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FIG. 4. Inhibition of HCMV IE protein levels by phosphorothio-
ate oligonucleotides. The effects of oligonucleotide treatment on
steady-state levels of proteins from the major IE transcriptional unit
of HCMV were evaluated with Western blot analysis. Cell extracts
were prepared 6 h after infection. The 72K and 86K bands represent
the primary polypeptide products of the IE1 and IE2 genes at 72 and
86 kDa, respectively. ISIS 1082 is a control oligonucleotide which is
noncomplementary to HCMV mRNA. ISIS 2855 is complementary
to mRNA encoding HCMV DNA polymerase. ISIS 2922 is comple-
mentary to IE2 mRNA. Numbers at the top of the lanes represent
micromolar concentrations of compounds used for treatment of
cells. VC, virus control (untreated HCMV-infected cells); CC, cell
control (untreated, uninfected cells); DHPG, ganciclovir.

Oligonucleotide treatment of cells prior to virus infection
was essential for antiviral activity. Treatment of cells with
oligonucleotide after virus adsorption resulted in no antiviral
activity up to a concentration of 10 ,uM. In contrast, the
presence of oligonucleotides during virus adsorption re-
sulted in a potentiation of antiviral activity. Under these
conditions, the antiviral activities of ISIS 2922 and a non-
complementary control oligonucleotide (ISIS 1082) were
indistinguishable (EC50s = 0.003 ,uM).
Reduced expression of HCMV IE proteins in ISIS 2922-

treated cells. The steady-state levels of IE proteins in
HCMV-infected NHDF cells were examined by Western
blot analysis. A monoclonal antibody (MAB810; Chemicon)
was used to detect the 72- and 86-kDa proteins, which are
the predominant polypeptide products of IE1 and IE2,
respectively. The results of one experiment to examine the
effect of oligonucleotide treatment on IE protein levels are
presented in Fig. 4.

Six hours after infection, the levels of both IE polypep-
tides were reduced in HCMV-infected cells treated with ISIS
2922. The 72- and 86-kDa polypeptide levels were undetect-
able in cells treated with 1 ,uM ISIS 2922 and were present in
significantly reduced amounts in cells treated with 0.5 p,M
ISIS 2922. Treatment with the noncomplementary control
oligonucleotide, ISIS 1082, reduced IE protein levels as
well, but only at higher concentrations (4 to 8 ,uM). An
oligonucleotide complementary to the DNA polymerase
gene of HCMV (ISIS 2855), and therefore not expected to
inhibit IE protein synthesis, also reduced IE protein levels at
higher concentrations. Concentrations of ganciclovir which
exhibit potent antiviral activity (up to 100 p,M) had no effect
on the levels of the 72- or 86-kDa proteins. Ganciclovir is a
nucleoside analog which inhibits viral DNA replication and
should not directly affect IE protein synthesis.
The ability of ISIS 2922 to inhibit expression of IE

proteins was confirmed qualitatively with immunofluores-
cent staining of HCMV-infected cells with the same mono-
clonal antibody. At a concentration of 1 p,M, the proportion
of ISIS 2922-treated cells exhibiting characteristic nuclear
immunofluorescence 24 h after infection was reduced rela-
tive to the proportion observed in untreated HCMV-infected
cells (<10% versus >70%, respectively). In addition, the

TABLE 3. Effect of oligonucleotide length and sequence on
antiviral activity and oligonucleotide-target RNA duplex stability

Relative %
ISIS Sequencea of antiviral Tm (oC)c

activityb

2922 GOCGTTTGCTCTTCTTCTTGCG 100 54.6 ± 0.18
4376 -CGTTTGCTCTTCTTCTTGC- <10 ND
4367 --GTTTGCTCTTCTTCTTG-- <10 49.1 ± 0.03
5476 GOCGTTTGCTCTTCTTCTTGC- 40 52.4 ± 0.07
5478 GCGTTTGCTCTTCTTCTTG-- 33 50.6 ± 0.07
5479 GCGTTTGCTCTTCTTCTT--- 20 ND
5480 GCGTTTGCTCTTCTTCT---- 21 ND
5477 -CGTTTGCTCTTCTTCTTGCG 38 53.1 ± 0.03
5481 --GTTTGCTCTTCTTCTTGCG 53 53.2 ± 0.03
5482 ---TTTGCTCTTCTTCTTGCG 35 ND
5483 ----TTGCTCTTCTTCTTGCG 47 ND
4431 GOCGTTTGCTCfTCTTCTTGCG 83 48.4 ± 0.12
4432 GCGTTTICTCTTCTfCTTGCG 88 34.9 ± 0.58

