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A series of 1,6-naphthyridine (L. Chan, H. Jin, T. Stefanac, J. F. Lavallee, G. Falardeau, W. Wang, J. Bedard,
S. May, and L. Yuen, J. Med. Chem. 42:3023-3025, 1999) and isoquinoline (L. Chan, H. Jin, T. Stefanac, W.
Wang, J. F. Lavallee, J. Bedard, and S. May, Bioorg. Med. Chem. Lett. 9:2583-2586, 1999) analogues exhibiting
a high level of anti-human cytomegalovirus (HCMYV) activity were investigated in a series of studies aimed at
better understanding the mechanism of action of some representatives of this class of compounds. In vitro
antiviral profiling revealed that these compounds were active against a narrow spectrum of viruses, essentially
the human herpesviruses and type 2 rhinovirus. In HCMV assays, a 39- to 223-fold lower 50% inhibitory
concentration was obtained for compound Al than for ganciclovir against strains AD 169 and Towne. In
addition, ganciclovir, foscarnet, cidofovir, and BDCRB (2-bromo-5,6-dichloro-1-f-p-ribofuranosylbenzimida-
zole)-resistant HCMYV strains remained susceptible to 1,6-naphthyridines and 7,8-dihydroisoquinolines tested
in this study, supporting the view that a novel mechanism of action could be involved. Drug combination
studies showed a small but significant synergistic antiviral effect between compound B2 and ganciclovir.
Cytotoxicity profiling of representative compounds under various cell growth conditions indicated a generally
similar cytotoxic effect, relative to ganciclovir, in log-phase growing cells. However, in stationary cells, a
relatively higher level of toxicity was observed than that for control compound. Effect of time of drug addition
showed that the anti-HCMYV activity of compound Al, ganciclovir, and cidofovir was lost at approximately the
same time (72 h postinfection), indicating that the compound was affecting events at the early and late stage
of virus replication. This interpretation is also supported by reduction of de novo synthesis of pp65 tegument
protein and lack of any effect of the compound on viral adsorption. A reduction of the HCMV enhancer-
promoter-directed luciferase expression was also observed in a stably transfected cell line when compound Al

was present at relatively high concentrations.

Human cytomegalovirus (HCMV) is a serious, life-threaten-
ing, opportunistic pathogen in immunocompromised individu-
als such as AIDS patients (20, 36) or organ transplant recipi-
ents (21). Over the past decade, there has been a tremendous
effort dedicated to improving the available treatments for
HCMYV. At the present time, ganciclovir (GCV; DHPG; 9-[2'-
hydroxy-1(hydroxymethyl)ethoxymethyl] guanine), foscarnet
(PFA; Foscovir), cidofovir [CDV; HPMPC; (S)-1-(3-hydroxy-
2-phosphonyl-methoxypropyl)cytosine], and fomivirsen (Vit-
ravene; ISIS 2922) are the only drugs currently approved for
the treatment of AIDS-related CMYV retinitis. Unfortunately,
there can be serious limitations associated with the use of these
compounds (13). The emergence of drug-resistant HCMV
clinical isolates through mutations within the DNA polymerase
gene (UL54) has been reported for both GCV- and PFA-
treated virus, and mutations affecting the protein kinase gene
(UL97) activity have been reported for GCV-treated patients
(1, 8,9, 12-14, 29, 34, 35). The latter seems to be the predom-
inant genotype found at present among clinical isolates recov-

* Corresponding author. Mailing address: BioChem Pharma Inc., 275
Boul. Armand-Frappier, Laval, Quebec, Canada H7V 4A7. Phone: (514)
978-7864. Fax: (514) 978-7946. E-mail: bedardj@biochempharma.com.

929

ered from patients after long-term GCV therapy (8, 34). Nu-
merous examples of CDV- and GCV-cross-resistant clinical
isolates due to UL54 mutations have been reported in the
scientific literature (13, 32). In HCMYV retinitis patients, whose
isolates are GCV resistant in vitro, PFA has proven valuable in
reducing the progression of retinitis (18). In some situations,
CDV may have advantages over GCV and PFA since it is
characterized by a long-term antiviral response and remains
effective against clinical isolates defective in GCV phosphory-
lation. In addition to concerns over viral resistance, there are
numerous reports of adverse effects associated with the use of
the three approved drugs. Development of nephrotoxicity is
the principal risk factor encountered with patients receiving
CDV or PFA (11, 16, 24), whereas bone marrow depression
resulting in granulocytopenia and thrombocytopenia is the
most common dose-limiting toxic effect seen with GCV (5, 17,
22). Thus, there is a need for identifying and developing new
anti-HCMV agents.

Two novel classes of relatively potent anti-HCMV mole-
cules, namely, 1,6-naphthyridines and isoquinoline-6-carbox-
amides, have been identified using a plaque reduction assay
(6, 7; L. Chan, T. Stefanac, N. Turcotte, Z. Hu, Y. Chen, J.
Bedard, and H. Jin, Unpublished data). In the present study,
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we report on the antiviral profile for some derivatives of the
two classes of compounds and their in vitro cytotoxicity profile.
Included in the analysis are experiments which monitor the
effect of time of drug addition on compound efficacy and the
effect that these compounds have on the de novo synthesis of
pp65 tegument protein using an indirect immunofluorescence
assay. Data on compound effects on HCMV major immediate-
early promoter activity are also provided. To further illustrate
the mechanism of action, cross-resistance evaluations, assays
of spectrum of antiviral activity, and drug combination studies
with GCV were conducted.

