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RD6-2198, a novel betain-type fluoroalkylated oligomer, inhibits
the replications of human immunodeficiency virus type 1 and
other enveloped viruses
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Abstract

We have examined a novel betain-type fluoroalkylated oligomer, RD6-2198, for its inhibitory effects on the
replication of human immunodeficiency virus type 1 (HIV-1) and other enveloped viruses, including herpes simplex
virus types 1 and 2 (HSV-1 and HSV-2, respectively) and respiratory syncytial virus (RSV) in cell cultures. We have
found that the compound is a potent and selective inhibitor of these viruses. RD6-2198 inhibited the replication of
HIV-1,,5 at a concentration of 0.85 xg/ml with a selectivity index greater than 59 in MT-4 cells. Furthermore, its 50%
effective concentration (ECs,) values for HSV-1, HSV-2 and RSV, were 0.51, 0.94 and 3.0 ug/ml, respectively. We
found that the RD6-2198 suppressed the gp120—-CD4 interaction (as monitored by an enzyme-linked immunosorbent
assay (ELISA) method). RD6-2198 also inhibited the binding of anti-gp120 monoclonal antibody to gp120 expressed
on MOLT-4/I11; cells (MOLT-4 cells chronically infected with HIV-1,;;5). However, the compound did not inhibit
the interaction of anti-CD4 antibody with CD4. These results suggest that RD6-2198 interacts with the viral envelope
glycoprotein and thereby inhibits the viral adsorption process. In addition, RD6-2198 was also found to suppress the
proliferation of MOLT-4/III; cells. When applied topically, RD6-2198 at a concentration of 10 mg/ml completely
protected mice from an intravaginal HSV-2 infection. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Several agents, such as dextran sulfate, heparin,
fuchsin acid, aurin tricarboxylic acid, flavane
derivatives and ingenol derivatives, have been
shown to inhibit the replication of human im-
munodeficiency virus type 1 (HIV-1) in cell cultures
(Balzarini et al., 1986; Baba et al., 1988a,b, 1990;
Schols et al., 1989; Mahmood et al., 1993;
Witvrouw et al., 1994; Fujiwara et al., 1996; Hashi-
moto et al., 1996). These compounds act on an early
event of the HIV-1 replication cycle. They inhibit
the viral adsorption process through interacting
with the viral envelope glycoprotein gpl20 or
blocking the CD4 molecules on the host cell sur-
face. Some of these compounds are inhibitory not
only to HIV-1 but also to other enveloped viruses,
including herpes simplex virus types 1 and 2 (HSV-
1 and HSV-2, respectively), human cytomegalo-
virus (HCMYV), influenza virus type A, and respira-
tory syncytial virus (RSV) (Schols et al., 1990).
However, none of them have been approved for the
treatment of AIDS and other viral diseases, mainly
due to poor pharmacokinetic profiles. In fact, a
clinical trial with dextran sulfate failed to demon-
strate its therapeutic efficacy (Abrams et al., 1989).

We have previously described fluoroalkylated
oligomers as potent inhibitors of HIV-1 replication
(Baba et al., 1994a). Like polyanionic compounds,
the fluoroalkylated oligomers appeared to inhibit
the viral adsorption process. However, further
characterization of this class of compounds has not
been carried out yet. We have therefore attempted
to synthesize more active derivatives, preferably
with different characteristic profiles. In this study,
we report the novel betain-type fluoroalkylated
oligomer RD6-2198, which is a potent and selective
inhibitor of HIV-1 and other enveloped viruses in
cell culture. Furthermore, it was found to protect
mice from intravaginal infection with HSV-2 at a
much lower concentration than dextran sulfate.

