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Abstract 

A series of pyridobenzothiodiazepindioxides such as the l l-ethyl-6,8,9-trimethyl-6,11-dihydro-pyrido[2,3-f] 
[2,1,5]benzothiodiazepine-5,5-dioxide and arylpiridodiazepines such as the 6,7-dihydro-7-methyl-12-ethyl-pyrido[2,3-b] 
pyrido(2',3'-4,5]furo[2,3-f][1,4]diazepin-6(12H)-thio and the 6,7-dihydro-7-methyl-12-ethyl-pyrido[2,3-b]pyrido- [2,3- 
4,5]thieno[2,3-f][1,4]diazepin-6(12H)-thione were found to inhibit human immunodeficiency virus type 1 [HIV-I(IIIB) ] 
replication at a concentration of 0.003-0.04 /~M without being cytotoxic at a 3000- to 15000-fold higher 
concentration. These compounds proved effective against a variety of HIV-1 strains, including those that are resistant 
to 3'-azido-3' deoxythymidine (AZT), but not against HIV-2, simian immunodeficiency virus or herpes simplex virus. 
An HIV-1 strain containing the 188 T y r ~ H i s  mutation in the reverse transcriptase displayed severely reduced 
sensitivity to the compounds. The specificity of  these compounds is due to an interaction with the reverse 
transcription process. The 6,7-dihydro-7-methyl-12-ethyl-pyrido[2,3-b]pyrido [2,3-4,5]thieno[2,3-f][1,4]diazepin- 
6(12H)-thione (MEN 10979) enhanced the anti-HIV-1 activity of AZT and dideoxyinosine (ddI) in a synergistic 
manner. The new arylpyrido-diazepine and -thiodiazepine derivatives appear to be drug candidates for the treatment 
of HIV-1 infection. 

Keywords: HIV; Non-nucleoside reverse transcriptase inhibitors 

1. Introduction 

* Corresponding author. 
Dur ing  the past  several years, several com-  

pounds  have been found  to be effective, in vitro, 
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as inhibitors of  human immunodeficiency viruses 
type 1 (HIV-1) and 2 (HIV-2). Among these there 
are the reverse transcriptase (RT) inhibitors which 
can be divided into two groups, according to their 
structure and action on the viral polymerase (for 
a review see De Clercq, 1992; De Clercq, 1994). 

The first group includes: 2',3'-dideoxynuc- 
leosides (ddNs), such as 3'-azido-3'-deoxy- 
thymidine (AZT) (Mitsuya et al., 1985), 
2',3'-dideoxycytidine (ddC), 2',Y-dideoxyinosine 
(ddI) (Mitsuya and Broder, 1986), 2',3'-didehy- 
dro-2',3'-dideoxynucleosides (D4C, D4T) 
(Balzarini et al., 1987; Hamamoto et al., 1987; Lin 
et al., 1987); and acyclic nucleosides phosphonates 
(ANPs), such as the 9-(2-phosphonylmeth- 
oxyethyl)adenine (PMEA), 9-(3-fluoro-2-phos- 
phonylmethoxypropyl)adenine (FPMPA) and 9- 
(2-phosphonylmethoxypropyl)adenine (PMPA) 
(Pauwels et al., 1988a; De Clercq, 1991; Balzarini 
et al., 1991). These compounds specifically inter- 
act with the catalytic site of the viral polymerase, 
acting as competitive inhibitors with respect to the 
natural substrates. 

The ddNs and the ANPs, after their intracellu- 
lar conversion to the active 5'-triphosphate and 
5'-diphosphate forms, are incorporated into the 
growing viral DNA, causing chain termination 
(Furman et al., 1986; Cheng et al., 1987). Further- 
more, they show a significantly higher affinity for 
HIV-1 RT, HIV-2 RT and other retroviral RTs 
than for the cellular D N A  polymerases (Vrang et 
al., 1988; Ono et al., 1989; Konig et al., 1989). 

Another group of HIV RT inhibitors is repre- 
sented by the non-nucleoside analogues (Baba et 
al., 1992). Their antiviral activity is specific for 
HIV-1 with no effect on HIV-2 or other retro- 
viruses. They include, among several others, the 
tetrahydroimidazo [4, 5, 1 -jk][ 1,4] benzodiazepin-2- 
(1H)-one and -thione (TIBO) derivatives (Pauwels 
et al., 1990; Debyser et al., 1991), nevirapine 
(BI-RG-587) (Merluzzi et al., 1990), the pyridi- 
nones L-697,639 and L-697,661 (Goldman et al., 
1991), the bis[heteroaryl]piperazines (BHAPs) 
(Romero et al., 1991), the ~-anilinophenylac- 
etamide (~-APA) derivatives and new TIBO 
derivatives (Pauwels et al., 1993; Pauwels et al., 
1994). The TIBO/nevirapine class of compounds 
interact with a specific allosteric site of HIV-1 RT, 

a 'pocket' that is close but distinct from the 
catalytic site where the primer-template, sub- 
strates (dNTPs) and ddN 5'-triphosphates 
(ddNTPs) bind (Wu et al., 1991; Kohlstaedt et al., 
1992; Tantillo et al., 1994). 

