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The capacity of interferon to inhibit virus production in cells chronically
infected with oncornavirus enabled us to develop a simple system for interferon
quantitation that was independent of exogenous viral infection. The release of
the virus to the culture medium was determined by its reverse transcriptase
activity. The inhibitory effect of interferon in this system was linearly propor-
tional to the log of its dilution over a range between 5 and 80% inhibiton. The
sensitivity of the system was comparable to that of the vesicular stomatitis virus
plaque reduction assay, whereas its reproducibility was found to be even better.
This method is very rapid and can be completed within less than 24 h.

Interferon (IF) can be quantitatively assayed
by a variety of methods. Most of them rely on
the potency of IF to render cell cultures resist-
ant to the consequences of viral infection such
as plaque formation (6, 9, 10, 12, 20, 30), cyto-
pathogenic effect (2, 7, 9-12, 25), virus release
(10, 12), viral nucleic acid synthesis (1, 24),
hemadsorption (8, 10, 12), and neuraminidase
production (27, 28). A virus-free system based
on the ability of IF to increase the sensitivity of
cells to the cytopathic effect of poly(rI) - poly(rC)
has also been described (30). An ideal method
for IF quantitation would be one that is sensi-
tive, accurate, and reproducible but at the same
time rapid and simple to perform and score.
None of the available methods can thus be re-
garded as perfectly satisfying, and a further
improvement is, therefore, still required (see
reviews by Finter [10, 12]).

In all virus-dependent IF assays known so
far, cells are treated for several hours with IF
and then infected by the challenging virus.
Since the consequences of the viral growth can
usually be detected in cell cultures only after 1
to 3 days, the inhibitory effect of IF cannot be
determined earlier. It is, therefore, obvious
that, if the need for virus infection after the
treatment with IF could be avoided, the assay
of IF would be substantially simplified and ab-
breviated. Such a convenient system became
available after the discovery of the inhibitory
effect of IF on the release of oncornaviruses by
chronically infected cells (3-5, 13, 14, 19). The
effect of IF can thus directly be detected in
these cells without prior infection by exoge-
nous virus. Furthermore, reverse transcrip-
tase activity characteristic of oncornaviruses
(31) provides an easy quantitation of these vi-

ruses (26). Utilizing the outstanding advan-
tages of this system, we have developed a rapid
and simple assay for mouse IF that is highly
reproducible and accurate. This assay is as sen-
sitive as the most commonly used vesicular
stomatitis virus (VSV) plaque-forming reduc-
tion assay (12).

MATERIALS AND METHODS

Cells and viruses. L, cells were used for IF pro-
duction and plaque assay.

NIH/3T3 cells chronically infected with the Molo-
ney strain of murine leukemia virus (M-MLV) were
used for developing the new method of IF titration.

The cells were grown in Dulbecco modified Eagle
medium (DMEM) containing either 2 or 10% heat-
inactivated calf serum as indicated in each case and
incubated at 37 C in a humidified incubator supple-
mented with 5 to 10% CO,.

Newcastle disease virus (NDV) Herts strain was
propagated in the allantoic fluid of 11-day-old fertil-
ized chicken eggs, titrated by plaque formation on
monolayers of primary cultures of 11-day-old chicken
embryo cells, and used for induction of IF. VSV was
propagated on Lg,, cells and used for plaque assays.

IF production and partial purification. Confluent
monlayers of L, cells were infected for 1 h with
NDV at a multiplicity of 7 plaque-forming units/
cell. The cells were then washed three times with
phosphate-buffered saline (PBS) (26) and were pro-
vided with serum-free DMEM. After 16 to 18 h, the
medium from the infected cultures was pooled.
Mock-infected cultures were used as controls. One
sample of the pooled medium was desginated IF-A.
The rest was acidified with HCI to pH 2, and a
sample was withdrawn, kept at 4 C for 6 days, and
then neutralized with NaOH. This sample will be
referred to as IF-B. The remaining acidified medium
was concentrated eightfold by vacuum dialysis as
described by Falcoff et al. (7). This procedure lasted
for 3 to 4 days. The concentrated material was kept
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at 4 C for an additional 2 to 3 days. The large precipi-
tate appearing in this stage was removed by centrif-
ugation. The clear fluid was neutralized by NaOH,
resulting in another heavy precipitate that was also
cleared out. This supernatant will be referred to as
IF-C. Part of IF-C was fractionated by ammonium
sulfate as described by Knight (18). The supposedly
IF-containing fraction precipitating at 40 to 65%
ammonium sulfate saturation was dissolved in 0.2
volume of 0.1 M phosphate buffer, pH 6, and di-
alyzed against the same buffer. This will be desig-
nated IF-D. All IF preparations were centrifuged for
2 h at 60,000 x g to remove residual NDV and were
kept in small portions at —70 C.

