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Investigations concerning the intracellular development of influenza
virus have centered primarily on the fowl plague virus — primary chick
embryo cell system. These studies have utilized both fluorescent antibody
techniques and biochemical analyses to follow the time course of viral
synthesis (BREITENFELD and ScHAFER, 1967; ScHortissEk and Rorr,
1961a, b; ScHOLTISSEK ¢f al., 1962). Later studies concerning the mode
of viral ribonucleic acid replication have used influenza virus adapted
to the chick embryo fibroblast cell system (Poxs, 1967a, b; DurssERG
and RoBinsoN, 1967; NAYAK and Barupa, 1968a, b).

The use of a continuous mammalian cell line for studies of this nature
offers advantages not found with primary and secondary cell cultures
such as homogeneity of cell type, uniform susceptibility to infection and
usually a lack of adventitious agents. Several continuous mammalian
cell lines have been shown to support the complete growth of influenza
viruses. One such line, clone 1-5¢-4 of Chang’s conjunctival cell (Woxng
and K1iLBoURNE, 1961 ; Sucrura and KiLBOURNE, 1965) was used through-
out these studies.

1 This paper is part of a dissertation submitted by Wrmirram C. BELL in
partial fulfillment of the requirements for the degree of Doctor of Philosophy
from the University of Michigan. Supported in part by Graduate Training
Grants from Nat. Inst. of Allergy and Infect. Dis., NIH 5 T1 AI-60.

2 This investigation was conducted in part under the sponsorship of the
Commission on Influenza, Armed Forces Epidemiological Board, and was
supported by the U.S. Army Medical Research and Development Command,
Department of the Army, under research contract DA-49-193-MD-2066.
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By means of a non-ionic detergent method of cell fractionation we
have attempted to follow the development of influenza A-NWS-induced
nucleic acid synthesis in the nucleus and cytoplasm of 1-5¢-4 cells. The
two cell fractions obtained at various intervals during the infectious
cycle were analyzed for the amount of acid precipitable, radicactively
labelled nucleic acid, present in both infected and control cell cultures.

Materials

Cells. Clone 1-5¢-4 of Chang’s conjunctival cell, kindly provided by Dr.
FE. D. KILBOURNE, was propagated and grown according to the method of
SUGIURA and KILBOURNE (1965). The cells were seeded at a density of 5 x 10
cells per ml of culture fluid. For biochemical analysis 10 ml of eell sugpension
were added per 8 ounce flint glass prescription bottle. Plastic Petri dishes,
60 x 15 mm (Falcon Plastics) were seeded with 5 ml of cell suspension. The
cells were incubated at 36°C in a humidified atmosphere of 59, CO,. Complete
monolayers were formed in 4 to 6 days after seeding.

Virus. Influenza A-NWS (STuarRT-HARRIS, 1939) adapted to 1-5¢-4 cells
was obtained from Dr. E. D. KiLBourNE. The virus was grown allantoically
in 10 to 11 day old embryonated eggs, harvested after 48 hours, and stored at
—80°C until use.

Chemicals. 3H-Uridine; 20 ¢/m mole and *H-Thymidine; 13 ¢/m mole
were purchased from Schwartz Bio Research, Inc., Orangeburg, New York.
Actinomycin D was a gift of MERCK SHARP and DoHME Research Laboratories.

Diluent and maintenance mediwm. Eagle’s basal medium containing twice
the contribution of amino acids and vitamins with 0.19, bovine serum albumin
fraction V was used as a diluent for virus and maintenance medium. In the
biochemical studies actinomycin D was added at a concentration of 0.01 pg/ml.

Plague assay. 1-5c-4 cells were used as soon as possible after the formation
of a confluent cell sheet. Growth medium was removed by aspiration, and
the monolayer, washed twice with Hanks’ BSS (Hanks and WALLACE, 1949)
containing 0.19%, bovine serum albumin fraction V, was inoculated with 0.5 ml
of the appropriate virus dilution in maintenance medium. The virus was
allowed to adsorb for one hour at 37°C with intermittent agitation in a humid-
ified atmosphere of 59 CO,. After adsorption the cultures were overlayed
and stained using the method of SuGIURA and KILBOURNE (1965).

