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With the aid of metabolic inhibitors and 
cell hybrids the antiviral action of interferon 
has been shown to be mediated by a second 
cellular protein, termed the antiviral protein 
( 1' 2). It has also been shown that when 
the pH of the tissue culture fluid in which 
cells are grown is lowered to 6 ,  interferon 
no longer induces a state of antiviral resist- 
ance ( 3 ) .  Exposure of cells to an acid pH is 
followed by a rapid disaggregation of poly- 
ribosomes and up to a 90% diminution of 
macromolecular synthesis, and these effects 
have been proposed as the probable cause of 
interferon inactivity (3, 4) . 

The following experiments were under- 
taken (1) to investigate cellular regulatory 
mechanisms involved in the induction of anti- 
viral resistance, using an acid pH in place 
of the usual metabolic inhibitors as a tool 
for blocking its development, and ( 2 )  to 
clarify the manner in which an acid pH 
exerts its inhibitory effect. 

Material and Methods. Tissue culture and 
media. Mouse fibroblasts (L cells) maintained 
in continuous culture were planted in vertical 
hemolysis tubes at  a concentration of 150,000 
cells/0.5 ml/tube in Eagle's medium con- 
taining 10% calf serum and antibiotics. Cell 
confluency was attained in 24 hr, a t  which 
time the medium was changed to the non- 
volatile buffer HEPES (N-2-hydroxyethyl- 
piperazine-N-2-ethanesulfonic acid), a t  a 
0.028 M concentration, containing 2 %  calf 
serum and antibiotics, and adjusted to the 
desired pH with 1/N NaOH or HCl. The 
stability of the pH was repeatedly monitored 
during the test and did not vary by more 
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than 0.15 unit over a period of 24 hr in 
the cell culture tubes. Before addition of 
the challenge virus, HEPES buffer was re- 
placed by Eagle's medium containing 2% 
calf serum and antibiotics. The pH of the 
Eagle's medium during the initial 24 hr of 
cell growth and during the period of sub- 
sequent viral replication was maintained at  
7 by incubation of the tubes in a sealed box 
containing air and 5 %  COz. 

Interferon. Mouse interferon was induced 
in transformed Balb/c cells (MSV-IA strain) 
by infection with Newcastle disease virus ( 5 ) .  
The supernatant was held at  pH 2 for 5 
days, centrifuged' readjusted to pH 7,  and 
dialyzed to one-tenth its original volume. The 
preparation was assayed by the virus yield 
inhibition method; 1 unit of interferon was 
defined as the dilution which reduced by 
90% the yield of vesicular stomatitis virus in 
L cells infected at  a multiplicity of infection 
(m.0.i.) of 0.1. 

Virus. The Indiana strain of vesicular sto- 
matitis virus (VSV) grown in L cells, and 
with a titer of 2 x lo7 plaque forming units 
(PFU)/ml, was used to challenge L cells a t  
an m.0.i. of 0.1. 

General methods. Sets of 4 tubes were used 
for each experimental point, and cells were 
incubated with interferon at  a dose of 50 
units/0.5 ml medium/tube. Cytopathic ef- 
fect was read 18 hr after VSV challenge (2  
growth cycles) and the tubes were frozen at  
-80". Virus yields of the centrifuged cell- 
supernatant fluids were determined in dupli- 
cate by a routine plaque method using a final 
concentration 0.8 % agarose-medium overlay 
on L cells in plastic petri dishes. Cell, inter- 
feron, and virus controls were included in all 
tests. Specific protocols are included for each 
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experiment in the results section. 
Experiments on cellular incorporation of 

radioactive precursors were performed using 
L cells cultivated in plastic petri dishes. 3H- 
Uridine (sp act, 20 Ci/mmole) or a mixture 
of 3H amino acids were diluted in pH 7.2 
phosphate-buffered saline to a final concen- 
tration of 1 pCi/ml. After 15 min of incuba- 
tion at  37' for the labeled amino acid mix- 
ture, and 3 0  min for the labeled uridine, in- 
corporation was arrested by addition of PBS 
chilled to 4", and the petri dishes were placed 
in ice. Cells were scraped, disrupted, and the 
suspension precipitated with chilled 5% tri- 
chloroacetic acid. Acid-insoluble material was 
collected under vacuum on Whatman GFB 
filters, dried, and the radioactivity measured 
in a Tricarb liquid scintillation counter. Du- 
plicate petri dishes were pooled for each mea- 
surement, which was calculated as counts per 
minute per 1000 cells (chamber counts of 
trypsinized cell sheets were made from a 
parallel series of petri dishes exposed to iden- 
tical conditions). 