Another class of non-nucleoside RT inhibitors, 
the [1 -(2-hydroxyethoxy)methyl]-6-(phenylthio)- 
thymine (HEPT) (Baba et al., 1989) and [2',5'-bis- 
O-(tert-butyldimethyl-silyl)-3-spiro-5"-(4"-amino- 1" 
,2"-oxathiole-2",2"-dioxide) (TSAO) derivatives 
(Balzarini et al., 1992), are chemically unrelated to 
the TIBO/nevirapine class of  compounds, yet bind 
to the same 'pocket' of  the viral enzyme. They 
also show activity against HIV-1 only. 

All these non-nucleoside inhibitors act as non- 
competitive inhibitors of HIV-1 RT, without need 
for previous intracellular conversion to an active 
metabolite (Debyser et al., 1992a; Debyser et al., 
1992b). 

As all the non-nucleoside reverse transcriptase 
inhibitors (NNRTIs)  have a selectivity index 
higher than nucleoside analogs, they appear to be 
interesting compounds for the therapy of HIV-1 
infection. However, it has been shown that drug 
resistance develops rapidly (within 2 -3  weeks), 
and this may limit their clinical usefulness as 
single agents (Nunberg et al., 1991; Richman et 
al., 1991; Mellors et al., 1992). Their role in 
combination therapy or in short-term application 
(such as post-exposure prophylaxis and preven- 
tion of fetal infection) is being considered. 

Here we report on the characterisation of a new 
group of NNRTIs ,  M E N  10690, MEN 10880, 
and M E N 10979 (Fig. la and b). They specifically 
inhibit HIV-1 replication at nanomolar concentra- 
tions, which are 3 000- to 15 000-fold lower then 
their cytotoxic concentrations. 

2. Materials and methods 

2.1. Chemistry 

The synthesis of the pyridobenzothiodiazepin- 
dioxides such as the 11-ethyl-6,8,9,-trimethyl-6,11- 
dihydro-pyrido[2,3-f][2,1,5] benzothiodiazepine- 5, 
5-dioxide, here called M E N 10690, and related 
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COMPOUND X Y A Rt" IC~(laM) a CC~o(laM) b SI¢ 
MEN 10610 O O =CH C2H.~ 1.6 80 50 
MEN ! 0992 N-C2H~ O =CH C2H.~ 0.04 25 625 
MEN 10977 S O N C2H.~ 0.04 73 1,825 
MEN 10789 O O N C2H5 0.02 175 8,750 
MEN 10880 O S N CzH5 0.006 >60 > 10,000 
MEN 10979 S S N C2H~ 0.0025 38 15,200 

AZT 0.004 1,400 350,000 
ddl I 9,000 9,000 

R829 ! 3 0.0015 34 .22,667 
Ro31-8959 0.0016 90 56,250 

" 50 % inhibitory concentration, based on the inhibition of cytopathicity of HIV-I/IIIB in C8166 cells. 
h 50 % cytotoxic concentration, based on the reduction of viability of mock-infected C8166 cells. 
" selectivity index, or ratio of CCm to IC~. 

All data represent mean values for at least.three experiments. At an average, the upper and lower limit of SD 
ranged between 0.01 and 2.5 times the median 50 % values. 

Fig. 1. (a) Structure-activitity relationship of MEN compounds for inhibition of HIV-1 replication and cytotoxicity in C8166 cells. 

compounds are described elsewhere (Giannotti  et 
al., 1995). 

The arylpiridodiazepines such as the 6,7-dihy- 
dro-7-methyl- 12-ethyl-pyrido[2,3-b]pyrido[2',3'4,5] 
furo[2,3-f][14]diazepin-6(12H)-thio, M E N  10880, 
the 6,7-dihydro-7-methyl- 12-ethyl-pyrido[2,3-b]- 
pyrido [ 2, 3 - 4, 5 ] thieno [ 2, 3 - f][ 1,4]diazepin-6(12 H)- 
thione, M E N  10979, and related compounds,  
where obtained starting f rom the unsubstituted 
parent tetracyclic structure (Viti et al., 1995) by 
alkylation on the nitrogen in position 12 and 
subsequent thiation with Lawessons's reagent ac- 
cording to the standard procedures (Hargrave et 

al., 1991). 
The tested compounds were dissolved in 

DMSO,  aliquoted and stored at - 2 0 ° C .  AZT 
and dextran sulfate were purchased from Sigma 
Chemical Co.; Ro31-8959 and ddI were kindly 
provided by Roche Products Ltd. and Bristol 
Myers Squibb, respectively. 

2.2. Viruses and  cells 

We used the following virus strains: HTLV-I I IB  
[named here HIV-I( I I IB)]  (Popovic et al., 1984), 
obtained from the supernatants of  chronically 
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COMPOUND X Y R, R: R3 R4 IC.~b(laM) ~ CCu~(RM)" SI c 
MEN 10704 (A) N N CHa H H C2H~ >300 300 <1 
MEN 111597 fB) CH~ H C2H~ 3.7 80 22 
MEN 111683 IA) N =CH CIh tt 8.,9-CH3 It 4 >125 >31 
MEN I IOI61B1 Cth 8-CH:~,9-CI 0.28 12 43 
MEN 11009 (C) CIt~ I'l 8.9-CH~ CIt-fCH~12 0.6 >30 >50 
MF.N 11017 1(') (-'H~ II 8,9-CH:~ C,~H~ 0.33 >30 >90 
Mf'N 110116 (A) N =CtI ('H~ H 8,9-CHa CH-ICHO., 0.032 >60 >1,875 
MI-N 11169111A) N =Ctt (?II, II 8,9-CH3 C.,H~ 0.04 150 3,750 

NEVIRAPINE '~ 0.04 320 80t10 

'~ 50 % inhibitory concentration, based on the inhibition of cytopathicity of HIV-I/II1B in C8166 cells. 
h 50 e/~ cytotoxic concentration, based on the reduction of viability of mock-infected C8166 cells. 
': selectivity index, or ratio of CC~o to ICs0. 
d l)ata taken from Baba e t  a l .  1992. 

