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Several laboratories (1,2) have shown that 
,the development of interferon induced anti- 
viral activity can be blocked by Dactinomycin 
(actinomycin D) and concluded that DNA- 
directed RNA synthesis was involved in this 
system. These findings also suggest that inter- 
f eron does not itself inhibit virus replication 
but that it stimulates the production of new 
macromolecules by the cell-the proposed 
antiviral substance( s) (AVS) ( 1). The present 
report describes a comparative study of the 
interferon response and the development of 
resistance (proposed AVS?) in primary 
mouse embryo (ME) and African green m n -  
key kidney (AGMK) cell cultures treated 
with virus, statolon, or interferon. The results 
indicate that a major portion of virus-induced 
interference in AGMK could be attributed to 
the interferon system, and that cellular re- 
sistance in ME and AGMK frequently de- 
velops before detectable interferon production. 

Materials and Methods. The detailed pro- 
cedures in this study were similar with those 
described in previous reports (3,4). 

Inducers. The PR8 strain of influenza A 
virus, Semliki Forest virus (SLFV), rubella 
virus, Sindbis virus, monkey interferon or 

*Parts of these studies were conducted in the 
Department of Virus Research, Microbidogical Asso- 
ciates, Inc., Bethesda, Maryland. 

t Some aspects of this study were presented at the 
2nd International Symrposium for Medical and Ap- 
plied Virology, Fort Lauderdale, Florida, Nov., 1966, 
and the International Symposium on Interferons, 
Siena, Italy, June 1967. 

1 ,Present address: Division of Infectious Diseases, 
Depantment of Medicine, Stanford University School 
of Medicine, Pa10 Alto, California. 

statolon (kindly supplied by Dr. W. Klein- 
schmidt, Eli Lilly Co.) (5) were used for in- 
duction of the interferon system in AGMK 
cell cultures. Statolon, polyoma, SV40, Sendai, 
and Newcastle disease (ND) viruses were 
employed in ME cell cultures. 

Assay of interferon. The acidification meth- 
od for destroying residual infectious virus in 
interferon preparations was previously de- 
scribed (3 ) .  Interferon was assayed in ap- 
propriate cell cultures by inhibition of vesic- 
ular stomatitis virus (VSV) yield. A unit of 
interferon was determined as the highest di- 
lution of the sample which inhibited the final 
yield of VSV by 0.5 loglo during a single 
growth cycle (4). The titer of the N I H  refer- 
ence mouse interferon is 5 0 0  units/ml by this 
method. The AVS was estimated indirectly by 
determining the degree of cellular resistance 
to multiplication of VSV. Significant resistance 
was determined to begin at 0.5 loglo reduction 
of the final yield of VSV during a single 
growth cycle ( 6 ) .  

Assay of challenge viruses. All challenge 
viruses (SLFV, VSV, poliovirus type I - 
Mahoney strain, Sindbis virus or rubella 
virus) used in this experiment had at least a 
titer of lO7mo plaque forming units (pfu) or 
50% rubella interference doses (InDso) per 
ml in order to insure a virus to cell multiplicity 
of greeter than 10 for a single growth cycle 
infection. The yield of infectious virus har- 
vested from the interference test was deter- 
mined by plaque or infectivity titrations after 
treatment with the appropriate antiserum as 
described elsewhere (3,4,7). 

Results. Dynamics of interferon response in 
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M E  cell cultures treated with various in- 
ducers. Groups of 3 ME tube cultures were 
stimulated with statolon, interferon, or virus 
and then the development of cellular resistance 
to VSV and the production of interferon was 
followed. Tubes treated with statolon or virus 
were washed after 2 hours a t  37°C to remove 
unadsorbed inducers. Figure 1 shows the 
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FIG. 1. Induction of cellular resistance to VSV in 
ME cell cultures treated with various inducers. 

development of such resistance in M E  cells. 
Resistance was induced by NDV, statolon, or 
interferon, whereas no resistance developed 
following infection by polyoma, SV40, or 
Sendai viruses. The small dose of interferon 
(10 units/ml) induced resistance somewhat 
more slowly and to a lesser degree than did 
'the large doses of NDV, or statolon. In  sub- 
sequent experiments a larger dose of interferon 
(1,000 units/ml) induced resistance by 1.5 
hours which is 2.5 hours before induction of 
resistance by large doses of NDV or of sta- 
tolon. 

