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ABSTRACT

REOvirus type 2 (REO-2), strain D-5, eand its inter-
action with a continuous line of human amnion cells (RA)
were lnvestigated, The investigationé were carried out
to obtain information on the effects of several physico-
chemical agents on the virion, the early interaction
betwéen virus and cell, and some of the consequences
stemming from this virus-cell interaction, ﬂ

The Qirion was found to be resistant to ethyl
ether (30% and 50%). It was quite stable at temperatures
below 25° ¢, but at 37° ¢ and 60° C, its infectivity
titers were reduced by one-half in 5 days and 30 seconds,
respectively. For the first 2-3 minutes, sonication of
virus preparations at 20 Kc resulted in increased
infectivity titers, but a rapid decrease in titers resulted
with prolonged treatment., The virus was stable for at
least 7 days over a pH range of 2-9 but was rapidly
destroyed at pH 11, UV.irradiation inactivated the virus
very rapidly, reducing its infectivity titer by one-half
in less than 15 seconds,

The rate of adsorption of virus to cell was found to
be inversely related to the volume of inoculum and
directly related to the temperature. The elution of
adsorbed virus from cells was found to depend on the

exposure multiplicity and the temperature of incubation,



At multiplicities of 10 or more, significant elution was
observed; at 1 or less, no significant elution occurred.
At 37° C, elution occurred but a stable cell-virus complex
was formed within 5 minutes. At lower temperatures,
elution occurred but at slower rates, No significant
desorption occurred at 4° c.

Single cycle growth studies of REO-2 in RA cells
revealed an eclipse period of 9 hours and maximal yields
of virus obtained in about 36 hours. In comparison,
REO-3 in RA cells was found to have an eclipse period of
6 hours and maximal yields obtained in 24-26 hours.
Immunof luorescent and cytochemical (acridine orange)
examinations of REO-2 infected RA cells revealed the
following: (1) the appearance of viral antigen as early
as 4 hours post-infection (p.i.), (2) a maximal number
of antigen-containing cells at 9 hours p.i., ‘(3) the
appearance of orthochromatically green-staining inclusion
bodies at 6 hours p.i., and (4) maximal number of cells
containing inclusion bodies in 12 hours.

Infection of RA cells with either active or UVa-
inactivated REO-2 at low multiplicities (1-5) resulted in
the production of an anti-viral substance which was found
to possess many characteristics in common with interferon.
In addition, REO-2 was found to be sengsitive to the

inhibitory effect of this anti-viral agent.
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When HeLa, RA, or BSC-1 cells were exposed to high
multiplicities of UV-inactivated REO-2 preparations,
rapid death of cells was observed. This cytotoxic
phenomenon was found to have the following characteris-
tics: (1) morphological changes were indistinguishable
from that due to viral cytopathic effect, (2) first signs
of the effect could be seen at about 3-4 hours p.i. and
culminated in 9-10 houré,lﬁnd (3) the intensity and
extent of the effect was dependent on exposure multipli-
city. Only UV-inactivated virus preparations produced
the effect; neither heat-inactivated nor active virus
was observed to produce cytotoxicity. Data obtained
strongly implicate the UV-inactivated viral particle as
the cytotoxic agent,

The significance of the new information obtained
and some ramifications in REOvirus research are discussed,
In addition, suggestions for further investigations are

presented.,
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CHAPTER 1
INTRODUCTION

The REOvirus group is comprised of three serotypes
(1, 2, and 3). Formerly, this group of viruses, derignated
as being identical with or related to ECHO 10 (presently
REOvirus type 1) was counted among the Enteroviruses (Com-
mittee on the Enteroviruses, 1957). 1In 1959, Sabin removed
them from the Enteroviruses and reclassified them as the
REOviruses, basing his action mainly on differences in size
(700-775 mu), type of cytopathic effect (CPE) produced in
rhesus monkey kidney cells (closely resembling non-specific
cellular degeneration), and sharing of a common complement-
fixing antigen.,

Other characteristics of this group are resistance to
the action of ethyl ether (Sabin, 1959; Gomatos et al.,
1962), agglutination of human erythrocytes (Dardoni and
Zaffiro, 1958), ability to infect a wide variety of animal
hosts (Stanley, 1961; Stanley et al., 1964), and the pos-
session of a unique, double-stranded helical ribonucleic
acid (RNA) as the genetic material (Langridge and Gomatos,
1963; Gomatos and Tamm, 1963), The viruses of the group
are separated into three serotypes by the hemagglutination-
inhibition technique (Rosen, 1960),