Titration of virus in eggs. Titrations of virus infectivity were made using
either log,, or 0.5 log,, dilutions of virus in broth. Embryonated 10 to 11 day
old eggs were inoculated allantoically with 0.2 ml of virus dilution using 4 eggs
per dilution.

Hemagqlutination titration. Serial two-fold dilutions of 0.25 ml of virus in
0.25 ml of phosphate buffered saline were prepared in a “Perspex” hemagglu-
tination plate (FazeEkas DE ST GroTH and GrazHaMm, 1954, 1955). The end
points were read 60 minutes after the addition of 0.5 ml of 0.59 chicken
erythrocytes.

Growth curve studies. Monolayers of 1-5¢-4 cells (2 to 2.5x 108 cells) were
infected at a multiplicity of 10 plaque forming units per cell. The virus was
adsorbed for 60 minutes with intermittent agitation at 37°C in a humidified
atmosphere of 5%, CO,. After adsorption the cell sheet was washed twice with
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warm maintenance medium and overlayed with 5 ml of maintenance medium
and incubated under the conditions cited above.

Samples were taken at appropriate intervals and stored frozen at —80°C.
Each sample was then thawed and cleared of cellular debris by low speed
centrifugation prior to assaying for hemagglutinating activity and infectivity.

Cell fractionation. 1-5¢-4 cells were fractionated using a modification of
the non-ionic detergent procedure developed by F1smER ef al. (1966). Hanks’
BSS was substituted for Puck’s saline “F” with no apparent difference in the
efficiency of fractionation.

Biochemical studies. Cell monolayers grown in 8 ounce prescription bottles
{(approximately 8x 106 cells), were infected with 10 plaque forming units of
virus per cell in 1 ml of maintenance medium. At appropriate intervals 5.0 e
per culture of *H-Uridine or 3H-Thymidine were added to both infected and
control cultures for RNA and DNA studies, respectively. Culturcs were then
incubated for 1 hour prior to removal for analysis. At the designated intervals
the labelled cultures were washed twice with Hanks’ BSS and fractionated.
The nuclear and cytoplasmic fractions were frozen at —80°C until analysis.

Analytical procedures. The nucleic acids were extracted from the cell
fractions by a modification of the Schmidt-Thannhauser technique (MUNRO
and FLECK, 1966). The extracted RNA was determined colorimetrically by the
orcinol procedure of DiscHE (1955). The content of DNA in the extracts was
determined by the BurToN (1956) modification of the Dische diphenylamine
reaction (D1scHE, 1955).

Determination of radioactivity. 1 ml of sample was added to 9 ml of dioxane-
based scintillation fluid (BUTLER, 1961) and counted in an Ansitron liquid
scintillation counter (ANS, Ine.). The results of the biochemieal determinations
were then expressed as specific activity, counts per minute per microgram of
nucleic acid.

Results
Fractionation of 1-5¢-4 Cells

The fractionation of 1-5¢-4 cells and isolation of nuclei by stirring in
the presence of low concentrations of Tween 80 gave results comparable
to those described previously (Fisuer and Hargris, 1962a, b; and FISHER
et al., 1966). Fig. 1 shows the appearance of whole cells before fractionation
and the condition of the isolated nuclei after fractionation. The efficiency
of the procedure was determined microscopically and the percentage of
nuclei free of contaminating cytoplasmic material ranged from 93 to
969,, with a spin time of 4—5 minutes. The recovery of intact nuclei
based on whole cell counts prior to fractionation was usually 92 to 949.

The contamination of the nuclear pellet with cytoplasmic contents
was also determined to be negligible using the presence of glucose-6-
phosphate dehydrogenase as a criterion. The presence of whole cells,
nuclei and nuclear debris in the cytoplasmic fractions was determined
by following the distribution of 3*H-thymidine labelled acid insoluble
material between the nuclear pellet and the cytoplasmic extract. The
specific activity (counts per minute per microgram of DNA) of labelled
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acid insoluble material found in the cytoplasmic fractions varied from
3 to 69, of that found in the nuclear pellet.