MATERIALS AND METHODS

Antiviral assays. (i) HCMV plaque reduction assay. Antiviral efficacy was
evaluated using the laboratory-derived HCMYV strain AD 169; low-passage clin-
ical isolate P8; and GCV-resistant clinical isolates C8704, C8805-37, and D16
using MRC-5 cells (2, 30). The HFF cell line was used for testing compound
activity against HCMV strains AD 169 and Towne and against PFA-, CDV-, and
BDCRB (2-bromo-5,6-dichloro-1-B-p-ribofuranosylbenzimidazole)-resistant iso-
lates as described previously (27, 37). For the evaluation of antiviral efficacy using
AD 169 with Hs68 cells, human fibroblasts were plated in 12-well tissue culture
dishes (no. 25815; Corning Costar Corp, Oneonta, N.Y.), at a density of 1.5 X
10° cells/well in 2 ml of Dulbecco’s modified Eagle medium (DMEM)-10% fetal
bovine serum (FBS) and incubated overnight in 5% CO, at 37°C. Medium was
removed, and cells were infected with 0.5 ml of DMEM-2% FBS containing
approximately 125 PFU of HCMV per ml (multiplicity of infection [MOI] of
0.001). After an adsorption at 37°C for 2 h, the inoculum was removed and the
monolayer was overlaid with 1 ml of DMEM-2% FBS containing the test com-
pounds at specific concentrations. After 7 days of incubation, cells were fixed
with 1 volume of 8% formaldehyde in water for 30 min, and then the solution was
removed and cell monolayers were stained with 2% crystal violet in 20% ethanol
for few seconds. Cells were rinsed with tap water and dried, and the monolayer
was examined for the presence of plaques under an inverted microscope using an
X40 magnification.

(ii) HCMY yield reduction assay. Compounds were further tested for anti-
HCMYV activity using a virus yield reduction assay. Briefly, HFF cells were seeded
in a 24-well microtiter plate, infected with HCMYV strain Towne at an MOI of 0.5
PFU/cell, and incubated for 7 days in the presence of compounds serially diluted
to give a concentration range of 0.025 to 715 pwM. Eluates obtained after one
cycle of freezing and thawing were assayed for virus titer by serial dilution onto
a monolayer of HFF cells in a second 96-well microtiter plate as reported
previously (37).

(iii) Time-of-drug addition studies. In order to determine the phase within the
viral replication cycle targeted by the 1,6-naphthyridines, a time course experi-
ment was performed with compound Al in parallel with GCV, CDV, and
2,5,6-trichloro-1-B-p-ribofuranosylbenzimidazole (TCRB). Briefly, 96-well plates
were seeded with 12,500 HFF cells/well 18 h prior to infection. On the day of the
infection, medium was removed and replaced with 0.180 ml of virus inoculum.
The inoculum was prepared by diluting previously titered stock of HCMYV strain
Towne to obtain an MOI of 0.5 PFU/cell. At each time point, 0.020 ml of a 10X
solution of compound was added to a subset of wells on the plates. Each drug was
tested in duplicate at each time point. In addition, each time point contained
duplicate virus control samples which received medium without drug. At 96 h
postinfection, the plates were frozen at —80°C. The titer of virus produced in
each well was determined by end-point dilution and plaque enumeration as
detailed previously (37).

(iv) HIV-inhibitory assays. The anti-human immunodeficiency virus (HIV)
activity of some 1,6-naphthyridine analogues was evaluated in CEM-SS cells
acutely infected with HIV strains RF and IIIB in a 96-well microtiter plate (23).
Quantification of inhibition of HIV-induced cell killing in this assay was per-
formed by using the tetrazolium dye 2,3-bis(2-methyl-4-nitro-5-sulfophenyl)-2H-
tetrazolium-S-carboxamide salt (XTT), which is metabolized by viable cells to a
colored formazan product. Anti-HIV activity was also measured by the reduction
of reverse transcriptase activity in culture supernatants of peripheral blood
mononuclear cells (PBMC) infected with HIV ROJO (syncytium-inducing) and
TEKI (non-syncytium-inducing) clinical isolates as described previously (23).

(v) Additional antiviral assays. The increase in neutral dye uptake was the
method used to measure potential inhibitory activity of 1,6-naphthyridine rep-
resentatives on cytopathic effects due to selected viruses (15, 30, 31). Included in
these studies were the herpes simplex viruses type 1 (HSV-1 strain McKrae) and
type 2 (HSV-2 strain E194), the respiratory viruses influenza virus A (strain
H3N2) and virus B, respiratory syncytial virus (RSV strain A2), type 2 rhinovirus
(RV/2 strain GPH), type 1 adenovirus (AV/1 strain 65089), and type 3 parain-
fluenza virus (PIV/3 strain 14702).