a Sequence of oligonucleotide from 5' end to 3' end. A hyphen indicates a
deletion relative to ISIS 2922 sequence. Boldfaced, underlined letters indicate
changes with respect to the ISIS 2922 sequence.

b [EC50 (ISIS 2922)/EC50 (oligonucleotide)] x 100.
c Temperature of oligonucleotide-RNA duplex denaturation (Tm). Values

are presented as the means of three determinations of the 50% hyperchromic-
ity value of an 8 FM solution in 0.1 M NaCl-10 mM sodium phosphate-0.1
mM EDTA, pH 7. Calculated standard deviation is also shown. The RNA
strand was a perfect complement for ISIS 2922 (5'-CGCAAGAAGAAGAG
CAAACGC-3'). ND, not determined.

intensity of fluorescence was judged to be reduced in the
cells treated with ISIS 2922 (data not shown).

Antiviral activity of ISIS 2922 oligonucleotide analogs with
modified nucleotide sequences. Sequence modifications of
ISIS 2922 were made and evaluated both for antiviral activ-
ity in the HCMV 96-well immunoassay and for their ability
to form hybrid duplexes with complementary RNA se-
quences (Table 3). Deletion of a single nucleotide residue
from either end of the ISIS 2922 sequence reduced antiviral
activity, and deletion of both 5'- and 3'-terminal residues
reduced antiviral activity further. These changes had only a
modest effect on the stability of the double-stranded duplex
formed between these oligonucleotides and the RNA com-
plement of ISIS 2922 (Table 3). In contrast, substitution of 1-
or 2-base mismatches at internal sites within the sequence of
ISIS 2922 did not significantly affect antiviral activity in the
HCMV immunoassay. This was an unexpected finding be-
cause the duplex stability for these oligonucleotides hybrid-
ized with the RNA complement of ISIS 2922 was signifi-
cantly reduced relative to that of a perfectly matched RNA-
DNA duplex under identical conditions (Tms in 0.1 M NaCl
= 48 and 35°C for 1- and 2-base mismatches, respectively,
versus 55°C for complementary duplex).

Internalization of phosphorothioate oligonucleotides. A flu-
orescent label was coupled to ISIS 2922 by incorporation of
a fluorescein-conjugated phosphoramidite precursor at the 5'
end of the ISIS 2922 sequence during oligonucleotide syn-
thesis (see Materials and Methods). The antiviral activity of
the fluorescein-conjugated oligonucleotide was comparable
with that of unconjugated ISIS 2922.

After overnight treatment ofNHDF cells with either 0.1 or
1.0 ,uM oligonucleotide, significant amounts of internalized
fluorescent signal could be visualized with a fluorescence
microscope. The majority of fluorescent signal appeared as a
granular pattern surrounding the nuclei of treated cells,
suggesting as association with an endosomal compartment
(data not shown). A similar pattern of cellular distribution

1950 AZAD ET AL.

 on M
arch 3, 2021 by guest

http://aac.asm
.org/

D
ow

nloaded from
 



ANTIVIRAL OLIGONUCLEOTIDES FOR HUMAN CYTOMEGALOVIRUS 1951

B.
1000 -

100 4

1000 -

ci

0

I-

z
0

z

UJ
a.