2. Materials and methods
2.1. Compounds

The chemical synthesis of the betain-type

fluoroalkylated oligomer, RD6-2198 (Fig. 1),
has been reported (Sawada et al., 1998). Its av-
erage molecular weight is 24000 by gel perme-
ation chromatography calibrated with the
standard polystyrenes. Dextran sulfate (molecu-
lar weight: 8000) was purchased from Sigma
(St. Louis, MO). The test compounds were
dissolved in distilled water at an appro-
priate concentration and stored at — 20°C until
use.

2.2. Cells

MT-4, MOLT-4, and MOLT-4/I1l; (MOLT-4
chronically infected with HIV-1,;5) were grown
and maintained in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal calf serum
(FCS), 2 mM L-glutamine, 100 U/ml penicillin G,
and 100 pg/ml streptomycin. Peripheral blood
mononuclear cells (PBMCs) were isolated from
HIV-1-negative healthy donors by Ficoll-Hy-
paque gradient centrifugation. PBMCs were stimu-
lated with phytohemagglutinin (2 pg/ml) for 3 days
and cultured with RPMI 1640 medium containing
20% FCS and interleukin 2 (50 U/ml). Human
embryonic lung fibroblast (MRC-5) cells were
grown in Eagle’s minimal essential medium (MEM)
supplemented with 8% FCS and antibiotics. HeLa
cells were maintained in MEM supplemented with
2% FCS, 2 mM L-glutamine, and antibiotics.
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Fig. 1. Chemical structure of the betain-type fluoroalkylated
oligomer RD6-2198.
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2.3. Viruses

Three strains of HIV-1 (HIV-1,5, HIV-1;;15.&,
and HIV-1g,,), two strains of HSV-1 (KOS and
A4-3), HSV-2 (G), and RSV (Long) were used in
the assays. HIV-1;;5.r, Which has a single amino
acid change (Tyr'®! — Cys) in reverse transcriptase
(RT), is a nonnucleoside reverse transcriptase in-
hibitor (NNRTTI)-resistant mutant established by
serial passages in cell culture in the presence of
escalating concentrations of MKC-442 (Baba et
al., 1994b). HIV-1,, ; is a macrophage tropic
HIV-1. HSV-1 (A4-3), provided by Dr. K. Inoue
(Osaka University, Osaka, Japan), is an acyclovir-
resistant strain derived from the KOS strain in
vitro.

2.4. Antiviral assays in vitro

Determination of antiviral activity of the com-
pounds against the replication of HIV-1;,; and
HIV-1;5.r Was based on the inhibition of virus-
induced cytopathicity in MT-4 cells. Briefly, MT-4
cells were suspended in culture medium at 1 x 10°
cells/ml and infected with virus at a multiplicity of
infection (MOI) of 0.02. Immediately after virus
infection, the cell suspension (100 ul) was brought
into each well of a flat-bottomed microtiter tray
containing various concentrations of the test com-
pounds. After a 5-day incubation at 37°C, the
number of viable cells was determined by the
3-(4,5-dimethyl-thiazol-2-yl)

-2,5-diphenyltetrazolium bromide (MTT) method
(Pauwels et al., 1988). Determination of the activ-
ity against the replication of HIV-1 in PBMCs
was based on the inhibition of HIV-1 p24 antigen
production. In this assay, PBMCs were infected
with virus at a MOI of 0.2. After a 2-h viral
adsorption, the cells were extensively washed to
remove unadsorbed virus particles and incubated
at 37°C in the presence of various concentrations
of the test compounds. After a 7-day incubation,
the amount of p24 antigen in the cell culture
supernatants was measured by a p24 antigen-cap-
ture  enzyme-linked immunosorbent  assay
(ELISA) Kit (Cellular Products, Buffalo, NY).
Antiviral activities were expressed as the 50%
effective concentration (ECs).