All data represent mean values for at least three experiments. At an average, the upper and lower limit of SD 
ranged between 0.01 and 2.5 limes the median 50 % values. 

Fig. l(b) Structure-activitity relationship of MEN compounds for inhibition of HIV-I replication and cyto-toxicity in C8166 cells. 

infected H9 cells (R.C. Gallo, NIH,  Bethesda 
USA); HIV-l(PNL43) (Dr. M. Martin, AIDS Re- 
search and Reference Program, NIAID, NIH,  
Bethesda, MD), which displayed, in our hands, an 
intermediate degree of AZT-resistance; HIV- 
I(MN) (NIAID, AIDS Research and Reference 
Reagent Program); a strain with a V3-1oop typical 
of Europe/USA, HIV-I(RF)  (Popovic et al., 
1984); HIV-I (NDK)  (Spire et al., 1989); HIV- 
I(HE) (Witvrouw et al., 1991); HIV-2(ROD) 
(Barr6-Sinoussi et al., 1983) (L. Montagnier, Pas- 
teur Institute, Paris, France); SIV(MAC251) (Fran- 
chini et al., 1987). The HIV-1 strains named R14 
and IIIBTIBO , were AZT- and TIBO-resistant 

strains, selected in the Institute of Virology, 
Rome, Italy by serial passages of HIV(IIIB) on 
C8166 cells with increasing drug concentrations 
(Antonelli et al., 1994); R14 was more than 500- 
fold less sensitive to AZT, while IIIBTmo was 
100-fold less sensitive to TIBO R82913, as com- 
pared to the wild-type. An isolate called HIV D 
was derived from a lymphnode biopsy of  a patient 
treated with AZT for more than 1 year and 
showed a high degree of resistance to AZT 
(ICs0 > 5#M). The HIV-1 mutant strains 13MB1, 
3B103, 39MHI,  39MN1 and 3B188 were selected 
in the Rega Institute, Leuven, Belgium as de- 
scribed (Pauwels et al., 1993; and unpublished 
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data). Antiviral assays with HSV-I(HF) were per- 
formed on Hep2 cells, a line from a human 
squamous carcinoma. All virus strains were 
aliquoted and stored at -80°C.  

Acute infections with HIV-1, HIV-2 and SIV 
were carried out in CD4 ÷ lymphoblastoid cell 
lines, C8166, (Clapham et al., 1987) and MT-4 
(Miyoshi et al., 1982). These cells were maintained 
in RPMI 1640 supplemented with 10% heat-inac- 
tivated fetal calf serum (FCS), 2mM L-glutamine, 
0.1% sodium bicarbonate and 20-50 pg/ml gen- 
tamicin. 

Density gradient centrifugation (Ficoll Hy- 
paque, Pharmacia, LKB Biotechnology AB, Upp- 
sala, Sweden) was used to separate peripheral 
blood mononuclear cells (PBMC) from venous 
blood of healthy human donors. 

concentrations of the test compounds. After 5 
days incubation at 37°C, the number of viable 
cells was determined by the 3-(4,5-dimethylthia- 
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
method, as previously described (Pauwels et al., 
1988b). 

PBMC were activated with PHA (Murex Diag- 
nostics Limited, Dartford, England) for 72 h, and 
then infected with a concentrated stock of HIV 
(IIIB) (MOI: 0.1) for 90 min at 37°C, resuspended 
at 10 6 cells/ml in RPMI 1640 containing 10% 
FCS, gentamicin 50pg/ml and IL-2 (100U/ml) 
and distributed into 96-well plates containing the 
drugs to be tested. After 8 days of incubation at 
37°C, the culture was terminated and the superna- 
tants were tested for HIV-1 total antigen produc- 
tion. 

2.3. Virus titration 

Titrations were performed in C8166 cells by the 
standard limiting dilution method in 96-well mi- 
crotiter plates. Infectious titer was determined as 
described (Dianzani et al., 1988; Dianzani et al., 
1989). Infectious titer, expressed as CCIDs0/ml, 
was calculated by the method of Reed and 
Muench (Davis et al., 1980). 

2.4. Assay o f  drug sensitivity 

C8166 (5 x 105 cells/ml) were infected with 
HIV-IIIB at low multiplicity of infection (MOI 
0.01-0.001); after 1 h at 37°C, cells were washed 
three times, resuspended in RPMI 1640 contain- 
ing 10% FCS and distributed into 96-wells plates 
containing several dilutions of the test com- 
pounds. At 72 h Dater, the cells were harvested, 
subjected to three cycles of freeze-thawing, cell 
debris were removed and viral replication was 
assayed in the supernatants by infectivity titration 
and HIV-1 total antigen detection (see below). In 
cells infected with HIV-2 and SIV, viral replica- 
tion was measured only by infectivity titration. 

MT-4 cells (3 x 105 cells/ml) were infected 
with HIV at low multiplicity of infection (MOI 
0.01-0.001). Immediately after infection, 100 ul of 
the cell suspension were brought into each well of 
a flat-bottomed microtiter tray containing various 

2.5. Antigen detection 

Assessment of HIV-1 total antigen levels in 
samples was carried out by ELISA (HIVAG-1, 
Abbott Laboratories, Chicago, IL), according to 
the Manufacturer's instructions. 

