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UC781, a thiocarboxanilide nonnucleoside inhibitor of human immunodeficiency virus type 1 (HIV-1)
reverse transcriptase (RT), inhibited RT DNA polymerase activity in vitro with marked potency. Significant
inhibition was noted at a 1:1 molar ratio of UC871 to RT, characteristic of a tight-binding inhibitor. Infectivity
of the HIV-1,,;; laboratory strain was eliminated in a concentration-dependent manner following short
exposure of isolated virion particles to UC781. Neither nevirapine nor certain other carboxanilide nonnucleo-
side inhibitors were effective in this manner. Endogenous reverse transcription in UC781-treated virus parti-
cles was markedly reduced. Treatment of chronically HIV-1-infected H9 cells with UC781 did not alter virus
production, but the infectivity of the virus produced by the cells during drug exposure was markedly reduced.
Moreover, the infectivity of nascent virus produced by the UC781-treated H9 cells after removal of exogenous
drug was dramatically attenuated. Similarly, pretreatment of peripheral blood lymphocytes isolated from
HIV-infected patients abolished the infectivity of virus produced by these cells after removal of exogenous drug,
as measured by coculture experiments with uninfected cord blood mononuclear cells, indicating the utility of
UC781 against a variety of clinical HIV samples. Importantly, preincubation of uninfected MT2 cells with
UC781 rendered these cells refractory to subsequent HIV infection in the absence of extracellular drug, an
effect that persisted for several days following removal of exogenous drug. These unique properties of UC781
indicate that this nonnucleoside inhibitor may have considerable promise for use in retrovirucidal formula-

tions to minimize the spread of HIV from infected to noninfected individuals.

Current clinical treatments for human immunodeficiency
(HIV) infection involve antiviral agents such as 3'-azido-2',3'-
dideoxythymidine (AZT), an inhibitor of the viral reverse tran-
scriptase (RT), and viral protease inhibitors (4, 10, 16). These
drugs are designed to be used in patients already infected with
HIV. However, there is a crucial need to identify prophylactic
strategies that may minimize the spread of HIV from infected
individuals to noninfected individuals. Such strategies include
the development of anti-HIV vaccines. Unfortunately, despite
considerable effort and expense, the vaccine strategy has so far
been unsuccessful.

Heterosexual contact is the primary mode of transmission of
HIV infection worldwide (14). Thus, retrovirucidal spermi-
cides or vaginal microbicides could minimize the spread of
HIV from infected to noninfected individuals. Accordingly, the
World Health Organization has established a research priority
for the development of effective anti-HIV vaginal microbicides
(20). Potential retrovirucides or vaginal microbicides include
inhibitors of HIV-CD4 receptor interaction (1, 15, 17) and
virus envelope-disrupting agents (18, 21).

Ideally, a retrovirucidal agent should fulfill several require-
ments. First, it should act directly on the virus. Dideoxynucleo-
side antivirals such as AZT require cellular metabolic activa-
tion and are therefore of little use in this respect. Second, a
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retrovirucide should act at replication steps prior to integration
of proviral DNA into the infected host cell genome. Although
protease inhibitors prevent maturation of newly produced
virion particles, they are ineffective against preexisting mature
infectious HIV. Third, a retrovirucide should be absorbable by
uninfected cells, in order to provide a barrier to infection by
residual active virus. Finally, a retrovirucide should be effective
at noncytotoxic concentrations readily attainable in vivo.

In this report, we describe the antiviral properties of N-[4-
chloro-3-(3-methyl-2-butenyloxy)phenyl]-2-methyl-3-furancar-
bothioamide (UC781), one of the thiocarboxanilide nonnucleo-
side inhibitors (NNI) of HIV type 1 (HIV-1) RT developed by
Uniroyal Chemical (UC) (3). We show that HIV infectivity is
effectively eliminated following short exposure of isolated virus
to UC781 and that incubation of uninfected cells with UC781
renders these cells refractory to subsequent HIV infection.
Interestingly, exposure to UC781 of chronically infected H9
cells as well as peripheral blood lymphocytes (PBL) isolated
from infected individuals results in the appearance of nonin-
fectious nascent virus. Furthermore, UC781 inhibits endoge-
nous reverse transcription (ERT) in HIV-1 virions, an impor-
tant factor in sexual transmission of HIV-1 infection (27, 28).
UC781 has considerable promise for use in retrovirucidal as
well as systemic antiviral formulations.

