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Summary

A system for evaluating the activity of antiviral agents against Rauscher
murine leukemia virus (R-MuLV) has been developed using an enzyme linked
immunosorbent assay technique. The activity of various antiviral compounds
demonstrated in this assay system has been compared to their activity in the
UV-XC plaque reduction assay, which has been used historically for evaluating
anti-R-MuLV compounds. The assay is based upon detection of R-MuLV
encoded p30 protein production in virus infected murine cells. The assay
reagents are readily available and the assay system is amenable to automated
data collection systems. Cytotoxicity evaluations are conducted in parallel to
the Rauscher MuLV ELISA assay in order to assess drug-induced reductions in
cell viability. Cytotoxicity evaluations are important to interpretation of the
ELISA results since reductions in cell viability reduce viral protein production
which would indicate an antiviral drug effect. This system is less sensitive than
the classical UV-XC plaque reduction assay; however, it does offer an
alternative to the time-consuming and labor-intensive plaque assay.

Rauscher murine leukemia virus; Retrovirus; ELISA

Introduction

Rauscher murine leukemia virus (R-MuLV) (Rauscher, 1962) infection of
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mice has been used as a model for evaluating anticancer (Chirigos et al., 1963a;
Chirigos et al., 1963b) and, more recently, anti-HIV compounds (Ruprecht et
al., 1985; Ruprecht et al., 1986). Generally, in vitro assays are conducted prior
to in vivo evaluations to assess the potential of the drugs to inhibit virus-
induced disease. Historically, these evaluations have been performed using the
UV-XC plaque reduction assay (Shannon et al., 1974). This assay system is
labor-intensive and requires experienced personnel to quantitate plaque
formation. Several workers have reported alternate assay systems for
measuring MuLV. Generally these assays have relied upon immunofluores-
cence (Decléve et al., 1974), in situ hybridization (Rein et al., 1982),
purothionin A cytotoxicity (Tahara et al., 1979) or radioimmunoassay
(Scolnick et al., 1972) for virus quantitations. More recently, focus forming
assays have been described which use immunofluorescent (Sitbon et al., 1985)
or immunoperoxidase (Nexeg, 1977) labelling to aid in detection of MuLV-
induced foci. While these systems improve the visual counting efficiency of the
assays, they are not amenable to automated data collection and analysis like
the newer ELISA methodologies have proven to be. Thus, we have established
an assay system which allows automated data collection. This system is similar
in concept to assay systems described for quantitating antiviral activity or
antiviral antibody responses to herpesviruses (Rabalais et al., 1987), dengue
(Fiqueiredo and Shope, 1987), bovine viral diarrhea (Justewicz et al., 1987) and
coronaviruses (Smith and Winograd, 1986). For these assays, virus-infected
monolayer cultures serve as the antigen source in an indirect ELISA assay.

Materials and Methods

Rauscher MulV ELISA

Multiwell (96) culture plates were seeded with SC-1 cells (Hartley and Rowe,
1975) in Eagle’s minimum essential medium (EMEM) supplemented with 5%
heat-inactivated fetal bovine serum (FBS), 100 U penicillin/ml and 100 ug
streptomycin/ml [tissue culture medium]. Following overnight incubation (5%
CO,, 37°C) for cell adherence, the medium was removed and DEAE-dextran
solution (25 pg/ml in PBS) was added to each well. Following incubation (35
min) and DEAE-dextran removal, the wells were rinsed with phosphate-
buffered saline (PBS). Serial dilutions of the test compounds, prepared in tissue
culture medium at 1.25 x the desired final concentration, were added to each
of 4 replicate wells (80 ul/well). Six virus control wells received 80 ul of tissue
culture medium and 6 cell control wells received 100 pl of tissue culture
medium. Each of the virus-challenged wells (test and virus controls) then
received 20 ul of viral inoculum prepared at 5 x the desired final concentration
(222 pfu/well). After 4 days of incubation (37°C, 5% CO,), the medium was
aspirated from the plates and the wells were rinsed with PBS. The cells were
fixed with cold ethanol:acetone (2:1) at 4°C for 20 min. The fixative was
decanted and the plates were allowed to air-dry overnight at room temperature
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(RT). For the ELISA assay, the wells were blocked (1 h, RT) with 2% FBS
prepared in PBS. The primary antibody, consisting of a 1:500 dilution of goat
anti-Rauscher p30 antibody (NCI/BCB Repository), was added to each well
and incubated for 1 h at 37°C. The wells were rinsed 5 times with wash solution
(0.05% Tween-20® in PBS) and the second antibody, affinity-purified
horseradish peroxidase-labelled anti-goat IgG (Tago Immunologicals, Burlin-
game, CA) was added. Following incubation for 1 h at 37°C, the wells were
rinsed 5 times with wash solution and 2,2'-azino-di-[3-ethylbenzthiazoline
sulfonate (6)] (ABTS/H,0,) substrate (Kirkegaard and Perry Laboratories,
Inc., Gaithersburg, MD) was added. The optical density at 405 nm (ODygs) was
determined spectrophotometrically on a microplate reader following incuba-
tion at 37°C for 2 h. The average ODyy5 was calculated for each set of replicates
and for the virus and cell controls. The percent reduction in p30 protein was
calculated as:

