
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Feb. 1991, p. 305-308 Vol. 35, No. 2
0066-4804/91/020305-04$02.00/0
Copyright ©) 1991, American Society for Microbiology

BI-RG-587 Is Active against Zidovudine-Resistant Human
Immunodeficiency Virus Type 1 and Synergistic with Zidovudine

DOUGLAS RICHMAN,'* ALAN S. ROSENTHAL,2 MARK SKOOG,2 ROBERT J. ECKNER,2
TING-CHAO CHOU,3 JOHN P. SABO,2 AND VINCENT J. MERLUZZI2

University of California, San Diego, and Veterans Administration Medical Center, San Diego, California 921611;
Boehringer Ingelheim Pharmaceuticals Inc., Ridgefield, Connecticut 068772; and

Memorial Sloan-Kettering Cancer Center, New York, New York 100213

Received 5 October 1990/Accepted 13 December 1990

A series of dipyridodiazepinones have been shown to be potent inhibitors of human immunodeficiency virus
type 1 (HIV-1) reverse transcriptase. The lead compound, BI-RG-587, had a 50% inhibitory concentration of
84 nM against HIV-1 reverse transcriptase activity. This compound reduced plaque formation of HIV-1 in
HeLa cells expressing the CD4 receptor by 50% at 15 nM. BI-RG-587 at comparable concentrations inhibited
the production of p24 antigen following the acute infection of CEM T-lymphoblastoid cells or primary human
monocyte-derived macrophages with HIV-1. No inhibitory effects against HIV-2 or against three picornavi-
ruses were detected. Zidovudine (3'-azido-3Y-deoxythymidine [AZT])-susceptible and AZT-resistant isolates of
HIV-1 were equally susceptible to BI-RG-587. AZT and BI-RG-587 exhibited synergistic inhibition of
HIV-1BRU at all concentrations examined.

Reverse transcriptase (RT) activity is essential for retro-
viral replication (6). Most effective inhibitors of RT have
been nucleoside analogs that are converted by cellular
enzymes to the 5' triphosphate which inhibits the essential
RT activity (14). The nucleoside analog, zidovudine (3'-
azido-3'-deoxythymidine [AZT]), can prolong survival, re-
duce morbidity, and delay disease progression in patients
infected with human immunodeficiency virus (HIV) (4, 5,
23). Despite the benefits documented in these studies, AZT
use is associated with toxicity (18), incomplete suppression
of viremia (7), and the emergence of drug-resistant strains of
HIV-1 (11, 19).
A series of dipyridodiazepinones, of which BI-RG-587 is

the lead compound, have been identified as nonnucleoside
inhibitors of HIV-1 RT (13). BI-RG-587 specifically inhibits
HIV-1 RT with exquisite specificity, not inhibiting human
DNA polymerases alpha, beta, gamma, and delta and RT
enzymes from other viruses (13). BI-RG-587 has also been
shown to inhibit the production of syncytia and p24 antigen
in T-cell lines infected with HIV-1 by using both laboratory
strains and isolates from infected individuals (13). The
present study extended this evaluation of BI-RG-587 to
additional host cell types, to additional isolates of HIV-1,
including AZT-resistant viruses, to HIV-2, and to the exam-
ination of synergism with AZT.

MATERIALS AND METHODS
HIV-1 RT. Recombinant HIV-1 RT was obtained from T.

Steitz of Yale University. The enzyme was assayed with 5
nM primer sites on poly(rC)-oligo(dG) and 450 nM [3H]dGTP
as substrates in a reaction mixture consisting of 50 mM Tris,
1 mM dithiothreitol, 2 mM MgCl2, 50 mM glutamic acid, and
0.02% (vol/vol) 3-[3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate at pH 7.8. After a 60-min reaction, prod-
ucts were precipitated by the addition of trichloroacetic acid
to 5%, harvested onto glass fiber filters, and quantified by
liquid scintillation counting. Inhibition was determined by
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comparison of the products formed in the presence or
absence of BI-RG-587. The 50% inhibitory concentration
(IC50) was calculated by nonlinear regression by using the
Sigmoid Emax model (8, 21).
Drug susceptibility assays by plaque reduction. HeLa cells

expressing CD4 (HT4-6C cells) (1) were used in a plaque
(syncytial focus) reduction assay with virus strains HIV-
1BRU and HIV-2ROD and patient isolates that were propa-
gated and whose titers were determined as previously de-
scribed (10, 11). Briefly, 24-well culture plates containing
HT4-6C cell monolayers were inoculated with virus in
various concentrations of AZT or BI-RG-587 in medium.
Duplicate wells were prepared for each dilution, and the
percent plaque reduction was based upon the control value
without drugs. The IC50 was calculated with the median
effect plot (2).
Drug susceptibility assay as measured by p24 production.

