-[4-(2-
methoxyphenyl)-1-piperazinyl]-1-methyl-4-oxoquinoline-3-carboxylic acid; BTC, 5-methoxy-3-(1-methylethoxy)-benzo[b]thiophene-2-
carboxamide; PBMC, peripheral blood mononuclear cell; PHA, phytohemagglutinin; HUVEC, human umbilical vein endothelial cell; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; CAT, chloramphenicol acetyltransferase; Sl, selectivity index; HTLV-l, human T-

lymphotropic virus type |
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examined for their inhibitory effects on HIV-1 replication.
Among the antioxidants, NAC has been most extensively
studied and found to inhibit HIV-1 replication (Roederer et
al., 1992). Although a number of papers describing the anti-
HIV-1 activity of NAC in vitro have been published, the
clinical efficacy of NAC has not been proven yet, probably
because of its modest anti-HIV-1 activity and low selectivity.
In general, the inhibitors that interact with host cellular
factors have low selectivity (little difference between their
effective concentration and cytotoxic threshold), which may
cause considerable toxicity to the host cells. Therefore, the
use of such compounds for the treatment of HIV-1 infection
would be limited, unless they could have a certain degree of
selectivity to HIV-1 replication.

The anti-HIV-1 activities of fluoroquinoline derivatives
were first described in an European patent, but their mech-
anism of action was not reported (Kimura and Kogushi,
1993). We have recently found a series of fluoroquinoline
derivatives to be potent and selective inhibitors of HIV-1
replication not only in acutely infected cells but also in chron-
ically infected cells (Baba et al., 1997). We demonstrated that
K-12, a representative compound of the series, significantly
reduced the synthesis of HIV-1 mRNA in chronically infected
cell lines without altering the synthesis of a host mRNA,
indicating that K-12 is a selective inhibitor of HIV-1 tran-
scription (Baba et al., 1997). However, the compound did not
significantly inhibit Tat activity or NF-«B activation. In this
study, we have synthesized several K-12 derivatives, exam-
ined their biological activities in a variety of cell systems, and
found that some derivatives are more potent inhibitors of
HIV-1 replication and Tat-induced HIV-1 LTR-driven gene
expression than K-12. Interestingly, they have proved inhib-
itory of TNF-a and IL-6 production and ICAM-1 expression.

Materials and Methods

Compounds. Four fluoroquinoline derivatives (Fig. 1), K-12,
K-37, K-38, and K-42, were synthesized by Daiichi Pharmaceuticals,
Tokyo, Japan. BTC, a benzothiophene derivative (Boschelli et al.,
1994), was also synthesized in the same laboratory. Lamivudine was

K-12 2 K-38

kindly provided by Mitsubishi Chemical, Yokohama, Japan. All com-
pounds were dissolved in dimethyl sulfoxide at concentrations of 20
mM or higher to exclude any antiviral or cytotoxic effect of dimethyl
sulfoxide.

Cells and virus. MT-4 cells (Miyoshi et al., 1982), MOLT-4 cells
(Kikukawa et al., 1986), U937 cells, OM-10.1 cells (Butera et al.,
1991), and PBMCs were used in the antiviral and cytotoxicity assays.
The cell lines were grown and maintained in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum, 100
units/ml penicillin G, and 100 pug/ml streptomycin. PBMCs were
obtained from healthy donors, stimulated with 2 ug/ml PHA, and
cultured with RPMI-1640 medium containing 20% fetal bovine se-
rum, antibiotics, and 20 units/ml IL-2 (Boehringer-Mannheim,
Mannheim, Germany). HUVECs were purchased from Kurabo (Osa-
ka, Japan). HIV-1y;;5 (T cell-tropic strain) and HIV-1g,_; (macroph-
age-tropic strain) were used in the antiviral assays. HIV-1;;5 and
HIV-14, ;, were propagated in MT-4 cells and PBMCs, respectively.
Titers (HIV-1;15) and p24 antigen level (HIV-1g, ;) of viral stocks
were determined, and the stocks were stored at —80° until use.

