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Abstract

In the search for new antiviral agents against human immunodeficiency virus, different
members of two imidazoheterocycle families (imidazothiazoles, imidazopyridines) have been
found to display potent inhibitory effects on the replication of HIV-1. Three of these
derivatives, which show significant anti-HIV-1 activity, have been chosen for further studies.
The analysis of these compounds and their comparison to AZT and TIBO revealed that these
bicyclic imidazo derivatives represent a class of highly specific inhibitors of HIV-1, but not of
HIV-2 or simian immunodeficiency virus (SIV). Their inhibition of HIV-1 is mediated through
interaction with the reverse transcriptase (RT). The mechanism of action of these bicyclic
imidazo derivatives may be similar to that of the other non-nucleoside RT inhibitors
(NNRTISs).
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1. Introduction

Since the causative agent of the acquired immunodeficiency syndrome AIDS was
identified in 1983, different iukhibitors of the reverse transcriptase (RT) of HIV have
been discovered. Two main classes of compounds emerged from the studies: (1) the
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nucleoside RT inhibitors — AZT (Zidovudine), and various other nucleoside analo-
gues such as ddI or ddC —; and (2) the non-nucleoside RT inhibitors (NNRTIs).
Although AZT, the first approved drug for the treatment of HIV, does prolong
survival in AIDS patients (Cooper et al., 1993; Vella et al., 1994), its use is com-
pounded by serious side effects and the emergence of AZT-resistant HIV-1 mutants
(Kellam et al., 1992; Mohri et al., 1993; Shirasaka et al., 1993). By contrast, the
administration of AZT to asymptomatic patients seems not to be of much benefit
for them (Aboulker, J.P. and Swart, A.M., 1993).

Concerning NNRTIs, disheartening results from the preliminary clinical trials of
some derivatives show the rise of drug-resistant variants, only a few weeks after
beginning the treatment (Saag et al., 1992). Under these circumstances, novel che-
motypes of anti-HIV agents are of great interest. The screening strategy we have
adopted led us to the discovery of a new class of anti-HIV-1 compounds: bicyclic
imidazo derivatives (imidazothiazoles and imidazopyridines).

In this paper, in which the activity of various members of these imidazohetero-
cycle families on the replication of HIV-1 in vitro is examined, we demonstrate that
three compounds show a potent anti-HIV-1 activity.

2. Materials and methods
2.1. Compounds

The bicyclic imidazo derivatives have been synthesized by Synthelabo Recherche.
TIBO (R 82913) and AZT were purchased from JANSSEN and SIGMA, respec-
tively. Compounds were dissolved in DMSO and then serially diluted in RPMI 1640
medium. The control cultures received the same volumes of DMSO, never exceeding
1%.

2.2. Cell culture and virus infections

The cell cultures were maintained at 37°C in 5% CO,. The effects of the com-
pounds on the replication of HIV in MT-4 cells, CEM-SS cells, human PBMC,
human monocyte-macrophages and chronically-infected U1 cells, were studied. The
following reagents were obtained through the AIDS Research and Reference Re-
agent Program, Division of AIDS, NIAID, NIH: Ul from Dr. Thomas Folks,
CEM-SS from Dr. Peter Nara and HIV-1g,1 from Dr. Suzanne Gartner.

In the first test, the activity of the compound against HIV-1y;;, was based on the
inhibition of virus-induced cytopathogenicity in MT-4 cells. Cells were infected with
HIV-1yy, isolate at 5 times the tissue culture infective dose 50 (TCIDsg), which was
determined by evaluating the RT activity released from MT-4-infected cells after 5
days), a virus dose which decreases the number of viable cells by 90% within 5 days.
After adsorption at 37°C for 30 min, infected cells were adjusted to 2 x 10° cells/ml
in RPMI 1640 medium supplemented with 20% heat-inactivated fetal calf serum
(FCS), 100 IU/m]l penicillin, 100 ug/ml streptomycin, 2 mM glutamine, and seeded



