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N-[4-Chloro-3-(3-methyl-2-butenyloxy) phenyl]-2-methyl-3-furancarbothioamide (UC781) is an exception-
ally potent nonnucleoside inhibitor of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase. We
found that a 1:1 molar combination of UC781 and 3'-azido-3'-deoxythymidine (AZT) showed high-level synergy
in inhibiting the replication of AZT-resistant virus, implying that UC781 can restore antiviral activity to AZT
against AZT-resistant HIV-1. Neither the nevirapine plus AZT nor the 2',5'-bis-O-(¢-butyldimethylsilyl)-3'-
spiro-5"-(4"-amino-1",2"-oxathiole-2",2"-dioxide plus AZT combinations had this effect. Studies with purified
HIV-1 reverse transcriptase (from a wild type and an AZT-resistant mutant) showed that UC781 was a potent
inhibitor of the pyrophosphorolytic cleavage of nucleotides from the 3’ end of the DNA polymerization primer,
a process that we have proposed to be critical for the phenotypic expression of AZT resistance. Combinations
of UC781 plus AZT did not act in synergy to inhibit the replication of either wild-type virus or UC781-resistant
HIV-1. Importantly, the time to the development of viral resistance to combinations of UC781 plus AZT is
significantly delayed compared to the time to the development of resistance to either drug alone.

The conversion of viral genomic RNA into double-stranded
DNA is an essential step in the replication of human immu-
nodeficiency virus type 1 (HIV-1). This conversion is a multi-
step process that is catalyzed entirely by the viral enzyme
reverse transcriptase (RT). RT therefore provides an impor-
tant target for the development of anti-HIV chemotherapeu-
tics (13).

RT inhibitors can be grouped into two major classes. Dide-
oxynucleosides (ddNs) such as 3’-azido-3'-deoxythymidine
(AZT) and 2’,3'-dideoxy-3’-thiacytidine are substrate-like an-
alogs and inhibit the virus by competing with the natural de-
oxynucleoside triphosphate (dNTP) substrate for binding to
the catalytic site of RT (minor mechanism) and, once they are
incorporated into the nascent DNA chain, by terminating con-
tinued viral DNA synthesis due to the lack of a 3’ hydroxyl
moiety (major mechanism) (19). The second class comprises
the nonnucleoside RT inhibitors (NNRTIs), a structurally di-
verse assortment of compounds including nevirapine (24, 30),
TIBO (34), the pyridinones (18), and the carboxanilides and
thiocarboxanilides (3-7, 9, 28). NNRTIs act by binding to a site
on RT distinct from the catalytic site (14, 23, 37).

Since ddNs and NNRTIs interact with different sites on RT,
they may bind in a mutually nonexclusive manner; that is, both
ddNs and NNRTIs may simultaneously bind to the enzyme.
Accordingly, combinations of ddNs plus NNRTIs have the
potential to act synergistically to inhibit HIV-1 replication.
Although some investigators have reported synergy with com-
binations of ddNs plus NNRTIs in inhibiting wild-type (wt)
HIV replication (28, 41), others have found this inhibition to
be additive only (3, 4). Few studies have addressed the inhibi-
tion of antiviral agent-resistant HIV by combinations of ddNs
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plus NNRTIs, although in one report, a loss of synergistic
response to combinations of AZT plus other drugs was noted
with AZT-resistant HIV (11). These studies are often compli-
cated by the significant differences in the inhibitory potencies
of the compounds used in combination.

AZT and N-[4-chloro-3-(3-methyl-2-butenyloxy)phenyl]-2-
methyl-3-furancarbothioamide (UC781) have very similar an-
tiviral potencies (ca. 5 nM), thereby providing a useful system
to test whether combinations of ddNs plus NNRTIs can syn-
ergistically inhibit the replication of both wt and drug-resistant
HIV-1. Synergy of inhibition by a combination of a ddN plus an
NNRTI is unlikely when the combination is used against an
HIV strain resistant to one of the drugs in the combination.