2.6. Drug cytotoxicity 

Cytotoxicity induced by drugs added to C8166, 
MT-4 and PBMC cultures was determined by the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoli- 
um bromide (MTT)-based method (Mosmann, 
1983; Pauwels et al., 1988b). 

2. 7. Time of  addition experiments 

To determine where the drug interferes with the 
replicative cycle of HIV, C8166 cells were infected 
at a high multiplicity of infection (MOI: 0.1-1) 
with HIV(IIIB). After 1 h incubation at 37°C, 
unabsorbed virus was removed by three washing 
steps. Compounds were then added to parallel 
cultures in microtiter plates at different time 
points post infection (p.i.) at concentrations about 
100-fold higher than their IC50 values. Viral infec- 
tivity was determined at 24 h p.i. by titration on 
C8166 cells. 
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2.8. RT  assays 

In the exogenous RT assay, a homopolymeric 
template was used. The reaction mixture (50 /~1) 
contained 50 mM Tris. HC1 pH 7.8, 10 mM 
MgC12, 100 mM KC1, 2.2 mM dithiothreitol, 
lmM EDTA and 0.25% NP40. The assay was 
performed as described by Debyser et al. (1991). 
The recombinant HIV-1 RT p66/p51 was pur- 
chased from Boehringer Mannheim Italia and 
used at a concentration of 24 ng/ml with 
poly(rA)-oligo(dT) and of 70 ng/ml with poly(rC)- 
oligo(dG). HIV-2(ROD) RT was isolated from 
infected C8166 cells supernatants by precipitation 
with PEG and subsequent lysis of  virus particles. 
Incorporation of labelled substrates was deter- 
mined by transferring RT reaction mixture (10 ul) 
onto DE81 paper and counting tritium on a scin- 
tillation counter. In the endogenous RT assay, a 
16 S/23 S E. Coli ribosomal RNA (Boehringer 
Mannheim Biochemical) functioning as template 
was used. The reaction mixture (50 /~1) consisted 
of  50 mM Tris-HC1 (pH 7.4), 50 mM KC1, 10 
mM MgC12, 4mM beta-mercaptoethanol, 1 mg/ml 
bovine serum albumin, 0.2% DMSO, 3% glycerol, 
1 mM EDTA, 6.66 /tg/ml of ribosomal RNA- 
primer (equivalent to 15 nM -3'-hydroxyl primers 
annealed to RNA), 5 0 / t M  dATP, 50/zM dGTP, 
50/~M dCTP and 2/~M of  tritium-labelled dTTP 
(Amersham International plc, specific activity 45 
Ci/mmol). The recombinant HIV-1 RT p66/p51 
was used at a concentration of 200 ng/ml. The 
assay was performed as described by Buckeit et al. 
(1993). The samples were precipitated with 10% 
TCA and processed as described by Ho et al. 
(1984). 

2.9. Detection of HIV-I DNA by PCR 

The C8166 cells were infected at high MOI with 
HIV(IIIB) (MOI > 1) and then resuspended in 
fresh RPMI at 8 x 105 cells per ml and plated in 
a 96-well plate. The antiviral compounds (at 
different concentrations in RPMI medium) were 
added to the cells. After 20 hours of incubation, 2 
x 105 cells for each condition were pelleted, 

washed twice in RPMI medium and finally resus- 
pended in a lysis buffer containing proteinase K 

(0.6 mg/ml). The samples were heated at 56°C for 
60 min and then at 94°C for 15 min to inactivate 
the proteinase K. In order to perform a semiquan- 
titative PCR experiment, each cellular lysate was 
diluted from 10-  1 to 10 5 and then 25/~1 of each 
dilution were examined for HIV-1 D N A  by PCR, 
as described in Dianzani et al. (1992). 

3. Results 

3. I. Screening and structure-activity relationship 

Molecules belonging to the benzodiazepine 
family, that had been previously synthesized by 
Menarini Farmaceutici as potential CNS agents, 
were assayed for cytotoxicity and, when applica- 
ble, for anti-HIV-1 activity as described in the 
Materials and methods section. 

As shown in Fig. la and b, two 'lead' com- 
pounds with different molecular structures were 
active against HIV-I: MEN 10610, a pyridoben- 
zofurodiazepinone, and MEN 10597, a pyri- 
dobenzothiodiazepinedioxide. 

However, these compounds display only mod- 
erate antiviral activity. Thus, new compounds 
were synthesized to improve the anti-HIV activity 
and to obtain insight in the structure-activity rela- 
tionship. As to the MEN 10610 derivatives (Fig. 
la), we found that a significant (175-fold) increase 
in antiviral activity was obtained if a pyridine, 
instead of benzene, ring was condensed with the 
furane (MEN 10789). We also observed that the 
substitution of sulfur for the oxygen at position 7 
gave only a 40-fold increase of antiviral activity 
(MEN 10977), while thiation of the central di- 
azepine ring resulted in a greater increase of the 
selectivity index (SI) (MEN 10880). 

Moreover, it was established that the presence 
of a short alkyl chain in positions 5 and 12 is 
essential for the activity. MEN  derivatives, here 
not shown, that did not contain these sub- 
stituents, were inactive. 