100 -

10 - 1* --1 I n

.0001.001 .01 .1 1 10 100 10010000
. . ...10000. .......I

1 o 1 oo 1ooo 1 oooo

CONCENTRATION (gM) CONCENTRATION (gM)
FIG. 5. Effects of oligonucleotide treatment on uninfected NHDF cells. Cells were treated with ISIS 2922 (0) or the control

oligonucleotide, ISIS 1082 (A), just as in the 96-well antiviral immunoassay, except that virus was omitted during the infection step. Cell
viability was evaluated 72 h after a mock infection, with reduction of MTT as an endpoint (see Materials and Methods). Results are expressed
as the percentage of viability of control untreated cells. Each point represents the mean of triplicate determinations. Panel A shows a 10-fold
dilution series over a wide dose range, while panel B shows a 2-fold dilution series used to determine a 50% cytotoxic concentration. Under
identical conditions, 50% inhibition of HCMV replication was achieved in the 96-well immunoassay at concentrations of 0.2 to 0.7 P,M. O.D.,
optical density.

has been reported for other fluorescein-labeled phospho-
rothioate oligonucleotides (5). The intensity of the fluores-
cent signal was greater in the cells treated with 1 ,uM
oligonucleotide than in those treated with 0.1 ,uM oligonu-
cleotide. No discernible differences in intensity or distribu-
tion of the fluorescent signal were observed between
HCMV-infected or uninfected NHDF cells.

Effects of oligonucleotide treatment on uninfected NHDF
cells. The effects of oligonucleotide treatment on cell viabil-
ity were monitored by using reduction of MTIF or uptake of
neutral red dye as endpoints. Figure 5 shows the results of an
experiment in which NHDF cells in a 96-well plate were
treated with ISIS 2922 according to the antiviral assay
protocol, except that an incubation with a mock virus
inoculum was used instead of virus infection. After a total of
4 days of treatment, cells were >90% viable at oligonucleo-
tide concentrations of <100 ,uM. IC50s of ISIS 2922 in the
MTT and neutral red assays were between 300 and 500 ,uM.
A phosphorothioate of identical length, but different se-
quence and base composition (ISIS 1082), showed similar
cytotoxicity in parallel assays, indicating that the cytotoxic-
ity observed at high concentrations is not sequence depen-
dent. Under identical assay conditions, 50% inhibition of
virus replication was achieved at concentrations of ISIS 2922
of 0.2 to 0.7 pM.
The abilities of fibroblasts and HeLa cells to proliferate in

the presence of oligonucleotide under different cell culture

TABLE 4. Effects of phosphorothioate oligonucleotides on
proliferation of cultured cells

IC50 (PM) of':
Cells Medium

ISIS 2922 ISIS 1082

NHDF FGM + 0.2% FBS 100, >100 >100, >100
NHDF DMEM + 10% FBS 40, 80 50, 100
HeLa DMEM + 10% FBS > 100, > 100 > 100, > 100

a Concentration at which 50% inhibition of viable cell counts was observed
after a 5-day incubation with replicating cells. Each value represents the
results from one of two independent experiments in which oligonucleotide
concentrations of 0.1, 1, 10, 50, and 100 P,M were evaluated in triplicate.

conditions were investigated in a separate experiment (Table
4). Replication of NHDF or HeLa cells was affected only at
oligonucleotide concentrations well in excess of those nec-
essary for antiviral activity. The effects of ISIS 2922 on cell
proliferation and viability were similar to those of the control
oligonucleotide ISIS 1082.
The effects of ISIS 2922 treatment on cellular macromo-

lecular synthesis were investigated with precursor incorpo-
ration assays. Pulses of tritium-labeled leucine or uridine
after a 24-h treatment of NHDF or HeLa cells with ISIS 2922
revealed no significant effects on cellular protein or RNA
synthesis. IC50s were >100 ,uM, regardless of whether
serum-free FGM or DMEM with 10% FBS was used as the
culture medium. DNA synthesis as monitored by thymidine
incorporation was not affected by oligonucleotide treatment
at concentrations as high as 100 pM in HeLa cells. Evalua-
tion of DNA synthesis in fibroblasts by this approach was
not feasible because of very low levels of thymidine incor-
poration in untreated as well as treated cells. The results of
these studies are consistent with those of previously pub-
lished studies of the effects of phosphorothioate oligonucle-
otides on cell growth, viability, and metabolism (9, 15, 30).