C. Moog et al.|Antiviral Research 24 (1994) 275-288 277

in 96-well flat-bottom tissue culture plates (COSTAR 3596) (100 ul/well) with 100 ul
of the compound at various concentrations. On day 5, cell viability was measured
with the colorimetric reaction (MTT) based on the capacity of mitochondrial dehy-
drogenase of living cells to reduce 3-(4,5-dimethylthiazol-2yl)-2.5 diphenyl tetrazo-
lium bromide into formazan. The quantity of formazan produced and measured at
an optical density (OD) of 540 nm was correlated with the number of hving cells
(Pauwels et al., 1988). The percentage of protection of infected cells treated with the
compound was calculated according to the formula proposed by Pauwels et al.
(1988):

% Protection =

[ODs4q of infected cells treated with the compound] — [ODs4q of control-infected cells]

[ODs4 of control-uninfected cells] — [ODs4g of control-infected cells]

The 50% inhibitory concentration (ICsg) is the concentration of a compound con-
ferring 50% protection.

The assay procedure for measuring the anti-HIV-1 activity of compounds in
CEM-SS cells was based on a quantitative detection of reverse transcriptase (RT)
activity in the culture supernatant. CEM-SS cells were infected with the HIV-1 LAI
isolate at 20 TCIDs, (evaluated by using the same determination as described
above). After adsorption for 30 min, the cells were washed twice to remove unad-
sorbed virus particles and cultured at a 10° cells/ml final concentration in the pre-
sence of various dilutions of the test compounds. On day 5 following virus infection,
the RT activity in the supernatant was measured as described below.

For the detection of anti-HIV activity in PBMC, phytohemagglutinin-stimulated
PBMC were infected with various doses of HIV-1y;p isolate or HIV-2gop (Clavel et
al., 1986), HIV-2p194 (Kunel et al., 1989), HIV-2;¢5s (Kunel et al., 1989) or SIV .01
(Daniel et al., 1985). After virus adsorption for 30 min, the cells were washed and
then cultured with the compounds at 0.4 x 10° cells/ml in RPMI 1640 with 10% FCS
and 20 U/ml IL-2 (Boehringer-Mannheim). On day 5, half of the medium was
removed and replaced by fresh medium containing the appropriate dilutions of the
test compounds. After 7 days, the virus released from the cells was evaluated by the
RT assay.

Cytotoxicity of the compounds was evaluated in parallel with their antiviral ac-
tivity for all cell types used. It was based on the viability of mock-infected cells, as
determined by the MTT method. The 50% cytotoxic dose (CCsp) is the concentra-
tion at which ODs4 was reduced by half.

2.3. Chronically-infected Ul cells

The activation of HIV-1 expression in Ul cells may be induced by PMA, TNF-«
or IL-6 (Kalebic et al., 1991). In order to study the effect of our bicyclic imidazo
derivatives on PMA-, TNF-a-, or IL-6-mediated induction of HIV-1 expression, Ul
cells were pretreated with various concentrations of the test compounds for 6 h at
37°C in 5% CO,. Then, PMA (10 nM; Sigma), recombinant TNF-a (100 units/ml;
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Genzyme, TEBU, France), or IL-6 (100 units/ml; Genzyme, TEBU, France) were
added to the culture and further incubated for 3 days. To monitor HIV-1 produc-
tion, the level of RT was measured in the supernatant as described below.

2.4. Human monocyte-macrophages

Monocytes were obtained from the blood of healthy HIV-1 seronegative adult
donors. They were isolated after centrifugal elutriation of PBMC and plated on
culture dishes. Non-adherent cells were removed after 2 h. The purified monocytes
were cultured for 1 week in AIM V (GIBCO Laboratories, France), 2 mM gluta-
mine and 100 U/ml GM-CSF (Genzyme, TEBU, France) until differentiation into
macrophages was observed. The monocyte-macrophages (MM) obtained were re-
moved from the dishes using a rubber-policeman (viable cells: 99%) and plated at
a density of 0.35x 10%/250 pl/well in 48-well plates (COSTAR 3548). MM were
infected with HIV-1g,1 (Gartner et al., 1986), at a volume of 0.1 ml/well with an
RT activity of 1.5 x 10* cpm/well, for 2 h at 37°C. The inoculum was removed, the
cells were washed and medium containing the appropriate dilutions of antivirals was
added. The culture supernatants were replaced two times per week with fresh med-
ium containing the compounds at various concentrations. Supernatants were as-
sessed for their RT activities, and the results obtained 15 days after infection were
used for calculating the ICsq values for each compound.