The reduction of HIV-lBRU p24 antigen production in CEM
T-lymphoblastoid cells (20) or of HIV-lBal,85 in primary
human monocyte-derived macrophages (9) was performed as
previously described, infecting the cells with a multiplicity of
infection of one 50% tissue culture infective dose per cell.
Culture supernatants were harvested at 72 h after infection
of CEM cells and 5 days after the infection of macrophages.
P24 antigen production was assayed by enzyme-linked im-
munosorbent assay (Abbott, North Chicago, Ill.). Duplicate
wells were prepared for each dilution of AZT and BI-RG-
587, and the percent reduction of supernatant p24 antigen
production was based upon the value from the control
without drugs.
Compounds. AZT was the gift of S. Lehrman, Burroughs

Wellcome. BI-RG-587 was synthesized at Boehringer Phar-
maceuticals Inc., Ridgefield, Conn. The synthesis, structure
and enzymatic activities have been reported elsewhere (13).
BI-RG-587 was dissolved in dimethyl sulfoxide, diluted
further in RPMI 1640, and used within 1 h. AZT was
dissolved in RPMI 1640 and frozen in aliquots at 1 mM.

Cytopathogenic effect assay with picornaviruses. HeLa cells
(CCL2 F 6333), rhinovirus 54 (VR-521), coxsackievirus A13
(VR-1019), and poliovirus type 1 (VR-192) were obtained
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TABLE 1. Reduction by BI-RG-587 and AZT of plaque
formation by HIV-1 and HIV-2a

BI-RG-587 (nM) AZT (nM)
Virus

IC50 IC90 IC95 IC50 IC90 IC95

HIV-1 16 450 710 30 710 2,000
HIV-2 >3,200 112 >3,200

a The data are representative of six experiments with similar results. The
o/ linear correlation coefficients (r values) of the median effect plots were

uniformly >0.95, most frequently >0.99.

BI-RG-587 should not affect replication of these viruses in
HeLa cells, because these viruses are not dependent upon

0.1 1.0 10.0 100.0 1000.0 10000.0 RT to replicate. As with HIV-2, none was inhibited by
BI - RG -587 Concentration (nM) BI-RG-587, but all three viruses were inhibited by more than

50% with 100 U of beta interferon per ml (data not shown).1. Effect of BI-RG-587 on HIV-1 recombinant RT. Single HIV p24 antigen production by both CEM T-lymphoblas-
ints of percent inhibition with triplicate values for each drug tId cel and priruman monocte or macrophas
tration are displayed (maximum inhibition, 100%), with an
84 nM based on nonlinear regression analysis with the was quantified in the presence of BI-RG-587. This compound84EM bmodel (8, 21). inhibited antigen production by the HIV-lBRU strain in CEMI Emax model (8, 21).

cells and by the HIV-lBalS85 strain in primary human mono-
cytes or macrophages at comparable concentrations of drug

ie American Type Culture and Collection, Rockville, (IC50 = 40 nM) (Table 2). The selectivity of the drug was
ne hundred 50% tissue culture infectious doses were marked. In CEM cells, proliferation and viability were
to 70% confluent HeLa cell monolayers with various unaffected at 32,000 nM and reduced 14% at 100,000 nM.
itrations of BI-RG-587 in medium. After 4 days in Isolates of HIV-1 from patients receiving prolonged ther-
the cytopathogenic effect was determined as previ- apy with AZT may exhibit drug resistance (11, 19). To

described (12, 22). Human fibroblast beta interferon examine whether AZT-resistant isolates would display cross
drchased from Lee Biomolecular starch, Inc., San resistance to BI-RG-587, paired isolates obtained from aiChasedifrom.Lee BiomolecularResearch, patient before and after prolonged therapy were examinedCalif.

frssetblt oB-G57 h slt htdslydaIysis of drug interactions. The degrees of synergism for susceptibility to BI-RG-587. The isolate that displayed an
tagonism were quantitatively determined by the me- at least 100-fold reduction in susceptibility to AZT displayed
fect principle and the isobologram technique by using no cross resistance to BI-RG-587 (Fig. 2). Two other isolates
nbination index calculation as described by Chou and highly resistant to AZT also retained their susceptibility to
2) and Chou and Talalay (3). The method involves the BI-RG-587 (data not shown).
^sion of dose-effect curves for each drug and for Because BI-RG-587 and AZT probably inhibit RT by
sdiluted fixed-ratio combinations of the agents into different mechanisms, it is possible that the two drugs act
dian-effect plot. The slope of the plot, which signifies synergistically and it is important to document that they do
ipe of dose-effect curve, and the x intercept of the plot not antagonize each other. BI-RG-587 and AZT were as-
the 50% effective dose), which signifies the potency of sayed alone and in combination at a wide range of concen-
ompound and their combination, were then used to trations in the plaque reduction assay utilizing HIV-lBRU.
te the combination index. The combination index BI-RG-587 and AZT inhibited HIV-1 synergistically, as
of <1, =l1, and >1 indicate synergism, additive effect depicted by the isobologram method (Fig. 3). For example,
otagonism, respectively (2, 3). Also, the data were the IC50 of AZT was 10 nM, and that of BI-RG-587 was 32
ed bv,the respelyorm techniauep w,hich dvalawate nM. In combination, 50% inhibition was attained with 0.3C4C1.Y1.%AL JY tS19 a%lJ%J%J,l 111 L%L, 1111114",, WLIIlkl WY1- UJLU L%

drug interactions by a dose-oriented geometric method (2,
3).