(Drug-Treated OD4p5 — Cell Control ODggs)
1 — x 100
(Virus Control ODygs — Cell Control ODygs)

The percent reduction was plotted and the 50% inhibitory concentration (ICs)
was determined.

UV-XC plaque reduction assay

The UV-XC plaque reduction assay has been described previously (Shannon
et al., 1974). Briefly, 6-well tissue culture plates were seeded with SC-1 cells in
tissue culture medium. After overnight incubation (37°C, 5% CO,), the
medium was aspirated from the wells and 2 ml of the drug solution (1.25 x)
and 0.5 ml of the virus inoculum were added to replicate (3) wells. Controls
included cell controls (tissue culture medium only, no drug or virus) and virus
controls (virus in medium, no drug). On day 3 post-inoculation, the medium
was decanted and the cultures were irradiated with ultraviolet light. Each well
then received XC cells (Svoboda, 1961). On day 3 post-irradiation, the cultures
were rinsed with PBS, fixed with 10% buffered formalin and stained with 0.1%
crystal violet. After air-drying, the plaques were enumerated with the aid of a
dissection microscope. Antiviral activity was expressed as the reduction in the
mean number of plaques counted in the drug-treated, virus-infected cultures
compared with the mean number of plaques in the untreated, virus-infected
control cultures. The drug concentration which reduced the mean number of
plaques by 50% (ICso) was calculated using regression analysis for semi-log
curve fitting. Cytotoxicity was determined in parallel by the MTT assay
performed in 96 well plates.

Cytotoxicity assay
Cytotoxicity determinations were performed by a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) dye reduction assay (Mosmann,
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1983). For this, SC-1 cell monolayers were prepared in multiwell (96) tissue
culture plates in parallel to the ELISA or UV-XC plates. For cytotoxicity
assays performed in parallel to the ELISA assay, the cells were pretreated with
DEAE-dextran. The test compounds were added to each well at the desired
final concentration in a volume of 100 ul. Controls included cells incubated in
tissue culture medium alone (cell controls) and color controls which contain no
cells but received all the remaining reagents. The plates were incubated in
parallel with the ELISA (4 days) or UV-XC (3 days) plates. Following
incubation, each well received 50 ul of a 2 mg/ml solution of MTT prepared in
tissue culture medium. After a 7-h incubation at 37°C, 100 ul of a 10% sodium
dodecyl sulfate (SDS): 0.01 N HCI solution were added to each well and the
plates were incubated overnight at 37°C. The optical density at 570 nm was
determined spectrophotometrically on a microplate reader. The average ODs
was calculated for each set of replicates and the percent of cell control was
calculated for each drug dilution as:

(mean drug treated ODs;9 — color control ODsyg)

x 100
(mean cell control ODs; — medium control ODs,)

These data were plotted in conjunction with the percent reduction in virus
production. The minimum toxic concentration was defined as that concentra-
tion which reduced the cell viability to less than 70% of the cell control.

Results and Discussion

A series of compounds have been assayed in the ELISA and UV-XC
systems. The ICsq and MTC results of 12 compounds are presented in Table 1.
The results obtained with the two systems correlate well although the drug
concentrations required to suppress p30 protein production, as measured in the
ELISA system, are generally higher than those required to suppress UV-XC
plaque formation. One compound, diarylsulfone 277, demonstrated antiviral
activity in the UV-XC plaque reduction assay; however, no activity was
detected by the p30 protein reduction assay (ELISA). This compound was
inactive in a virus yield reduction assay (data not shown) thus, the ELISA assay
may be more indicative of the activity for some compounds. In the case of this
compound, the activity detected by the UV-XC plaque reduction assay was
believed to result from cytotoxicity to the XC cells used as an overlay.