MATERIALS AND METHODS

Reagents. The HIV ;5 laboratory strain of HIV-1, courtesy of R. C. Gallo, was
obtained from the NIH AIDS Research and Reference Reagent Program, Di-
vision of AIDS, National Institute of Allergy and Infectious Diseases. The CD4™
MT?2 cell line was obtained from the American Type Culture Collection. The



3024 BORKOW ET AL.

carboxanilide NNI UC84, UC38, and UC781 were provided by A. W. Harrison
and W. G. Brouwer, UC Ltd. Research Laboratories (Guelph, Ontario, Canada).
Nevirapine was provided by Boehringer-Ingelheim. H9 cells chronically infected
with HIV (HIVy3) were established in our laboratories. Cord blood mononu-
clear cells (CBMC) were isolated by Ficoll-Hypaque centrifugation from cord
blood obtained from the Department of Obstetrics, Sir Mortimer B. Davis-
Jewish General Hospital. PBL cells were isolated by Ficoll-Hypaque centrifuga-
tion from blood obtained from HIV-1-infected patients through the Department
of Infectious Diseases at Sir Mortimer B. Davis-Jewish General Hospital. All
patients were being treated with the protease inhibitor saquinavir, and some of
the patients had been previously treated with AZT. However, none had under-
gone NNI therapy. RPMI 1640 cell culture medium and heat-inactivated fetal
bovine serum (FBS) were obtained from Canadian Life Technologies/GIBCO,
Toronto, Ontario, Canada. Centriprep-100 concentrating devices were from
Amicon (Beverly, Mass.). Purified recombinant p51/p66 RT was prepared by a
rapid method that we have recently described (7). HIV-1 RT RNA-dependent
DNA polymerase (RDDP) and DNA-dependent DNA polymerase (DDDP)
activities were measured as previously described (5, 6).

Cell culture and virus replication. All cells were cultured in RPMI 1640
containing 10% FBS. HIV-1 stocks were propagated by subculture in CD4™
MT-2 cells; aliquots of the cell-free culture supernatants were generally used as
viral inocula. In some experiments, virus was further concentrated from these
cell-free supernatants by ultracentrifugation. CBMC were prestimulated with
phytohemagglutinin prior to use in infection experiments, as previously described
(22). Stock solutions of NNI were prepared in dimethyl sulfoxide (DMSO).
Aliquots of the NNI stock solutions were added to culture media immediately
before use. The final concentration of DMSO in these working solutions was 1%
or less. Control experiments showed that these concentrations of DMSO had no
effect either on virus infectivity or on cell viability. Virus production was assessed
by measurement of RT activity and viral p24 antigen levels in the culture super-
natants. Cytopathic effects of HIV infection of CD4" MT2 cells were also
analyzed by microscopic assessment of syncytium formation as previously de-
scribed (23, 26). The latter data were obtained by analysis of duplicate samples
by two independent observers. Cytotoxicity assays were carried out according to
the method of Hirabayashi et al. (9).

Preincubation of isolated HIV-1 with NNL. HIV-1 (50% tissue culture infective
dose [TCIDs,] = 5 X 10*) was incubated in the absence or in the presence of
various concentrations of NNI in a total volume of 1 ml of RPMI 1640 without
FBS for 2 h at 37°C with gentle agitation every 15 min. After incubation,
drug-free RPMI 1640 was added to a final volume of 15 ml, and the diluted
sample was concentrated to a final volume of 0.7 ml with a Centriprep-100
centrifugal concentrator, according to the manufacturer’s directions. The virus
was diluted with drug-free media to 10 ml and again concentrated to a final
volume of 0.7 ml. Then 0.5 ml of this concentrated virus was added to 0.5 ml of
phytohemagglutinin-activated CBMC (4 X 10° cells) in RPMI 1640-10% FBS
and incubated for 2 h at 37°C with occasional gentle mixing. The residual NNI
concentration at this stage was about 0.2% of that in the initial virus-NNI
incubation. The HIV-CBMC incubation mix was diluted with the addition of 10
ml of drug-free RPMI 1640, and residual HIV was removed by pelleting the cells
at 300 X g for 10 min, followed by removal of the supernatant and resuspension
of the cells in 2 ml of RPMI 1640-10% FBS containing interleukin-2 (10 U/ml).
The entire sample was plated into a single well of a 24-well dish. After 4 days of
culture, 1 ml of medium was removed and replaced with 1 ml of fresh medium.
On day 7, culture supernatants were isolated and HIV production was assessed
by the measurement of RT activity and p24 antigen levels in these cell-free
supernatants.