Cytotoxicity assays. The cytotoxicities of the compounds for the
cell lines (MT-4, MOLT-4, U937, OM-10.1, and PBMCs) were based
on the cell viability. Except for OM-10.1 cells, mock-infected cells
were used in the assays. The cells (1 X 10° cells/ml) were cultured in
the presence of various concentrations of the test compounds. After a
3-day incubation (for OM-10.1), a 4-day incubation (for MT-4 and
U937), or a 7-day incubation (for MOLT-4 and PBMCs) at 37°, the
number of viable cells was determined by the MTT method (Pauwels
et al., 1988). The cytotoxicities of the compounds for PBMCs were
also evaluated by the inhibition of mitogen-induced cell proliferation.
Briefly, PBMCs (2.5 X 10° cells/ml) were stimulated with 2 ug/ml
PHA and cultured in the presence of various concentrations of the
test compounds. At 16 hr before the end of culture period (6 days), 1
uCi of [*H]thymidine was added into the culture medium and incu-
bated at 37° for 16 hr. Then the cells were harvested, and their
acid-insoluble materials were analyzed for radioactivity.

Antiviral assays. The activities of the compounds against acute
HIV-1 infection were based on the inhibition of virus-induced cyto-
pathicity in MT-4 and MOLT-4 cells and p24 antigen production in
PBMCs, as previously described (Baba et al., 1991). MT-4 and
MOLT-4 cells (1 X 10° cells/ml) were infected with HIV-1;p at a
multiplicity of infection of 0.02 and 0.1, respectively, and were cul-
tured in the presence of various concentrations of the test com-
pounds. After a 4-day incubation at 37°, MOLT-4 cells were subcul-
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tured at a ratio of 1:5 with fresh culture medium, containing
appropriate concentrations of the test compounds, and further incu-
bated. The number of viable MT-4 and MOLT-4 cells was measured
by the MTT method on days 4 and 7 after virus infection, respec-
tively. For the PBMC assays, the cells (1 X 10° cells/ml) were in-
fected with HIV-1;;5 (a multiplicity of infection of 0.1) or HIV-1g, 1.
(1.0 ng of p24). After virus adsorption for 2 hr, the cells were exten-
sively washed to remove unadsorbed virus particles and cultured in
the presence of various concentrations of the test compounds. After a
7-day incubation at 37°, the culture supernatants were collected and
determined for their p24 antigen levels with a sandwich ELISA kit
(Cellular Products, Buffalo, N.Y.). The activities of the compounds
against chronic infection were based on the inhibition of p24 antigen
production in OM-10.1 cells. OM-10.1 cells (1 X 10° cells/ml) were
incubated in the absence or presence of the compounds for 2 hr,
stimulated with 1 ng/ml TNF-a (Genzyme, Cambridge, MA), and
further incubated. After a 3-day incubation at 37°, the culture su-
pernatants were collected and examined for their p24 antigen levels.

Transfection assays. HeLa cells (2 X 10° cells) were cotrans-
fected with 5 pug of a plasmid expressing CAT under the control of the
HIV-1LTR (pUC-BENN-CAT) (Gendelman et al., 1986) and 0.5 ug of
a plasmid expressing HIV-1 Tat under the control of the simian virus
40 promoter (pSV2tat72) by a liposome-mediated transfection
method. After transfection, the cells were incubated in the absence or
presence of compounds for 2 days. Total cell extracts (200 ug) were
incubated with '*C-labeled chloramphenicol and acetyl coenzyme A,
and their acetylated forms were determined by thin-layer chroma-
tography. CAT activity was quantified by a model BAS1000Mac
image analyzer (Fuji Film, Tokyo, Japan).

Cytokine production assays. PBMCs (1 X 10° cells/ml) were
stimulated with 2 wg/ml PHA and cultured in the presence of various
concentrations of the test compounds. After a 24-hr incubation at
37°, the culture supernatants were collected and examined for their
TNF-a and IL-6 concentrations with cytokine-detection ELISA kits
(R&D Systems, Minneapolis, MN). At the same time, the viable cell
number was determined by the MTT method to exclude the cytotoxic
effects of the compounds on cytokine production.