Graphic presentation of the UV-XC and ELISA data for 2’3’ dideoxythy-
midine (AZT) is shown in Fig. 1. Reductions in virus production, either as
percent plaque reduction or as percent reduction in p30 protein, are graphed on
the left Y-axis as the virus-infected cells. Cytotoxicity, presented as the percent
of cell control, is graphed on the right Y-axis as the toxicity control cells. Data
presented in this form is readily interpreted visually without the need for
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TABLE 1

The ICso and MTC for selected antiviral compounds assayed by the ELISA assay and by the UV-XC
plaque reduction assay

Compound NSC no. ELISA UV-XC

ICs MTC ICso MTC

(ug/ml)  (ug/ml) (ug/ml)  (ug/ml)
Castanospermine 614552 7.5 18.9 0.813 18.9
Rhodium complex 619179 7.5 <32 9.06 10
Terbium polyoxometalate 622102 50 >100 1.83 100
Diarylsulfone 263 624231 - 263 - <1000
ATA polymer (unfractionated) 624540 3.0 <100 0.19 > 100
27-mer antisense oligodeoxynucleotide 624958 4.2 >32 0.18 >16
Diarylsulfone 277 627708 - >277 10.46 277
ATA polymer (high molecular wt) 629465 1.3 <100 0.11 100
ATA polymer (intermediate mol wt) 629467 2.5 <100 0.33 100
ATA polymer (low molecular wt) 629469 17.5 <100 1.98 > 100
AZT 602670 0.001 >2.26 0.0004 >2.26
ddcC 606170 45 >100 1.0 >100
"~ = no ICsp was reached.

extensive analysis of the numerical values.

We have assayed the positive control drug, AZT, multiple times. The average
IDso for AZT in these assays (12) was 0.002 uM with a median ICsy of 0.002
uM and a standard deviation of 0.0010. We feel that this indicates that the
results are reproducible from assay to assay.

The primary difference between the ELISA assay and the UV-XC plaque
reduction assay is in the drug concentrations required to suppress the virus
production endpoint. The UV-XC plaque reduction assay measures the
capacity of an antiviral compound to reduce production of infectious virus.
When rat XC cells are placed into contact with MuLV-infected cells, syncytia
are formed. When these XC cells are overlaid onto MuLV-infected SC-1 cell
monolayers, they fail to infiltrate the SC-1 cell sheet in the MuLV-infected
areas resulting in lightly stained areas (plaques). MuLV infected SC-1 cells that
are killed by exposure to UV light are still capable of inducing syncytia. The
XC cell overlay grows on the dying SC-1 cells as a uniform monolayer except
where MuLV infection is present. In these areas, there are ‘holes’ in the XC cell
monolayer which contain multiple giant cells or focal masses of giant cells.
Production of these syncytia is presumably a function of the gp70 glycoprotein
as typified by other retroviruses (i.e. gp 120 in HIV). In contrast, the ELISA
system measures the capacity of a compound to reduce production of the virus
protein, p30, which forms part of the virion core similar to the p24 protein in
HIV. This protein is encoded by the viral nucleic acid. Reductions in p30
protein production will occur if a compound interferes with translation of the
viral nucleic acid. Thus, compounds which interfere with virus attachment,
penetration, integration, transcription and translation will reduce p30 protein
production. A compound which interferes with late stages in the virus
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Fig. 1. Graphic presentation of the antiviral activity and cytotoxicity of AZT evaluated by UV-XC plaque
reduction assay and by ELISA p30 protein assay.

production cycle (i.e. virus budding) would not necessarily reduce p30 protein
levels. The only cases in which the ELISA assay does not give results
compatible with those found in the UV-XC assay are: (1) assays of compounds
which have toxic effects on the XC cells and (2) assays of compounds which are
active late in the virus replication cycle or which act by interfering with the
infectivity of the progeny virus so that p30 protein is produced but the progeny
virus is unable to infect new target cells.

While the system described here is not as sensitive to antiviral drugs as the
UV-XC plaque reduction assay, it does offer an alternative method for
antiviral drug evaluations. We have found compounds that produce toxicity to
the XC cell overlay which could be evaluated in this test system. Also, smaller
quantities of compound are required for the ELISA since it is performed in 96-
well plates rather than the 6-well plates used in the UV-XC plaque reduction
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assay. We have used this system to evaluate analogs of known positive
compounds for selecting the optimal drug for in vivo testing. Further, the
system can be modified at various steps including (1) increasing the virus
replication phase (i.e., 6-day incubation), (2) altering the virus inoculum dose,
(3) altering the ELISA reagent concentrations and incubation times and (4)
collecting supernatants for yield reduction assays. Thus, this system can be
adjusted to meet the desired goals.