Single Step Growth Curve
A single cycle of influenza A-NWS growth was produced by infecting
1-5¢-4 cell monolayers with 10—20 plaque forming units of virus per
cell. The virus was allowed to adsorb, with intermittent agitation, at
37°C for 1 hour. The inoculum was then removed by aspiration and

Fig. 1. Microscopic appearance of cells before nuclear isolation and nuclei after isolation
procedure.

a) 1-5c-4 cells prior to fractionation with Tween 80. x1200.
b) Appearance of nuclei after fractionation with Tween 80. x 1200.

the cell sheet washed twice with maintenance medium (without actino-
mycin D), overlayed with 5 ml of liquid maintenance medium and incub-
ated at 37°C in a humidified atmosphere at 5% CO,. Samples were
removed at appropriate intervals and frozen at —80°C. The samples
were thawed, cleared of cellular debris by low speed centrifugation and
titrated for infectivity and hemagglutinating activities.

The results are shown in Fig. 2. The first detectable increase in infec-
tious virus was noted at 4—5 hours after infection. The logarithmic
increase phase was found to occur approximately 5—10 hours after
inoculation. Hemagglutinating activity appeared to parallel the logarith-
mic rise in virus titer and both exhibited a platcau at approximately
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14—16 hours after infection. These results are similar in nature to those
presented by Suervra and KmBourRNE (1965), but differ somewhat in
that the appearance of virus and the peak of virus production occurred
earlier.

Rate of Incorporation of 3H-Uridine info Nuclear
and Cytoplasmic Fractions
The temporal sequence of the development of influenza induced in-
corporation of H-uridine into acid-insoluble RNA was followed by observ-
ing the rate of uptake of label into both nuclear and cytoplasmic fractions
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Fig. 2. Growth curve for influenza A/NWS in clone 1-5¢-4 of Chang’s conjunctival cell.

from infected cells. Although host cell DNA-dependent RNA synthesis
may obscure the incorporation of radioactive precursors into virus-
induced RNA this difficulty may be overcome by the use of low con-
centrations of actinomycin D (Graxorr and KiNesBury, 1964). When
0.01 pg/ml of actinomycin was used in the maintenance medium of
1-5c-4 cells the rate of incorporation of 3H-uridine was reduced by
30—35Y%,. This concentration of actinomyein D did not significantly affect
the yield of progeny virus.

The rate of *H-uridine incorporated into acid insoluble RNA in
influenza A-NWS infected 1-5¢-4 cells is shown in Figs. 3a and b. A
peak in the rate of incorporation of label into nuclear RNA occurs approxi-
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Fig. 3a. Rate of *H-uridine incorporation into influenza virus induced acid-insoluble RN A
in 1-5¢-4 cells. Samples taken at hourly intervals.
O - *H-Uridine in nuclear fractions e - *H-Uridine in cytoplasmic fractions
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Fig. 3b. Rate of *H-uridine incorporation into influenza virus induced acid-insoluble RNA
in 1-5¢-4 cells. Samples taken at 2 hour intervals.
O *H-Uridine in nuclear fractions o *H-Uridine in cytoplasmic fractions

mately 2.2 hours after infection. This peak may represent the formation
of a pool of replicating viral RNA at this time. The rate decreases rather
sharply after 3 hours and then tapers off to a value of about 609, of

10*
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the control after 8 hours. Observations on changes in the oligonucleotide
pattern of nuclear RNA from chick embryo fibroblasts infected with
fowl plague virus gave a similar result for the first 3 hours of infection
(ScuortissEk and Rorr, 1961b). Investigations into the presence of
labelled acid precipitable RNA in the cytoplasmic fractions showed
that a maximum of labelled material in these fractions occurred from
3 to 6 hours after infection. The amount then declined, but was significantly
above the control value at 8 hours after infection. This 3 to 5 hour peak
corresponds to the first release of infectious progeny virus 4 to 5 hours
post infection.
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Fig. 4. Rate of *H-thymidine incorporation into acid-insoluble DN A in influenza virus infected
1-5¢-4 cells.