ICAM-1 expression assay. Confluent HUVECs in a microtiter
plate were stimulated with 100 ng/ml TNF-«. After a 4-hr incubation
at 37°, the cells were extensively washed with Hanks’ balanced salt
solution containing 0.1% bovine serum albumin and incubated with
an anti-ICAM-1 monoclonal antibody (clone 84H10, Cosmobio, To-
kyo, Japan) for 45 min at room temperature. The cells were washed
and further incubated with a horseradish peroxidase-conjugated
goat antimouse-IgG (Cappel, West Chester, PA) for 90 min at room
temperature. The cells were washed again and treated with 2,2'-
azinobis(3-ethylbenzthiazoline sulfonate) as a substrate. The expres-
sion of ICAM-1 was determined colorimetrically with a microplate
reader (Bio-Rad, Hercules, CA).

Results

Cytotoxicity of fluoroquinolines. Before the evaluation
for anti-HIV-1 activities, the fluoroquinoline derivatives

TABLE 1
Inhibitory effects of fluoroquinoline derivatives on cell proliferation
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were examined for their inhibitory effects on the viability and
proliferation of a variety of cell lines and PHA-stimulated
PBMCs. Among the test compounds, K-38 was found to be
the most cytotoxic for all cell lines (Table 1). The IC;, values
for the viability of MT-4, MOLT-4, and U937 cells were 0.12,
0.22, and 0.22 uM, respectively. These values were approxi-
mately 44- to 66-fold smaller than those of K-12 (Table 1).
K-38 was also the most inhibitory of the viability and PHA-
induced proliferation of PBMCs. On the other hand, K-42
displayed a cytotoxic profile similar to that of K-12. For
instance, the IC;, values of K-12 and K-42 were 8.1 and 9.7
uM in MOLT-4 cells, respectively (Table 1). K-37 proved more
cytotoxic than K-12 and K-42; however, it was less inhibitory
of the viability and proliferation of the host cells than K-38.
Furthermore, MT-4 cells appeared to be more sensitive to all
compounds than MOLT-4 and U937 cells, as determined
under the same assay conditions (Table 1).

Antiviral activity in acute infection. When the fluoro-
quinoline derivatives were evaluated for their inhibitory ef-
fects on HIV-1 replication in PBMCs, all compounds sup-
pressed the production of p24 antigen in culture
supernatants at their nontoxic concentrations (Fig. 2).
Among the compounds, K-38 was the most active, and it
achieved 90% and 80% inhibition of HIV-1;5 and HIV-1g,
replication, respectively, at a concentration of 32 nm. K-37
was less active than K-38 but more active than K-12 and
K-42. Similar to their cytotoxic profiles, K-12 and K-42 were
equally inhibitory of HIV-1 replication in PBMCs. The EC;,
values of K-12, K-37, K-38, and K-42 for HIV-1,;;5 were 85,
27, 3.8, and 130 nM, respectively. Thus, their Sls, defined as
the ratio of IC;, to EC;, values, were more than 100, indi-
cating that all compounds are potent and selective inhibitors
of HIV-1 replication in acutely infected PBMCs. Although the
compounds also displayed potent and selective inhibition of
HIV-1 replication in MOLT-4 cells, they were found to be
modest inhibitors in MT-4 cells (Table 2). All compounds
proved to be approximately 5- to 10-fold less active in MT-4
cells than in MOLT-4 cells (Table 2). Because all compounds
displayed higher cytotoxicity for MT-4 cells than for MOLT-4
cells (Table 1), their SIs could not exceed 10 in MT-4 cells
(Table 2). In our preliminary studies on structure-activity
relationships, decarboxylation of K-12 resulted in a complete
loss of its anti-HIV-1 activity (data not shown). Furthermore,
both 7-(4-arylpiperazinyl) and 7-(4-arylpiperidinyl) deriva-
tives exhibited selective inhibition of HIV-1 replication, yet
7-(4-cycloalkylpiperazinyl) or 7-[4-(2-pyrimidinyl)piperidi-
nyl] derivatives did not show any anti-HIV-1 activities (data
not shown).

