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Bisheteroarylpiperazine compounds are nonnucleoside reverse transcriptase inhibitors of human immuno-
deficiency virus type 1 (HIV-1). To provide a rationale for combination therapy with a second-generation
bisheteroarylpiperazine, we investigated the effect of U-90152 in combination with 3'-azido-3’-deoxythymidine
(AZT) or 2',3'-dideoxycytidine (ddC). HIV-1-infected cells were cultured in the presence of test compounds,
and drug effects on p24 core antigen production were measured by an enzyme-linked immunosorbent assay. In
a CD4* T-cell line (H9) infected with HIV-1,;,5, the 50% effective concentrations for U-90152, AZT, and ddC
were 6.0, 80.4, and 31.8 nM, respectively. In human peripheral blood mononuclear cells infected with the
molecularly cloned clinical isolate HIV-1;¢csr, the 50% effective concentrations for U-90152, AZT, and ddC
were 5.3, 5.9, and 25.0 nM, respectively. Over a range of drug concentrations (U-90152 and AZT at 0.3, 1, 3,
10, and 30 nM; ddC at 3, 10, 30, and 100 nM), U-90152 in combination with AZT or ddC synergistically
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inhibited the replication of a laboratory-adapted strain and a clinical isolate of HIV-1.

The bisheteroarylpiperazine (BHAP) class of compounds
has been shown to inhibit the reverse transcriptase (RT) of
human immunodeficiency virus type 1 (HIV-1) and block
HIV-1 replication in culture cells (1, 3, 7, 8, 28, 33). The
BHAPs belong to a structurally diverse group of compounds
known as the nonnucleoside RT inhibitors. These compounds
inhibit the HIV-1 RT by binding to a common region of the
enzyme away from the substrate binding site (8, 12, 33). In
contrast, nucleoside analog inhibitors, such as 3'-azido-3'-
deoxythymidine (AZT), 2',3'-dideoxyinosine, and 2',3'-dide-
oxycytidine (ddC), mimic the normal deoxynucleotide triphos-
phate substrate for RT and thus act as chain terminators
during proviral synthesis (31). Other nonnucleoside RT inhib-
itors include dipyridodiazepinones (nevirapine) (18, 23), pyr-
idinones (L-697,661) (12), thiobenzimidazolone compounds
(TIBO Ro082150) (25), and the more recently reported TSAO
[2',5' -bis-O-(tert-butyl-dimethylsilyl)-3’-spiro-5"-(4"-amino-
1”,2"-oxathiole-2",2"-dioxide)pyrimidine] and HEPT {1-[(2-hy-
droxyethoxy)methyl]-6-(phenylthio)thymine} compounds (2,
32).

Drug-resistant HIV-1 can emerge as a result of treatment of

HIV-1-infected individuals with a nucleoside RT inhibitor,
such as AZT (21), and also when a laboratory strain of HIV-1
is passaged in cell culture in the presence of increasing
amounts of AZT (20). Similar in vitro findings have been
reported for the nonnucleoside RT inhibitors (12, 23). There-
fore, much research has been directed toward therapy with
combinations of various anti-HIV agents (13). Several investi-
gators have reported synergistic inhibition of HIV-1 replica-
tion in cell cultures by combining AZT with various nucleoside
(7, 11) and nonnucleoside RT inhibitors (12, 27). When
combined with AZT, a first-generation BHAP, U-87201, was
reported to be synergistic against AZT-resistant isolates, but
showed only additive effect against AZT-susceptible isolates.
The chemistry and biology of a second-generation highly
potent BHAP compound, U-90152 {1-(5-methanesulfon-
amido-1H-indol-2-yl-carbonyl)-4-[3-(1-methyl-ethylamino)pyr-
idinyl] piperazine, methanesulfonate}, have been recently de-
scribed (9, 29). Currently, U-90152 is undergoing clinical
evaluation both as single therapy and in combination with AZT
and other nucleoside inhibitors. To provide a rationale for
combination therapy with this second-generation BHAP, we

TABLE 1. Comparison of antiviral activities of U-90152 in cell culture with those of AZT and ddC*