2.5. Reverse transcriptase (RT) assay

Virus particles (65 ul of culture supernatant) were dissociated within 10 min, at
4°C in the presence of lysis buffer (10 ul) containing 0.5% Triton X-100, 0.75 M KCl
and 50 mM dithiothreitol (DTT). RT assays were then performed at 37°C for 60 min
by adding 25 ul of reaction mixture containing 0.2 M Tris-HCI (pH 7.8), 20 mM
MgCl,, 4 mM EGTA, 3 uCi of [*Hjthymidine triphosphate (48 Ci/mmol, Amer-
sham, France), 5 pg poly(rA)-oligo(dT) (Pharmacia France). The reaction was
stopped with 20 ul of 120 mM tetra-sodium diphosphate decahydrate in 60% tri-
chloroacetic acid (TCA). Precipitates were then collected on a filter with a micro cell
harvester (Skatron, OSI, Paris) and the radioactivity measured with a Betaplate
liquid scintillation counter (Pharmacia France). The assays were carried out in du-
plicate.

2.6. In vitro RT inhibition

HIV-1, HIV-2 or SIVpac virus particles were disrupted with the lysis buffer and
then treated for 1 h at 37°C with the compounds. The RT activity was evaluated by
performing the assay described above.

2.7. Time of addition experiment

45 millions MT-4 cells were infected with 400 TCIDsy, of HIV-1yy, in 7 mi
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(determined by evaluating the RT activity released from MT-4-infected cells after 5
days). After adsorption for 30 min, the cells were thoroughly washed, plated at 10°
cells/200 ul/well and 20 ul of the test compounds were added at different times after
infection. Viral p24 antigen production was determined at 24 h post infection by a
sandwich ELISA (Pasteur Diagnostic, France). The compounds were added at a
standardized concentration, i.e., 100 times their IC5y value for MT4 cells as indi-
cated in the legend of Fig. 3.

2.8. Drug combinations

The combined inhibitory effect of MS-888 and MS-1126 with AZT on HIV repli-
cation was examined by check-board combinations of various concentrations of the
compounds. This was done on MT-4 cells and PBMC and the combined effect was
analyzed using cither the isobologram procedure (Baba et al., 1987) or the method
developed by Chou and Talalay (Chou, T.C and Talalay, P., 1984).

For the isobologram procedure, the concentrations of compounds which inhib-
ited viral cytopathogenicity by 50% in HIV-1-infected MT-4 cells were used to
calculate the fractional inhibitory concentration (FIC) as follows: FICys.
1126 = (concentration of MS-1126 in the combination wells required for 50% inhibi-
tion)/(concentration of MS-1126 alone required for 50% inhibition). When the FIC
index, which is the sum of FICysg;126 and FICA 7, is equal to 1.0, the combination is
additive. When it is below 1.0, the combination is synergistic, and when the mini-
mum FIC index is higher than 1.0, the combination is judged as antagonistic.

With the method of Chou and Talalay (Chou, T.C. and Talalay, P., 1984), we
have calculated the combination index (CI) giving 50% protection using the mu-
tually non-exclusive equation for drugs having different sites/mechanisms as de-
scribed elsewhere.

3. Results
3.1. Anti-HIV-1 assays for different bicyclic imidazo derivatives

In the course of screening for anti-HIV active compounds, a substituted imida-
zothiazole, MS-888 (Fig. 1) was found to display a marked antiviral effect (Table 1).
Starting from this lead compound, a number of similar structures contained in our
collection of synthetic chemicals were chosen for testing.

Table 1 gives the ICsy and the selective index (SI) of some of the analogues
studied. It was observed that by changing the heterocycle from an imidazothiazole
to an imidazopyridine (MS-1060) without changing the substituents, the good anti-
HIV-1 activity as well as the favorable activity/toxicity ratio were preserved. A
further change of the heterocycle to an imidazopyrimidine (MS-1256) led to a com-
plete loss of activity.

In the imidazothiazole series, the change from a furan to a phenyl in the side-
chain (MS-1010) reduced slightly the activity, while the substitution of this phenyl
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Fig. 1. Structure of bicyclic imidazo derivatives.

by a hydroxyl group in the 4 position (MS-1009) abolished all activity. The trans-
formation of the keto function into an oxime-ether (MS-1260) was suggested by
modelling studies; however, compound MS-1260 was clearly less active than MS-

888.