DISCUSSION

Several phosphorothioate oligonucleotides complemen-
tary to IE2 mRNA of HCMV have been identified which
demonstrate potent antiviral activity in a 96-well immunoas-
say for HCMV replication. One of these, ISIS 2922, has been
characterized extensively. In a 96-well immunoassay, ISIS
2922 was at least 30-fold more potent than ganciclovir.
Comparable antiviral activity was confirmed in plaque re-
duction and infectious virus yield reduction assays. While all
of the phosphorothioate oligonucleotides evaluated showed
some antiviral activity at a dose of 5 puM, the enhanced
potencies of ISIS 2922 and other oligonucleotides comple-
mentary to IE2 mRNA suggests that the observed antiviral
activity of ISIS 2922 is, at least in part, the result of a
sequence-dependent mechanism of action.
Many of the observations concerning the activities and

properties of ISIS 2922 are consistent with an antisense
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mechanism of action. For instance, fluorescein-conjugated
ISIS 2922 is apparently internalized readily by NHDF cells,
consistent with an intracellular mechanism of action. Fur-
thermore, treatment with ISIS 2922 reduces steady-state
levels of HCMV IE proteins. The enhanced ability of ISIS
2922 to reduce steady-state levels of IE proteins relative to
control oligonucleotides or ganciclovir is consistent with a
sequence-dependent mechanism of action and suggests that
the function of the intended target of ISIS 2922 (IE2 mRNA)
is affected by ISIS 2922 treatment.
However, some observations suggest that alternative se-

quence-dependent mechanisms may be operative. For ex-
ample, single nucleotide deletions at either end of the ISIS
2922 sequence reduced antiviral activity but had only a
modest effect on the measured stability of the oligonucleo-
tide-RNA duplex. In contrast, substitution of 1 or 2 internal
nucleotides had little if any effect on antiviral activity even
though these nucleotide substitutions substantially reduced
the stability of oligonucleotide-RNA duplexes. The lack of
correlation between stability of oligonucleotide-RNA du-
plexes and antiviral activity is difficult to reconcile with the
hypothetical properties of an antisense oligonucleotide de-
signed to inhibit gene expression as a result of Watson-Crick
base pair interactions.

Experiments to evaluate HCMV IE protein levels in
oligonucleotide-treated cells provided similarly perplexing
results. A reduction in IE2 protein levels was anticipated as
a theoretical consequence of ISIS 2922 treatment, but the
observed reduction in the levels of both IE1 and IE2 proteins
in cells treated with ISIS 2922 was unexpected since the
sequence of ISIS 2922 is complementary only to mRNA
from the IE2 region. One of the characterized protein
products of the HCMV IE2 region is a 55-kDa protein which
has been reported to transactivate transcription from the
major IE promoter (4). If IE2 55-kDa protein synthesis were
inhibited by ISIS 2922 treatment, this could lead to a
reduction in transcription through the entire major IE region
(i.e., IE1 and IE2), resulting in a secondary effect on
synthesis of all proteins encoded by the major IE transcrip-
tional unit. Alternatively, since mRNA for both IE1 and IE2
proteins is derived from alternative processing of transcripts
originating from the major IE promoter, it is possible that
ISIS 2922 could be interfering with processing of nuclear
transcripts through its interaction with the IE2 target site.
Another possibility is that ISIS 2922 could inhibit virus
adsorption, penetration, or uncoating in an as yet undefined,
sequence-dependent manner. Such an inhibition would lead
to a reduction in synthesis of all viral proteins, including IE
proteins.