Mouse serum IF. Mouse serum IF was kindly
provided by R. Apte of our department. It was pre-
pared by intravenous injection of 100 ug of
poly(rI)-poly(rC) per mouse, and bleeding was done
after 3 h.

IF titration by reverse transcriptase reduction
assay. Approximately 8 x 10° NIH/3T3 M-MLV cells
were plated per tissue culture dish (50 mm) in 5 ml
of DMEM containing 10% calf serum. After 24 h, the
medium was removed and 2 ml of serial 0.3 log,, IF
dilutions (serial twofold dilutions) in DMEM con-
taining 2% calf serum was added to duplicate cul-
tures. Cultures receiving medium without IF served
as the control. After an additional 16 to 18 h, cul-
tures were washed three times with PBS and sup-
plemented with 2 ml of DMEM containing 2% calf
serum. After 3 to 4 h, the cultures were brought to
4 C and the culture fluid was collected for reverse
transcriptase assay. The fluids were centrifuged at a
low speed to remove cellular debris, and 50-ul sam-
ples were used for reverse transcriptase assay, as
was essentially described elsewhere (26). The reac-
tion mixture (final volume, 100 ul) contained 50 mM
tris(hydroxymethyl)aminomethane - hydrochloride,
pH 8.2, 5 mM dithiothreitol, 100 mM NaCl, 0.5 mM
MnCl,, 0.03% Triton X-100, 50 uCi of [*Hlthymidine
methyl triphosphate per ml (10 Ci/mmol), and 10 ug
of poly(A)-oligo(dT) per ml as an exogenous tem-
plate. After incubation for the indicated time at
37 C, 50-ul aliquots were spotted on Whatman DE
81 cellulose disks. The disks were collectively
washed five times with 5% (wt/vol) Na,HPO, (5 ml/
disk, 4 min each time) and once more with distilled
water, dried, and counted in scintillation fluid. Re-
verse transcriptase reduction dose unit is defined as
that dose of IF which reduces reverse transcriptase
activity by 50%.

IF titration by VSV plaque reduction assay. IF
titration by VSV plaque reduction assay was per-
formed as described by Stewart et al. (30) with the
same dilutions used for reverse transcriptase reduc-
tion assay.

Protein determination. Protein determination
was done by the method of Lowry et al. (21).