In the imidazopyridine family, it was shown that the furan moiety (MS 1060)
could be replaced by a thiophene (MS 1126) with total retention of the antiviral
activity and comparable toxicity. In contrast to the corresponding imidazothiazole
MS-1010, MS-1059 was clearly less active than its parent compound. All substitu-
tions on the phenyl ring gave either inactive or toxic products (e.g., MS-1120, MS-

1058).

CH,SO0,H

\

CH,S0,H
HS-1062
0
HCl (\’ N\ HCL
\N /l\\N




C. Moog et al.|Antiviral Research 24 (1994) 275-288 281

Table 1
Antiviral activity of different bicyclic imidazo derivatives evaluated on MT-4 cells and on CEM-SS cells
MT4/11IB CEMSS/LAI
CCs ICso SI CCsp ICso SI
@M) £ SD. (uM) t S.D. wM) + SD. (M) + S.D.
MS 888 358 + 38 17+ 5 21 473 + 46 3+15 158
MS 1060 280 + 51 18 + 6 16 377 £ 92 5+05 75
MS 1126 240 + 69 13+5 18 320 + 82 2+4+1 160
MS 1010 223 + 75 37+9 6 410 + 84 6+ 2 68
MS 1059 180 + 17 77 + 25 2 255 + 7 41 + 14 6
MS 1062 620 + 60 > 100 - 723 £ 25 62 + 2 12
MS 1256  >100 > 100 - > 100 >100 -
MS 1009 42 + 21 - - 64 + 36 - ~-
MS 1058 80 + 10 > 100 - >100 > 100 -
MS 1120 542 - - 5+2 4 +1 1.3
MS 1260 160 + 82 + 17 2 195 + 21 16 + 5 12
R 82913 67+ 6 033 + 0.16 203 54+ 5 0.12 + 0.08 450

ICsq (expressed in uM) is based on the inhibition of HIV-1-induced cytopathogenicity in MT-4 cells or the
inhibition of RT activity in the supernatant of infected CEM-SS cells. CCsq (expressed in uM) is based on
the drop in viability of mock-infected MT-4 or CEM-SS cells. All data represent mean values + S.D. of 2
to 5 separate experiments.

As expected, all members of the imidazopyrimidine family (e.g., MS 1256 and
MS-1062) were devoid of any antiviral activity.

Thus, MS-888, MS-1060 and MS-1126 display a marked anti-HIV-1 activity in
our screening tests, especially on CEM-SS cells, where their selectivity indexes are
only 3-fold lower than that of the TIBO derivative (R 82913). These three active
compounds are all methane sulfonate salts. We demonstrated that this anion does
not directly interfere with their antiviral activity. Indeed, MS-888 as the free base
displays a similar antiviral effect. Moreover, anti-HIV activity could not be induced
by adding methanesulfonic acid to less active (MS 1059, MS 1062) or inactive (MS
1009) analogues (data not shown).

In conclusion, we have demonstrated, with this limited number of compounds
available from our collection, certain structure-activity relations which can serve as
the basis for the search of optimized inhibitors of HIV-1 replication.

3.2. Studies of the antiviral activity of bicyclic imidazo derivatives on different cell
types and with various virus strains

Compounds MS-888, MS-1060 and MS-1126, which display potent anti-HIV-1
activity in our screening tests, were examined for their inhibitory effects on HIV
replication in a variety of cell systems including PBMCs. These compounds are
highly inhibitory to HIV-1py, replication in human PBMC (Table 2). The 50%
inhibitory concentrations (ICsq) were, respectively, 2 and 0.7 uM for compounds
MS-888 and MS-1126. In contrast, the replication of three HIV-2 strains (ROD,
D194 and 205) as well as of SIV,,,c251 Strain was not inhibited by non-toxic concen-
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Table 2
1Csg and CCsyp, expressed in uM, of MS-888, MS-1060 and MS-1126 for various cell types infected with
different virus strains