Finally the presence of  sulfur atoms at positions 
6 and 7 of  the molecular structure resulted in a 
compound (MEN 10979), which showed both in- 
creased anti-HIV efficacy and cytotoxicity. 
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Fig. lb shows the anti-HIV-1 activity of MEN 
10597-derivatives. A higher inhibitory effect was 
shown by compounds that were alkylated on the 
nitrogen at position 11 (formula A), with only 1 
pyridine ring and two methyl groups at positions 
8,9 (MEN 11006 and MEN 10690). MEN 10690 
was the most effective compound of this series (SI: 
3,700), with an antiviral activity comparable to 
nevirapine (ICso: 0.04 pM). 

Isomeric derivatives, alkylated on the nitrogen 
at position 1 (formula B and C), were less active 
(MEN 10597, MEN 11016, MEN 11017, MEN 
11009). In Fig. lb we also list an inactive com- 
pound, MEN 10704: it is interesting to note that 
even if its molecular structure was the most simi- 
lar to that of nevirapine, MEN 10704 was com- 
pletely inactive. Thus, the presence of two 
pyridine rings cannot be considered sufficient to 
generate an active compound. 

3.2. Spectrum o f  antiviral activity' 

Further experiments were performed to evalu- 
ate and characterize the antiviral activity of the 
more interesting compounds: namely MEN 
10690, MEN 10880 and MEN 10979. The in- 
hibitory potency of these compounds against 
HIV-I(IIIB) varied slightly depending on the cell 
type (Table 1). 

MEN 10979 showed a potent antiviral activity 
against HIV(IIIB) in C8166 and MT-4 cells, with 
a SI of 15000 and 11400, respectively. These 
values were comparable to those of TIBO R82913 
in these cell systems. In PBMC, MEN 10979 
showed a SI value of 3,100. MEN 10880 was 
more active against HIV-1 in C8166 cells than in 
MT-4 or PBMC. MEN 10690 showed lower anti- 
HIV-1 activity than MEN 10880 and MEN 
10979, in both lymphoblastoid CD4 + cell lines, 
but its potency remained unchanged in PBMC 
(ICs0: 0.03p M). 

The anti-HIV activity of these compounds was 
also dependent on the virus type (Table 1). The 
activity of all compounds against the HIV-1 
strains MN, RF, N D K  and HE were comparable 
to those observed with the HIV-1 strain IIIB in 
MT-4 cells. As for TIBO and the other non-nu- 
cleoside inhibitors, all MEN compounds are inac- 

tive against HIV-2(ROD), SIV(MAC251) (Table l) 
and HSV-I(HF) replication (data not shown). 

To further investigate the spectrum of activity 
of MEN 10690 and MEN 10979 and their possi- 
ble cross-reactivity with other non-nucleoside in- 
hibitors, HIV-1 strains resistant to AZT (R14 and 
PNL43) or TIBO R82913 (IIIBTmo) were assayed 
for their susceptibility to all MEN compounds. In 
addition, the compounds were tested against a 
virus isolate, called HIVED, derived from a 
lymphnode biopsy of a patient treated with AZT 
for more than 1 year and displaying a high degree 
of resistance to AZT. The results of these experi- 
ments are shown in Table 2. MEN 10690 was 
fully active against PNL43 (ICs0: 0.15pM), while 
MEN 10979 and TIBO showed a 4.5-fold increase 
in their ICs0 value. The AZT-resistant strain R14 
was more than 500-fold resistant to AZT (ICs0 > 
1 ~tM); when assayed against this virus, MEN 
10979 showed an ICso of 0.16 pM, thus demon- 
strating activity also against this AZT-resistant 
strain. MEN 10690 and MEN 10979 showed a 
2.5- and 32-fold increase in their ICs0 against 
TIBO-resistant strain, thus demonstrating only 
limited cross-resistance with benzodiazepin-thione 
derivatives (particularly MEN 10979). It is worth 
noting that MEN 10690 and MEN 10979 also 
efficiently inhibited the replication of an isolate 
from lymphnodal PBMC of an AIDS patient, 
displaying high AZT-resistance. 

We were able to select rapidly (upon 6/7 pas- 
sages of HIV(IIIB) in the presence of increasing 
drug concentrations) in C8166 cells MEN 10690- 
and MEN 10979-resistant strains (called IIIB/ 
MEN 10690 and IIIB/MEN 10979): IIIB/MEN 
10690 showed an ICso of 2 / t M  for MEN 10690, 
and an ICso of 0.2/~M for MEN 10979 and TIBO 
R82913 in C8166 cells, thus revealing a notable 
degree of cross-sensitivity with these compounds 
(data not shown). 

3.3. Sensitivity o f  different mutant  virus strains 
towards M E N  10690 and M E N  10880 

In another set of experiments, we evaluated the 
sensitivity of different mutant HIV-1 strains to- 
wards the inhibitory activity of MEN 10690 and 
MEN 10880 in MT-4 cells (Table 3). The muta- 
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Table 1 
Antiretroviral activity spectrum of MEN compounds 

Drug Virus Strain Cell line ICso(p M) a CCso(/t M) b SI c 

MEN 10690 HIV-1 IIIB C8166 0.04 150 3750 
IIIB PBMC 0.03 > 50 > 1666 
IIIB MT-4 0.2 > 250 > 1250 
MN C8166 0.06 150 2500 
RF MT-4 0.3 > 250 > 833 
NDK MT-4 0.3 > 250 > 833 
HE MT-4 0.3 > 250 > 833 