Incubation of chronically HIV-1-infected H9 cells with NNI. Chronically in-
fected H9 cells (5 X 10° cells) were incubated with various concentrations of NNI
in a total volume of 1 ml of RPMI 1640-10% FBS for 18 h at 37°C. The cells were
then separated from the culture supernatants by centrifugation at 300 X g for 10
min. The virus particles were isolated from the culture supernatants and from
residual NNI by using Centriprep-100 centrifugal concentrating devices and the
dilution-concentration protocol described above, with one additional dilution-
concentration of the virus suspension prior to use for infection, in order to ensure
extensive removal of all residual exogenous drug. Control experiments showed
that the level of residual drug in these concentrated samples was below that
required to significantly affect infectivity of virus that had not been previously
exposed to drug. The pelleted H9 cells were washed by suspension in 10 ml of
RPMI 1640 followed by centrifugation at 300 X g for 10 min. The cell pellet was
resuspended in 4 ml of RPMI 1640-10% FBS and used in coculture experiments
as described below.

Aliquots of the final concentrated HIV suspension were added to MT2 cells
(3 X 10° cells/ml). Virus infectivity was assessed 6 days postinfection by analysis
of syncytium formation and measurement of RT activity and p24 antigen in the
MT?2 cell culture supernatants. Similarly, aliquots of the drug-treated H9 cells
were added to MT2 cells (3 X 10° cells/ml) to give a final MT2/H9 cell ratio of
30:1. Cells were cocultured for 4 days, and HIV infection of MT?2 cells was scored
by assessing syncytium formation and by analysis of RT activity in the culture
supernatants.

Incubation of PBL cells with NNL PBL cells (2 X 10° cells) isolated from
blood of HIV-1-infected patients were incubated with medium, 10 uM nevirap-
ine, or 10 pM UC781 in a total volume of 1 ml for 2 h at 37°C. Excess drug was
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FIG. 1. Structure of UC781.

then removed by pelleting the cells by centrifugation at 300 X g for 10 min and
removal of the medium. The cell pellet was washed by suspension in 10 ml of
medium followed by centrifugation. This washing step was repeated twice. The
final cell pellet was resuspended in 1 ml of medium and then cocultured with 1
ml of activated CBMC (2 X 10° cells). The culture medium was changed every
2 days, and fresh activated CBMC (2 X 10° cells) were added once per week.
HIV-1 production was monitored by measurement of p24 antigen levels in
cell-free culture supernatants.

Effect of preincubation of uninfected MT2 cells with NNI on subsequent HIV
infection. Uninfected MT2 cells (2 X 10°) were incubated in the absence or the
presence of various concentrations of NNI in RPMI 1640-10% FBS at 37°C for
various time periods ranging from 10 min to 18 h. After incubation with the drug,
the cells were pelleted by centrifugation and washed twice by resuspension in 10
ml of medium followed by centrifugation in order to ensure removal of residual
exogenous drug. The final cell pellet was resuspended with 1 ml of medium, and
an appropriate inoculum of HIV was added (TCIDs, = 5 X 10%). Cells and virus
were then incubated at 37°C, and the culture medium was changed every 2 to 3
days. Viral infection was scored by assessing the extent of syncytium formation,
viral p24, or RT activity in cell-free culture supernatants at various times there-
after.