The production of interferon was deter- 
mined by assaying the fluids from these in- 
duced cultures. No detectable interferon (less 
than 2 units/ml) was produced by the NDV 
or statolon treated M E  cells through 8 hours 
but was detectable by 14-16 hours. The maxi- 
mal amount of interferon (100 units/ml) was 
produced by 24 hours. These findings indicate 
that detectable interferon production can oc- 
cur subsequent to the production of AVS and 
the significance will be discussed later. 

Decline of cellular resistance to virus after 
removal of inducer. To estimate the rate of 
decline of cellular resistance following removal 

of the various inducers, ME cultures were 
first treated with doses of interferon, NDV, or 
statolon sufficient to inhibit VSV yield more 
than 3 loglo. The cultures were carefully 
mashed at 24 hours and again at 48 hours to 
remove the interferon which was applied or 
which was induced by 24 hours after treat- 
ment with NDV or statolon. Figure 2 shows 
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FIG. 2.  Decline of cellular resistance to VSV in ME 
cell cultures after removal of inducers. 

the rate of loss of resistance for each of the 
inducers when resistance declined through the 
measurable region below 3 loglo inhibition of 
VSV yield. It may be seen that once resistance 
began lto decline there was a more rapid loss of 
the resistance induced by interferon than that 
induced by NDV or statolon. It has been pre- 
viously demonstrated that induction of AVS 
by interferon is rapidly stopped after simple 
removal of interferon ( 8 ) .  

Induction of cellular resistance and produc- 
tion of interferon in AGMK cdls induced by 
several viral and nonviral stimuli. Experiments 
similar to those in ME cells were conducted 
in AGMK cells and are summarized in Fig. 3. 
Specifically 6 groups of AGMK tube cultures 
were treated with virus, interferon, or statolon 
for 2 hours and then the development of cel- 
lular resistance to VSV and production of in- 
terferon was examined. As shown in Fig. 3, 
cellular resistance was induced following ap- 
plication of the various stimluli, as evidenced 
by the inhibition of multiplication of VSV. 
The relatively low level of resistance induced 
by interferon is attributable to the removal of 
interferon after only 2 hours of treatment. 
The delayed development of resistance in- 
duced by statolon is attributable to the rela- 
tively low doses used since larger dows of 
statolon resulted in earlier and greater resist- 
ance (Table 11). The results are similar to 



1260 INDUCTION OF INTERFERON SYSTEM 

Interferon Stotolon 

HOURS 

FIG. 3. Comparative induction of interferon and 
resistance to VSV in AGMK cell cultures treated with 
various stimuli. Dose levels: interferon, 32 units; 
virus input, 10-20 pfu or InD30 of virus cell. *CPE 
was observed 12 hours after virus infection. 

those obtained in ME cells in that resistance 
was again generally detectable before inter- 
feron production. 

Characterization of antiviral activity in 
AGMK cells induced by various inducers. For 
characterization of resistance, AGMK cul- 
ture tubes were treated with the inducers 
listed in Table I. After two hours, unadsorbed 
inducer was removed by washing and the cul- 
tures were srefed. They were then incubated 

until times of virus challenge and times of 
harvest of fluids for assay of interferon. As 
may be seen, the resistance to challenge virus 
multiplication induced by Sindbis virus, ru- 
bella virus, interferon, and statolon, extended 
to a broad range of viruses and inhibited the 
interferon-sensitive viruses to a greater degree 
than the relatively interferon-resistant polio- 
virus. In addition cultures treated with sta- 
'tolon or the various viruses eventually pro- 
duced interferon. These characteristics of the 
statolon and virus-induced resistance are 
similar to those of the interferon system (9). 