RESULTS

Reverse transcriptase reaction. In prelimi-
nary experiments we followed the procedure of
others (14, 19, 26) and concentrated the virus
released to the medium of NIH/3T3 M-MLV
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cultures by high-speed centrifugation and re-
suspension in a small volume before analyzing
its reverse transcriptase activity. But this time-
consuming process was inadequate for a rapid
assay of many samples included in IF titration.
In attempts to simplify the procedure, we found
the enzyme activity present in the medium suf-
ficiently high, even without concentrating the
virus. Hence, in all the following experiments,
reverse transcriptase was measured in the cul-
ture medium directly after low-speed centrifu-
gation for removal of cellular debris. In the
experiment illustrated in Fig. 1A, the reaction
measuring the enzyme activity proceeded at a
linear rate for at least 60 min. To use the en-
zyme activity as a measure for virus concentra-
tion, it was first necessary to determine
whether this activity was linearly proportional
to the amount of virus-containing fluid added to
the reaction. This, indeed, was the case in the
. periment illustrated in Fig. 1B. Further-
more, the two observations indicate the absence
of inhibitory quantities of antagonists, such as
nucleases or phosphatases, which might have
progressively interfered with the ribonucleic
acid-directed deoxyribonucleic acid synthesis.
Effect of IF on virus production by NIH/
3T3 M-MLYV cells. To demonstrate the effect of
IF on the virus production by NIH/3T3 M-MLV
cells, the virus release, as measured by reverse
transcriptase, was followed in IF-pretreated
and untreated cells. After 16 to 18 h of treat-
ment with IF-B (see above), the cultures were
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Fic. 1. Kinetics of the reverse transcriptase reac-
tion. About 24 h after plating NIH/3T3 M-MLV
cells, the medium was changed, and 14 h later the
medium was collected and centrifuged at 800 x g to
remove cell debris. Enzyme activity was measured
(A) as a function of the reaction time (using 50-ul
aliquots of the medium) or (B) as a function of the
amount of the medium added to the reaction (using a
45-min reaction of time). The total volume was 100
wl. CPM, Counts per minute.
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rinsed three times with PBS, and 2 ml of
DMEM containing 2% calf serum was added.
As shown in Fig. 2, the virus accumulated in
the medium at a linear rate for at least 6 h.
Pretreatment with IF-B at a dilution of 1:16
reduced this rate to about 30% of the untreated
control, whereas a twofold increase in IF con-
centration reduced the virus release to about
15%. The possibility that the inhibition in the
virus release resulted from a general cytotoxic
effect of the IF preparation was ruled out by the
experiment illustrated in Fig. 3. In this experi-
ment we observed no effect on viability of cells,
even when incubated with a higher concentra-
tion of IF-B (at 1:3 dilution). Furthermore, no
effect of IF pretreatment was observed on the
incorporation of labeled deoxythymidine, uri-
dine, and amino acid into acid-insoluble mate-
rial (unpublished data). The linear rate of the
virus release makes it possible to collect the
fluids from the tested cultures for enzyme assay
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F1c. 2. Effect of IF on virus production by NIH/
3T3 M-MLYV cells. One series of cultures received IF-
B diluted 1:16 in DMEM containing 2% calf serum
(0); another received IF-B diluted 1:8 (), whereas
a third series, serving as a control (O), received no
IF in the medium. After 16 to 18 h, the cultures were
rinsed three times with PBS, and 2 ml of DMEM
containing 2% calf serum was added. Reverse tran-
scriptase activity in the medium was determined at
the indicated times thereafter. CPM, Counts per
minute.
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Fi1c. 3. Effect of IF on viability of NIH/3T3 M-
MLV cells. The medium was removed 24 h after
plating, and 2 ml of DMEM containing 2% calf se-
rum was added to the cultures with (A) or without
(O) 1:3 dilution of IF-B. At the indicated times
thereafter, the cells were counted in both treated and
untreated cultures.

at any convenient time during the first 6 h after
IF treatment.

IF titration by reverse transcriptase reduc-
tion and VSV plaque reduction assays. IF pro-
duced by the NDV-induced Ly cells was ti-
trated at its various stages of purification by
the reverse transcriptase reduction method
and, in parallel, by the VSV plaque reduction
method. A 2-ml amount of serial 0.3 log,, IF
dilutions in DMEM plus 2% calf serum was
added to duplicate cultures of NIH/3T3 M-MLV
cells and of Ly cells. After 16 to 18 h, the
cultures were washed three times with PBS.
NIH/3T3 M-MLV cells received 2 ml of DMEM
containing 2% calf serum and were incubated
for 3 to 4 h before medium was collected for
enzyme assay. Lgyg cells were infected with 100
to 200 plaque-forming units of VSV, and
plaques were counted 48 h later. Figure 4 shows
that the titers of IF from all stages of purifica-
tion were similar in both methods, indicating
that the plaque inhibitory activity was copuri-
fied with the reverse transcriptase reducing ac-
tivity. The closed titers also indicate that the
sensitivity of both methods is comparable. To
determine the reproducibility of the methods,
the titration of IF-A was repeated three times,
with no significant variation in the reverse
transcriptase reduction assay, whereas a varia-
tion extending up to twofold was observed with
the plaque reduction assay (Fig. 4A). The inhi-
bition in the reverse transcriptase activity was
linearly proportional to the log of IF dilution,
ranging between 20 and 95% of the control ac-
tivity.
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Table 1 summarizes the titers and the spe-
cific activities of the various IF preparations, as
computed from the reverse transcriptase data
presented in Fig. 4 and the protein determina-
tion of these preparations. IF-A contained 64 U/