In the present study, we examined the inhibitory potencies of
AZT alone, UC781 alone, and a 1:1 molar combination of
AZT plus UC781 against wt HIV-1, UC781-resistant HIV-1,
and AZT-resistant HIV-1. We found that a 1:1 molar combi-
nation of AZT plus UC781 showed very good synergy in in-
hibiting the replication of an AZT-resistant clinical isolate of
HIV-1, implying that UC781 “restored” the antiviral activity of
AZT against this virus. We also note that the time to the
development of HIV resistance to a 1:1 molar combination of
AZT plus UC781 is significantly delayed compared to that for
either drug alone.

MATERIALS AND METHODS

Virus strains. The wt HIV-1 strain used in this study was the HIV-IIlg
laboratory strain of HIV-1 obtained from the AIDS Research and Reference
Reagent Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases (courtesy of R. C. Gallo). The AZT-resistant variant (strain 691A) was
a viral clinical isolate from an AIDS patient treated with AZT monotherapy (35)
and possessed the K70R and T215Y mutations. The UC781-resistant variant was
developed during the present studies in our laboratories by in vitro methods that
we have described previously (16, 17). The UC781-resistant virus possessed
multiple mutations including K103T, V106A, and Y181C.

Other reagents. The CD4 " MT-2 cell line was purchased from the American
Type Culture Collection (Rockville, Md.). RPMI 1640 cell culture medium and
heat-inactivated fetal bovine serum were obtained from Canadian Life Technol-
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TABLE 1. Inhibition of wt and drug-resistant HIV-1 variants
by UC781, AZT, and a 1:1 molar ratio combination
of UC781 and AZT

HIV-III, ECs (nM)*

variant AZT UCTsl AZT plus UCT81
wt 53%1.25 104 =5 28+ 1.4
UC781 resistant 6.6 =33 16,600 = 2,300" 11.0 = 4.6
AZT resistant >2,500° 13.1 =4 3.8 +0.8

“ ECs, was assessed by measuring p24 antigen levels in culture supernatants
and by assessment of syncytium formation. The values are the means = standard
deviations from at least three separate experiments, each of which was carried
out in triplicate.

®UC781 showed no cytotoxic activity at concentrations up to 100 uM (the
highest concentration tested in these experiments).

¢ Concentrations of AZT higher than 2.5 uM were cytotoxic.

ogies/GIBCO (Toronto, Ontario, Canada). AZT was obtained from Sigma,
UC781 was kindly provided by W. G. Brouwer, Uniroyal Chemical Ltd. Research
Laboratories (Guelph, Ontario, Canada), nevirapine was provided by Boehr-
inger-Ingelheim, and 2',5'-bis-O-(t-butyldimethylsilyl-3’-spiro-5"-(4"-amino-
1”,2"-oxathiole-2",2"-dioxide (TSAO) was a gift from J. Balzarini (Rega Institute,
Leuven, Belgium). Details of the construction of plasmids for the expression of
both wt RT and mutant recombinant RT containing the D67N, K70R, T215F,
and K219Q mutations associated with AZT resistance have been provided else-
where (1, 20). Recombinant RT was expressed in Escherichia coli JM109, and the
p66-p51 heterodimers were purified by the rapid single-step method that we have
described previously (15). Both wt and mutant RTs had similar specific activities
(£10%) when assayed with [P’H]TTP and poly(rA)-oligo(dT) 5 ;.

Cell culture and virus replication. All cells were cultured in RPMI 1640
medium containing 10% fetal bovine serum. HIV-1 stocks were propagated by
subculture in CD4" MT-2 cells essentially as we have described previously (7).
Aliquots of the cell-free culture supernatants were used as viral inocula. Gen-
erally, an inoculum equivalent to a 50% tissue culture infective dose (TCID5) of
1 X 10* to 5 X 10* was used. Cells and virus were then incubated at 37°C, and
the culture medium was changed every 2 to 3 days. Virus production was assessed
by measurement of viral p24 antigen levels or RT activity in the culture super-
natants after various times of culture (usually 4 days postinfection). The cyto-
pathic effects of HIV infection were analyzed by microscopic assessment of
syncytium formation. The latter data were obtained by independent examination
of duplicate samples by two different investigators. Stock solutions of NNRTIs
were prepared in dimethyl sulfoxide (DMSO) and were stored at —20°C. Ali-
quots of the NNRTI stock solutions were added to culture media immediately
before use. The final concentration of DMSO in these working solutions was
0.1% or less. Control experiments showed that these concentrations of DMSO
had no effect either on virus infectivity or on cell viability. The 50% effective
concentrations (ECsys) for drug activity were calculated from dose-response
curves over a range of drug concentrations (each carried out in triplicate) as
described previously (7).