Rate of Incorporation of 3H-Thymidine into Nuclei of Influenza A-NWS
Infected Cells

There has been considerable controversy as to the precise role, if any,
of the host cell genome in the development of influenza virus. It was
decided to observe the effects of influenza virus upon the rate of 3H-
thymidine uptake in the nuclei of infected cells. Infected and control
cells were pulsed with *H-thymidine 1 hour prior to removal for nuclear
extraction and analysis. The results are shown in Fig. 4. There was a
profund depression in the rate of incorporation of label during the interval
1—2 hours after infection. The significance of this depression is not known
at this time. The rate of incorporation then increases and is slightly
above the control value 3 to 5 hours after infection and then rapidly
declines to a value of about 359, of the control at 8 hours after infection.
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A similar pattern of *H-thymidine incorporation was found in SV5 in-
fected primary monkey kidney cells. However, the initial depression was
not as extensive (HoLMEs and CroppIv, 1966).

Discussion

The adaptation of a non-ionic detergent method of cell fractionation
to virus infected cells (FISHER ef al., 1966) has permitted, in essence,
a dissection of the development of influenza-induced RNA in a continuous
line of mammalian cells.

The early rise in the rate of H-uridine incorporation in the nuclear
fractions into acid-insoluble RNA suggests that the replication of viral
RNA begins soon after the initiation of infection. The peak of labelled
RNA seen 2 hours after infection suggests that a pool of replicating virus-
induced RNA occurs by this time in the infectious cycle. Observations
made on other systems infected with influenza virus é.e., the shift in
oligonucleotide pattern from host to viral type RNA in fowl plague
infected chick embryo fibroblast nuclei (ScHorLTISSER and Rotr, 1961Db)
and the demonstration of the replicative form of influenza virus 0.5 to
1 hour after WSN infection of chick embryo fibroblasts (Pows, 1967b)
correlate well with our findings.

The presence of a significant amount of labelled acid-insoluble RNA
in the cytoplasmic fractions as early as 1.5 hours after infection may
indicate that this RNA is responsible for initiating synthesis of functional
viral proteins, such as the neuraminidase or hemagglutinin.

The significance of the profound inhibition of the rate of 3H-thymidine
uptake by the nuclear fractions from infected cells is still not under-
stood. This depression may result from a physiological alteration of the
cells due to the manipulations or perhaps be due to a specific viral func-
tion. The relatively rapid return of *H-thymidine uptake to levels above
the controls, however, is not construed to be the formation of a new
species of DNA coded for by the virus. The evidence for this interpreta-
tion is now rather conclusive (Rorr, SABER, and ScmorLtissex, 1965;
Navaxk and RasmusseN, 1966; BELL and Maassas, 1968), but host cell
genome function cannot be ruled out as a necessary condition (Bor-
£AND and Many, 1968). The decline in 3H-thymidine incorporation after
5 hours of infection may reflect the effects of a generalized cellular derange-
ment due to the infectious process.

Investigations are continuing into the nature of the RNA produced in
the nuclei early in the infectious process and its transport to the cytoplasm.

Summary
A non-ionic detergent method of cell fractionation was used to follow
the time course of tritiated uridine incorporation into influenza A-NWS
virus-induced RNA in a continuous mammalian cell line. The maximum
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incorporation of tritiated uridine into acid-insoluble RNA of nuclear
fractions occurred at 2 to 2.5 hours post infection. A maximum of labelled
acid-insoluble RNA of the cytoplasmic fractions was found at 3 to 4 hours
post infection which coincided with active synthesis of infectious virus.
The effect of influenza A-NWS infection on the rate of tritiated thymidine
incorporation into acid-insoluble DNA was found to be an initial depression
1 to 2 hours post infection followed by recovery to near normal values,
then a gradual decline until at 8 hours post infection it was approximately
609, of that shown by the control cell cultures.
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