For HSV-1 and HSV-2, confluent MRC-5 cells
in a microtiter tray were inoculated with 100
CCIDs, (50% cell culture infective dose) of the
virus per well in the presence of various concen-
trations of the test compounds. After a 7-day
incubation at 37°C, the number of viable cells was
determined by the MTT method, as previously
described (Sudo et al., 1994). The antiviral activity
of the compounds against RSV replication was
determined by the inhibition of virus-induced cy-
topathicity in HeLa cells. Briefly, HeLa cells were
infected with RSV at a multiplicity of infection of
0.01, and incubated in the presence of various
concentrations of the test compounds in a round-
bottomed microtiter tray. After a 5-day infection
at 35°C, the number of viable cells was deter-
mined by the MTT method (Watanabe et al.,
1994). The antiviral activity is expressed as the
ECs,.

Cytotoxicity of the compounds was always
evaluated in parallel with their antiviral activity.
It was based on the viability of mock-infected
cells and expressed as the 50% cytotoxic concen-
tration (CCsy).

2.5. Binding inhibition assays

The inhibitory effect of the compounds on
gp120-CD4 interaction was examined by a gp120
antigen-capture ELISA Kit (Immuno Diagnostic,
Buffalo, NY). The test compounds and gp120 (1
ng/well) were added to a microtiter tray coated
with CD4, and incubated at room temperature.
After a 60-min incubation period, the amount of
gp120 bound to CD4 was determined according
to the Manufacturer’s instructions.

The inhibitory effect of the compounds on the
binding of anti-gp120 antibody to gp120 was de-
termined by FACScan (Becton-Dickinson, Moun-
tain View, CA) analysis. Briefly, MOLT-4/111,
cells (1 x 10°) were washed twice with phosphate-
buffered saline (PBS) and incubated in the pres-
ence of various concentrations of the test
compounds. After a 60-min incubation at 4°C, the
cells were washed with PBS and incubated with
anti-gp120 monoclonal antibody. After two wash-
ing steps with PBS, the cells were incubated with
FITC-conjugated anti-mouse immunoglobulin an-
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Table 1

Inhibitory effects of RD6-2198 and dextran sulfate on HIV-1 replication

Compound Strain Cell ECs, (1g/ml) CCsq (ug/ml)
RD6-2198 Il MT-4 0.85+0.20 >50
g MT-4 0.71 4 0.20
11, PBMC 7.742.0 54.6 +0.1
Ba-L PBMC 18+4
Dextran sulfate I, MT-4 32+0.3 >100
. MT-4 25407
I, PBMC 52405 123 +2.0
Ba-L PBMC >12

Values are mean + S.D. for at least three separate experiments.
cytotoxic concentration for mock-infected cells.

tibody (rabbit) for 30 min at 4°C. The cells were
then washed twice again with PBS, fixed with 1%
formamide in PBS, and subjected to FACScan.

The inhibitory effect of the compounds on the
binding of anti-CD4 antibody to CD4 was also
determined by FACScan analysis. Briefly, MT-4
cells (1 x 10°) were incubated with FITC-labeled
anti-CD4 monoclonal antibody (Leu-3a) in the
absence or presence of the compounds in PBS
containing 1% bovine serum albumin and 0.1%
sodium azide. After a 60-min incubation at 4°C,
the cells were washed twice with PBS, fixed with
1% formamide in PBS, and subjected to FACScan
analysis.

2.6. Cell proliferation assays

MOLT-4 and MOLT-4/111; cells (1 x 10%) were
cultured in the presence of various concentrations
of the test compounds at 37°C. After a 5-day
incubation period, the number of viable cells was
determined by the MTT method.

2.7. Anti-HSV-2 assays in vivo

Vaginal secretions of 6-week-old female BALB/
¢ mice (CrSlc) were carefully removed with a
small cotton swab at 30 min before viral inocula-
tion. Then 10 ul of HSV-2 (strain G) suspension
(1 x 10° plaque-forming units) were instilled in-
travaginally using a pipette with a small plastic
tip. Test compounds were dissolved in PBS, and
10 ul of the compound solution was administered

ECs,, 50% effective concentration for HIV-1 replication; CCs,, 50%

intravaginally to mice. The treatment and viral
infections were carried out simultancously. The
infected mice were observed for vaginal lesions
and death for 21 days. Differences in mortality
and mean survival time between the control and
the treated groups were evaluated by the chi-
square (y?) test with Yates’ correction, and the
Mann—Whitney U-test, respectively. The mice
that died on or before day 21 were included in the
calculations of the mean survival time.