ISIS 2922 inhibits HCMV replication at lower concentra-
tions than those of control oligonucleotides, indicating a
sequence-dependent component of its antiviral activity.
However, all phosphorothioate oligonucleotides examined
in this study exhibited some antiviral activity at higher
doses. The antiviral activity of noncomplementary oligonu-
cleotides is not a consequence of a nonspecific effect of
phosphorothioate oligonucleotides on cellular metabolism.
Assays to measure cell viability, proliferation, and macro-
molecular synthesis under a variety of cell culture conditions
revealed effects on cellular metabolism only at concentra-
tions greatly exceeding those required for antiviral activity.
These observations are consistent with previous reports
describing the lack of cytotoxicity of phosphorothioate oli-
gonucleotides in cell culture (9, 15, 30).

Antiviral activity of noncomplementary phosphorothioate
oligonucleotides has previously been reported for the related

herpes simplex viruses (14). The inhibition of herpes simplex
viruses by noncomplementary phosphorothioate oligonucle-
otides probably results from direct inhibition of viral DNA
polymerase or interaction with virus particles (14, 15). The
anti-HCMV activity observed at higher concentrations of
noncomplementary phosphorothioate oligonucleotides may
be the result of similar interactions with the HCMV DNA
polymerase or virions. The reduction in HCMV IE protein
levels observed in cells treated with relatively high concen-
trations of noncomplementary phosphorothioate oligonucle-
otides in this study is consistent with an oligonucleotide
interaction with HCMV virions that might prevent adsorp-
tion or uncoating. The observation that sequence-indepen-
dent antiviral activity is enhanced when phosphorothioate
oligonucleotides are present during virus adsorption is also
consistent with such a mechanism of action. It is likely
therefore that the observed antiviral activity of ISIS 2922
results from a combination of sequence-dependent and se-
quence-independent effects on virus replication processes.

Oligonucleotides such as ISIS 2922 represent a new class
of antiviral agents which may be clinically useful in the
treatment of HCMV disease. ISIS 2922 is more potent than
the currently approved antiviral agent, ganciclovir, in sev-
eral in vitro assays, and cytotoxicity in cell culture assays is
observed only at very high concentrations. Furthermore, the
sequence-dependent nature of the antiviral activity and the
ability of ISIS 2922 to inhibit IE protein synthesis indicate a
mechanism of action different from that of the currently
licensed compounds, ganciclovir and foscarnet, which are
thought to reduce HCMV replication by inhibiting viral
DNA polymerase activity (34, 41). Therefore, phospho-
rothioate oligonucleotides like ISIS 2922 should inhibit rep-
lication of HCMV strains which have evolved resistance to
currently used antiviral agents during chronic therapy and
could be used either alone or in combination with currently
approved therapeutics to ameliorate HCMV disease.

ACKNOWLEDGMENTS
We thank M. Zounes and H. Sasmor for synthesis and purification

of oligonucleotides; B. MacDonald for assistance with cell culture
and immunofluorescent staining of infected cells; S. Frier and E.
Lesnik for Tm determination of oligonucleotide-RNA duplexes; M.
Crooke for evaluation of oligonucleotide effects on cellular prolifer-
ation and macromolecular synthesis; and L. Cowsert, R. Hanecak,
and C. Mirabelli for discussion, advice, and careful review of the
manuscript. Monoclonal antibody lH1O was kindly provided by H.
Takeuchi (Eisai Co., Ltd., Ibaraki, Japan).

REFERENCES
1. Agrawal, S., J. Goodchild, M. P. Civiera, A. T. Thornton, P. M.

Sarin, and P. C. Zamecnik 1988. Oligodeoxynucleoside phos-
phoramidites and phosphorothiotes as inhibitors of human im-
munodeficiency virus. Proc. Natl. Acad. Sci. USA 85:7079-
7083.

2. Agris, C. H., K. R. Blake, P. S. Miller, M. P. Reddy, and
P. 0. P. Ts'O. 1986. Inhibition of vesicular stomatitis virus
protein synthesis and infection by sequence-specific oligodeoxy-
ribonucleoside methylphosphonates. Biochemistry 25:6268-
6275.

3. Babich, H., and E. Borenfreund. 1991. Cytotoxicity of T-2 toxin
and its metabolites determined with the neutral red cell viability
assay. Appl. Environ. Microbiol. 57:2101-2103.