U-90152 AZT ddC
HIV-1 isolate Cell type
ECso ECyo ECso ECyo ECso ECy
I11B H9 6.0 =20 45.0 = 16.0 80.4 = 60.0 1,575.2 + 1,440 31.8 + 14.0 206.2 + 148.0
(4-8) (26-65) (38-123) (437-2,713) (13-47) (81-435)
JRCSF PBMC 5340 393 = 16.0 59 +40 19.0 = 5.0 25.0 = 9.0 152.7 + 83.0
(1-8) (1847) (3-10) (16-25) (17-34) (102-248)

“ Data represent mean ECs, and ECy, values in nanomoles + standard errors of the means of five separate experiments (each using three replicate wells) for
HIV-1,;5/H9 determinations and three experiments for HIV-1,gs/PBMC determinations. Values in parentheses are the ranges of values.

* Corresponding author. Mailing address: Upjohn Laboratories, 301
Henrietta St., Kalamazoo, MI 49001. Phone: (616) 385-7007. Fax:
(616) 385-6492.
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investigated the effect of U-90152 in several combination ratios
with AZT or ddC in H9 cells acutely infected with HIV-1,;;5
(HTLV ;) and in human peripheral blood mononuclear cells
(PBMC) infected with a molecularly cloned clinical isolate,
HIV-1;gcsp-

MATERIALS AND METHODS

Compounds. Stocks of AZT and ddC (Sigma), as well as
U-90152 (Upjohn Laboratories, Kalamazoo, Mich.), were pre-
pared as 10 mM stocks in dimethyl sulfoxide and maintained at
—170°C.

Virus and cells. The following reagents were obtained
through the AIDS Research and Reference Reagent Program,
Division of AIDS, National Institute of Allergy and Infectious
Diseases, National Institutes of Health. HIV-1,zsr came
from Irvin Chen. H9 cells and HTLV ;;5/H9 came from Robert
Gallo; MT-4 cells came from Douglas Richman. HIV-1;g s
was selected because it retained properties similar to those of
primary patient isolates, such as replication only in primary
human lymphocytes or mononuclear phagocytes (19). Stock
viruses were harvested as culture supernatant: HIV-1,zcsp
was from infected primary human PBMC culture, and
HIV-1,,,g was from infected H9 cells. The 50% cell culture
infective dose per milliliter was determined in MT-4 cells by
the detection of cytopathic effect and confirmed by p24 assay
on day 5 after virus infection.

Antiviral assay. H9 human T-lymphocytic cells were grown
in RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum. Human PBMC were obtained from fresh plas-
mapheresis preparations taken from HIV-1-seronegative do-
nors and prepared by density gradient centrifugation with
Ficoll-Hypaque (Organon Teknika, Durham, N.C.). Nonad-
herent cells were collected and incubated for 3 days in culture
medium containing 4 pg of phytohemagglutinin per ml. The
activated lymphoblasts were cultured in antiviral assay medium
containing natural human interleukin-2 (64 U/ml; Pharmacia).
H9 cells and PBMC assays were set up as described previously
(4). Under our experimental conditions and without change of
culture media, uninfected PBMC reached a peak cell number
(1.85 X 10° cells per ml) on day 5 after seeding and showed
93.4% survival on culture day 7. The percent inhibition of HIV
replication by the compound was determined by comparing
HIV p24 antigen levels in the supernatant of infected cells
treated with inhibitor with those in supernatant from the
control cultures without compound.

Combination studies. The inhibition of HIV replication by
combinations of U-90152 and AZT or ddC was evaluated in
experiments involving either single or multiple molar ratios of
the drugs. For an experiment involving multiple ratios, four to
five concentrations of each drug (U-90152 and AZT at 0.3, 1.0,
3.0, 10.0, and 30.0 nM; ddC at 3.0, 10.0, 30.0, and 100 nM), or
drug combinations, were assayed in a checkerboard manner.
At the most relevant drug interaction ratios, three to four
datum points for each molar ratio were available for analysis.
With a computer software program (5), combination indices
(CI) were calculated by the multiple drug effect equation of
Chou and Talalay (6), assuming a mutually nonexclusive drug
interaction condition. The CI values at various fractional
inhibitions (50, 90, and 95%) were used to determine whether