3. Results

When RD6-2198 was examined for its in-
hibitory effects on HIV-1 replication in MT-4
cells and PBMCs, it proved inhibitory to the
replication of HIV-1;5 (Table 1). Its ECs, values
were 0.85 and 7.7 ug/ml in MT-4 cells and
PBMCs, respectively. These values are approxi-
mately 57- and 7-fold lower than the CCs, values.
RD6-2198 also inhibited the replication of the
NNRTI-resistant mutant HIV-1,;;5.x. When dex-
tran sulfate was examined under the same assay
conditions, the compound was found to be less
active than RD6-2198. Furthermore, RD6-2198
was also inhibitory to the replication of the
macrophage-tropic strain HIV-1y,; in PBMCs,
whereas dextran sulfate did not show any selective
inhibition of HIV-1;, (Table 1).

To determine whether RD6-2198 was also in-
hibitory to other enveloped viruses, the com-
pounds was examined for its antiviral activity
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Inhibitory effects of RD6-2198 and dextran sulfate on the replication of enveloped viruses

Compound Virus (strain) Cell EC;, (1g/ml) CCsq (ug/ml)
RD6-2198 HSV-1 (KOS) MRC-5 0.51+0.15 >50

HSV-1 (A4-3) MRC-5 0.4140.10

HSV-2 (G) MRC-5 0.94 +0.10

RSV (Long) Hela 3.0+0.3 >50
Dextran sulfate HSV-1 (KOS) MRC-5 2.6+0.2 >100

HSV-1 (A4-3) MRC-5 33+20

HSV-2 (G) MRC-5 2.0+0.6

RSV (Long) Hela 20+ 15 >100

Values are mean + S.D. for at least three separate experiments. ECs,, 50% effective concentration for viral replication; CCs,, 50%

cytotoxic concentration for mock-infected cells.

against HSV-1, HSV-2 and RSV. RD6-2198
was found to be highly active against the repli-
cation of these viruses (Table 2). Its ECs, val-
ues were 0.51, 0.94 and 3.0 pug/ml for HSV-1,
HSV-2 and RSV, respectively. Furthermore, the
compound was equally inhibitory to the acy-
clovir-resistant HSV-1 mutant A4-3 (Table 2).
The antiviral activity of RD6-2198 was stronger
than that of dextran sulfate. However, RD6-
2198 did not show any inhibition of HCMV or
influenza virus type A (data not shown).

In the next experiments, we examined
whether RD6-2198 directly inhibited the binding
of gpl20 to CD4. As shown in Table 3, the

Table 3
Inhibitory effects of RD6-2198 and dextran sulfate on the
binding of gpl20 with immobilized CD4

compound could block the binding of gpl120 to
CD4 in a concentration-dependent fashion. At
a concentration of 0.8 ug/ml, which is close to
the ECs, value for HIV-1,,, the binding was
inhibited by 60%. Similar binding inhibition
was achieved with dextran sulfate (Table 3).
When RD6-2198 and dextran sulfate were ex-
amined for their inhibitory effects on the bind-
ing of anti-gpl20 monoclonal antibody to
gpl20 expressed in MOLT-4/III; cells, both
compounds appeared to interfere concentration-
dependently with the binding process (Table 4).
In contrast, neither RD6-2198 nor dextran sul-
fate interfered with the binding of anti-CD4

Table 4

Inhibitory effects of RD6-2198 and dextran sulfate on the
binding of anti-gpl20 antibody with gpl20 expressed in
MOLT-4/111; cells