4. Baracchini, E., E. Glezer, K. Fish, R. M. Stenberg, J. A. Nelson,
and P. Ghazal. 1992. An isoform variant of the cytomegalovirus
immediate-early auto repressor functions as a transcriptional
activator. Virology 188:518-529.

5. Bennett, C. F., M. Chiang, H. Chan, J. E. Shoemaker, and C. K.

1952 AZAD ET AL.

 on M
arch 3, 2021 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


~ANTIVIRAL, OLIGONUCLEOTIDES FOR HUMAN CYTOMEGALOVIRUS 1953

Mirabelli. 1992. Cationic lipids enhance cellular uptake and

activity of phosphorothioate antisense oligonucleotides. Mol.

Pharmacol. 41:1023-1033.

6. Chee, M. S., A. T. Bankier, S. Beck, R. Bohni, C. M. Brown, R.

Cerny, T. Horsnell, C. A. Hutchinson Ml, T. Kouzarides, J. A.

Martignetti, E. Preddie, S. C. Satchwell, P. Tomlinson, K. M.

Weston, and B. G. Barrell. 1990. Analysis of the protein-coding
content of the sequence of human cytomegalovirus strain

AD169. Curr. Top. Microbiol. Immunol. 154:125-169.

7. Collaborative DHPG Treatment Study Group. 1986. Treatment

of serious cytomegalovirus infections with 9-(1,3-dihydroxy-2-

propoxymethyl) guanine in patients with AIDS and other immu-

nodeficiencies. N. Engl. J. Med. 27:801-805.

8. Cowsert, L. M., M. C. Fox, G. Zon, and C. K. Mirabelli. 1993.

In vitro evaluation of phosphorothioate oligonucleotides tar-

geted to the E2 mRNA of papillomavirus: potential treat-

ment for genital warts. Antimicrob. Agents Chemother. 37:171-

177.

9. Crooke, R. M., G. D. Hoke, and J. E. E. Shoemaker. 1992. In

vitro toxicological evaluation of ISIS 1082, a phosphorothioate
oligonucleotide inhibitor of herpes simplex virus. Antimicrob.

Agents Chemother. 36:527-532.

10. Denzoit, F., and.R. Lang. 1986. Rapid colorimetric assay for cell

growth and survival: modification of the tetrazolium dye proce-

dure giving imnproved sensitivity and reliability. J. Immunol.

Methods 89:271-277.

Draper, K. G., M. Ceruzzi, M. E. Kmetz, and L. J. Sturzen-

bercker. 1990. Complementary oligonucleotide sequence inhib-

its both Vmw6S gene expression and replication of herpes

simplex virus. Antiviral Res. 13:151-164.

12. Fiala, M., J. E. Payne, T. V. Berne, et al. 1975. Epidemiology of

cytomegalovirus infection after transplantation and immunosup-
pression. J. Infect. Dis. 132:421-433.

13. Gao, W., J. W. Jaroszewski, J. S. Cohen, and Y.-C. Cheng.
1990. Mechanisms of inhibition of herpes simplex virus type 2

growth by 28-mer phosphorothioate oligodeoxycytidine. J. Biol.

Chem. 265:20172-20178.

14. Gao, W., C. A. Stein, J. S. Cohen, G. E. Dutschman, and Y.-C.

Cheng. 1989. Effect of phosphorothioate homo-oligodeoxynu-
cleotides on herpes simnplex virus type 2-induced DNA poly-
merase. J. Biol. Chem. 264:11521-11526.

15. Gao, W.-Y., R. N. Hanes, M. A. Vazquez-Padua, C. A. Stein,

J. S. Cohen, and Y.-C. Cheng. 1990. Inhibition of herpes simplex
virus type 2 growth by phosphorothioate oligodeoxynucle-
otides. Antimicrob. Agents Chemother. 34:808-812.

16. Gross, J. G., S. A. Bozzette, W. C. Mathews, et al. 1990.

Longitudinal study of cytomegalovirus retinitis in acquired
imune defiiency syndrome. Ophthalmology 97:681-686.