Cell type Virus MS 888 MS 1060 MS 1126
ICx, CCsp  SI ICs, CCsp  SI ICso CCso SI
@M) (M) M) (uM) ®M) (M)
+£SD. +SD. +SD. +SD. +SD.  +SD
PBMC  HIV-lyp 15+1 110410 73 - - - 07403  120+13 171
MM’ HIV-lgar 1 100 100 1 100 100 05 100 200
PBMC HIV-2gop >100  >100 - >100 >100 - >100 >100 -
PBMC  HIV-2y0, >100 >100 - >100  >100 - >100 >100 -
PBMC  SIVyacos: >100  >100 - >100  >100 - >100 >100 -
Ul Activation PHA >100 >100 - >100  >100 - >100 >100 -
Ul Activation IL-6  >100  >100 - >100  >100 - >100 >100 -

"MM, Monocyte-macrophages.

All data represent mean values + S.D. for 2 to 5 independent experiments. For M/M, the RT activities in
the supernatants were measured twice a week. The ICs, values were calculated from the results obtained 15
days after infection.

trations of the bicyclic imidazo derivatives (Table 2).

As monocyte-macrophages play an important role in the pathogenesis of AIDS,
the three compounds were examined for their inhibitory effect on the replication of
HIV-1g, in human macrophage cultures. They all proved to be markedly inhibitory
to the replication of the HIV-1 monotropic strain (Table 2). Thus, our new class of
compounds seems to be specific for HIV type 1.

Studies in chronically-infected U1 cells revealed that the compounds are not able
to decrease the virus replication induced, in this cell type, by various factors (TPA,
TNF-a, IL-6) (Table 2).

3.3. Mechanism of action of bicyclic imidazo derivatives: comparative studies with
AZT and TIBO (R 82913)

To pinpoint which stage of the HIV replicative cycle is impaired by our bicyclic
imidazo derivatives, a time-of-addition experiment was carried out. This experiment
was aimed at identifying the drug-sensitive phase under single growth cycle condi-
tions. In practice, we measured how long the addition of compounds could be
delayed without loss of activity, depending on the stage at which they interact and
on their need for intracellular metabolism. Dextran sulfate for example, which acts
at the virus adsorption step, (McClure et al., 1992), must be added together with the
virus in order to be active (Fig. 2). For AZT or TIBO, which act at the reverse
transcription step (Pauwels et al., 1990), addition to the cells could be delayed until
5 h after infection. From the time-of-addition experiment, it appeared that the
bicyclic imidazo derivatives interact with a process that is early in the life cycle
(Fig. 2).

In order to demonstrate whether the inhibition of HIV-1 replication by bicyclic
imidazo derivatives is mediated through interaction with the RT, MS-888 was di-
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Fig. 2. Time-of-addition experiment. MT-4 cells were infected with HIV-1y;p and the compounds AZT
(107 M, circle), dextran sulfate (50 pg/ml, cross), TIBO (10~ M, triangle), MS-888 (10™* M, asterisk)
and MS-1126 (5 x 10~° M, square) were added at different times after virus adsorption. Viral p24 antigen
production was determined 24 h after infection by ELISA.

rectly added to RT released by the lysis of virions. It was found that MS-888, and
MS-1060 and MS-1126 as well (data not shown), inhibited the activity of HIV-1 RT
in vitro with an ICs5y of 200 uM, 86% inhibition being measured at 1 mM (the
highest concentration used) (Fig. 3). As observed for TIBO derivatives, the inhibi-
tory concentration is 50- to 100-fold higher than the antiviral concentration mea-
sured in infected cells. As also noted with the TIBO compounds, the enzymatic
activity of HIV-2 RT and SIV RT was not modified by the presence of bicyclic
imidazo derivatives.

3.4. Drug combination experiment

Because the mode of action of bicyclic imidazo derivatives differs from that of
nucleoside analogues, we were prompted to determine the potential for interactions
between compounds of these two classes. Combinations of MS-1126 and AZT were
prepared and the antiviral potencies of these mixtures were determined in MT-4 cell
cultures infected with HIV-1yy,. These analyses indicated substantial synergism in
the combined use of MS-1126 and AZT (Fig. 4). The fractional inhibitory concen-
tration indexes were about 0.5. The association of other drugs, for example the
combination of TIBO (R 82913) and AZT, gave less effective synergism (Fig. 4).
Similar results were obtained for HIV-1yp,-infected PBMC by using the median
effect principle and calculating the combination index (CI) of Chou and Talalay
(data not shown).
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Fig. 3. Inhibitory effect of bicyclic imidazo derivatives on the activity of HIV-1 RT in vitro. HIV-1 RT
activity was measured as described in Section 2, after a 1 h incubation of the enzyme at 37°C with various
concentrations of MS-888 (triangle), MS-1060 (asterisk) or TIBO (circle). The experiment is representative
of three of similar design.