Results. Effect of varying pH on the ac- 
tion of interferon. A series of pH levels be- 
tween 6 and 7.3 was tested to determine the 
pH which would most completely inhibit the 
action of interferon without also producing 
cytotoxicity. Cultures were incubated with 
HEPES medium containing interferon for 4 
hr a t  37'. They were then washed and incu- 
bated with fresh HEPES medium for a fur- 
ther 24 hr a t  37" before Challenge with VSV. 
The results are shown in Fig. 1 .  The state of 
antiviral resistance diminished progressively 
as the pH was lowered from 7.3 to 6 where 
i t  virtually disappeared. A t  pH 6 a slight 
toxic effect on cells was observed, which did 
not, however, interfere with subsequent viral 
replica ti on. 

Development of antiviral resistance as a 
function of time before exposure of interfer- 
on-treated cells to  pH 6 .  As in the previous 
experiment, cultures were incubated with 
HEPES medium containing interferon for 4 
hr at 37O, followed by a further 24 hr incu- 
bation in HEPES medium without interferon 
before VSV challenge. However, a t  varying 
times during and after incubation of the cells 
with interferon, medium at pH 7.2 was re- 
placed in successive sets of tubes by medium 
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FIG. 1. Effect of varying pH on the action of in- 
terferon to inhibit the replication of VSV. ( a )  Cells 
treated With interferon; (0) control cells not treat- 
ed with inlterferon. 

at pH 6. Thus, series of tubes were incubated 
for 1,  2, 3 hr and so on at  pH 7.2 before be- 
ing changed to pH 6 for the remainder of the 
test. The final series of tubes was held at  
pH 7.2 for the entire experiment. 

The results of 2 such tests are presented 
in Fig. 2, expressed in terms of inhibition of 
viral yield in interferon-treated cells as com- 
pared to untreated cells under identical con- 
ditions. The state of antiviral resistance de- 
velops slowly over the first 3 hr, quickly ac- 
celerates during the next hour, when a pla- 
teau or even diminution of resistance occurs 
for 3 hr, succeeded by a final progressive 
augmentation to attain by 24 hr the same 
level as that seen in cells maintained at pH 
7.2 during the entire experiment. 

Reversibility of the effect of p H  6 on the 
action of interferon. In  order to dissociate 
the initial stage of interferon adsorption onto 
cells from subsequent events, cultures were 
incubated with medium at  pH 7 containing 
interferon for 4 hr a t  4O. Under these condi- 
tions it is known that adsorption of inter- 
feron occurs normally, but that antiviral re- 
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FIG. 2. The development of i n e g  antiviral resistance induced by interferon. During the first 
4 hr, dl media contained interferon, whether a t  pH 2.2 or 6 ;  after this time all media was intes- 
feron-free. Interferon activity is expressed as the loglo inhibistion of VSV yield compared to cells 
not treated with intwferon. Two different experiments are shown. 

sistance nevertheless does not develop (6).  
The remainder of the test was performed at  
3 7 O . After thorough washing, one series of 
tubes was then exposed for 12 hr to HEPES 
medium at pH 7.2 and another to HEPES 
medium at pH 6. During the next 12 hr, 
those cells a t  pH 7.2 were changed to pH 6, 
and those at pH 6 changed to pH 7.2. Paral- 
lel series of tubes were held at  pH 6 and 7.2 
during the entire 24 hr. 

The results are presented in Table I. The 
effect of interferon in cells exposed to pH 6 
after 12 hr a t  pH 7.2 was equal to that of 
cells kept a t  pH 7.2 during the entire experi- 
ment, showing that the antiviral state estab- 
lished by the end of this 12 hr period was 
not thereafter affected by pH 6. In  cells ex- 
posed to pH 6 during the first 1 2  hr, only 
a small degree of antiviral resistance devel- 
oped during the next 12 hr a t  pH 7.2. Thus, 

the inhibiting effect of pH 6 on the establish- 
ment of antiviral resistance was not readily 
reversible. 

Mechanism of the effect of pH 6 on the 
action of interferon. The following experiment 
was conducted in parallel with the preceding 
tests. Cells exposed for 12 hr to pH 6 were 
then incubated at  pH 7.2 and labeled at 
varying times with either 3H-uridine or a 
mixture of 3H amino acids. In  a control se- 
ries pH 7.2 was maintained throughout the 
test. The results are presented in Fig. 3, 
which shows that between 6 and 9 hr after 
removing the cells from an acid medium both 
protein and nucleic acid synthesis had not 
only fully recovered but had surpassed the 
level of synthesis shown by cells maintained 
continuously at  pH 7.2. 