17. Heilbronn, R., G. Jahn, A. Bfirkle, U.-K. Freese, B. Flecken-

stein, and H. zur Hansen. 1987. Genomic localization, sequence

analysis, and transcription of the putative human cytomegalo-
virus DNA polymerase gene. J. Virol. 61:119-124.

18. Helene, C., and J.-J. Toulme. 1990. Specific regulation of gene

expression by antisense, sense and antigene nucleic acids.

Biochimn. Biophys. Acta 1049:99-125.

19. Henderly, D. E., W. R. Freeman, D. M. Causey, and N. A. Rao.

1987. Cytomegalovirus retinitis and response to therapy with

ganciclovir. Ophthalmology 94:425-434.

20. Hermiston, T. W., C. L. Malone, P. R. Witte, and M. F. Stinski.
1987. Identification and characterization of the human cytomeg-

alovirus immediate-early region 2 gene that stimulates gene

expression from an inducible promoter. J. Virol. 61:3214-

3221.

21. Hoke, G., K. Draper, S. Freir, C. Gonzalez, V. B. Driver, M. C.

Zounes, and D. J. Ecker. 1991. Effect of phosphorothiote

capping on antisense oligonucleotide stability, hybridization and

antiviral efficacy versus herpes simplex virus. Nucleic Acids

Res. 19:5743-5748.

22. Jabs, D. A., C. Eager, and J. G. Bartlett. 1989. Cytomegalovirus
retinitis and acquired immunodeficiency syndrome. Arch.

Opthalmol. 107:75-80.

23. Jacobson, M. A., W. L. Drew, J. Feinberg, J. J. O'Donnell, P. V.

Whitmore, R. D. Miner, and D. Parenti. 1991. Foscarnet therapy

for ganciclovir resistant cytomegalovirus retinitis in patients
with AIDS. J. Infect. Dis. 163:1348-1351.

24. Jacobson, M. A., and J. Mills. 1988. Serious cytomegalovirus
disease in the acquired immunodeficiency syndrome (AIDS).
Clinical findings, diagnosis, and treatment. Ann. Intern. Med.
108:585-594.

25. Kouzarides, T., A. T. Bankier, S. C. Satchwell, K. Weston, P.
Tomlinson, and B. G. Barrell. 1987. Sequence and transcription
analysis of the human cytomegalovirus DNA polymerase gene.
J. Virol. 61:125-133.

26. Kulka, M., C. C. Smith, L. Aurelian, R. Fishelevich, K. Meade,
P. Miller, and P. 0. P. Ts'O. 1989. Site specificity of the
inhibitory effects of oligo(nucleoside methylphosphonate)s com-
plementary to the acceptor splice junction of herpes simplex
virus type 1 immediate early mRNA 4. Proc. Natl. Acad. Sci.
USA 86:6868-6872.

27. Lemaitre, M., B. Bayard, and B. Lebleu. 1987. Specific antiviral
activity of a poIy(L-lysine)-conjugated oligodeoxyribonucleotide
sequence complementary to vesicular stomatitis virus N protein
mRNA initiation site. Proc. Natl. Acad. Sci. USA 84:648-652.

28. Marker, S. C., R. J. Howard, R. L. Simmons, et al. 1981.
Cytomegalovirus infection: a quantitative prospective study of
320 consecutive renal transplants. Surgery 89:660-671.

29. Matsukura, M., K. Shinozuka, G. Zon, H. Mitsuya, M. Reitz'
J. S. Cohen, and S. Broder. 1987. Phosphorothioate analogs of
oligodeoxynucleotides: inhibitors of replication and cytopathic
effects of human immunodeficiency virus. Proc. Natl. Acad.
Sci. 84:7706-7710.

30. Matsukura, M., G. Zon, K. Shinozuka, M. Robert-Guroff, T.
Shimada, C. A. Stein, H. Mitsuya, F. Wong-Staal, J. S. Cohen,
and S. Broder. 1989. Regulation of viral expression of human
imunodeficiency virus in vitro by an antisense phosphorothio-

ate oligodeoxynucleotide against rev (art/trs) in chronically
infected cells. Proc. Natl. Acad. Sci. USA 86:4244-4248.