Compounds Concentration (xg/ml) Inhibition (%) Compounds Concentration (ug/ml) Inhibition (%)
RD6-2198 100 88 + 10 RD6-2198 100 65+9
20 76 + 19 20 66+ 15
4 72+ 27 4 33+23
0.8 60+ 18 0.8 3141
0.16 38+3 0.16 26 +22
Dextran sulfate 100 66+ 8 Dextran sulfate 100 89 + 15
20 59+7 20 81+7
4 67+ 10 4 54 426
0.8 52+35 0.8 38 +21
0.16 29413 0.16 28 +20

Values are mean + S.D. for at least three separate experiments.

Values are mean + S.D. for at least three separate experiments.
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Table 5

Inhibitory effects of RD6-2198 and dextran sulfate on the
binding of anti-CD4 antibody (Leu-3a) with CD4 expressed in
MT-4 cells

Compounds Concentration (xg/ml) Inhibition (%)
RD6-2198 100 12+ 10
20 3.6+5
4 8.0+ 11
0.8 6.5+13
0.16 22+ 17
Dextran sulfate 100 14+ 22
20 12+ 20
4 14 +20
0.8 15+9
0.16 22+3.0

Values are mean + S.D. for at least three separate experiments.

mon oclonal antibody to the CD4 molecule ex-
pressed in MT-4 cells’ surface (Table 5). These
results suggest that RD6-2198 inhibits HIV-1
replication through a mechanism similar to that
of dextran sulfate.

When RD6-2198 and dextran sulfate were ex-
amined for their effects on the growth and viabil-
ity of MOLT-4 and MOLT-4/I11} cells, RD6-2198
was found to be more cytotoxic for MOLT-4/I11,
cells than for MOLT-4 cells (Fig. 2). The CCs,
values for MOLT-4 and MOLT-4/I11; cells were
> 100 and 2.3 pg/ml, respectively. Such an effect
could not be seen with dextran sulfate at these
concentrations. At a concentration of 100 xg/ml,
the viability of MOLT-4 and MOLT-4/I11; cells
was 92 and 61%, respectively, indicating that the
CCs, of dextran sulfate for both cell lines was
over 100 xg/ml.

When mice were infected with HSV-2 in the
presence of RD6-2198 (10 mg/ml, locally), the
development of vaginal lesions and virus-induced
death was completely prevented (Table 6). Treat-
ment with 3 mg/ml RD6-2198 increased the mean
survival time (8.8 + 1.3 days) compared with that
of the control mice (6.9 + 0.4 days). In contrast,
although dextran sulfate significantly prolonged
the survival time of infected mice at a concentra-
tion of 100 mg/ml (8.8 +0.9 days), it did not
achieve a significant increase in survivors at con-
centrations of 100 or 300 mg/ml (Table 6).

4. Discussion

We have recently described fluoroalkylated
oligomers as novel HIV-1 inhibitors (Baba et al.,
1994a). Although the anti-HIV-1 activity of the
fluoroalkylated oligomers was potent and selec-
tive, it was not superior to that of dextran sulfate.
Hence, we synthesized novel derivatives of the
fluoroalkylated oligomers in an attempt to im-
prove their antiviral activity and spectrum. In this
study, we have found one of the betain-type
fluoroalkylated oligomers, RD6-2198, to be a
highly potent and selective inhibitor of the repli-
cation of HIV-1 and other enveloped viruses in
cell cultures. RD6-2198 strongly inhibited the
replication of not only HIV-1,;5 and its NNRTI-
resistant  strain  HIV-1,3x, but also of
macrophage-tropic strain HIV-1y,; (Table 1).
This may be a great advantage of RD6-2198 over
dextran sulfate, since dextran sulfate has been
shown to enhance the replication of macrophage-
tropic strains of HIV-1 (Meylan et al., 1994). In
fact, we could not detect any antiviral activity of
dextran sulfate against HIV-1,; in PBMCs
(Table 1). This may be attributed to the difference
of amino sequences in the third variable region
(V3) of gpl20 between macrophage- and T-cell-
tropic strains (De Jong et al., 1992; Jiang, 1997).
The V3 domain of T-cell-tropic viruses is posi-
tively charged, thereby allowing the negatively
charged molecule of dextran sulfate to interact
with gpl20. In contrast, the V3 domain of
macrophage-tropic strains is variable, with less
positively charged amino acid residues. We as-
sume that RD6-2198 can interact with the V3
domain of macrophage-tropic HIV-1, because
RD6-2198 contains positively and negatively
charged groups.