Another property shared by the resistance 
induced by various stimuli (Table 11) is its 
prevention by prior ,treatment with Dactino- 
mycin, indicating a requirement for continued 
host-cell RNA synthesis. As shown in Table 
11, pretreatment of AGMK cell cultures with 
various inducers plus enough antibiotic (0.5 
ml of 64 pg/ml) to inhibit 90% of cellular 
RNA synthesis ( lo),  severely inhibited the 
induction of cellular resistance to VSV and 
poliovirus. When the dose was increased to 
200 pg/ml of Dactinomycin, in subsequent 
experiments, the small degree of residual re- 
sistance shown in Table I1 was virtually 
abolished. This finding agrees with the pre- 
vious report (1) that a property of interferon- 
induced resistance is its inhibition by ,Dac- 

TABLE I. Induction of Interferon and Cellular Resistance to Challenge Viruses in  AGMK 
Cells Treated with Various Inducers. 

Interferon Reduction of virus yield (log,, pfu) 
Time of yield 

Inducers challenge (units/ml) VSV Sindbis SLFV Polio I Rubellao 

Interferonb 8 
(3 units/ml) 24 

Statolon (10 pg/ml) 48 
(33pg/ml) 24 

48 

Rubella virus 8 
(MOI 10 : 1) 24 

Sindbis virus 2 
(MOI 12 : 1) 5 

7 

< L O  
< L O  
< L O  
< L O  

3.0 

< L O  
20.0 

< L O  
2.0 
6.0 

1.2 
0.9 

0.5 
0.8 
2.6 

1.4 
3.9 

1.4 
2.9 
3.8 

1.3 1.0 
1.1 1.1 

0.6 0.4 
- - 

0.3 0.8 
3.0 3.0 

0.9 
3.1 
3.9 

- 
- 
- 

- 0.2 
0.6 1.0 

0.0 - 
- 

- 0.1 
2.0 

0.0 
0.5 
0.5 

- 
- 
- 
- 

Titer i n  50% interference doses (InD,) against Echo-11 challenge virus. 

for 2 hours only and then washed before the fresh maintenance medium was added. 
bMonkey interferon induced by Kunz influenza virus which was applied onto AGMK cells 

MOI indicates multiplicity of infection. 
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TABLE 11. Effect of Dactinomycin on Induction of Interferon and Resistance in AGMK Cell 
Cultures Treated with Various Inducers. 

Interferon yield 
(units/ml) 

Reduction of virus yield (log, pfu) 

vsv Polio I 
Hours after 

Inducers treatment None Dact." None Dact. None Dact. 

Interferon (32 units/ml) 12 < l . O  <l.O 1.4 0.7 - - 
Sindbis virus (MOI 12 : 1) 4 < L O  < l . O  1.6 0.7 0.6 0.3 

8 8.0 <l.O 3.7 2.4 1.1 0.3 

Rubella virus (MOI 10 : 1) 20 14.0 2.0 - - 2.0 0.4 
24 - - 4.7 0.7 3.2 0.5 

3.0 < l . O  1.6 0.3 - - Statolon (200 pg/ml) 24 

" Dactiiiomycin (64 pg/ml) treat.ment. of cultures at time of application of inducer. 

tinomycin. The inhibition by Dactinomycin of 
the development of resistance eliminates the 
possibility that the resistance is due to a 
general toxic effect of the virus on the cells. 
As in other systems (11) the resistance in- 
duced by virus and interferon has four prop- 
erties associated with the interferon system 
(a)  nonspecific inhibition of virus, (b) lower 
sensitivity of poliovirus to the antiviral effect, 
(c) inhibition by Dactinomycin of induction 
of resistance, and (d) eventual production of 
detectable interferon by the resistant cells. 