In vitro development of drug resistance by HIV-1. For the in vitro develop-
ment of drug resistance by HIV-1 we used an approach similar to that which we
have described previously (16, 17). Briefly, both AZT and UC781 have similar
ECss against replication of wt HIV-1. MT-2 cells (3 X 10° cells/ml) were
preincubated for 30 min with the appropriate concentration of drug and were
then infected with HIV ;5 (5 X 10° TCIDs5s). Twice weekly, one half of the cell
culture medium volume was replaced with fresh medium containing the same
concentration of drug(s). Once virus propagation was noted at a given drug
concentration (considered as the appearance of about 70% syncytium forma-
tion), 250 wl of undiluted clarified culture supernatant obtained from the HIV-
infected cells was added to 3 X 10° fresh MT-2 cells in a 1-ml final volume
containing a higher drug concentration (generally twice the previous concentra-
tion). This virus propagation cycle was repeated until virus was able to readily
propagate in the presence of high concentrations of the drugs. The ECs of each
drug or combination of both drugs against each resistant strain was determined
as we have described previously (7) and compared to that against the wt virus.
The combination index (CI) was calculated by using the program CalcuSyn
(Biosoft), based on the method of Chou and Talalay (10). In general, data from
three independent experiments, each of which was carried out in duplicate, were
used to calculate the CI values.

Analysis of mutations in RT associated with UC781 resistance. Cells were
infected with UC781-resistant HIV in the presence of drug. Genomic DNA was
purified from the infected cells (36), and HIV-1 proviral DNA was amplified by
PCR with Pfu polymerase (Stratagene, La Jolla, Calif.) and 18-nucleotide (nt)
primers that allowed amplification of the RT gene (5'-AAA GCA TTA GTA
GAA ATT TGT ACA GAG-3' and 5'-ATT GAA GAC ATA CAG TAA CTG
TCA GGT-3'). Sequencing was performed with the T7 Sequencing kit (Phar-
macia Biotech, Montreal, Quebec, Canada) and appropriate synthetic 18-nt
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primers corresponding to different regions of the HIV-1 RT gene. Sequencing
was carried out with proviral DNA from two independent experiments.

Analysis of in vitro pyrophosphorolysis reactions. Heteropolymeric RNA tem-
plate-primer (T-P) was prepared as described previously (1, 2, 20, 21) by using
the T7 polymerase RNA transcript from Accl-linearized plasmid pHIV-PBS (2)
as template and a synthetic 18-nt deoxyoligonucleotide (prPBS) that is comple-
mentary to the sequence of the tRNA™3 primer binding site. The prPBS primer
was 5’ end labelled with [y->?P]ATP and T4 polynucleotide kinase and was
purified by resolution on polyacrylamide gels followed by excision and elution of
the 18-nt 3?P-labelled product as described previously (21). The T-P for pyro-
phosphorolysis was prepared by annealing 5'-[**P]prPBS (80 nM) to the pHIV-
PBS RNA transcript (65 nM). The T-P was preincubated for 5 min at 37°C with
RT (26 nM p66-p51 heterodimer) in 50 mM Tris-HCI (pH 7.8; 37°C) containing
60 mM KCI and 10 mM MgCl,. Reactions were initiated by the addition of each
dNTP at a concentration of 50 pM (for measurement of reverse transcription) or
1 mM sodium pyrophosphate (for measurement of pyrophosphorolysis) in the
absence or in the presence of UC781. After various incubation times, the reac-
tions were stopped by the addition of an equivalent amount of sequencing gel
loading buffer comprising 98% deionized formamide, 10 mM EDTA, and 1 mg
each of bromophenol blue and xylene cyanol per ml. The samples were heated
at 100°C for 5 min and then run on a 16% polyacrylamide-7 M urea sequencing
gel. The resolved products were visualized by autoradiography.