Drug combination studies. Compound B2 interaction with GCV was studied
using an HCMV enzyme-linked immunosorbent assay (ELISA) by the modifi-
cation of a procedure previously used to assay HSV-1 (26, 28). MRC-5 cells were
incubated at 37°C overnight, and the cells were infected with HCMV strain
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Towne (MOI, 0.001 PFU/cell). Following a 1-h adsorption, drug was added to
triplicate plates. Use of a 10-by-7 grid on a 96-well cluster plate allowed evalu-
ation of compound B2 at concentrations of 0, 0.005, 0.014, 0.041, 0.123, 0.37,
1.11, 3.33, 10, and 30 uM in combination with GCV at 0, 0.41, 1.23, 3.7, 11, 33,
and 100 pM. After a 7-day incubation, cells were fixed with 95% ethanol. The
ELISA was performed in the wells containing the infected cell sheets. Wells were
blocked with 10% calf serum in HEPES-buffered saline with 0.05% Tween 20
and then treated with a 1:400 dilution of mouse monoclonal antibody to HCMV
(the epitope has been mapped to the UL44 reading frame of the HCMV genome
and reacts with the delayed-early DNA-binding protein p52). After 1 h, a 1:1,000
dilution of peroxidase-conjugated rabbit anti-mouse antibody was added to each
well and incubated for 2 h, and plates were developed and read at 450 or 570 nm
in a microplate kinetics reader. Data were plotted as a three-dimensional dose-
response surface and analyzed using MacSynergy II (26; M. N. Prichard, K. R.
Aseltine, and C. Shipman, 1993). Data derived from quintuplicate plates as
described in the preceding paragraph were used to construct dose-response
surfaces. Theoretical additive interactions were calculated from the dose-re-
sponse curves for each drug used individually. This calculated surface, which
represents additive interactions, was subtracted from the experimentally deter-
mined dose-response surface to reveal regions of nonadditive activity. The re-
sulting surface would appear as a horizontal plane at 0% inhibition if the
interactions were merely additive. Depressions in this plane were indicative of
antagonism; similarly, peaks above the plane indicate synergy. Confidence inter-
vals (95%) around each of the points which defined the dose-response surface
were calculated from the quintuplicate data. This provided limits for the exper-
imental dose-response surface. If the lower confidence limit of the experimental
data was greater than the calculated additive surface, the synergy was considered
significant at that confidence level. Conversely, if the upper confidence limit of
the experimental data was less than the calculated additive surface, then the
antagonism was significant.

Cytotoxicity determination. Cell lines investigated in the cytotoxicity studies
included human embryonic lung cells (MRC-5), human foreskin fibroblasts
(Hs68 and HFF), human lung carcinoma cells (A549), African green monkey
embryonic kidney cells (MA-104), African green monkey kidney cells (Vero),
Madin-Darby canine kidney cells (MDCK), human CEM-SS T lymphocytes, and
PBMC.

In vitro toxicity profiling was performed using several different methods. Drug-
induced cytotoxicity, produced in exponentially growing Hs68 and Vero cells, was
measured by [*H]thymidine incorporation and by the use of WST-1 cell prolif-
eration reagent (Boehringer Mannheim GmbH, Laval, Quebec, Canada). Cyto-
toxicity was also determined on stationary cells by visual examination (31, 37), by
monitoring neutral red uptake (15, 30), or by the use of XTT reagent as de-
scribed previously (4, 23).

For experiments using exponentially growing cells, a total of 1,000 cells/well
were seeded in 96-well cluster dishes in a volume of 150 pl of DMEM (Life
Technologies, Inc., Gaithersburg, Md.) supplemented with 10% FBS (HyClone
Laboratories, Inc., Logan, Utah) and 2 mM glutamine (Life Technologies, Inc.).
Penicillin and streptomycin (Life Technologies, Inc.) were added to 500 U/ml
and 50-pg/ml final concentrations, respectively. After an incubation of 18 h at
37°C and 5% CO,, the medium was removed and replaced with compounds
diluted in culture medium. Six serial twofold dilutions of drugs were tested in
triplicate. After a further 72-h incubation, a volume of 50 pl of a 10-wCi/ml
solution of [*H]methyl thymidine (Amersham Life Science, Inc., Arlington
Heights, Ill.; 2 Ci/mmol) was added in culture medium, and accumulation was
allowed to proceed for 18 h at 37°C. Cells were then washed with phosphate-
buffered saline (PBS), trypsinized for 2 min, and then collected onto a fiberglass
filter using a Tomtec cell harvester (Tomtec, Orange, Conn.). Filters were dried
at 37°C for 1 h and placed into a bag with 4.5 ml of liquid scintillation cocktail
(Wallac Oy, Turku, Finland). Radioactivity was measured using a liquid scintil-
lation counter (1450-Microbeta; Wallac Oy). When the cell proliferation reagent
WST-1 was used, the indication of toxicity was measured after the 72-h incuba-
tion by the addition of 100 wl of prewarmed DMEM-2% FBS containing WST-1
reagent diluted 1/40 to each well. After a 2-h incubation at 37°C, the absorbance
was measured in a microtiter plate Dynatech MR5000 micro-ELISA autoreader
(Dynatech, Alexandria, Va.) set at a wavelength of 410 nm.

Transfection and luciferase assays. For inhibition studies of the HCMV iel/
ie2 enhancer-promoter activity, a hepatocyte cell line, HCF, containing the
HCMYV iel/ie2 enhancer-promoter upstream of a luciferase reporter gene, stably
transfected and expressed, was kindly provided by OSI Pharmaceuticals, Inc.
(Uniondale, N.Y.). Cells were seeded in a 96-well microtiter plate (Nunc, Rosk-
ilde, Denmark) at a density of 10,000 cells/well in 100 pl of DMEM-10% FBS.
An aliquot of 100 ul of culture medium containing the test compounds at
concentrations ranging from 1.8 to 39.0 uM was added in appropriate wells. Cells
were incubated for 18 h in 5% CO, at 37°C, at which time the cells were lysed and
light production was measured by cleavage of luciferin according to the specifi-
cations of OSI Pharmaceuticals, Inc. All experiments were performed in tripli-
cate.