A second parallel experiment was under- 
taken to test the possibility that the failure 
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TABLE I. Study of the Reversibility of the Effect 
of pH 6 on the Action of Interferon.o 

Log,, inhibition of VSV 
0-12 hr 12-24 hr (mean of 4 experiments) 

pH of medium 

7.2 7.2 
7.2 6.0 
6.0 7.2 
6 .O 6 .O 

1.40 
1.39 
0.64 
0.3 1 

“Results are expressed as log,, inhibition of VSV 
compared to control tubes subjected to same pH 
sequences but not incubated with interferon. 

of interferon to recover its activity following 
exposure to an acid pH was simply due to 
detachment of superficially bound interferon 
on the cell membrane in an acid medium, 
with subsequent loss of the material in the 
course of cell washing before reestablishment 
of pH 7.2. 

Cells were incubated for 4 hr a t  4” with 
medium at  pH 7 containing 50 units of in- 
terferon, and the tubes were washed thor- 
oughly before addition of fresh medium at 
pH 6 or 7.2, After 12 hr of further incuba- 
tion at  37” the amount of interferon present 
in the supernatant fluids was measured. Su- 
pernates from both the pH 6 and pH 7.2 
tubes contained approximately 5 units of in- 
ter f eron. 

Discussion. The studies of Hallum, Young- 
ner and Arnold ( 3 )  have shown that an acid 
medium of pH 6 has no direct effect on in- 
terferon itself, nor on its initial binding to 
cell membranes, and that once established, 
the state of antiviral resistance induced by 
interferon is equally unaffected. Additional 
studies showing the profound effects of an 
acid pH on cellular polyribosome structure 
and macromolecular metabolism suggested 
these as the likely cause for the observed 
failure of interferon to induce cellular anti- 
viral protein (3 ,  4). 

We have confirmed the inhibition by an 
acid pH of the induction of antiviral resist- 
ance by interferon (Fig. 1 )  and the fact that 
resistance once established is no longer af- 
fected (Table I). Using an acid pH as a 
tool to block the progression of antiviral re- 
sistance induced by interferon, the pattern 
of evolving resistance was then determined 
(Fig. 2 ) .  The plateau observed between 4 
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FIG. 3. The recovery of celluIiar nucleic acid and 
protein synthesis at pH 7.2 following a 12 hr ex- 
posure to pH 6. Zero hour marks the point at which 
pH was chlanged to p H  7.2.  ResuEts are expressed 
as the percenltage of radioactivity in cells exposed to 
pH 6 compared to cells hdd at pH 7.2 during the 
preceding 12 hr. Measurements of radioactivity fol- 
lowing pulse labeling (0) by a mixture of ‘H amino 
acids; and ( 0 )  by 3H-uridine. 

and 7 hr after the beginning of incubation 
with interferon, followed by a further aug- 
mentation of resistance, was unexpected. I t  
could be the result of several interacting 
events, such as the removal of interferon 
from the culture medium after the initial 4 
hr incubation period, the effects of pH on 
the rate of decay of messenger RNA and 
antiviral protein, and the possible partial re- 
covery of those cultures exposed to an acid 
pH toward the end of the test, during the 
period of virus challenge at pH 7. But i t  is 
intriguing to consider also the possible ap- 
pearance during this period of a cellular an- 
tagonist to the activity of the antiviral pro- 
tein. The time sequence of this antagonistic 
effect is very similar to that seen in earlier 
experiments using the metabolic inhibitor 
antinomycin D, suggesting the concept of a 
cellular “control” protein (7, 8). 
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Having thus established the limits of an 
acid pH as a method of blocking the induc- 
tion of antiviral resistance by interferon, we 
wished to know to what extent this effect 
could be reversed. The results in Table I in- 
dicate that a 12 hr block is practically ir- 
reversible for a t  least another 12 hr follow- 
ing reestablishment of pH 7.2. This failure 
to recover from an acid pH would appear 
not wholly due to inhibition of intracellular 
macromolecular metabolism, since the rate 
of nucleic acid and protein synthesis was 
shown to have achieved and even surpassed 
that of normal cells within 6 to 9 hr a t  pH 
7.2 (Fig. 3). Nor was i t  due to detachment 
of membrane-bound interferon in an acid 
medium. I t  is thus possible that an impor- 
tant and as yet relatively unexplored effect 
of an acid pH on the activity of interferon 
may be upon cellular receptors involved in 
its transport across the cell membrane (9). 

Summary. The inhibiting effect of an acid 
pH upon the induction of antiviral resist- 
ance by interferon was confirmed. Using this 
effect to block progression of antiviral re- 
sistance, a curve is described showing a tran- 
sient arrest in the development of resistance 
4 to 7 hr following contact of cells with in- 
terferon. The blocking effect of an acid pH 

is practically irreversible over a period of 
at  least 12 hr following removal of the cells 
from the acid medium. This irreversibility 
appears not to be explained solely by inhi- 
bi tion of intracellular metabolism, and could 
relate to inhibition of a membrane-transport 
system by which externally bound interferon 
is received within the cell. 
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