RESULTS

Drug sensitivity of AZT-resistant and UC781-resistant HIV-
1. Both the AZT-resistant clinical variant (strain 691A) and the
in vitro-selected UC781-resistant HIV-1 strains were highly
resistant to the respective drugs (Table 1). However, the AZT-
resistant virus was as sensitive to UC781 as wt virus, and rep-
lication of the UC781-resistant virus was inhibited by AZT
equally well as replication of wt virus (Table 1); thus, cross-
resistance was not observed.

AZT and UC781 have similar antiviral potencies. Wild-type
HIV-1 was inhibited equally well by AZT, UC781, and a 1:1
molar combination of AZT plus UC781 (Table 1). Inhibition
of wt HIV by the combination of AZT plus UC781 was addi-
tive (Table 2), confirming previous observations (3, 4). Simi-
larly, UC781-resistant HIV was inhibited by AZT equally well
as wt virus was, but UC781-resistant HIV was insensitive to
UC781 alone (Table 1). As expected, a 1:1 molar combination
of AZT plus UC781 at any given nominal concentration was
less effective at inhibiting replication of this HIV strain than
AZT alone at the same nominal concentration.

Very different results were noted with AZT-resistant viral

TABLE 2. CIs for inhibition of wt and drug-resistant HIV-1
variants by AZT-NNRTI combinations

CI at the following

Virus Drug Ratio effective concn®:
combination
50% 75% 90%
wt UC781-AZT 1:1 1.1+03 08%=02 0.7+0.2
UC781 resistant UC781-AZT 11 1.0+x01 11x01 1.2x0.1
AZT resistant ~ UC781-AZT 1:1 03x0.1 025*0.1 0.2*0.05
(691A clini-
al isolate) Nevirapine-AZT 1:1 12%=03 12*02 14*03
5:1 1.8 1.5 1.3
10:1 0.5 0.5 0.6
TSAO-AZT 1:1 1.5 1.2 1.0
10:1 0.9 0.95 1.0

“ CIs were calculated by the method of Chou and Talalay (10). The values
reported are the means *+ standard deviation from at least three independent
experiments conducted with duplicate samples. Values without standard devia-
tions are the averages from two independent experiments conducted in dupli-
cate.
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FIG. 1. Concentration dependence of inhibition of AZT-resistant HIV-1
strain 691A by AZT alone (V), UC781 alone (O), and a 1:1 molar combination
of AZT plus UC781 (m). Each datum point is the average of duplicate measure-
ments; the figure presents data from three independent experiments, each of
which was carried out in duplicate.

strain 691A. This strain was highly resistant to AZT but was as
sensitive to UC781 as wt HIV was (Table 1). However, the
antiviral activity of a 1:1 molar combination of AZT plus
UCT781 against the 691A virus strain was significantly enhanced
compared to that noted with similar nominal concentrations of
UCT781 alone (Fig. 1). The combination of AZT plus UC781
showed high-level synergy in inhibiting the replication of the
AZT-resistant virus (Table 2). This implies (i) that AZT is
functioning against AZT-resistant virus replication under these
conditions and (ii) that UC781 therefore must restore antiviral
activity to AZT against AZT-resistant HIV-1. Little or no
synergy in the inhibition of AZT-resistant HIV-1 by combina-
tions of AZT with other NNRTIs such as nevirapine and
TSAO was noted (Table 2).

UC781 inhibits RT-catalyzed pyrophosphorolysis. The anti-
viral efficacy of ddN inhibitors such as AZT is due primarily to
chain termination of the nascent viral DNA (19). We have
recently found that HIV-1 RT containing mutations associated
with AZT resistance has an increased sensitivity to PP; (1).
This results both in decreased binding of AZT triphosphate
and in an increased pyrophosphorolytic cleavage of the 3'-
terminal chain-terminating nucleotide. UC781 was a potent
inhibitor both of DNA synthesis and of pyrophosphorolysis in
vitro catalyzed by wt RT or by the RT with the D67N, K70R,
T215F, and K219Q mutations (Fig. 2). The extent of inhibition
of these reactions is readily discerned by the intensity of the
starting 18-nt [**P]prPBS primer (denoted as RTPBS+0 in
Fig. 2). This UC781-mediated inhibition of RT pyrophospho-
rolysis presumably allows AZT to regain chain-terminating
activity against AZT-resistant virus in the presence of the non-
nucleoside inhibitor and enables AZT to contribute to the
overall inhibition of AZT-resistant HIV-1 exposed to combi-
nations of AZT plus UC781.