Immunofluorescence studies. MRC-5 cells were seeded onto glass coverslips
sitting in 24-well culture plates, at a density of 2 X 10° cells/well. After 18 h,
confluent monolayers were infected with HCMYV strain AD 169 using an MOI of
0.1, and virus was allowed to adsorb at room temperature for 2 h. After removal
of the inoculum, the cells were maintained at 37°C in medium containing 0.62
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FIG. 1. Chemical structures of a 1,6-naphthyridine derivative (A) and 7,8-dihydroisoquinoline derivatives (B).

M compound Al, 10.2 uM GCV, or no compound. Three days postinfection,
the coverslips were fixed for 10 min with ice-cold acetone. The fixed monolayers
were blocked with rabbit serum and reacted with the monoclonal antibody 0841
or 0831 (diluted 1:20) (Virostat, Portland, Maine), which recognizes the 70-kDa
immediate-early nuclear antigen or the 65-kDa late major matrix protein (pp65,
tegument protein), respectively. After incubation at 37°C for 1 h, the coverslips
were washed thoroughly with PBS and incubated with anti-mouse immunoglob-
ulin G conjugated to fluorescein isothiocyanate (Sigma F3008) at a final con-
centration of 10 wg/ml for 30 min at 37°C. The coverslips were briefly counter-
stained with Evans blue (Sigma) prior to being washed with PBS, mounted on
slides using 70% glycerol in PBS, and photographed using a Zeiss Axiphot UV
microscope. Uninfected monolayers were stained in parallel to detect nonspecific
reaction.

Data analysis. The 50% inhibitory concentrations (ICs(s) for antiviral activity
and 50% cytotoxic concentrations (CCss) for cell toxicity were determined from
dose-response curves using six to eight concentrations per drug in triplicate.
Curves were fitted to data points using nonlinear regression analysis, and ICs,s
were interpolated from the resulting curves using GraphPad Prism software,
version 2.0 (GraphPad Software, Inc., San Diego, Calif.).

RESULTS

Structure-activity relationship studies of a novel series of
1,6-naphthyridine isoquinoline derivatives have demonstrated
that excellent activity against HCMV is obtained with these
classes of compounds (6, 7; L. Chan et al., unpublished data).
In this study, we investigated the antiviral properties of some
representative members of these classes of compounds (Fig.
1). The selected compounds are characterized by the presence
of a 1,6-naphthyridine (compound A1) or a dihydroisoquino-
line (compounds B1, B2, and B3) scaffold linked through an
amide group to an aromatic moiety such as phenyl or indole
with one or two methylenes as a spacer.

Antiviral activity against HCMV, HSV-1, and HSV-2. The
antiviral activity of the compounds listed in Fig. 1 against
HCMYV was determined using two different HCMYV laboratory-
derived strains (AD 169 and Towne) in Hs68, MRC-5, or HFF
cells. Compounds B1 and B3 with a dihydroisoquinoline scaf-
fold were relatively equipotent to or less potent than GCV
against strains AD 169 and Towne in Hs68, MRC-5, and HFF
cells, respectively, whereas compound B2 was three- to nine-
fold more active than GCV (Table 1). The naphthyridine de-
rivative (A1) was found to have the highest anti-HCMV activ-
ity with an ICs,, 39- to 223-fold lower than that of GCV (Table

1). Anti-HCMV activity was also determined using the viral
yield reduction assay in HFF cells infected with HCMV Towne
at an MOI of 0.5. It is interesting to note that all 1,6-naphthy-
ridine and 7,8-dihydroisoquinoline derivatives were less potent
in the yield reduction assay than in the plaque reduction assay
(ICqyps) using the HCMV Towne strain in the HFF cell line
(Table 1). The ICy,s obtained in the yield reduction assay were
0.28, 2.0, 143, 3.4, >28.2, 7.0, and >34 uM for BDCRB, GCV,
PFA, and compounds Al, B1, B2, and B3, respectively.

To further investigate the utility of the test compounds as
anti-HCMV agents and the mechanism of action of the naph-
thyridine-dihydroisoquinoline scaffold, we tested these com-
pounds against HCMYV isolates harboring resistance to GCV,
PFA, CDV, or BDCRB. The ICy,s obtained against GCV-
resistant viruses remained relatively unchanged for compounds
Al, B1, B2, and B3 (Table 1), whereas HCMYV strains C8704,
C8805-37, and D16 displayed 12.3-, 19.7-, and 10.2-fold resis-
tance, respectively, to GCV compared to the low-passage clin-
ical isolate P8 (Table 1). Viral strains 4760recPolAl-1-1,
1117r73-1-2, and D-10 C4 displayed 2.5-, 10-, and 20-fold re-
sistance to PFA, CDV, and BDCRB, respectively, compared to
the wild-type strains (data not shown), whereas, again, the sus-
ceptibility to compounds Al, B1, B2, and B3 remained un-
changed (Table 1).

To further elucidate the activity of the naphthyridine-dihy-
droisoquinoline scaffolds toward herpesviruses, we determined
the antiviral efficacy of this series of compounds against HSV-1
and HSV-2. In these experiments, compounds Al and B2 were
found to be relatively equipotent to acyclovir against HSV-1,
and compound Al was 21.5-fold more potent than acyclovir
against HSV-2 (Table 1). However, in all cases the therapeutic
index of acyclovir was clearly superior (Table 1, see also Ta-
ble 3).