Acknowledgements

This work was supported by Contract N01-CM8-7274 from the National
Cancer Institute.

References

Chirigos, M.A., Rauscher, F.J., Kamel, LA, Fanning, G.R. and Goldin, A. (1963a) Studies with the
murine leukemogenic Rauscher virus. 1. Chemotherapy studies with in vivo and in vitro assay
systems. Cancer Res. 23, 762-769.

Chirigos, M.A., Rauscher, F.J., Kamel, .A., Fanning, G.R. and Goldin, A. (1963b) Studies with the
murine leukemogenic Rauscher virus. II. Chemotherapy of virus-induced lymphoid leukemia.
Cancer Res. 23, 1646-1650.

Decléve, A., Niwa, O., Hilgers, J. and Kaplan, H.S. (1974) An improved murine leukemia virus
immunofluorescence assay. Virology 57, 491-502.

Figueiredo, L.T.M. and Shope, R.E. (1987) An enzyme immunoassay for dengue antibody using
infected cultured mosquito cells as antigen. J. Virol. Methods 17, 191-198.

Hartley, J.W. and Rowe, W.P. (1975) Clonal cell lines from a feral mouse embryo which lack host-
range restrictions for murine leukemia viruses. Virology 65, 128-134,

Justewicz, D.M., Magar, R., Marsolais, G. and Lecomte, J. (1987) Bovine viral diarrhea virus-
infected MDBK monolayer as antigen in enzyme-linked immunosorbent assay (ELISA) for the
measurement of antibodies in bovine sera. Vet. Immunol. Immunopathol. 14, 377-384.

Mosmann, T. (1983) Rapid colorimetric assay for cellular growth and survival application to
proliferation and cytotoxicity assays. J. Immunol. Methods 65, 55-63.

Nexo, B.A. (1977) A plaque assay for murine leukemia virus using enzyme-coupled antibodies.
Virology 77, 849-852.

Rauscher, F.J. (1962) A virus-induced disease of mice characterized by erythrocytopoiesis and
lymphoid leukemia. J. Natl. Cancer Inst. 29, 515-543,

Rein, A., Rice, N., Simek, S., Cohen, M. and Mural, R.J. (1982) In situ hybridization: general
infectivity assay for retroviruses. J. Virol. 43, 1055-1060.

Rabalais, G.P., Levin, M.J. and Berkowitz, F.E. (1987) Rapid herpes simplex virus susceptibility
testing using an enzyme-linked immunosorbent assay performed in situ on fixed virus-infected
monolayers. Antimicrob. Agents Chemother. 31, 946-948.

Ruprecht, R.M., Rossini, L.D., Haseltine, W.A. and Broder, S. (1985) Suppression of retroviral
propagation and disease by suramin in murine systems. Proc. Natl. Acad. Sci. USA 82, 7733~
7737.

Ruprecht, R. M., O’Brien, L.G., Rossoni, L.D. and Nusinoff-Lehrman, S. (1986) Suppression of
mouse viraemia and retroviral disease by 3'-azido-3'-deoxythymidine. Nature 323, 467-469.
Scolnick, E.M., Parks, W.P. and Livingston, D.M. (1972) Radioimmunoassay of mammalian type C

viral proteins I. Species-specific reactions of murine and feline viruses. J. Immunol. 109, 570-577.



274

Shannon, W.M., Brockman, R.W., Westbrook, L., Shaddix, S. and Schabel Jr., F.M. (1974)
Inhibition of Gross leukemia virus-induced plaque formation in XC cells by 3-deazauridine. J.
Natl. Cancer Inst. 52, 199-205.

Sitbon, M., Nishio, J., Wehrly K., Lodmell, D. and Chesebro, B. (1985) Use of a focal
immunofluorescence assay on live cells for quantitation of retroviruses: distinction of host range
classes in virus mixtures and biological cloning of dual-tropic murine leukemia viruses. Virology
141, 110-118.

Smith, A.L. and Winograd, D.F. (1986) Two e¢nzyme immunoassays for the detection of antibody to
rodent coronaviruses. J. Virol. Methods 14, 335-343.

Tahara, S., Hakura, A., Toyoshima, K., Nakanishi, T. and Yoshizumi, H. (1979) A new method for
titration of murine leukemia virus using purothionin A. Virology 94, 470-473.