HIV-2 ROD C8166 > 150 150 < 1 
MEN 10880 SIV MAC251 C8166 > 150 150 < 1 

HIV-1 IIIB C8166 0,006 > 60 > 10 000 
IIIB PBMC 0,03 > 60 > 1870 
IIIB MT-4 0.1 > 250 > 2500 
MN C8166 0,006 > 60 > 10 000 
RF MT-4 0,2 >250 > 1250 
NDK MT-4 0,2 > 250 > 1250 
HE MT-4 0.5 > 250 > 500 

HIV-2 ROD C8166 > 60 > 60 < 1 
SIV MAC251 C8166 > 60 > 60 < 1 

MEN 10979 HIV- 1 IIIB C8166 0.0025 38 15 200 
IIIB PBMC 0.01 31 3100 
IIIB MT-4 0.0035 40 11 428 
MN C8166 0.0025 38 15 200 

HIV-2 ROD C8166 > 38 38 < 1 
SIV MAC251 C8166 > 38 38 < 1 

TIBO R82913 HIV-1 IIIB C8166 0.0015 20 13 333 
IIIB PBMC 0.005 20 4000 
IIIB MT-4 0.003 30 10 000 
MN C8166 0.0018 30 16 666 

HIV-2 ROD C8166 > 30 30 < 1 
SIV MAC251 C8166 > 30 30 < 1 

a50% inhibitory concentration, based on the inhibition of cytopathicity of HIV-1, HIV-2 or SIV strains in the indicated cell lines. 
b50% cytotoxic concentration, based on the reduction of viability of mock-infected C8166, PBMC or MT-4 cells. 
¢Selectivity index, or the ratio of CC50 to ICso. 
All data represent median values of at least three separate experiments. At an average, the upper and lower limit of S.D. ranged 
between 0.01 and 2.5 times the median 50% values. 

t i o n  Y 1 8 8 H  g a v e  t h e  h i g h e s t  d e g r e e  o f  r e s i s t ance ,  

w h e r e a s  t h e  m u t a t i o n  L 1 0 0 I  d i d  n o t  a f fec t  v i r u s  

sens i t i v i ty ,  t o  b o t h  c o m p o u n d s .  A l s o ,  m u t a t i o n s  

K 1 0 3 N  a n d  Y 1 8 1 C  led  t o  s i g n i f i c a n t  r e s i s t a n c e  to  

b o t h  c o m p o u n d s .  T h e  V 1 0 6 A  m u t a t i o n  m a d e  t h e  

v i r u s  m u c h  m o r e  r e s i s t a n t  to  M E N  10880 ( >  

3 ,000 - fo ld )  t h a n  M E N  10690 (80- fo ld ) .  

3.4. Mechanism o f  action 

T o  e l u c i d a t e  t h e  s t age  o f  t h e  H I V - 1  r e p l i c a t i v e  

cycle  t h a t  w a s  i n h i b i t e d  b y  t h e  M E N  m o l e c u l e s ,  

we p e r f o r m e d  t i m e  o f  a d d i t i o n  ( T O A )  expe r i -  

m e n t s  (Fig .  2). T h e  r e s u l t s  i n d i c a t e  t h a t  t h e  c o m -  

p o u n d s ,  w h e n  a d d e d  a t  d i f f e r e n t  t i m e s  a f t e r  

i n f e c t i o n  o f  C 8 1 6 6  cells  a t  h i g h  m u l t i p l i c i t y  o f  

i n f e c t i o n  ( M O I  > 1), b e h a v e d  s i m i l a r l y  t o  o t h e r  

R T  i n h i b i t o r s ,  s u c h  as  T I B O  R 8 2 9 1 3 ,  A Z T  a n d  

dd I .  I n  fac t ,  w h e n  a d d e d  a t  2 - 4  h p o s t - i n f e c t i o n  

(p.i . ) ,  t h e s e  c o m p o u n d s  s h o w e d  a s i g n i f i c a n t  de -  

c r ease  o f  a n t i v i r a l  a c t i v i t y  a n d ,  w h e n  a d d e d  a t  

8 10 h p.i . ,  t h e  a c t i v i t y  w a s  c o m p l e t e l y  lost .  C o n -  

verse ly ,  t h e  H I V  p r o t e a s e  i n h i b i t o r  R o 3 1 - 8 9 5 9 ,  

k n o w n  to  b l o c k  a l a t e  s t age  o f  t h e  H I V  r e p l i c a t i v e  
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cycle, lost its activity when added only at 18-20 h 
p.i. 

To test the hypothesis that these molecules 
acted, like the other NNRTIs, at the HIV-1 RT 
level, RT enzyme inhibition assays were per- 
formed (Table 4). The results show that MEN 
10880 and MEN 10979 were effective against re- 
combinant HIV-1 RT, particularly when riboso- 
mal RNA was used as template (with an ICs0 that 
is about 70-fold higher than in cell culture). More- 
over, they also showed that RT inhibition was 
higher (about 2-fold) with primer-template 
poly(rC).oligo(dG) than with poly(rA).oligo(dT) 
(with TIBO R82913 there is a 10-fold difference). 
On the other hand, MEN 10690 inhibited HIV-1 
RT with an ICso that is independent from the 
primer-template used (20-30 pM). We observed 

Table 2 
Antiviral activity of MEN compounds against the replication 
of HIV-1 drug-resistant strains in C8166 ceils 

Drug HIV-1 drug-resistant strain b ICs0(,uM) ~ 

MEN 10690 IIIB 0.04 
IIIBTIBO 0.1 
PNL43 0.06 
HIV/ID 0.5 
R14 N.D. 