Antiviral activity spectrum. No significant activity against
influenza virus, RSV, adenovirus, or parainfluenza viruses was
detected for any of the test compounds (Table 2). Despite the
fact that IC,,s obtained with the test compounds were similar,
in some cases, to those of the control substances used, a rela-
tively large selectivity window for these viruses was nonexist-
ent. However, there was a strong activity observed for com-
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TABLE 1. Antiviral activities against human herpesviruses of 1,6-naphthyridine and 7,8-dihydroisoquinoline representatives

- . ICso (RM)*
Virus Cell line
Control” Al Bl B2 B3

HCMV isolates

AD 169 Hs68 0.78 = 0.16 0.02 = 0.01 1.8+13 0.09 = 0.01 24+1.0

AD 169 MRC-5 6.7 2.0 0.03 = 0.003 155 £ 1.1 1.5+0.1 88+ 1.4

P8¢ MRC-5 3009 0.3 =0.03 11.8 £ 2.8 0302 18.0 44

C8704¢ MRC-5 36.9 = 6.3 0.03 = 0.01 ND 0.09 = 0.01 5.8=*+0.7

C8805-37¢ MRC-5 59.1 = 11.3 0.02 = 0.003 271 =28 0.3 = 0.06 6.5+ 0.7

D16° MRC-5 30.7 5.5 0.2 = 0.06 23.7+ 8.5 1.6 £ 0.8 4117

AD 169 HFF 3010 0.05 13.8 1.0 13.6

Towne HFF 2.94 +0.98 0.06 + 0.01 9.04 +0.42 0.41 = 0.1 129 £ 1.7

Towne? HFF 0.9+0.3 1.8 £ 0.01 >28.2 8.9 >34.0

4760recPolA1-1-1¢ HFF 595 0.04 5.9 0.3 6.8

1117r73-1-2¢ HFF 7.2 0.04 5.6 6.4 0.3

D-10 C4¢ HFF >25.3 0.04 6.2 0.6 11.2
HSV isolates

HSV-1 (McKrae) MA-104 32*0.6 1.1+03 155+73 23+12 544 +194

HSV-2 (E194) MA-104 129 + 3.6 0.6 +0.1 424 +9.0 31+04 292 + 65

“ The ICs, was defined as the concentration of compound that resulted in a 50% reduction in plaque number compared to the number observed in control samples
without drug. For the experiments performed with the Hs68 fibroblasts, the data are presented as the averages of three or more experiments with the standard deviation.
For the experiments performed with the MRC-5, HFF, and MA-104 cells, all dose-response curves for all HCMV and HSV strains were constructed by using seven
and eight drug concentrations, respectively, in duplicate. ND, not determined.

b Control: GCV, HCMV isolates, except for 4760recPolA1-1-1, 1117r73-1-2, and D-10 C4, where PFA, CDV, and BDCRB, respectively, were used; acyclovir, HSV
isolates.

¢ HCMV strains used to infect MRC-5 cells: P8, a low-passage clinical isolate which is GCV sensitive; C8704 and C8805-37, which are GCV resistant due to UL97
phosphotransferase gene mutation (3, 34); and D16, which is GCV resistant through a mutation within the UL54 DNA polymerase gene (35).

4 Virus yield reduction assay.

¢ HCMV strains used to infect HFF cells: 4760recPolA1-1-1 (genotype unknown) is PFA resistant (2.5-fold resistance) and is derived from a clinical isolate (1),
1117r73-1-2 (genotype unknown) is CDV resistant (10-fold resistance) and is derived from the AD 169 strain, D-10 C4 (D344E and Q204R mutations within the UL89

and ULS56 genes, respectively) is TCRB and BDCRB resistant (20-fold resistance) and is derived from the Towne strain (19).

pound Al against RV/2 with a selectivity index greater than
400. In addition, no significant activity was observed against
HIV strains RF and IIIB in CEM-SS cells. A marginal activity
was observed against HIV clinical isolates ROJO and TEKI
tested in PBMC for compounds Al and B3 (Table 2).
Time-of-drug addition studies. To determine the events in
the virus replication cycle affected by the 1,6-naphthyridine
compound, various drugs known to act at early (GCV and
CDV) and late (TCRB) phases within the HCMV replication
cycle were used in a parallel experiment with the test com-
pounds. GCV, CDV, and compound Al were all found to be

effective without loss of activity when added up to 72 h postin-
fection (Fig. 2), whereas TCRB was found to remain active
when added between 72 and 80 h postinfection (Fig. 2), con-
sistent with its inhibitory effect on viral DNA processing. These
data indicate that compound Al affects events at an early
phase of the HCMYV life cycle up to and including viral DNA
synthesis.