An examination of the REOvirus literature showed that

research involving this group of viruses covers the



following areas: (1) hemagglutination, (2) electron
microscopy of the virion, (3) epidemiology and pathology,
(4) investigations of tumorigéﬁic potential, (5) basic
studies on the growth of the virus and its interaction with
cell systems, (6) studies on the isolated viral RNA, and
(7) investigations into the molecular biology of REOvirus
infection of cells,

No attempt is made here to review completely the REO=-
virus literature; however, some features characteristic of
all three serotypes should be discussed. Three interesting
characteristics of the REOviruses are the ubiquity of the
group, the physical structure of the virus particles, and
the possession of a double-stranded helical RNA,

The ubiquitous nature of the REOviruses has been demon-
strated by Stanley (1961) and his group in Australia., Sero-
logic evidences of infection have been found in all verte-
brates tested, including many marsupials (Stanley et al.,
1964)., Only the whales have proven to be negative. The
incidence of serologically positive reactors, however, has
been found to be highest among human beings, reaching its
peak in the late teenage group.

There have been several early reports on éhe physical
description of serotypes 1 and 3 (Sabin, 1959; Rhim et al.,
1961; Jordan and Mayor, 1962; Vasquez and Tournier, 1962;
Gomatos et al., 1962), These reports revealed two important

structural features; a capsid containing 92 capsomeres,



and an inner layer. In 1965, Loh et al. showed that REO-
virus type 2 (REO-2) particles also have capsids of 92
subunits and inner layers which are 32 A thick and locatéd
between the outer capsid and the core of the virion, Mayor
et al. (1965) are of the opinion that this inner capsid,
like the outer one, is also constructed of 92 subunits,
They postulate that the presence of this inner layer pro-
vides greater stability to icosahedral virions. This pos=-
tulate finds support in the great biological stability of
this group of viruses, Evidence revealing the stability
of REO-2 particles obtained in experiments conducted for
this report also support their premise. The presence of
an lnner layer is not unique to the REOviruses; Horne
(1963) has reported similar structures in other viruses.
Possibly the most attractive as well as intriguing

feature of this group of viruses, at least to virologists,
-is the possession of a unique kind of RNA., The REOviruses
are the only animal viruses discovered so far that contain
double-stranded helical RNA. Only two other viruses, the
wound tumor virus (Black and Markham, 1963; Tomita and
Rich, 1964) and the rice dwarf virus (Miura et al., 1966)
have similar RNA structures. Evlidence for the conclusion
that the RNA is a double-stranded helix is: (1) a large
molecular weight of 1 x 107 daltons (Gomatos and Tamm,
1963), (2) complementary base ratios as in DNAs (Gomatos

and Tamm, 1963), and (3) X-ray diffraction patterns



similar to that of the double-stranded intermediate form
of MS2 phage (Langridge and Gomatos, 1963; Langridge et
al., 1964), Much of the current work appears to be
centered around this unique genetic material.

Most of the reports concerned with the infection
process of REOviruses have dealt with serotypes 1 and 3 in
well-characterized cell systems. Since the new RA
(recovered amnion) cell-REO-2 system was selected as the
one to be investigated by this laboratory, certain basic
knowvledge of the reactants as well as of interactions
between these components had to be obtained, The early
portion of this report deal§ with the characterization of
this system} The information gathered was put to use in
subsequent investigations,

Thus, the purpose of this report is to describe some
of the properties of the REO-2 virion as well as some of
the basic characteristics of its interactions with RA cells,
Emphasis is placed on the virion, not on the RA cell, since
detailed studies with respect to morphology, routine
culture, nutrition, cell growth, and cytogenetics of the
RA cells have been done by Regan (1964),

The fact that REO-2 is a human pathogen was considered
sufficient justification for the selection of a human cell
line as the host system to be used in studying the infection
process, However, other equally good reasons for choosing

the RA cell instead of the Hela cell, are these: (1) it



was readily available, (2) it was derived from normal,

instead of from neoplastic human tissue, (3) it has rela-

tively simple growth requirements (and does well under the
conditions available), and (4) detailed description and
characterization of the cell line were available,

The paucity of information on REOvirus type 2, as well
as the unique features of these virions mentioned earlier,
were the reasons for selecting this serotypes to study.,