All data represent mean values = standard deviation for at least three separate experiments.

I1C5*

Compound
MT-4 MOLT-4 U937 PBMC
M

K-12 54*+038 81=*15 9.6 0.2 16.3 = 4.0 (14.7 + 0.2)°
K-37 0.53 = 0.05 1.6 = 0.2 1.5+0.3 5.0+ 0.7 (3.3 +04)
K-38 0.12 = 0.05 0.22 = 0.09 0.22 = 0.04 1.5*0.2 (0.52 = 0.19)
K-42 3.5*+0.6 9.7*+12 95 0.5 >20 (18.3 = 9.3)

“ Based on the reduction of viable cell number in mock-infected cells.

IC5, values for PBMCs were also determined by the inhibition of [*H]thymidine incorporation into the cells stimulated with PHA.
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Antiviral activity in chronic infection. We have previ-
ously demonstrated that K-12 is a highly potent and selective
inhibitor of HIV-1 replication in chronically infected cells
(Baba et al., 1997). Therefore, the fluoroquinoline derivatives
were also examined for their inhibitory effects on HIV-1
production in TNF-a-stimulated OM-10.1 cells. OM-10.1 cells
produce little or no HIV-1 under basal conditions but do
produce significant levels of virus after stimulation with var-
ious substances, such as TNF-a and phorbol 12-myristate
13-acetate (Butera et al., 1991; Baba, 1997). In fact, the level
of p24 antigen in culture supernatants was less than 1 ng/ml
in unstimulated OM-10.1 cells, yet it increased to more than

-o-K-12
= = K-37|-
3\, -+ K-38
|+ - K-42[-
2
=]

240 Foe N e N R
<
=
o
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o
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Concentration (nM)

w

p24 Antigen (%)

1.28 64 32 160 800 4000
Concentration (nM)

Fig. 2. Inhibitory effects of fluoroquinoline derivatives on HIV-1 repli-
cation in PBMCs. PHA-stimulated PBMCs were infected with A, HIV-
1y, and B, HIV-1g, 1, and cultured in the presence of various concen-
trations of the test compounds. After a 7-day incubation, the p24 antigen
levels of the culture supernatants were determined. The amounts of p24
antigen are expressed as the percent of control (no compound). All exper-
iments were carried out in duplicate, and mean values are shown.

TABLE 2

Inhibitory effects of fluoroquinoline derivatives on HIV-1 replication in
MT-4 and MOLT-4 cells

All data represent mean values * standard deviation for at least three separate
experiments.

Compound Cell EC;® 1C5o° SI¢
M

K-12 MT-4 0.64 = 0.06 54 +0.8 84
MOLT-4 0.11 = 0.07 81*+15 74

K-37 MT-4 0.20 = 0.06 0.53 = 0.05 2.7
MOLT-4 0.020 *= 0.010 1.6 £0.2 80

K-38 MT-4 0.043 £ 0.015 0.12 = 0.05 2.8
MOLT-4 0.0090 * 0.0030 0.22 = 0.09 24

K-42 MT-4 0.93 £ 041 3.5*+0.6 3.8
MOLT-4 0.18 = 0.06 9.7+ 12 54

3TC MT-4 0.63 = 0.32 >20 >32

200 ng/ml after stimulation with 1 ng/ml TNF-«a (data not
shown). Table 3 shows the EC;, and IC;, values of the
compounds in TNF-a-stimulated OM-10.1 cells. All fluoro-
quinoline derivatives, including K-12, displayed selective in-
hibition of HIV-1 replication in this assay system. However,
the reverse transcriptase inhibitor lamivudine was totally
inactive. The most active compound was K-38 followed by
K-37. Unlike the anti-HIV-1 activity in acute infection, K-42
was 4-fold less active than K-12 (Table 3). Although the
activities of K-37 and K-38 were higher than those of K-42,
they were much more cytotoxic for OM-10.1 cells than K-42,
resulting in smaller SIs (Table 3).