Drug combination studies. In vitro studies of antiviral ac-
tivity using different drug combinations have suggested a
synergistic inhibition of HCMV replication when GCV was
combined with CDV (33). To determine if the activity of a

TABLE 2. Spectrum of antiviral activities of 1,6-naphthyridine and 7,8-dihydroisoquinoline representatives

Antiviral activity (ICso [wM]) and selectivity index (SI)®

Virus (strain)® Control® Al B1 B2 B3

ICs, SI ICs, SI ICs, SI ICso SI ICso SI
Influenza virus A 252 >16 >10 <1 169 + 31 1 >32 <1 >344 >1
Influenza virus B 23 +3 >36 10 = 1.6 2 158 + 10 >2 23+ 8 2 >344 >1
RSV (A2) 82*+4.1 17 19+ 13 <1 118 £25 <1 178 £ 13 <1 >344 <1
RV/2 (GPH) 44+1.2 >7 <0.03 >400 3114 3 11 +25 3 74 +7 2
AV/1 (65098) 9.9 + 1.7 13 13+ 0.6 1 >282 <1 64 = 12 1.5 136 = 14 <1
PIV/3 (14702) 123+ 04 10 28.1+3 <1 282 + 141 <1 127 + 32 <1 >344 <1
HIV RF 0.018 >404 >31 <1 >181 <1 >51 <1 >34 <1
HIV I1IBY 0.028 >388 >3] <1 ND ND ND ND >34 <1
HIV ROJO* 0.004 >769 12.4 1.5 127 >1.4 9.2 2 30 9
HIV TEKI® 0.004 >1,250 0.93 22 ND ND ND ND 139 2

“ Cell lines used for antiviral activity evaluation were MDCK for influenza viruses A and B, MA-104 for RSV and PIV/3, and A549 for RV/2 and AV/1.
® In vitro selectivity index value, which is the ratio of CCs to ICs,. ND, not determined.
¢ Control: influenza viruses A and B, RSV, and PIV/3, ribavirin; AV/1, HPMPA; RV/2, pirodavir; HIV RF and IIIB strains, dideoxycytosine; HIV ROJO and TEKI

strains, zidovudine.

4 Anti-HIV activity was evaluated in CEM-SS cells. Experiments were performed in triplicate. Standard deviation was less than 10%.
¢ Anti-HIV activity was evaluated in PBMC. Experiments were performed in triplicate. Standard deviation was less than 10%.
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FIG. 2. Effect of time of drug addition on anti-HCMYV activity of compound A1. HFF cells were infected with HCMYV strain Towne at an MOI of 0.5 PFU/cell and
exposed to GCV (O), CDV (A), TCRB (0), and compound Al (m) at 100, 10, 100, and 10 wM, respectively. Drugs were added at 8, 16, 24, 32, 40, 48, 56, 64, 72, 80,
and 88 h postinfection and were allowed to remain on the infected cultured cells for the 96-h duration of the experiment. Thereafter, infected cells were subjected to
one cycle of freezing and thawing, and the titer of virus produced was determined as described previously (37). The 0-h time point represents the end of the viral
adsorption step. The antiviral activity of the drugs is depicted as a percentage of the virus titer obtained with the infected untreated cells.

currently employed anti-HCMYV drug would be affected by the
concomitant use of the new compounds, the effect of com-
pound B2 on the activity of GCV against HCMV was deter-
mined. In these experiments, noncytotoxic combinations of B2
(0.005 to 30 uM) and GCV (0.4 to 100 pM) were employed.
Following coadministration of test compounds, HCMYV repli-
cation was determined by ELISA. The data show that there
were drug combination concentrations in which the interaction
rose above additivity, volume being 92.7 pM>% at 95% con-
fidence level (Fig. 3). There also was a small area of slight
antagonism at one combination of lower drug concentrations
(Fig. 3), which gave a volume of antagonism of 9.4 uM?>%, 95%
confidence level. Nonetheless, the amount of synergy is similar
to that observed for other interactions. For example, Prichard
et al. observed synergy volume of 112 uM?% at 95% confi-
dence level between acyclovir and a ribonucleotide reductase
inhibitor (25), leading them and us to conclude that such in-
teractions of two drugs are synergistic.

Cytotoxicity determination. Various methods, using differ-
ent cell lines and growth conditions, were used to investigate
the cytotoxic effects of the indicated compounds. These assays
involved the measurement of the incorporation of [*H]thymi-
dine, the use of WST-1 and XTT cell proliferation reagents,
neutral red uptake, and visual assessment for the determina-
tion of cell viability. In these assays, the naphthyridine and
dihydroisoquinoline compounds were found to be more toxic
than GCV when assessed using stationary cell cultures (Table
3). It is interesting to note, however, that when log-phase
growing Hs68 cells were used, the CCs,s were generally equiv-
alent to those of GCV, at least up to 282 pM. Of the four
compounds evaluated in this study, Bl and B3 were better
tolerated than were Al and B2 in all of the different toxicity
assays.

Effect of 1,6-naphthyridine derivatives on the HCMYV major
immediate-early promoter activity. Since the time-of-drug ad-
dition studies suggested that the compounds were interfering
with viral functions up to or including the initiation of DNA
replication, we used the HCF cell line, in which a luciferase

gene is stably expressed under the iel/ie2 enhancer-promoter,
to examine the potential effects on HCMV immediate-early
promoter functions. In these studies, no inhibition of HCMV
major immediate-early promoter-dependent luciferase activity
was observed in the HCF hepatocyte stable cell line when cells
were treated with GCV, B1, B2, or B3 at concentrations up to
39 uM (Fig. 4). However, a reduction was noted with com-
pound Al used at concentrations above 3.9 uM in a dose-
dependent fashion with 90% inhibition at 31 wM. A similar
observation was made for other 1,6-naphthyridine derivatives
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FIG. 3. Interaction of compound B2 and GCV. MRC-5 cells were infected
with HCMV at an MOI of 0.001 and treated with combinations of the two
compounds. The amount of HCMYV replication was determined by an ELISA.
Data analysis with MacSynergy II revealed a volume of synergy of 92.7 uM>% at
95% confidence level.
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TABLE 3. Cytotoxicity profile for 1,6-naphthyridine and
7,8-dihydroisoquinoline representatives