In vitro development of resistance to combinations of AZT
plus UC781. As seen in Fig. 3, HIV-1 readily develops high-
level resistance to either AZT or UC781 alone. The AZT-
resistant virus showed the K70R and T215Y mutations, where-
as the UC781-resistant virus possessed K103T, VO16A, and
Y181C mutations. In contrast, resistance to 1:1 molar combi-
nations of AZT plus UC781 develops in vitro much more
slowly and to a much reduced extent than resistance to either
drug alone. Sequencing of the proviral DNA produced follow-
ing infection with HIV partially resistant to combinations of
AZT plus UC781 revealed the following three mutations in the
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same clone: K103N, V118I, and Y181S. None of the regular
mutations conferring AZT resistance (M41L, K70R, and
T215Y) were noted in these viruses; this, however, may be due
to the fact that only low-level resistance to combinations of
AZT plus UC781 has so far been achieved.

DISCUSSION

AZT has widespread clinical use in the treatment of HIV-
infected and AIDS patients. Unfortunately, prolonged expo-
sures to antiviral agents inevitably leads to the emergence of
drug-resistant viruses (26, 29). This is particularly a problem in
individuals who have received antiviral monotherapy, as was
the case for AZT (12, 27, 32, 33, 38). Indeed, because of the
initial treatment with AZT monotherapy, AZT-resistant HIV
has become more prevalent, such that newly infected individ-
uals may be infected with AZT-resistant strains of HIV. This,
of course, presents considerable drawbacks for the continued
use of AZT in antiviral therapy.

UC781 is a tightly binding inhibitor of RT (6), a property
unique among the NNRTIs that have so far been described.
This tight binding may indicate a somewhat different mode of
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FIG. 2. Inhibition of HIV-1 RT-catalyzed pyrophosphorolysis by UC781. All
reaction mixtures contained 65 nM pHIV-PBS RNA and 5'-[**P]prPBS T-P
(prepared as described in Materials and Methods) and 26 nM p51-p66 recom-
binant wt or AZT-resistant RT. Other components of the individual reaction
mixtures are indicated by a plus sign. The final concentrations of these compo-
nents were dNTPs (dATP, dCTP, dGTP, and TTP at 50 wM each), sodium PP;
(NaPPi; 1 mM), and UC781 (1 nM). RT DNA synthesis reactions are those
containing dNTPs but no sodium PP;. Pyrophosphorolysis reactions are those
containing sodium PP; but no dNTPs. The extent of inhibition of these reactions
is readily discerned by the intensity of the starting 18-nt [**P]prPBS primer
(denoted as RTPBS+0). (A and B) Two different exposures of the same gel
provided to facilitate comparison of the different reactions. The exposure for
panel A emphasizes pyrophosphorolytic products, while that for panel B empha-
sizes the forward reaction DNA polymerization products. WT, reactions cata-
lyzed by recombinant wild-type RT; AZT-R, reactions catalyzed by recombinant
RT with the D67N, K70R, T215F, and K219Q mutations; Fp, full-length DNA
product (primer extended by 173 nt).
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FIG. 3. Development of HIV-1 resistance in vitro to AZT alone (¥), UC781
alone (O), and a 1:1 molar combination of AZT plus UC781 (m). The datum
points are averages of duplicate determinations from a representative experi-
ment.

interaction with the NNRTI binding pocket, consistent with
the observation that UC781 has excellent activity against
HIV-1 mutants resistant to other NNRTIs in vitro (4, 5, 9).
The AZT-resistant virus was not cross-resistant to UC781 and
vice versa. This is not surprising, because the mutations which
confer resistance to each of these two drugs occur in different
regions of RT (5, 9, 22, 26).