Effects on Tat-induced transactivation. Although our
previous study demonstrated that K-12 did not significantly
inhibit Tat-induced trans-activation (Baba et al., 1997), an-
other group has recently found that K-12 is able to inhibit
Tat-induced expression of stably integrated HIV-1 LTR-
driven alkaline phosphatase gene in CEM cells (Takeuchi
and Yoshimatsu, personal communication). To elucidate
whether the fluoroquinoline derivatives indeed affect the
Tat-induced trans-activation, cotransfection experiments
with a Tat-expressing plasmid and an HIV-1 LTR-driven
CAT-expressing plasmid were carried out in HeLa cells in the
presence of various concentrations of the compounds. An
approximately 70-fold increase in CAT activity was observed
in the absence of compounds, compared with that of the cells
transfected with CAT-expressing plasmid alone (Fig. 3). Ex-
cept for K-42, the Tat-induced CAT expression was sup-
pressed by the fluoroquinoline derivatives in a dose-depen-
dent fashion. In particular, K-38 proved to be a highly potent
inhibitor of CAT expression. It achieved 62% and 93% inhi-
bition at a concentration of 0.16 and 0.8 uMm, respectively (Fig.
3). Furthermore, K-37 and K-12 were 5- and 25-fold less
inhibitory, respectively, of CAT expression than K-38, which
seems in accord with their anti-HIV-1 activities.

Effects on cytokine production and ICAM-1 expres-
sion. To further investigate biological activities of the fluo-
roquinoline derivatives, we conducted experiments to deter-
mine whether the compounds inhibited the production of
TNF-a and IL-6 in PHA-stimulated PBMCs. When PBMCs
were stimulated with 2 pg/ml PHA and incubated in the
presence of various concentrations of the test compounds,
K-12 and K-42 did not suppress the proliferation of stimu-
lated PBMCs at concentrations up to 4 um during a 24-hr
incubation period (Fig. 4A). However, K-37 reduced the via-
ble cell number to 70% of the control culture at a concentra-
tion of 4 uM, and K-38 reduced it to 43% and 58% at concen-

TABLE 3
Inhibitory effects of fluoroquinoline derivatives on HIV-1 replication in
TNF-a-stimulated OM-10.1 cells

All data represent mean values * standard deviation for at least three separate
experiments.

Compound ECsy* IC5,° SI¢
M
K-12 0.050 = 0.020 93+x25 186
K-37 0.040 = 0.001 1.563 = 0.12 38
K-38 0.017 = 0.005 0.30 = 0.10 18
K-42 0.20 = 0.03 18.3 £ 9.3 92
3TC >20 >20

“ Based on the inhibition of virus-induced cytopathicity.
® Based on the reduction of viable cell number in mock-infected cells.
¢ Ratio of IC5, to ECs.

“ Based on the reduction of p24 antigen in culture supernatants.
® Based on the reduction of viable cell number.
¢ Ratio of IC5, to ECs.
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trations of 0.8 and 4 uM, respectively. In contrast, the
production of TNF-« and IL-6 was almost completely inhib-
ited by the presence of K-37 and K-38 at 0.8 and 4 um,
respectively. (Fig. 4B). K-12 moderately suppressed the pro-
duction of TNF-« in a dose-dependent fashion. Interestingly,
little, if any, inhibition was observed for K-42 even at the
highest concentration examined (4 um). Similar results were
obtained for the production of IL-6, where K-38 was found to
be the most potent inhibitor of PHA-induced IL-6 production
in PBMCs. Again, K-42 was the weakest inhibitor of IL-6
production (Fig. 4C).

In the next experiment, we examined whether the fluoro-
quinoline derivatives could inhibit the TNF-a-induced ex-
pression of ICAM-1 in HUVECs. As shown in Fig. 4, K-38
proved highly inhibitory of ICAM-1 at a concentration of 0.05
png/ml (0.084 um). Although K-38 was slightly cytotoxic to the
host cells at 0.5 pg/ml, it did not affect the viability of
HUVECs at 0.05 ug/ml (data not shown). K-37 was less
active than K-38; however, it appeared to be as active as the
ICAM-1 inhibitor BTC (Boschelli et al., 1994). K-12 was a
modest inhibitor of ICAM-1, and K-42 scarcely suppressed
the expression of this molecule (Fig. 5). Thus, the fluoro-
quinoline derivatives may also have various biological activ-
ities, yet such biological activities are not always associated
with their anti-HIV-1 activities, as observed with K-42.