MEN 10979 IIIB 0.0025 
IIIB-rmo 0.08 
PNLA3 0.012 
HIV/ID 0.2 
R14 0.16 

TIBO R82913 IIIB 0.0015 
IIIBTm o 0.15 
PNL43 0.005 
R14 0.06 

AZT IIIB 0.003 
IIIB-rmo 0.003 
PNL43 0.15 
HIV/ID > 5 
R14 1 

a50% inhibitory concentration, based on the inhibition of 
cytopathicity of HIV-1 drug-resistant strains in C8166 cells. 
bIIIB: wild type HIV; IIIB-rmo: HIV resistant to TIBO; 
PNL43: moderate degree of resistance to AZT; HIV/ID: fresh 
clinical isolate of HIV from AZT-treated patient; R14: H1V/ 
IIIB higly resistant to AZT. 
All data represent mean values for at least three separate 
experiments. 

no inhibition for MEN 10690 and MEN 10979 at 
concentrations up to 350 #M with the RT from 
HIV-2(ROD) or to DNA polymerase ~ (data not 
shown). 

Further confirmation that the main target of 
action for the MEN compounds would be the 
viral RT, stemmed from experiments with chroni- 
cally HIV-l(H9/IIIB)-infected cells (data not 
shown); in this system, RT inhibitors and MEN 
derivatives, tested at doses 100-fold higher than 
their ICs0, had no effect on cells while virus yield 
was significantly reduced when cells were treated 
with a protease inhibitor (Ro31-8959). 

If the inhibition of HIV-1 RT is the most likely 
mechanism of action of MEN compounds, they 
should block the synthesis of viral DNA in 
acutely infected cells. Thus, the production of 
newly formed viral DNA in C8166 cell infected 
with HIV(IIIB) at high MOI was determined by 
semiquantitative PCR. MEN compounds were 
used at a concentration near to their IC90. TIBO 
R82913 was added as reference drug. The results 
of these experiments are shown in Fig. 3. Synthe- 
sis of viral DNA in infected cells was inhibited by 
treatment with all MEN compounds. Specifically, 
the number of HIV(IIIB) DNA copies was re- 
duced by about 99%, 99% or by 90% following 
treatment with MEN 10979, MEN 10880, or 
MEN 10690, respectively. 

4. Discussion 

The arylpyrido-diazepine and -thiodiazepine 
derivatives should be considered as a class of 
highly potent and specific anti-HIV-1 compounds. 
These compounds belong to distinct, although 
similar, chemical subtypes: MEN 10880 and 
MEN 10979 are tetracyclic molecules, while MEN 
10690 is a tricyclic compound related to nevirap- 
ine (Merluzzi et al., 1990). 

The main characteristic of MEN 10610 deriva- 
tives is the presence of a pyridofurane or a pyri- 
dothiophene system condensed with the central 
diazepine ring, while MEN 10597 derivatives are 
characterized by the presence of a sulfonamide, 
instead of amide, group in the diazepine ring 
(Giannotti et al., 1995; Viti et al., 1995). 
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2 4 6 8 10 12 14 16 18 20 22 

D.S.(Mr 5000)(250pM) 

• AZT (0.5pM) 

-)I(- ddl (100 pM) 

-~MEN10690 (4 pM) 

• IkMEN10880 (1 pM) 

-~- MEN10979 (0.2 pM) 

I T I B O  R82913 (0.2 pM) 

-~-Ro31-8959 (0.2 pM) 

Time of compound addition, (hours) 

Fig. 2. Time of addition experiment. 

Structure-activity studies enabled us to define the 
effects of some chemical groups on the anti-HIV-1 
activity. It is known that the addition of a pyridine 
ring to Nevirapine or of two sulphur atoms to 
eterocyclic rings in TIBO compounds increase the 
antiviral activity of both substances. Consistent 
with these findings also in the MEN 10610 series, 
the addition of  a pyridine ring and the presence of  
one or two sulphur atoms at positions 6 and 7 of 
the molecule, gave the most active derivatives, 
MEN 10880 and MEN 10979. 

The anti-HIV-1 activity of  this kind of molecules 
depends on: (1) the presence of  two pyridine rings 
in the heterocyclic ring system, in particular the 
pyridine not directly condensed with the diazepine 
ring; (2) the presence of  an alkyl moiety on nitrogen 
12; (3) thiation of  the amide in the diazepine ring; 
(4) the substitution of thiophene for the furane ring. 

In the other series, MEN 10690 was the most 
active compound; in this case the antiviral activity 
seems to be influenced by the presence of only one 

pyridine group and two methyl residues at positions 
8 and 9. Furthermore, the alkylation of nitrogen at 
position 11 increased the anti-HIV-1 potency. It is 
interesting to note that MEN 10704, where the 
main differences with nevirapine is the presence of 
a sulfonamido group on the diazepine ring, a shift 
in the methyl group and the presence of  an ethyl 
moiety rather than a cyclopropyl on nitrogen 11, 
has no anti-HIV-1 activity at all. Our observations 
on the antiviral properties of MEN 10690, MEN 
10880 and MEN  10979 indicate a close relationship 
to the TIBO/nevirapine compounds. It is known 
that (1) TIBO compounds and the other non-nu- 
cleoside analogues are specific inhibitors of HIV-1 
RT but they are generally inactive against HIV-2 
and other retroviruses; (2) they do not need to be 
converted intracellularly to an active metabolite; 
(3) in the HIV-I RT assays they show a prefer- 
ence for the heteropolymer template (ribosomal 
RNA) and the homopolymeric primer template 
poly(rC).oligo(dG); (4) resistance develops rapidly 
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Table 4 
Inhibition of HIV-1 RT 