ERT assay. ERT was measured essentially as described elsewhere (27).
Briefly, HIV-1 particles (50 pl; 7.5 ng of p24) were incubated with different
concentrations of UC781 for 1 h at 37°C and then mixed with 50 pl of ERT
reaction mix (final concentrations: 10 mM Tris, pH 7.4; 150 mM NaCl; 1 mM
MgCl,; 50 M [each] dATP, dCTP, dGTP, and dTTP; 150 pCi of [a-**P]dCTP).
After 3 h at 37°C, reactions were stopped by the addition of 10 mM EDTA, 1%
sodium dodecyl sulfate, and proteinase K (50 pg/ml [final concentration]) and
heated for 1 h at 60°C. DNA was extracted with phenol-chloroform and precip-
itated with ethanol. The DNA pellet was dissolved in 98% formamide containing
10 mM EDTA, 0.025% xylene cyanol FF, and 0.025% bromophenol blue and
then subjected to denaturing gel electrophoresis. Resolved products were visu-
alized by autoradiography.

RESULTS

During our characterizations of the UC series of NNI (5, 6),
UC781 (Fig. 1) was found to be an exceptionally potent inhib-
itor of HIV-1 RT. UC781 inhibited RT RDDP activity with a
50% inhibitory concentration (ICs,) of 0.2 nM (Table 1), a
concentration similar to that of the p5S1-p66 RT heterodimer in
the in vitro assays (approximately 0.5 nM p51-p66 het-
erodimer). Decreased activity at these levels of inhibitor to
target is characteristic of tight-binding inhibitors (24, 25). Sub-
sequent detailed in vitro enzyme kinetic analyses of UC781
inhibition of HIV-1 RT have confirmed that UC781 is indeed
a rapid tight-binding inhibitor (3a). Thus, UC781 once bound
to RT does not rapidly dissociate from it.

The high affinity and apparent tight binding of UC781 to
HIV-1 RT prompted us to examine the effect of preincubation
of HIV virion particles with UC781. We compared this with
UC84 and UC38, structurally similar carboxanilide inhibitors
which have decreased in vitro inhibitory potency compared to
UC781, and nevirapine, which has a 50% effective concentra-
tion of 40 nM against HIV-1 (8, 13). None of these act as
tight-binding inhibitors of HIV-1 RT (3a). As seen in Fig. 2,
virus was rendered noninfectious after a 2-h incubation with
UCT781. This viral inactivation was concentration dependent,
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TABLE 1. Antiviral activity of selected UC NNI of HIV-1 RT

ICsy (nM)* (mean + SD) ECs, (nM)?

Compound (mean =  CCso (WM)°  TIs?
RDDP DDDP SD)
UC781 0.2=x0.1 103 8x3 >30 >3,000
UC84 200 =30 1,600 =200 240 =70 >40 >150
uUC38 3010 600 =50 80 = 15 >40 >500

4]Csos were determined with purified p51-p66 RT by using [*H]dGTP and
poly(rC)-oligo(dG) or poly(dC)-oligo(dG) as the template-primer for the mea-
surement of RDDP and DDDP activities, respectively, as previously described
(5, 6).

b BECsy, 50% effective concentration. Inhibition of HIV-1 replication in MT2
cells was determined by assessing syncytium formation, RT activity, and viral p24
antigen production, as described elsewhere (22).

¢ The 50% cytotoxic concentration (CCs) was determined by [*H]thymidine
incorporation, cell growth kinetics, and trypan blue exclusion as described else-
where (9, 26).

4 Tlso, 50% effective in vitro therapeutic index (ratio of CCsy/ECs).

with essentially complete inactivation noted with 0.5 pM
UCT781. No viral inactivation was noted with nevirapine (Fig. 2)
or with UC38 or UC84 (data not shown), even at concentra-
tions above 10 pM.