31. Meyers, J. D., H. C. Spencer, Jr., J. C. Watts, et al. 1975.
Cytomegalovirus pneumonia after human marrow transplanta-
tion. Ann. Intemn. Med. 82:181-188.

32. Mirabelli, C. K., C. F. Bennett, K. P. Anderson, and S. T.
Crooke. 1991. In vitro and in vivo pharmacologic activities of
antisense oligonucleotides. Anticancer Drug Design 6:647-
661.

33. Monia, B. P., J. F. Johnston, D. J. Ecker, M. A. Zounes, W. F.
Lima, and S. M. Freier. 1993. Selective inhibition of mutant
Ha-ras mRNA expression by antisense oligonucleotides. J.
Biol. Chem. 267:19954-19962.

34. Oberg, B. 1983. Antiviral effects of phosphonoformate. Phar-
macol. Ther. 19:387-415.

35. Palestine, A. G., M. A. Polis, M. D. DeSmet, et al. 1991. A
randomized, controlled trial of foscarnet in the treatment of
cytomegalovirus retinitis in patients with AIDS. Ann. Intemn.
Med. 115:665-673.

36. Pizzorno, M. C., P. O'Hare, L. Sha, R. L. LaFemina, and G. S.
Hayward. 1988. trans-Activation and autoregulation of gene
expression by the immediate-early region 2 gene products of
human cytomegalovirus. J. Virol. 62:1167-1179.

37. Rubin, R. H., A. B. Cosimi, N. E. Tolkoff-Rubin, P. S. Russell,
and M. S. Hirsch. 1977. Infectious disease syndromes attribut-
able to cytomegalovirus and their significance among renal
transplant recipients. Transplantation 24:458-464.

38. Stenberg, R. M., A. S. Depto, J. Fortney, and J. A. Nelson. 1989.
Regulated expression of early and late RNAs and proteins from
the human cytomegalovirus immediate-early gene region. J.
Virol. 63:2699-2708.

39. Stenberg, R. M., J. Fortney, S. W. Barlow, B. P. Magrane, J. A.
Nelson, and P. Ghazal. 1990. Promoter-specific trans-activation
and repression by human cytomegalovirus immediate-early pro-
teins involves common and unique protein domains. J. Virol.
64:1556-1565.

40. Stenberg, R. M., P. R. Witte, and M. F. Stinski. 1985. Multiple
spliced and unspliced transcripts from human cytomegalovirus
immediate-early region 2 and evidence for a common initiation
site within immediate-early region 1. J. Virol. 56:665-675.

41. Sullivan, V., C. L. Talarico, S. C. Stanat, M. Davis, D. M. Coen,

VOL. 37, 1993

 on M
arch 3, 2021 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


1954 AZAD ET AL. ANTIMICROB. AGENTS CHEMOTHER.

and K. K. Biron. 1992. A protein kinase homologue controls
phosphorylation of ganciclovir in human cytomegalovirus-in-
fected cells. Nature (London) 358:162-164.

41a.Tanaka, K. Unpublished observations.
42. Vickers, T., B. F. Baker, P. D. Cook, M. Zounes, R. W.

Buckheit, Jr., J. Germany, and D. J. Ecker. 1991. Inhibition of
HIV-LTR gene expression by oligonucleotides targeted to the
TAR element. Nucleic Acids Res. 19:3359-3368.

43. Vickers, T., and D. J. Ecker. 1992. Enhancement of ribosomal
frameshifting by oligonucleotides targeted to the HIV gag-pol
region. Nucleic Acids Res. 20:3945-3953.

44. Zamecnik, P. C., J. Goodchild, Y. Taguchi, and P. S. Sarin.
1986. Inhibition of replication and expression of human T-cell
lymphotropic virus type III in cultured cells by exogenous
synthetic oligonucleotides complementary to viral RNA. Proc.
Natl. Acad. Sci. USA 83:4143.

 on M
arch 3, 2021 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/