ml and IF-B contained 70 U/ml, indicating no’

loss of IF activity due to pH 2 treatment for 6
days at 4 C. IF-C is the product of an eightfold
concentration by vacuum dialysis, and it con-
tained 560 U/ml, an eightfold increase over IF-
B, indicating no loss of IF activity during this
process either. The large precipitates that ap-
peared after this step contained no IF activity,
thus resulting in a threefold increase in the
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specific activity of the cleared supernatant. IF-
D is that fraction of IF-C precipitating at 40 to
65% ammonium sulfate saturation. No addi-
tional purification over IF-C was achieved by
this step. This is consistent with the observa-
tion of Knight (18) that in a neutral pH IF
precipitates over a broad range of ammonium
sulfate saturation with no considerable purifi-
cation.

Figure 5 shows the titration curves of IF
present in mouse serum after poly(rI) - poly(rC)
injection. The titer obtained by the VSV plaque
reduction in this particular experiment ap-
peared to be about twice that obtained by the
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F1G. 4. Titration of IF at various stages of purification by reverse transcriptase reduction and VSV plaque
reduction assays. Duplicate cultures of NIH/3T3 M-MLV and L, cells were treated with serial IF dilutions
for 16 to 18 h. Control cultures were treated with IF-free medium. NIH/|3T3 M-MLYV cultures served for reverse
transcriptase reduction assay (open symbols), and L cultures served for VSV plaque reduction assay (closed
symbols). (A) IF-A. With this preparation, titration by both methods was repeated three times: experiment 1
(A and A), control values were 23,580 counts/min and 176 plaques; experiment 2 (O and @), 31,760 counts/
min and 215 plaques; experiment 3 (O and W), 18,900 counts/min and 173 plaques. (B) IF-B, 18,870 counts/
min and 115 plaques; (C) IF-C, 25,000 counts/min and 196 plaques; (D) IF-D, 22,070 counts/min and 136

plaques.
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TaBLE 1. IF activity at various stages of purification
IF activity
I RTRD;, unity  RTRD;, unite/mg

ml of protein® of protein
A 64 1,020
B 70 1,176
C 560 3,396
D 680 3,122

¢ See text for IF purification.
b RTRD,,, Reverse transcriptase reduction dose.
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F1Gc. 5. Titration of serum IF. This serum was
titrated by reverse transcriptase reduction assay ()
and by plaque reduction assay (A). Control values
were 23,280 counts/min and 104 plaques.

reverse transcriptase reduction assay. Never-
theless, since variations up to twofold were ob-
served in repeated experiments with the plaque
assay (Fig. 4A), we consider this difference be-
tween the two methods insignificant.

DISCUSSION

The vital importance of IF has led many labo-
ratories to focus their efforts on developing and
improving methods for its quantitation (1, 2, 6-
12, 15-17, 20, 24-27, 30, 32). However, none of
the numerous reported methods proved to be
completely satisfactory (12). Some are laborious
and time consuming, whereas others are inac-
curate, insensitive, or unreproducible. A fur-
ther improvement is, therefore, essential.

IF induces in cells an antiviral state that
inhibits the replication of most ribonucleic acid
and deoxyribonucleic acid viruses (12, 29). The
development of this state requires several
hours (29). Hence, IF treatment is usually inef-
ficient if viral infection occurs before the anti-
viral state has been fully expressed (12). How-
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ever, the production of ribonucleic acid tumor
viruses in chronically infected cells is blocked
by IF, even though it is added many genera-
tions after infection (3-5, 13, 14, 19). It ap-
peared to us that such cells might actually pro-
vide a system in which the effect of IF could be
directly detected, with no need for exogenous
viral infection after the treatment with IF. The
elimination of the exogenous infection would
greatly simplify the assay of IF activity. More-
over, the easy quantitation of oncornaviruses
by determining their reverse transcriptase ac-
tivity (26) makes such a system even more ap-
pealing for this purpose.