Discussion

We have recently found a series of fluoroquinoline deriva-
tives to be potent and selective inhibitors of HIV-1 replication
in both acute and chronic infections (Baba et al., 1997).
Northern blot analysis revealed that K-12, the most potent
congener of the series, selectively prevented the accumula-
tion of HIV-1 mRNA in chronically infected cells in a dose-
dependent fashion, which indicates that the compound be-
longs to a family of HIV-1 transcription inhibitors. Although
the exact target molecule of K-12 remains obscure, K-12 did
not inhibit the TNF-a-induced translocation of NF-«B to the

—
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Fig. 3. Inhibitory effects of fluoroquinoline derivatives on Tat-induced
trans-activation. HeLa cells were cotransfected with an HIV-1 LTR-
driven CAT-expressing plasmid (pUC-BENN-CAT) and a Tat-expressing
plasmid (pSV2¢at72). The cells were incubated in the absence or presence
of compounds for 2 days. Total cell extracts were incubated with **C-
labeled chloramphenicol and acetyl coenzyme A, and their acetylated
forms were determined by thin-layer chromatography. CAT activity was
quantified by a model BAS1000Mac image analyzer and expressed as fold
increase, compared with that in the cells transfected with the CAT-
expressing plasmid alone (NC). PC indicates the cells cotransfected with
both plasmids but incubated in the absence of compounds. All data
represent mean values * range for two separate experiments.
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nucleus or the intranuclear level of Spl (Baba et al., 1997).
Moreover, the in vitro binding of NF-«B or Spl to its target
DNA was not affected by the presence of K-12. A cotransfec-
tion experiment with a Tat expression plasmid and an HIV-1
LTR-driven CAT-expressing plasmid demonstrated that
K-12 did not significantly reduce the Tat-induced CAT ex-
pression. In addition, K-12 proved inhibitory of the replica-
tion of the murine retrovirus LP-BM5, which is devoid of
accessory genes such as tat and rev (Morse et al., 1992). Thus,
the fluoroquinoline derivatives appear to interact with a
cellular factor or factors that play a key role in HIV-1 tran-
scription. However, this does not exclude the possibility that
K-12 is not inhibitory of the Tat-mediated activation of HIV-1
transcription, because the Tat-mediated HIV-1 activation
may involve complex interactions with known and unknown
cellular transcriptional factors (Veschambre et al., 1995;
Zhou and Sharp, 1995). In fact, the present study clearly
demonstrated that the anti-HIV-1 activity of fluoroquinoline
derivatives closely correlated with the inhibition of Tat-in-
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Fig. 4. Inhibitory effects of fluoroquinoline derivatives on A, viable cell
number; B, TNF-a production; and C, IL-6 production in PBMCs. The
cells were stimulated with PHA (2 ug/ml) and cultured in the presence of
various concentrations of K-12 ((J), K-37 (H), K-38 (A), and K-42 (#).
After a 24-hr incubation, the culture supernatants were examined for
their TNF-a and IL-6 concentrations. At the same time, the viable cell
number was determined by the MTT method. Data are expressed as the
percent of control (no compound). All experiments were carried out in
duplicate, and mean values are shown.
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duced trans-activation (Fig. 3). Thus, we assume that the
fluoroquinoline derivatives target the cellular factors cooper-
atively working or interacting with Tat.