. CCso (LM)
Cell line
Control” Al B1 B2 B3
MRC-5” >3,921 8 90 26 255
HFF® >102 31 >23 26 >28

MA-104¢ >444 62*+03 931*+85 63.6*x13 91.8+02

MDCK¢ >410 17.4 + 25 >282 35+51 >344
A549¢ 1254 +16.5 156 +3.1 2256+23 954+31 116+ 10.2
Hs68¢ 542+49 59x21 175 15+ 1.6 85
Vero? 312+25 1 >282 20 170
Hs68° >392 >312 >282 >318 >344
Vero® >100 ND# >282 80 344
CEM-SS/ >2.0 3 87 24 71
PBMC' >1.1 19 >180 23 255

“ Controls: GCV for MRC-5, HFF, and Hs68 cells; ribavirin for MDCK cells;
HPMPA for A549 cells; acyclovir for MA-104 and Vero cells; dideoxycytosine for
CEM-SS cells; and zidovudine for PBMC.

’ Visual assessment on MRC-5 and HFF stationary cells (31, 37) was per-
formed in six separate experiments. On a one to four-plus basis of scoring the
cytopathology, no variation around the reported values was noticed.

¢ Neutral red uptake on stationary cells (15, 30). MA-104, MDCK, and A549
cells were observed microscopically for drug-induced morphological changes by
using seven concentrations of test compound in duplicate.

4 Thymidine uptake on exponentially growing Hs68 and Vero cells as de-
scribed in Materials and Methods.

¢ WST-1 cell proliferating agent on exponentially growing Hs68 and Vero cells
as described in Materials and Methods.

IXTT cell proliferating agent method (4). Experiments were performed in
triplicate. Standard deviation was less than 15%.

£ ND, not determined.

associated with ICs,s comparable to or lower than that of
compound Al (data not shown). In parallel experiments, no
toxicity was observed using the WST-1 cell proliferation re-
agent for any of the test compounds with the concentration
range used in this study (data not shown). The marked inhibi-
tion of HCMV major immediate-early promoter activity by

10000
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1,6-naphthyridine representatives at nontoxic concentrations
was also confirmed in an independent laboratory (data not
shown).

Effect of 1,6-naphthyridine derivatives on the expression of
viral antigens in HCMV-infected cells. To help further define
the potential mechanism of action for this series of com-
pounds, we infected cells with HCMV and monitored temporal
expression of the immediate-early and tegument proteins. In
the control infected cells sampled at early time points postin-
fection (6 and 24 h), the nuclei were found to contain both IE
1 and tegument proteins, the latter deriving in part from the
incoming virus, as determined by the lack of effect of cyclo-
heximide treatment (data not shown). A similar pattern of
staining was observed at these early times when infected cells
were treated with GCV (10.2 puM) or compound A1 (0.62 pM).
This indicated that virus infection was not prevented by, and IE
1 protein was synthesized in the presence of, the naphthyridine
under the experimental conditions used (data not shown). Vi-
rus control samples stained for IE 1 at 72 h postinfection
showed increased numbers of infected cells due to secondary
infection, which was clearly restricted by either treatment (Fig.
5a to c). Similar effects were observed at this time when cells
were stained for tegument protein. Secondary spread was even
more in evidence in the virus controls in this case, with com-
pound Al significantly reducing the appearance of tegument
protein in the cytoplasm of infected cells, a measure of de novo
synthesis (Fig. 5d to f). Once again, it was clear that treatment
with either compound Al or GCV prevented normal progres-
sion of virus replication and secondary spread by infective
progeny virus.

DISCUSSION
The 1,6-naphthyridines and isoquinolines were identified as

novel classes of compounds with anti-HCMYV activity through
screening using a plaque reduction assay (6, 7; L. Chan et al.,
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FIG. 4. Effect on HCMV iel/ie2 promoter-enhancer-dependent luciferase activity. HCF cells were incubated in the presence of GCV (A) and compounds Al (O),
B1 (A), B2 (@), and B3 (m) at concentrations ranging from 1.8 to 39 uM for 40 h. Luciferase activity was measured as described in Materials and Methods. All points

are averages of triplicate experiments. Standard deviation was less than 15%.
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D

FIG. 5. Effect of compound Al (5473) on the expression of IE 1 and the tegument proteins of HCMV strain AD 169 using indirect immunofluorescence assay.
MRC-5 cells were infected at an MOI of 0.1 PFU/cell in the presence of either no compound (A and D), compound Al (B and E), or GCV (C and F) at 0.62 and
10.2 uM, respectively. Cell cultures were sampled and examined at 72 h postinfection for the expression of the IE 1 (A to C) and tegument (D to F) proteins as described

in Materials and Methods.

unpublished data). A series of analogues were then synthesized
and evaluated for structure-activity relationships (6, 7; L. Chan
et al., unpublished data). The antiviral properties of compound
Al, a representative of the 1,6-naphthyridines, as well as of
three 7,8-dihydroisoquinolines, namely, compounds Bl, B2,
and B3, were presented in this study.