RESULTS

With recombinant HIV-1 RT, BI-RG-587 inhibited en-
zyme activity by 50% at 84 nM (Fig. 1). The antiviral activity
of BI-RG-587 and AZT against HIV-1 and HIV-2 were then
quantified with a plaque reduction assay. Both compounds
inhibited plaque formation by HIV-lBRU with IC50s of 16 nM
(BI-RG-587) and 30 nM (AZT) (Table 1). Ninety-five percent
inhibition was observed with 710 nM BI-RG-587 and 2,000
nM AZT. In contrast to the results with HIV-1, BI-RG-587
was inactive against HIV-2ROD (Table 1). Although HIV-2
was slightly less susceptible to AZT in this assay (IC50 = 143
nM), BI-RG-587 had no activity against HIV-2 at 3,200 nM.
BI-RG-587 was also tested on three picornaviruses (rhino-

virus type 54, poliovirus type 1, and coxsackievirus type
A13) for the inhibition of cytopathic effects in culture.

TABLE 2. Effect of BI-RG-587 on HIV-1 p24 antigen production
in CEM T-lymphoblastoid cells and primary human macrophages

Cell type and p24 (pg/ml) % Reduction IC50 (nM)

CEM
1,000 3,000 98
100 260,000 85 39
10 1,578,000 12
0 1,785,000 0

Macrophages
1,000 280 99
100 14,430 63 44
10 32,850 15
0 38,663 0

aCEM, CEM T-lymphoblastoid cells infected with HIV-1BRU; Macrophages,
primary human monocyte-derived macrophages infected with HIV-lBa 85.
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FIG. 2. Reduction by BI-RG-587 or AZT of plaque formation by
an AZT-susceptible (A102B) isolate and an AZT-resistant (AO12D)
isolate. The susceptible isolate with AZT (0) or BI-RG-587 (I) and
the resistant isolate with AZT (0) or BI-RG-587 (-) were obtained
from the same patient after an interval of 24 months of AZT therapy
(11).

nM AZT and 10 nM BI-RG-587 for a combination index of
0.24, which indicates significant synergism (2, 3). Synergism
was observed at all combinations of drug tested with con-

centrations ranging from 10 to 1,000 nM for BI-RG-587 and
from 0.3 to 100 nM for AZT (combination indices, 0.15 to
0.71).

DISCUSSION
BI-RG-587 represents a new class of compounds that

inhibit HIV-1 RT and are distinct from dideoxynucleoside
triphosphates and PPi analogs like foscarnet. BI-RG-587
inhibits production of p24 antigen and syncytia in c8166 cells
with a selectivity index of >8,000 (13). Enzyme reactions
have shown that this compound is a noncompetitive inhibitor
of HIV-1 RT while having no effect on the RT of simian
immunodeficiency virus or feline leukemia virus and human
DNA polymerases alpha, beta, gamma, and delta (13). The
data presented here extend these previous observations to
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FIG. 3. Isobologram plot of inhibition, by combinations of AZT

and BI-RG-587, of plaque production by HIV-1BRU in HT4-6C HeLa
cells. The line between the values for single drugs indicates the
values at which additive effects would occur. Values below and to
the left of the lines indicate synergy.

other cell types and other isolates of HIV-1, including those
that are resistant to AZT. BI-RG-587 was also inactive
against HIV-2 and picornaviruses. These data were not
unexpected, because this compound did not inhibit the RT of
simian immunodeficiency virus, a virus that has homology
with HIV-2, and preliminary data from our laboratories have
shown that BI-RG-587 did not inhibit HIV-2 RT. The selec-
tivity for HIV-1 and its polymerase in contrast to the
polymerases of human cells and of other viruses, including
HIV-2, is remarkable. For example, the proliferation and
viability of CEM cells were unaffected by BI-RG-587 at
32,000 nM.
The absence of antagonism between BI-RG-587 and AZT

and, in fact, the synergism observed were encouraging.
Combination chemotherapy for HIV infection has been
contemplated to increase efficacy and permit lower doses to
reduce toxicity, as well as to reduce the likelihood of the
emergence of drug resistance (17). It is not known whether
resistance to BI-RG-587 will develop. In vitro experiments
to address this question are in progress, although the assess-
ment of isolates during therapy would provide a more
rigorous and relevant test.
BI-RG-587 has a profile of activity similar to those of the

compounds reported by Pauwels et al. (16), for which
activity was seen against HIV-1 but not HIV-2. Recent
experiments have shown that BI-RG-587 is not toxic to bone
marrow progenitors (15), and initial studies directed toward
the metabolism, bioavailability, distribution, and pharmaco-
logical profile are favorable and indicate no adverse side
effects. Levels in plasma 100-fold higher than the in vitro
IC50 were observed in cynomologous monkeys after a single
oral dose of 20 mg/kg (data not shown). These results and
those of the activity shown in the present report are encour-
aging for the development of BI-RG-587 as an antiviral drug
for the treatment of HIV-1 infection in patients.
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