While some investigators have noted that combinations of
AZT plus NNRTIs act synergistically to inhibit replication of
wild-type (drug-sensitive) HIV-1 (28, 41), others have found
this inhibition to be additive only (3, 4). Our data support the
latter observation (Table 2). Importantly, we found that com-
binations of AZT plus UC781 showed high-level synergy in
inhibiting the replication of AZT-resistant HIV-1 (Fig. 1; Ta-
ble 2), implying that UC781 was somehow restoring the ability
of AZT to act against AZT-resistant virus. To our knowledge,
this is the first reported example of the restoration of AZT
sensitivity to an AZT-resistant virus by use of a combination of
AZT plus an NNRTIL. It is important, however, that our results
were obtained with an AZT-resistant clinical isolate possessing
the K70R and T215Y mutations. Similar data have been ob-
tained with recombinant HIV containing the D67N, K70R,
T215F, and K219Q mutations (unpublished data). However,
we have not yet tested whether UC781 is able to restore the
activity of AZT against a range of AZT-resistant mutant HIV-
1, such as those with only the T215Y mutation or the M41L
plus T215Y mutations. These studies are in progress.

The phenotypic mechanism of resistance to ddNs such as
2',3'-dideoxy-3’-thiacytidine, dideoxyinosine etc., generally in-
volves a decreased ability of the RT to bind to the inhibitor (20,
40). AZT resistance is unusual in that decreased binding does
not appear to be the major factor in the resistance mechanism.
Indeed, RT containing mutations associated with AZT resis-
tance is as sensitive as wt RT to inhibition by AZT triphos-
phate in standard in vitro enzyme assays (25, 39). However, we
have recently found that AZT resistance results in large part
from RT-catalyzed pyrophosphorolytic removal of chain-ter-
minating AZT after its incorporation into the nascent DNA
strand (1). While wt and AZT-resistant HIV strains may show
similar rates of incorporation of chain-terminating AZT, the
AZT-resistant viral RT is more effective in subsequently re-
moving it. The pyrophosphorolytic removal of the terminal
AZT allows continuation of forward viral DNA synthesis. We
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found that UC781 was a potent inhibitor of in vitro pyrophos-
phorolysis carried out by both wt and AZT-resistant RT (Fig.
2). We propose that it is the inhibition of this activity by UC781
that allows AZT to again function as a chain terminator with
AZT-resistant virus.

The rapid emergence of resistant HIV mutants represents a
formidable challenge to the development of anti-HIV drugs
(31). The time to the development of HIV resistance in vitro to
UCT781 alone is significantly delayed compared to the time to
the development of HIV resistance to other carboxanilide
NNRTIs such as UC84 and UC38 (8). This is not due to a
decreased “fitness” of UC781-resistant HIV, since this resis-
tant virus replicates as well as wt HIV (data not shown). The
delayed resistance may be due to the need for multiple muta-
tions in RT to achieve high-level resistance to UC781 (5, 9).
High-level resistance to AZT also requires multiple mutations
in HIV RT (22, 26). The development of in vitro viral resis-
tance to a 1:1 molar combination of AZT plus UC781 was
significantly attenuated both in rate and in extent compared to
those for either drug alone (Fig. 3).

The delayed development of resistance to combinations of
AZT plus UC781 may be due to the fact that high-level resis-
tance to each of AZT and UC781 requires multiple mutations
in HIV-1 RT (5, 9, 22, 26). However, it is interesting that none
of the common mutations associated with AZT resistance ap-
pear in virus with partial resistance to combinations of AZT
plus UC781. The V1181 mutation noted in these virus is so far
unreported. Site-specific mutagenesis experiments are neces-
sary to confirm the role of this mutation in resistance to the
combination of AZT plus UC781. It is possible that the nu-
merous mutations required for resistance to the combination
might have a detrimental effect on RT activity, possibly result-
ing in a virus with a decreased ability to replicate. Our inability
to generate high-level viral resistance in vitro in the extended
time frame of our experiments may be consistent with this
possibility. Since resistance to AZT seems to develop more
quickly in vitro than resistance to UC781 and since UC781 acts
to restore the activity of AZT against AZT-resistant virus, it is
possible that resistance to both drugs may not readily develop
in the same virus strain without a concomitant reduction in
replication capacity. We are using site-specific mutagenesis to
test this hypothesis.
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