FIG. 1. Drug interaction analysis of ddC and U-90152 in acutely
infected H9 cells (experiments 1 and 2) and PBMC (experiment 3).
The amount of synergy is represented by the height of bars in the
graphs.
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TABLE 2. Volumes of synergy and CI values for two-drug combination regimens of U-90152 with AZT or ddC against HIV-1 replication in
H9 cells and in PBMC

CI“ at % inhibition

b
Expert Cell type and virus Combination (ratio) p - ~ g Of Synergy at
1 HY; HIV-1,,5 U-90152 plus ddC 2208
1:1 0.68 0.57 0.57
1:3 0.52 0.62 0.67
1:10 0.34 0.89 1.32
2 HY; HIV-1,;5 U-90152 plus ddC 234.6
1:1 0.33 0.38 0.45
1:3 0.24 0.45 0.63
1:10 0.30 0.40 0.46
3 PBMC; HIV-1,pcsr U-90152 plus ddC 820
1:1 0.66 0.46 0.45
1:3 0.57 0.38 0.37
1:10 0.14 0.65 1.26
4 PBMC; HIV-1,pcsr U-90152 plus AZT 3720
1:1 0.42 0.38 0.39
1:3 0.20 0.47 0.68
31 0.21 0.53 0.78
5 PBMC; HIV-1,rcsr U-90152 plus AZT 202.9
11 0.29 0.51 0.64
1:3 0.56 0.73 0.82
31 0.19 0.49 0.72

4 CI values of <1, 1, and >1 indicate synergism, additive effects, and antagonism, respectively.
& Volume of synergy was computed from a surface area plot of percent drug interaction versus drug concentrations. Values of between 50 and 100 £xM2% indicate

moderate synergy whereas values greater than 100 pM2% indicate strong synergy.

the combinations were synergistic (CI at 50% < 1), additive
(CI at 50% = 1), or antagonistic (CI at 50% > 1). Drug
interactions were also analyzed by the method of Prichard and
Shipman (26) employing the MacSynergy computer program
(C. Shipman, University of Michigan). The amount of synergy
observed with combinations of the two compounds is repre-
sented by the height of bars in the graph when the percentage
of drug interaction is plotted versus drug concentrations.
Additive levels were subtracted out by the program and are
represented by the floor of the graph. The extent of synergistic
interaction can be quantitated by the computation of the
volume of synergy from a surface area plot of the same data.

Assay of cytotoxicity. The cytotoxicities of the compounds in
uninfected H9 cells and in PBMC cultures were evaluated by
counting viable cells by the trypan blue exclusion method and
by measuring the formation of formazan, a tetrazolium dye, in
a 3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma) assay (24). Cytotoxicity assays were per-
formed by incubating uninfected cells in the presence of the
highest concentrations of the drugs tested, individually and in
combination for a period of 5 and 7 days under conditions
similar to those for antiviral assays.

RESULTS

Effects of U-90152, AZT, and ddC alone on HIV replication
in PBMC and H9 cells. We first determined the antiviral effect
of U-90152 in comparison with AZT and ddC in acutely
infected PBMC and in H9 cells. In H9 cells acutely infected
with a laboratory-adapted HIV-1,;;5, U-90152 showed a dose-
dependent inhibition of HIV-1 with mean 50% effective con-
centration (ECsy) and EC,, values of 6.0 and 45.0 nM,
respectively (Table 1). In human PBMC cultures acutely
infected with the clinical isolate HIV-1;g sy, U-90152 showed
similar activities with EC5, and ECy values of 5.3 and 39.3 nM,
respectively. Thus, U-90152 was active in a T-cell line infected
with a laboratory-adapted HIV-1 and also in primary target

cells (PBMC) infected with a clinical isolate. As expected,
AZT was less active in H9 cells, which is thought to reflect a
poorer phosphorylation into its active triphosphate by these
cells. The activity of ddC was marginally less in H9 cells,
whereas U-90152 was equally active in H9 and in human
PBMC. We also determined the toxicity of these compounds to
the cell type used in this study. U-90152, AZT, and ddC
showed 50% cytotoxicity at concentrations greater than 100
pM in H9 and PBMC cultures (data not shown). Thus, the
selectivity index of U-90152 is about 20,000 in human PBMC,
which is similar to that of AZT and about five times better than
that of ddC. From these data, optimal concentration ranges of
U-90152, AZT, and ddC that would best demonstrate drug
interactions in the subsequent combined therapy experiments
under similar assay conditions were selected.