HIV-infected-patient seminal and vaginal fluids contain vi-
rus-infected cells in addition to virus particles (11). Indeed,
HIV-infected cells may be a more significant source for viral
transmission than free virus in seminal fluids (11, 19). We
therefore examined the effect of UC781 on the infectivity of
HIV produced from chronically infected H9 cells. These cells
were incubated with UC84 or UC781 for 18 h, exogenous drug
was removed, and the cells were cocultured with uninfected
MT?2 cells, as described in Materials and Methods. Neither
UC84 nor UC781 had any effect on the amount of HIV-1
particles produced by these cells, as determined by viral p24

NONNUCLEOSIDE INHIBITOR INACTIVATION OF HIV-1 3025

antigen levels (Fig. 3A). However, HIV-1 produced by the H9
cells during 18 h of exposure to UC781 was significantly atten-
uated in infectivity compared to that from no-drug controls or
cells treated with UC84 (Fig. 3B). Similar effects were noted in
experiments using PBL isolated from HIV-1-infected patients.
In these experiments, PBL were incubated in the absence or
the presence of NNI for 18 h, then exogenous drug was re-
moved, and the infected PBL were cocultured with uninfected
CBMC in the absence of added drug. As with the chronically
infected H9 cells, UC781 abolished the infectivity of HIV-1
produced by the patient PBL. Figure 4 illustrates representa-
tive experiments from three different patients. PBL from eight
different HIV-1-infected patients have been tested in this man-
ner. In all cases, UC781 was markedly effective, with no viral
infectivity noted even after 30 days of coculture with unin-
fected CBMC. In contrast, neither nevirapine (Fig. 4) nor
UC84 (data not shown) was able to significantly delay viral
infectivity.

A recent study indicated that ERT in HIV-1 particles in
seminal plasma facilitates transmission of the virus, since virus
infectivity increases significantly upon initiation of ERT (27).
Exposure of HIV-1 virion particles to UC781 dramatically
inhibited ERT (Fig. 5).

Inactivation of HIV-1 produced from the infected PBL or
chronically infected H9 cells likely resulted in part from pen-
etration of UC781 into virions after virus budding from the
cells. Importantly, virus produced by the chronically infected
H9 cells following removal of UC781 was also attenuated in
infectivity, as determined in coculture experiments with MT2
cells (Fig. 3C). This effect persisted for at least 4 days following
removal of the extracellular drug. These data indicate that
UC781 may also be incorporated into the nascent virion during
assembly and budding and imply a prolonged intracellular bio-
availability for this inhibitor.

RT activity in culture supernatants (10° dpm)

0 T T T
0.01 0.1 1

1 T T

10 100 1000 10000

drug concentration in preincubation (nM)

FIG. 2. Effect of preincubation of isolated HI'V-1 with NNI on subsequent viral infectivity. Isolated HIV-1 was incubated with the indicated concentrations of UC781
(®) or nevirapine (O) for 2 h, and then residual drug was removed as described in Materials and Methods. Identical viral inocula (with respect to viral p24 levels) were
then added to phytohemagglutinin-activated CBMC. Viral infectivity was assessed by measurement of RT activity in cell-free culture supernatants after 7 days of
incubation of cells and virus. m, a residual drug effect control in which 0.5 uM UC781 was carried through the dilution and concentration steps as for pretreated virus
and then added to culture supernatants to test for effect on viral infectivity and possible inhibition of RT activity in the in vitro assay. The results are averages * standard

deviations of triplicate determinations from three separate experiments.
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FIG. 3. Effect of pretreatment of chronically infected H9 cells with UC781 or
UC84 on virus particle release from H9 cells during drug exposure as assessed by
measurement of HIV-1 p24 levels (A), infectivity of isolated virus produced by
HO cells during drug treatment as assessed by ability to subsequently infect MT2
cells in the absence of drug (B), and ability of UC781-pretreated chronically
infected H9 cells to subsequently infect MT2 cells in coculture experiments
carried out in the absence of drug (C). The data illustrated for panels B and C
were obtained 4 days after exposure of MT?2 cells to virus or H9 cells, respec-
tively. O, UC84; @, UC781. (B) m, a residual drug effect control in which 10 pM
UC781 was carried through the dilution and concentration steps as for pre-
treated virus and then added to culture supernatants to test for effect on viral
infectivity and possible inhibition of RT activity in the in vitro assay.