RD6-2198 proved more inhibitory to the prolif-
eration of the chronically HIV-1-infected cell line
MOLT-4/I11;, as compared with its uninfected
parental line MOLT-4 (Fig. 2). Although the pre-
cise mechanism of this selective inhibition remains
to be elucidated, we assume that the high viscosity
of RD6-2198 solution contributes to a more po-
tent effect on membrane function of MOLT-4/
Il cells (for instance, through a change of
osmotic pressure of the cell culture medium). It
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Fig. 2. Inhibitory effects of RD6-2198 and dextran sulfate on the proliferation of MOLT-4 () and MOLT-4/I11; (B). The cells
were grown in the presence of various concentrations of RD6-2198 or dextran sulfate. After a 5-day incubation, the viable cell
number was determined by the MTT method. Datarepresent mean values for three separate experiments.

Table 6

Inhibitory effects of RD6-2198 and dextran sulfate on intravaginal HSV-2 infection in mice

Compounds Concentration (mg/ml) Survivor/total Mean survival time (days + S.E.)
RD6-2198 10 10/10 (P<0.01)*
3 8/10 (P<0.05)* 8.8+1.3
1 4/10 73405
Dextran sulfate 300 6/10 8.1+1.3
100 4/10 8.8+ 0.9 (P<0.05)
30 1/10 6.7+0.2
Control 0 2/10 6.9+04

a Significantly different from PBS-treated control (2 analysis with Yates’ correction).
® Significantly different from PBS-treated control (Mann—Whitney U-test).

has been postulated that HIV-1-infected cells may
play an important role in primary HIV-1 infection
(Phillips, 1994; Bomsel, 1997). These authors have
demonstrated cell-to-cell transmission of HIV-1
from an infected cell to an uninfected cell. RD6-
2198 might be effective against HIV-1 primary
infection by preventing this cell-to-cell transmis-
sion of HIV-1.

Another interesting observation was that RD6-
2198 is a more potent inhibitor of HSV-1, HSV-2
and RSV than dextran sulfate. Neyts and De
Clercq (1995) have reported that topical treatment
with PAVAS (a copolymer of acrylic acid with
vinylalcohol sulfate), but not dextran sulfate,
completely prevented intracutaneous and intrav-
aginal infections with HSV-2 in mice. There might

be an important indication for the intravaginal
use of RD6-2198 as a prophylactic agent for
sexually transmitted HIV-1 and/or HSV-2 infec-
tions. In our study in vivo, intravaginal RD6-2198
completely prevented vaginitis and death of mice
intravaginally infected with HSV-2 at a concen-
tration of 10 mg/ml, whereas dextran sulfate only
showed a partial inhibition of HSV-2-induced
vaginitis and death, even at a concentration of
300 mg/ml (Table 6). These results are in agree-
ment with the previous report by Neyts and De
Clercq (1995), and suggest that RD6-2198 is a
more potent inhibitor of intravaginal HIV-1 and
HSV-2 infections than dextran sulfate, and
equipotent as PAVAS which required 500 mg/ml
for complete inhibition. Thus, the betain-type
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fluoroalkylated oligomers are worth pursuing as
candidate drugs for the prophylaxis and
chemotherapy of various viral infections, includ-
ing HIV-1, HSV-1, HSV-2 and RSV.
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