In the course of characterizing this system,
we found a linear increase of reverse transcrip-
tase activity in the culture medium occurring
for at least 6 h. The rate of this increase was
reduced by pretreatment with IF. McCormick
et al. (23) have shown that the reverse tran-
scriptase activity can be inhibited by various
agents, such as ribonuclease, present in the
virus-containing materials, and thus it cannot
be correlated directly with the number of viral
particles. The linearity we found in the enzyme
activity, with respect to the reaction time and
to the amount of the virus-containing fluid,
ruled out the existence of inhibitory quantities
of such agents in our system. This, together
with the correlation found by Friedman and
Ramseur (14) between the reductions in the
enzyme level and the number of the infective
particles in IF-treated cultures, strongly sug-
gested that the reduction in the enzyme activity
faithfully reflected an inhibition of the virus
release. No effect was observed on the viability
of the cells, even when treated with a relatively
high concentration of IF, thus ruling out the
possibility that cytotoxicity of the preparation
was involved in the interference with the virus
production. The extent of the inhibition was
proportional to IF concentration, providing a
useful system for its accurate quantitation. The
linear rate of virus release makes this assay
very convenient, since it permits the measure-
ment of the enzyme activity at any time during
at least the first 6 h after IF treatment. The
enzyme assay itself is also flexible and can be
adjusted to the convenience of the worker due
to the linearity of the reaction observed during
at least 60 min.

We used this system for titration of IF from
two different sources and at various purifica-
tion stages. The virus release, measured by
reverse transcriptase activity, responded lin-
early to the log of IF dilution, ranging between
5 and 80% inhibition. To evaluate the sensitiv-
ity of this method we compared the titration
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curves obtained by the reverse transcriptase
reduction assay to those obtained by the VSV
plaque reduction assay and found them to be
similar. The reverse transcriptase reduction
method is, therefore, as sensitive as the most
conventional method. Furthermore, in our
hands it is also more reproducible, as indicated
by three repeated experiments with the same
IF preparation. The titration curves with the
reverse transcriptase reduction assay were
practically identical, whereas a variation ex-
tending up to twofold was observed with the
plaque reduction method.

In all the experiments reported here, IF was
applied 24 h after plating the cells. Hence, the
whole procedure lasts less than 48 h. The VSV
plaque reduction assay, on the other hand, re-
quires a total time of at least 4 days, since
plaques can be counted only 2 days after infec-
tion. It is worthwhile to note that we found it
possible to shorten the reverse transcriptase
reduction assay even further by plating the
cells in a medium already containing IF. Titers
obtained by this modification were identical to
those obtained when IF was added 24 h after
plating, whereas the total time of the procedure
is reduced to less than 24 h (unpublished data).
In principle this modification can be applied
also to the plaque assay. However, such a pro-
cedure subjects the assay of the plaque to a
severe technical problem. Since IF effect is
more efficiently pronounced in cells grown with
a low concentration of serum in the medium
(14, 29), we treated the cells with IF in the
presence of only 2% calf serum. Under these
conditions Ly, cells looked much smaller than
with 10% calf serum, and confluent cultures
were obtained only when extremely large num-
bers of cells were plated. The efficiency of
plaque formation in such cultures was incon-
sistent and, therefore, more than duplicate cul-
tures for each IF dilution were required to ob-
tain reliable results. Such difficulties were not
experienced with the reverse transcriptase
method, since this assay was not affected by the
shape of the cells in culture.

In summary, we feel that the reverse tran-
scriptase reduction assay offers a great im-
provement compared with most available
methods. It is very rapid and can be completed
within less than 24 h. Its performance is simple
and flexible, and its sensitivity, accuracy, and
reproducibility were found to be highly satisfac-
tory.

Although the described method was devel-
oped for mouse IF, it can be applied for other
species of IF, particularly for human IF, since
human cells releasing oncornaviruses are
available (22).
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