Given the latter possibility, we examined whether exposure
of uninfected MT2 cells to UC781 would render these cells
refractory to HIV-1 infection subsequent to removal of the
drug. Cells were incubated in the absence or the presence of
NNI for 18 h, separated from exogenous drug, and then ex-
posed to virus. HIV-1 infection of UC781-pretreated MT2
cells was dramatically attenuated, as assessed by measurement
of syncytium formation, p24 production, and/or RT activity in
cell-free supernatants (Fig. 6A). These data also show that
under our assay conditions, we find an excellent correlation
among these measurements of HIV-1 replication. Neither
UC84 nor nevirapine was able to inhibit HIV-1 infection under
these conditions (data not shown). The protective effect of
UC781 was concentration dependent (Fig. 6). Interestingly,
MT?2 cells exposed to higher concentrations of UC781 were
highly resistant to HIV-1 infection, with no apparent viral
cytopathicity observed even when an additional virus inoculum
was added several days following the first (Fig. 6B). Similarly,
incubation of uninfected cells with UC781 at concentrations of
2 uM or above rendered these cells refractory to infection by
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FIG. 4. Effect of UC781 pretreatment of PBL from HIV-1-infected patients
on the subsequent virus infectivity of CBMC. Isolated PBL cells (2 X 10°) were
incubated for 2 h with medium only (@), 10 .M nevirapine (m), or 10 uM UC781
(A), and then residual drug was removed as described in Materials and Methods.
The cells were then cocultured with 2 X 10° CBMC, and p24 production was
monitored.

increased viral loads at least up to 2.5 X 10° TCIDs, (data not
shown).

The protective effect of UC781 was further examined by
treating uninfected MT?2 cells with UC781 and then culturing
the cells for various periods in the absence of the inhibitor
prior to addition of an HIV-1 inoculum. When HIV-1 was
added immediately following removal of exogenous drug, the
appearance of viral cytopathicity was substantially delayed
compared to untreated controls (Fig. 7A). The time to appear-
ance of viral cytopathic effects decreased with increasing time
between removal of exogenous UC781 and addition of the
HIV-1 inoculum. Nevertheless, significant delays in the ap-
pearance of viral cytopathicity were noted even in cells cul-
tured for 4 days following removal of UC781 prior to exposure
to HIV-1. Under the conditions used in the experiments illus-
trated in Fig. 7A, UC781 showed an intracellular antiviral
protective effect with a half-life of 5.5 days. In contrast, neither
UC84 nor nevirapine exhibited such an antiviral protective
effect (data not shown).

Finally, the experiments illustrated in Fig. 6 and 7A involved
exposure of MT2 cells to UC781 for 18 h. Significant UC781
antiviral protective effects were noted with as little as 10 min of
exposure of uninfected cells to the drug (Fig. 7B). These data
imply that cellular UC781 uptake is rapid, whereas subsequent
efflux may occur at a somewhat lower rate. More detailed cell
uptake-efflux studies are required to address this possibility.
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FIG. 5. UC781 inhibition of ERT. The main figure illustrates the densito-
metric analysis of the autoradiogram (inset) of ERT products synthesized in
isolated virions of HIV-1. The arrow in the inset indicates the full-length 9.7-kb
proviral DNA product. Lanes 1 to 6 correspond, respectively, to 0, 0.5, 1, 2, 5, and
10 uM UC781 in the virion preincubation.

DISCUSSION

Almost all of the effort in the development of antivirals
against HIV has concerned drugs that may be effective in
patients already infected with HIV, in order to delay disease
progression and prolong the life spans of these individuals.
Very little work has addressed development of drugs that
might prevent the transmission of HIV to noninfected individ-
uals. Nonetheless, there is a critical need to develop the latter,
perhaps in the form of a vaginal microbicide effective against
HIV, to control the spread of the disease. The World Health
Organization has recently established a research priority for
the development of effective vaginal microbicides in this re-
spect (20).

So far, compounds considered as potential retrovirucides or
vaginal microbicides include inhibitors of HIV-CD4 receptor
interaction, such as dextran sulfate (1, 15) and modified B-lac-
toglobulin (17), and virus envelope-disrupting agents, such as
nonoxynol-9 (18, 21).