Effects of U-90152 and ddC combinations in H9 cells. We
studied the effects of combinations with these two drugs on
HIV-1 replication and also on potential cytotoxicity of these
agents to H9 cells. Combinations of U-90152 and ddC in the
dose range tested were consistently more effective than either
agent alone. Analysis by the MacSynergy program indicated
strong synergistic interactions at the 95% confidence level (Fig.
1 and Table 2).

The dose effects for each single agent and the combination
were used to make a median effect plot. From this, we
computed CI at combination ratios of U-90152 to ddC of 1:1,
1:3, and 1:10 because this reflected U-90152 as a more active
compound than ddC and reflected that both compounds were
evaluated with a similar activity range. Synergistic interactions
at these molar ratios were observed with CI of <1 at 50, 90,
and 95% effective doses (Table 2, experiments 1 and 2). At the
1:10 combination ratio, one of the experiments showed a CI
value of >1 at the 95% inhibition level. However, the Mac-
Synergy program indicated that there was no antagonism at the
95% confidence level in any of the test ratios (Fig. 1). We
observed no antiproliferative activity and toxicity to cultured
cells with either of these single agents or their combinations.
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Thus, the enhanced antiviral activity observed was not related
to effects resulting from the combination of the agents on cell
proliferation. The concentrations of each agent (U-90152 in
test ranges from 0.3 to 30 nM and ddC at 3 to 100 nM) used in
the combination experiments were about 1,000-fold less than
their toxicity concentration (data not shown).

Combinations of U-90152 and ddC in PBMC. To extend
these findings to a clinical isolate, we evaluated combination
therapy against the replication of HIV-1;pgr in human
PBMC. At dose ranges of each compound tested similar to
those above, the combination of U-90152 and ddC in PBMC
was also more active than either agent alone. This effect was
synergistic at the 95% confidence level over a range of
concentrations of the two inhibitors as analyzed by MacSyn-
ergy and demonstrated CI values of <1 at the ratios shown
(Table 2, experiment 3). We also noted a CI value of >1 at the
1:10 ratio in this PBMC assay (Table 2). However, the analysis
of all test combination ratios by MacSynergy indicated no
statistically significant antagonism (Fig. 1, experiment 3). As
with the H9 cells, these compounds and their combinations
also did not show antiproliferative effect or cytotoxicity to
PBMC culture.

Combinations of U-90152 and AZT in PBMC. AZT was
about 10 times less active than U-90152 in our H9 cell assay. In
fixed-ratio experiments with a ratio of U-90152 to AZT of 1:10,
we noted synergy (CI < 1) at 50, 90, and 95% effective doses
(data not shown). For a more detailed analysis of the combi-
nation effect of U-90152 with AZT, we used as target cells
human PBMC infected with the clinical isolate HIV-1,3cgr-
Since U-90152 and AZT were equally active in our PBMC
antiviral assays, we assayed each drug at 0.3, 1.0, 3.0, 10.0, and
30 nM in a checkerboard manner to allow for combinations of
comparable activity from each agent. These data were analyzed
by the MacSynergy program, which indicated strong synergistic
interactions at the 95% confidence level (Fig. 2 and Table 2).
Analysis of CI also indicated synergistic interactions (CI < 1)
at the molar ratios of U-90152 to AZT of 1:1, 1:3, and 3:1
(Table 2, experiments 4 and 5).