Template/primer ICs0(uM) b 

MEN 10690 MEN 10880 MEN 10979 T1BO 82913 AZT-TP a 

poly(rA).oligo(dT)12_18 22 _+ 2 15 ± 2 15 ± 5 3.6 i 0.5 0.007 _+ 0.002 
poly(rC).oligo(dG)12_ls 20 ± 5 7 _+ 4 6 _+ 0.5 0.4 ± 0.05 >100 
Ribosomal RNA c 30 0.3 0.18 0.05 0.2 

~AZT 5'-triphosphate. 
bData were mean values for at least three experiments. 
CThese data were mean values for two experiments. 

to non-nucleoside RT inhibitors (Pauwels et al., 
1990; Debyser et al., 1991; Mellors et al., 1992). 

We found that, as for other NNRTIs ,  the antiviral 
activity of  M E N  molecules is restricted to HIV-1. 
Moreover,  in TOA experiments, they appear  to 
behave more similarly to TIBO R82913 than to AZT 
and ddI, thus confirming not only their action on 
the viral RT  but probably the absence of  some 
chemical intermediate responsible for RT inhibi- 
tion. Furthermore,  when M E N  10880 and MEN 
10979 were tested in the RT inhibition assay, they 
showed greater potency when the viral enzyme was 
assayed with r ibosomal R N A  than with poly(rA). 
oligo(dT) or poly(rC).oligo(dG) as the template/ 
primer. The discrepancy between their ICs0 values 
in the RT assay with ribosomal R N A  as template/ 
primer and the ICs0 observed in cell cultures was 
70-fold, just as described for TIBO R82913 (White 
et al., 1991), while with poly(rC).oligo(dG) as 
template/primer the difference was about  1000- 
2000-fold, probably because the homopolymeric  
template is a more artificial system. On the other 
hand, M E N  10690 behaved similarly to nevirapine 
(Merluzzi et al., 1990), because its RT inhibition was 
independent from the primer/template used: but the 
difference with data obtained on cell cultures always 
remains very high (about 500-fold). 

This could raise the question whether inhibition 
of HIV- 1 RT is the sole mechanism of  action of  these 
compounds,  and in particular M E N  10690. How- 
ever, when HIV-1 D N A  was monitored by PCR, 
there was a reduction of the viral reverse transcrip- 
tion products, with a good correlation for all MEN 
compounds between the doses inhibiting viral infec- 
tivity and those inhibiting viral D N A  synthesis. 

The partial cross-resistance that M E N  10979 
shows with a IIIB/TIBO-resistant  strain, is further 
evidence for the functional resemblance between 
these two compounds; however, since the TIBO-re- 
sistant virus remained more sensitive to M E N  10979 
than to TIBO R82913, it is likely that these molecules 
interact with distinct residues of  the RT enzyme. 
M E N  10690 showed only a low degree of cross-re- 
sistance, thus confirming its belonging to a different 
kind of non-nucleoside HIV-1 inhibitors. These 
observations were confirmed by the evaluation of 
the sensitivity of  different N N R T I  mutant  virus 
strains towards the inhibitory activity of  M E N  
10690 and M E N  10880 (Table 3) in MT-4 cells. 
These results suggest that M E N  10690 and MEN 
10880 interact with the N N R T I  ( 'TIBO')  pocket site 
at HIV-1 RT in a way that is different from that 
of  the other NNRTIs ,  and M E N  10690 and M E N  
10880 differ f rom one another in the way they 
interact with this pocket site. 

We also obtained the rapid selection of I I IB /MEN 
10690 and I I IB /MEN 10979 resistant strains; studies 
to sequence the 'pol '  region of these viruses are in 
progress. However the above data seem to suggest 
that their clinical usefulness could be relatively lim- 
ited or short-lived. We also found that MEN 10979 
acts synergistically with AZT or ddI in inhibiting 
HIV-1 replication in MT-4 cells which point to the 
clinical potential of  such drug combinations. 

Studies are in progress to establish the toxicolog- 
ical and pharmacokinetic properties of  these com- 
pounds, as well as the synthesis of  new derivatives 
of  both chemical series (MEN 10610 and M E N  
10597) to further improve their anti-HIV-1 activity 
and safety profile. 
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M (-) NO DRUG TI[30 R82913 

-1 -2 -3 -4 -5" -1 -2 -3 -4 -5 
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M MEN10979 MEN10880 MEN 10690 
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114 bp- 

Fig. 3. Reduction of viral DNA synthesis by MEN compounds in MT-4 cells. Panel A, lanes: M = size markers; (-) = 
mock-infected cells; no DRUG = cells infected with HIV-I(IIIB); TIBO R82913 (1 /tM) = cells infected with HIV-I(IIIB) and 
treated with TIBO R82913. Panel B, lanes: M = size markers; MEN 10979 (2/~M), MEN 10880 (2/~M) and MEN 10690 (4/~M) 
= cells infected with HIV-I(IIIB) and treated with MEN 10979, MEN 10880 and MEN 10690, respectively. 
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