The drug-induced cytotoxicity and antiviral activity of four
compounds, one 1,6-naphthyridine and three dihydroisoquino-
lines, were investigated using a variety of methods, viral strains,
and cell lines. The 1,6-naphthyridine (A1) was clearly the most
potent compound evaluated in this report. Its selectivity index
was, in most cases, superior to that of the dihydroisoquinolines
tested (Tables 1 and 3) despite its being more cytotoxic than
B1, B2, and B3 (Table 3). Because of the large therapeutic

index, it is very unlikely that the antiviral activity observed is
related to the drug-induced toxicity to the host cells. In addi-
tion to the observed anti-HCMYV activity, the four compounds
tested were also active, albeit to a lesser extent, against HSV-1
and HSV-2 (Table 1). Compound Al was also found to be an
effective inhibitor of the rhinovirus strain RV/2 with a selective
index of >400 (Table 2). A slight inhibitory effect on HIV
(TEKI) with a selective index of 22 was also observed with A1.
None of the compounds investigated were active against the
influenza virus, RSV, adenovirus, or parainfluenza virus strains
tested (Table 2). These data suggest a specific mechanism of
viral inhibition which may result from either a direct effect on
the susceptible virus or an effect on virus-cell interactions.
Among the set of molecules examined, compound Al was
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the most potent inhibitor of laboratory-derived and clinical
isolates of HCMV. The reduction in potency observed in the
virus yield reduction assay may demonstrate that the antiviral
activity of these compounds is MOI dependent. Amino acid
changes within the UL54 and UL97 genes associated with a
GCV resistance phenotype and mutations leading to PFA,
CDV, and BDCRB drug resistance had no effect, for the spe-
cific viruses used in the experiments, on the activity of the
compounds presented in this study. The HCMV phosphotrans-
ferase, DNA polymerase, or UL89 gene products cannot be
excluded, despite lack of cross-resistance, as potential targets
for these molecules since, for example, a large spectrum of
mutations in the UL54 gene, which confers various levels of
GCV, PFA, or CDV resistance, have been identified (13).
Furthermore, it has been reported that HCMV strains derived
under selective pressure of PFA were cross-resistant to phos-
phonylmethoxyethyl derivatives in vitro but not to HPMPA
[(S)-9-(3-hydroxy-2-phosphonylmethoxypropyl)adenine] or
CDV, suggesting a different mutation pattern within the same
molecular target. Therefore, it is possible that a similar situa-
tion could be envisaged for the 1,6-naphthyridines and 7,8-
dihydroisoquinolines. However, it should be emphasized that
these compounds do not share any common structural features
with GCV and CDV nucleoside analogues, which could sug-
gest that a viral protein distinct from the HCMV DNA poly-
merase is targeted by these molecules.

Data derived from time-of-drug addition studies indicate
that the compound Al is acting at an early event within the
viral replication cycle. A reduction of efficacy was observed at
the same time as GCV and CDV when infected cells were
exposed to the drugs at various time points during a single
HCMV replication cycle. This is further supported by the re-
duction of de novo expression of pp65 tegument protein in the
presence of compound Al at a concentration of 0.62 pM which
is well below the CCs, for the MRC-5 cells (Table 3) and
suggests that the function of other cellular or viral proteins
regulating the expression of the pp65 gene could be affected by
compound Al. This could suggest a drug-related interference
with the immediate-early- to early-phase transition of viral
gene expression. The expression of other early gene products
which were not monitored in these studies could be affected as
well in the presence of compound Al. Experiments designed to
elucidate the effects of compound Al on RNA level and pro-
tein synthesis arising from various HCMV genes and viral
polymerase activity are currently under way to further clarify
the specificity of the inhibitory action. Alternatively, it is also
possible that the naphthyridines and dihydroisoquinolines may
act by disrupting cellular factors involved in viral cycle events,
leading to an abnormal progression of the HCMV replication
cycle. The immunofluorescence studies also demonstrate that
the viral adsorption was not prevented since the amount of IE
1 protein staining positively was not affected in the presence of
compound Al. Interestingly, an inhibition of the HCMV major
immediate-early promoter-dependent luciferase activity in the
HCEF hepatocyte stably transfected cell line was noted in the
presence of compound Al at concentrations ranging from 3.9
to 31 uM (Fig. 4). These concentrations, however, were well
above the concentrations used in the immunofluorescence
studies where the expression of IE 1 protein was found to be
unaffected by these concentrations of drug. The fact that dif-
ferent cell lines were used in the two studies could also explain
the discrepancies observed between the two assays. In addi-
tion, no inhibitory and cytotoxicity effects were observed on
the HIV type 1 long terminal repeat-driven chlorampheni-
col acetyltransferase reporter gene expression in Jurkat T cells
(10) incubated with compound Al (data not shown), suggest-
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ing a promoter or/and cell type specificity. It should be em-
phasized that the relevance of the marked reduction of the
HCMV major immediate-early promoter activity with respect
to the anti-CMYV activity of these compounds remains to be
determined.

In this study, we have reported on novel anti-HCMV agents,
namely, 1,6-naphthyridines and 7,8-dihydroisoquinolines, hav-
ing potent antiviral activity and in some cases relatively wide
selectivity indices. Cross-resistance evaluation studies have re-
vealed that a novel mechanism of action could be involved,
making these compounds attractive for potential therapeutic
use against HCMYV infections where isolates have become
resistant to current drug therapies. Identification of a slight
synergistic effect between compound B2 and GCV raises the
possibility for a use in combination therapy which could be
beneficial to the infected individuals by preventing the emer-
gence of drug resistance. Further exploratory work such as
characterization of 1,6-naphthyridine- or 7,8-dihydroisoquino-
line-resistant viruses is required to provide a better under-
standing of their mechanism of action.
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