NNI of HIV RT are also potential retrovirucides or vaginal
microbicides (19). Typically, NNI are hydrophobic molecules
and readily traverse membrane barriers such as that surround-
ing the HIV core. However, this property would also facilitate
NNI efflux from the virion, in the absence of sufficient extra-
virion levels of the NNI. In order for NNI to be effective
retrovirucides, they should possess some property that will
prolong inhibitor residence within the virion. UC781 binds to

NONNUCLEOSIDE INHIBITOR INACTIVATION OF HIV-1 3027

HIV-1 RT with very high affinity and acts as a tight-binding
inhibitor (3a). Thus, when UC781 penetrates the HIV-1 mem-
brane envelope and capsid cores and binds to RT, the drug
does not readily dissociate from the enzyme and is therefore
trapped within the virion. This property imparts to UC781 the
potential as a topical barrier to the transmission of HIV. In-
deed, exposure of isolated HIV-1 to UC781 readily inactivates
the virus. This viral inactivation is not noted with other NNI,
such as nevirapine or UC84, neither of which is a tight-binding
inhibitor of RT. We suggest that only NNI that act as tight-
binding inhibitors of RT may be effective in retrovirucide or
vaginal microbicide formulations.

Perhaps more importantly, exposure of uninfected cells to
UC781 renders these cells refractory to subsequent HIV-1
infection, even in the absence of a continued extracellular
presence of the drug. The window of efficacy of UC781 in our
experimental conditions is a complex function of the resident
intracellular lifetime of UC781 and the amount and stability of
HIV in the extracellular culture and of the intracellular subvi-
ral ribonucleoprotein complex. The intracellular half-life of
UCT781 as a chemical barrier to HIV-1 infection in MT2 cells in
vitro is about 5.5 days in cells pretreated with 10 uM UC781.
The protective effect of UC781 is unlikely to be due to residual
exogenous drug, since the cells were extensively washed after
drug pretreatment. In addition, the cell culture medium was
changed every 2 to 3 days following drug pretreatment, which
would further reduce any possible residual drug.

UC781 may provide anti-HIV benefits in a microbicidal for-
mulation in several ways. First, UC781 inactivates free virus.
Evidently, the drug readily permeates the viral envelope and
the matrix and core shells of HIV virions and binds tightly to
the viral RT. HIV-1 infectivity would thereby be reduced due
to inhibition of ERT in the free virion, a function shown to
enhance virus infectivity during sexual contact (27, 28), as well
as diminished reverse transcription following virus entry into
the cell. Second, UC781 attenuates the infectivity of nascent
HIV-1 produced by infected cells after exposure to the drug.
Third, UC781 is effective against patient HIV-1 isolates. Fi-
nally, UC781 is readily taken up and remains for extended
periods within uninfected HIV-susceptible cells, thereby inhib-
iting infection due to subsequent exposure to HIV. Only short
times of exposure to UC781 were necessary to produce this
protective effect. This is an important consideration for the
potential use of UC781 in a vaginal microbicidal formulation.
Thus, UC781 may serve as an effective retrovirucide or vaginal
microbicide to minimize the sexual transmission of HIV-1
from infected to noninfected individuals. An important advan-
tage of the use of NNI in this manner is that viral resistance
would not develop since the drug would be used primarily by
noninfected individuals.

It is likely that combinations of UC781 with compounds that
inhibit virus-cell interaction, such as modified B-lactoglobulin
(17), and compounds that disrupt the viral envelope mem-
brane, such as nonoxynol-9 (18, 21), would provide a safe and
effective vaginal retrovirucidal formulation. Such a formula-
tion would work at three levels. Intact viruses that escape the
disrupting effects of spermicidal surfactants would be pre-
vented from virus-cell fusion by the anionic macromolecule
component of the formulation. Those viruses that managed to
fuse with the cell would be inhibited in carrying out reverse
transcription by intracellular UC781. It is very possible that
such a formulation would provide a synergistic inhibition of
viral transmission.