From this combination analysis, we demonstrate a potent synergism between
MS-1126 and AZT in HIV-1-infected cells.

4. Discussion

Given the necessity of long term chemotherapy for HIV-infected patients, more
effective and less toxic treatment modalities are required. In this study, we found
that some bicyclic imidazo derivatives have a significant inhibitory effect on HIV-1
replication in vitro. Chemical modifications of the MS-888 structure show relatively
stringent structure-activity requirements as to the nature of the heterobicycle and the
aryl moieties. Minor variations reduce the anti-HIV-1 activity, but the replacement
of the imidazothiazole by an imidazopyridine and the replacement of the furane by a
thiophene slightly enhance the antiviral effect. Synthesis of other analogues should
permit an optimization of the anti-HIV-1 activity and a better understanding of the
structure-activity relationship.

By analyzing the antiviral profile of the bicyclic imidazo derivatives, we found
that these compounds are highly specific for HIV-1 replication. They do not inhibit
HIV-2 or SIV. They interact with the HIV-1 reverse transcription process but not
with HIV-2 or SIV reverse transcriptase. This antiviral activity spectrum clearly
correlates with that of NNRTIs. Indeed, the NNRTIs including HEPT (Tanaka et
al., 1991), TIBO (Pauwels et al., 1990), nevirapine (Merluzzi et al., 1990), L-697,639
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Fig. 4. Synergism in the combined use of MS-1126 and AZT, or TIBO and AZT. Fractional inhibitory
concentrations (FICs) combining MS-1126 and AZT (square) or TIBO and AZT (rhombus) are shown.
The diagonal line represents additivity.

(Goldman et al., 1991) and BHAP (Romero et al., 1991), which show little structural
relationship with each other, also discriminate between HIV-1 and HIV-2 in terms
of antiviral activity. Besides their antiviral properties, these five classes of com-
pounds share another analogy, that is the emergence of HIV-1-resistant strains that
are often cross-resistant. This multi drug resistance implicates that the inhibitors
interact via a common binding site and constitute a single pharmacological class of
RT inhibitors (Nunberg et al., 1991). Boyer et al. (1993) have shown that for some
NNRTIs the binding sites overlap but are not exactly identical. These classes of
HIV-1 specific RT inhibitors select for different amino acid mutations during the
drug-resistant virus selection procedure (Balzarini et al., 1993a). The TSAO deriva-
tives (Pérez-Pérez et al., 1992), which have been recently described as a new class of
HIV-1-specific inhibitors (Balzarini et al., 1992), select for a single mutation at posi-
tion 138 that is different from the mutations generally occurring with the NNRTIs
(Balzarini et al., 1993a). However, NNRTI-resistant variants containing the Tyr-
181 »Cys mutation are also resistant to TSAO derivatives (Balzarini et al., 1993b).
The emergence of variants resistant to bicyclic imidazo derivatives is currently
investigated. Studies comparing the different reference strains resistant to NNRTI
(Richman et al., 1991) or AZT (Larder et al., 1989) and the imidazoheterocycle-
resistant strains will demonstrate whether bicyclic imidazo derivatives are new mem-
bers of the NNRTI family with or without a distinct binding site. In any case,
although the emergence of multidrug resistance have been well demonstrated (Lar-
der et al., 1993; Emini et al., 1993; Balzarini et al., 1993b), this class of HIV-1
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inhibitors targeted to the RT should permit various drug combinations in the hope
of achieving a prolonged suppression of HIV-1 replication.

Thus, although their antiviral effects are comparable to that of NNRTIs our
bicyclic imidazo derivatives should be considered as leads for a new class of poten-
tial drug candidates in the treatment of HIV-1 infections.
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