Discussion. Cellular resistance to viral in- 
fection (AVS) consistently appeared before 
detectable interferon in ME and AGMK cell 
cultures stimulated with statolon or diverse 
viruses. Results simular to those described 
in this report have also been obtained in a 
West Nile virus-mouse cell system. In  these 
experiments it was found that West Nile virus 
infection induced high levels of resistance in 
cell cultures derived from two different strains 
of mice 18-24 hours prior to the time when 
the first detectable interferon was produced.' 
Others have previously observed detectable 
resistance before detectable interferon ( 12) 
but under the experimental conditions used 
it could not be excluded that the time of AVS 
production was actually much later than the 
time of virus challenge for determination of 
resistance. Theoretically, AVS could be pro- 
duced late during the challenge virus growth 

2 Hansen, B., Koprowski, H., Buckler, C. E., and 
Baron, S., personal communication. 

cycle and still inhibit the formation of late 
viral messenger RNA (mRNA). Thus it 
could not be excluded that resistance actually 
began after first detectable production of in- 
terferon. This possibility has been excluded 
for the present experimental conditions in ME 
cells by Dianzani et al. (8). They showed 
that AVS is rapidly translated from its mRNA 
by the lack of increase of resistance after ad- 
dition of Dactinomycin to interferon treated 
cultures. The development of resistance, with 
time, after interferon treatment was then 
shown to be unaffected by the addition of 
Dactinomycin at  the time of VSV challenge, 
which indicated rapid translation. The con- 
clusion from these observations is that the 
time of VSV challenge as used in determining 
the development of resistance is very close to 
the time of AVS production. 

Although the present findings imply that 
virus infection may induce AVS independently 
of induction of interferon, an alternate ex- 
planation seems equally likely. I t  remains pos- 
sible that subdetectable amounts of intracel- 
lular interferon are first induced and this 
intracellular interferon induces the AVS. Con- 
sistent with this interpretation is the obser- 
vation that when interferon induces resistance 
in cell culures a subdetectable amount is con- 
sumed (13). Also consistent is the finding 
that a large dose of interferon can induce AVS 
in ME cells more rapidly than do large doses 
of NDV or statolon. Perhaps the longer in- 
duction times by NDV or statolon are due to 
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a requirement for induction of intracellular 
interferon as a necessary precursor to in- 
duction of AVS. 

Characterization of the interference in- 
duced in AGMK cells by statolon, Sindbis 
virus and rubella virus indicates similarity to 
interferon-induced resistance (8). Specifically 
the resistances were (a) nonspecific for chal- 
lenge virus, (b) more effective against chal- 
lenge viruses of greater sensitivity to in- 
terferon than against the more interferon- 
resistant poliovirus, (c) prevented by Dac- 
tinomycin, and (d) eventually accompanied 
by production of detectable interferon. Al- 
though the present forms of interference or 
cellular resistance can be largely attributable 
to the interferon system, other forms of inter- 
ference could have been occurring in- 
dependently ( 14-16). To determine what 
fraction of the many instances of viral inter- 
ference is mediated by the interferon system, 
it will be necessary to characterize many such 
interference phenomena. 

The inability of certain virus infections to 
induce resistance (Fig. 1) has not been studied 
further to determine whether the interferon 
system is not stimulated or whether there is 
active suppression of the interferon system. I t  
is of interest that the two tumor producing 
viruses studied failed to induce resistance in 
ME cells although they are known to initiate 
infection. This observation has not been 
pursued. Under experimental conditions 
polyoma virus may induce the interferon 
system in mouse cells ( 17,18). 

There are several possible interpretations 
for the less rapid loss of resistance in cells 
treated with NDV and statolon. We favor 
the interpretation that after washing, NDV 
and satolon, unlike interferon, continue to 
stimulate the cells in a decreasing degree from 
an intracellular site. 

Summary. Studies of the comparative in- 
duction of interference by virus, statolon, and 
interferon in mouse embryo (ME) and 
African green monkey kidney (AGMK) cell 
cultures were performed. The major portion of 

the interference induced by different viruses in 
AGMK was characterized as being interferon- 
like. In both cell systems resistance was ob- 
served to develop before appearance of 
detectable interferon. Decline of resistance 
after removal from ME cells of unadsorbed 
statolon and NDV was slower than after re- 
moval of interferon. Possible significances of 
these observations are considered. 
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