UCT781 also has excellent potential as a systemic antiviral
agent in individuals already infected with HIV, since the drug
functions as a classical NNI, suppressing concomitant HIV
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FIG. 6. Effect of pretreatment of uninfected MT-2 cells with various concentrations of UC781 on the susceptibility of these cells to subsequent HIV infection in
the absence of exogenous drug. (A) Uninfected MT2 cells were incubated for 18 h with various concentrations of UC781 in 1 ml of medium, and then the cells were
pelleted by centrifugation and washed twice by resuspension in 10 ml of medium followed by centrifugation. The cells were exposed to identical inocula of HIV-1 and
cultured in the absence of added drug. Four days after removal of UC781, the extent of HIV-1 infection was assessed by measurement of syncytium formation (@),
viral p24 antigen levels (V¥), and RT activity (O) in cell-free culture supernatants. (B) Concentration dependence of the UC781 antiviral protective effect. Uninfected
MT?2 cells were incubated for 18 h in the absence (O) or the presence of 0.5 uM (A), 1 uM (V), or 2 uM (@) UC781. Residual exogenous drug was removed, and the
cells were immediately exposed to identical inocula of HIV and cultured in the absence of added drug. The arrow indicates the addition of another aliquot of HIV-1
equivalent to that added to the cells at day 0. Viral cytopathicity was scored by microscopic assessment of syncytium formation as described in Materials and Methods.

Datum points are the averages from duplicate samples.

infection of uninfected cells as well as diminishing infectivity of
virus produced by already-infected cells. Importantly, we have
shown this not only with the HIV-1,;; laboratory strain and
HO cell line but also with primary viral isolates (PBL isolated
from HIV-infected patients). Pharmacokinetic studies have
shown that UC series antivirals maintain high bioavailability
(2, 12). Importantly, recent studies have shown that UC781 is

active against a large number of viral strains that are resistant
to other NNI (3). In addition, we have found that the time
required for the development of HIV-1 resistance to UC781 is
significantly prolonged relative to that for most other NNI
(3b).

In conclusion, the UC series of NNI of HIV RT continues to
provide compounds with unique antiviral properties. We have
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previously shown that structurally similar UC NNI interact
with different mechanistic forms of RT (5) and that appropri-
ate combinations of UC series antivirals act synergistically to
inhibit HIV-1 replication (6). Continued development of this
class of NNI has resulted in UC781, which we have now shown
provides an effective chemical barrier to HIV-1 infection. The
present work involved virus-to-T-cell and T-cell-to-T-cell
transmission of HIV-1. For use in a vaginal microbicidal for-
mulation, UC781 must also be effective in preventing viral
infection of and transmission to epithelial cells. As UC781
readily penetrates cells, this is a likely possibility. We are pres-
ently carrying out studies to test the efficacy of UC781 in this
respect. Repeated use of UC781 as a microbicidal agent would
result in prolonged chronic exposure of sexually active women

FIG. 7. Time dependence of the UC781 antiviral protective effect. (A) Un-
infected MT2 cells were incubated for 18 h in the absence (O) or the presence
(®) of 2 uM UC781, and then the cells were isolated and cultured in the absence
of drug. At various times thereafter, HIV-1 was added and virus infectivity was
assessed by microscopic analysis of syncytium formation as described in Mate-
rials and Methods. Datum points are the averages from duplicate samples. (B)
Uninfected MT2 cells were incubated with 2 uM UC781 for 10 min (O), 30 min
(m), 60 min (), or 120 min (), the residual exogenous drug was removed, and
the cells were exposed to HIV-1. Virus infectivity was assessed by microscopic
analysis of syncytium formation as described in Materials and Methods and
compared with infectivity of cells that had not been treated with the drug (@).

to the compound. The exposure of uninfected healthy individ-
uals to UC781 could be justified only if this compound lacks
any toxicity and side effects at concentrations sufficient to pre-
vent HIV-1 transmission in vivo. Our work (Table 1) and that
of others (12) has shown that UC781 has low cytotoxicity in
vitro. We therefore feel that UC781 has excellent potential for
use in a retrovirucide or vaginal microbicide formulation, the
first NNI of HIV-1 RT to present this particular property.
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