Another interesting finding is that all of the fluoroquino-
line derivatives were less inhibitory of HIV-1 replication and
more cytotoxic in MT-4 cells than in PBMCs (Tables 1 and 3).
Similarly, the Tat inhibitors Ro5-3335 and Ro24-7429 did
not display any selective inhibition of HIV-1 in MT-2 and
MT-4 cells (Witvrouw et al., 1992, data not shown). This may
be because of the high level expression of NF-«B in these cell
lines (Luznik et al., 1995). Alternatively, the expression of
HTLV-I Tax may modulate the regulation of HIV-1 gene
expression, because MT-2 and MT-4 cells are persistently
infected with HTLV-I (Miyoshi et al., 1982). Accordingly, the
fluoroquinoline derivatives proved to be more potent and
selective inhibitors of HIV-1 replication in MOLT-4 cells
(HTLV-I-free T-lymphoblastoid cell line) than in MT-4 cells
(Table 2).

It has recently been reported that BTC and some fla-
vonoids selectively inhibit TNF-a-induced HIV-1 expression
in OM-10.1 cells (Butera et al., 1995; Critchfield et al., 1996).
Similar to the fluoroquinoline derivatives, these compounds
prevented HIV-1 mRNA synthesis but did not affect NF-«xB
activation or Tat functions. More recently, Critchfield et al.
(1997) have demonstrated that both BTC and chrysin (one of
the flavonoids) inhibit the activity of human recombinant
casein kinase II. They postulate that casein kinase II may
regulate HIV-1 transcription by phosphorylating cellular
proteins involved in HIV-1 ¢rans-activation. Therefore, we
have also examined whether the fluoroquinoline derivatives
inhibit the activity of casein kinase II using a synthetic
peptide and a recombinant IkBa as substrates (Janosch et al.,
1996). Even the most potent derivative, K-38, did not affect
the enzyme activity at concentrations up to 20 um, which
indicates that the fluoroquinoline derivatives are not inhib-
itors of casein kinase II, whereas BTC could reduce the
phosphorylation of IkBa by casein kinase I (data not shown).

The future prospects of fluoroquinoline derivatives as anti-
HIV-1 agents are still unclear. Although cellular factors are
considered potential targets for inhibition of HIV-1 replica-
tion (Baba, 1997), inhibition of such factors may be accom-
panied by substantial cytotoxicity or unexpected biological
activities. In fact, the present study has revealed that there
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Fig. 5. Inhibitory effects of fluoroquinoline derivatives on ICAM-1 ex-
pression in HUVECs. Confluent cells were stimulated with TNF-a (100
ng/ml). After a 4-hr incubation, the cells were examined for their ICAM-1
expression, according to the procedures described in Materials and Meth-
ods. The levels of ICAM-1 expression are expressed as the percent of
control (no compound). All experiments were carried out in triplicate, and
mean values * standard deviation are shown.

is a close correlation between the anti-HIV-1 activity and
cytotoxicity of the fluoroquinoline derivatives. Among the
derivatives, K-38 was the most active but the most cytotoxic.
Furthermore, some of the fluoroquinoline derivatives could
inhibit the production of TNF-« and IL-6 in PHA-stimulated
PBMCs and the TNF-a-induced expression of ICAM-1 in
HUVECs (Fig. 4 and 5). Again, K-38 was the most potent
inhibitor of cytokine production and ICAM-1 expression. Sev-
eral cytokines, including TNF-«a and IL-6, are strong induc-
ers of HIV-1 replication, and they are overexpressed in the
lymphoid tissues of HIV-1-positive individuals (Fauci, 1993).
In addition, these cytokines are produced from brain macro-
phages and microglia and seem to play a considerable role in
the pathogenesis of HIV-1-associated central nervous system
disorders (Merrill and Chen, 1991; Epstein and Gendelman,
1993). From this point of view, the fluoroquinoline deriva-
tives’ inhibition of cytokine production may have benefit for
the prophylaxis and treatment of AIDS-associated dementia.
On the other hand, K-42, a more specific inhibitor of HIV-1
replication, may have an advantage over other fluoroquino-
line derivatives in terms of possible side effects.

In conclusion, the novel fluoroquinoline derivatives pre-
sented here have a certain improvement in either anti-HIV-1
activity (K-37 and K-38) or specificity (K-42), compared with
K-12. However, their target molecule and in vivo toxicity
profiles remain to be elucidated before the compounds are
recognized as promising candidates for the treatment of HIV-
l-infection in humans.
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