DISCUSSION

We showed that U-90152 in combination with AZT or ddC
over a range of concentrations of each inhibitor synergistically
inhibited HIV-1 replication in cell cultures. We analyzed the
effects of drug interactions by the CI method of Chou and
Talalay (6) and the MacSynergy program of Prichard and
Shipman (26). The CI method has been widely used in
combination studies involving various inhibitors of HIV-1
replication, including nucleoside and nonnucleoside RT inhib-
itors (7, 11, 12, 15, 16, 32). However, the existing CI program
did not provide computation for the extent of synergy and for
a statistical analysis of the observed synergy. Therefore, we
have also analyzed our data by the Prichard and Shipman
approach. Both methods of synergy analyses indicated that the
combination of U-90152 with AZT or ddC consistently showed
synergy against drug-susceptible virus. When U-90152 and ddC
were combined at a 1:10 ratio in the HIV-1,;,5/H9 assay and in
the HIV-1;rcse/PBMC assay, we noted CI values of >1 in two
of three experiments at only the 95% inhibition level, which
may indicate an antagonistic effect (Table 2). We are not clear
whether this effect (CI of about 1.3) is due to experimental
variations or alternately to the computation of CI. However,
we believe that this indication of antagonism was probably not
significant because the MacSynergy program indicated no
significant (95% confidence level) antagonism in these exper-
iments at all levels of viral inhibition.
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FIG. 2. Drug interaction analysis of AZT and U-90152 in acutely
infected PBMC.

To the best of our knowledge, this is the first description of
a synergistic effect of the combination of a BHAP compound
with AZT or ddC against drug-susceptible HIV strains. Re-
cently, Campbell et al. reported that BHAP U-87201 when
combined with AZT synergistically inhibited the replication of
an AZT-resistant isolate. However, they observed only an
additive effect with the combination when tested against
AZT-susceptible isolates (3). It is not clear whether this
discrepancy is due to some properties of the clinical isolates or
to the use of a different BHAP in that study. However, our
finding of synergy in the antiviral assay was consistent with the
reported synergistic effects of combinations of BHAP (U-
85961) and AZT triphosphate or ddTTP on inhibition of
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purified HIV-1 RT (28). Other nonnucleoside RT inhibitors
such as nevirapine (27) and pyridinone L-697,639 (13) have
also been reported to possess synergistic antiviral effects when
combined in vitro with various nucleoside inhibitors including
AZT. The synergistic effect that we demonstrated may also
account for the finding that the combination of BHAP and
AZT resulted in a more complete inhibition of HIV-1 spread
in HIV-1,;,g-infected MT4 cells (9).

Recent clinical evaluation indicated that combination ther-
apy with AZT and ddC was more effective than therapy with
single agents (22). For this drug combination, clinical results
appeared to correlate with in vitro data obtained in cell culture
experiments on synergy (11). The BHAP is likely to be an
important additional anti-HIV agent because it may have
antiviral activity different from that of other nonnucleoside RT
inhibitors. This is indicated by a recent report that HIV-1
resistance to the BHAPs appeared to result from RT muta-
tions that are different from RT mutations associated with
resistance to other nonnucleoside inhibitors (10). Therefore,
our findings that BHAP U-90152 acts synergistically with
nucleoside RT inhibitors in vitro provide a strong argument for
a combination therapy for patients with HIV-1 infection with
the BHAPs and nucleoside analog RT inhibitors.

It should be pointed out that when BHAP U-90152 is
administered orally to normal or HIV patients at 200 to 400
mg/kg of body weight, three times a day, the observed peak
plasma concentrations were 30 to 50 wM and trough concen-
trations were 1 to 5 pM (data not shown). With intravenous
doses of 5 mg/kg or oral doses of 10 mg of AZT per kg, plasma
concentrations were maintained at above 1 pM in HIV-
infected patients (17). Thus, the concentrations of the drugs we
employed to show in vitro synergy are much lower (1 to 30 nM
for U-90152 and AZT) than the plasma concentration that can
be achieved in the patients. This may imply that similar
antiviral effects may be achievable in the clinical situation.
However, at this time, we do not have data on the distribution
of BHAP compounds to various tissues and target cells and
whether intracellular levels of BHAP are directly dependent
on plasma levels. Until the clinical results are known, caution
should be used in extrapolating in vitro findings to in vivo
situations because of the involvement of complex host and viral
factors, such as viral burden and the existence of viral reser-
Voirs.
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