The purposes of this report are:

(1) to describe the effects of heat, sonication, ether,
pH, and ultra-violet irradiation on the infectivity
of REO-2,

(2) to study the early virus-cell interaction and
conditions which affect the association, and

(3) to investigate the infection of RA cells by REO-2
and to describe some of the results stemming from
this interaction with regard to virus production,
development of antigen and inclusion body,

cytotoxicity, and interferon production,



CHAPTER 11

MATERIALS AND METHODS

CELL CULTURES

RA cells, a stable line of human amnion cells were
originally obtained from Dr. Robert Atkinson, University
of Pittsburgh, and grown routinely in Eagle's basal
medium supplemented with 6% or 10% calf serum (EBM6 or
EBM10) (Eagle, 1955). Unless otherwise specified, the
basic experimental medium used throughout the entire pro-
Jject was Eagle's basal medium plus 1% fetal bovine serum
(EBM1),

Hela cells, a stable line of human cancer cells
derived from a carcinoma of the cervix, were also grown
in EBM6,

BSC-1 cells, a continuous line of green monkey kidney
cells, originally obtained from Dr. Edwin H. Lennette,
Virus and Rickettsial Disease Laboratory, California State
Department of Public Health, Berkeley, California, were
routinely propagated in medium 199 supplemented with 10%
fetal bovine serum (199-10) (Morgan et al., 1959). The
experimental medium was 199 plus 1% fetal bovine serum
(199-1), During later stages of the project, this cell
line was also grown in EBM6,.

Mouse L cells, obtained from Dr, Samuel Baron, National

Institutes of Health (NIH), were propagated in EBM plus



10% fetal bovine serum,

VIRUSES

REOviruses type 2, strain D-5 (REO-2), and type 3
strain Abney (REO-3), were originally obtained from
Dr. Leon Rosen, Pacific Research Section, NIH, Honolulu,
as rhesus monkey kidney cell preparations., Stocks of both
viruses were prepared in BSC-1 cells, Details of the
preparatory procedures have been described elsewhere (Oie
et al., 1966)., Briefly, the infected cultures of cells
were allowed to incubate at 37O C until maximum cytopathic
effect (CPE) was observed, generally in 3-5 days. The
infected cultures were then frozen (-200 C) and thawed
(room temperature) five times, sonicated at 20 Kc for 3
minutes, and then centrifuged at 2,000 rpm for 10-15
minutes at 40 C. The supernatant fluid obtained thereby
was the crude stock. For semi-purified preparations, the
crude stocks were centrifuged at 45,000 rpm for 1.5 hours
in the Spinco model L centrifuge. The pellet was sus-
pended in one-tenth the original volume, using 199-1 as
the suspending fluid. For some studies, the virus was
further purified by treatment with nucleases (15-30 ug/ml
DNAase and 15-30 ug/ml RNAase for 45 minutes at 37° C)
and chymotrypsin (15-30 ug/ml for 30 minutes at 37° C)
(Gomatos and Tamm, 1963), HeLa cell preparations of RE0-2,

similarly processed, were used in certain studies of this
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project. REO-2 pools had titers ranging from 10 - 10

immunofluorescent units per milliliter (IU/ml). REO-3

titers ranged from 106'5 - 107'5

1U/ml,

Vaccinia virus was prepared in Hela cells by essen-
tially the same procedure as that used for the preparation
of REOviruses. The preparation had a titer of 105'7 plaque-
forming units per milliliter (pfu/ml),.

Vesicular stomatitis virus (VSV), prepared in chick
cells, was obtained from Dr. S. Baron (NIH)., The titer
of the virus stock was approximately 106'7 pfu/ml,

 All stocks were distributed in aliquots of 1-2 ml and

stored at -60o C.

INFECTION PROCEDURE

Unless otherwise specified, the infection procedure
in all experiments using REO-2 and REO-3 was as follows:
cell cultures, which had been washed three times with a
solution containing 0,1% glucose, 0.04% KCl and 0.8% NaCl
(GKN), were exposed to the virus inoculum for a period
of 2 hours at room temperature or at 37° ¢. At the end
of this adsorption period, the residual virus was removed
by three additional washings with GKN, For all other
viruses used in this study, the infection procedure will

be described under the appropriate sections.

ASSAY METHODS

VIRUS TITRATION

Plaque assays: Plaque assay by the agar overlay
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method (Dulbecco and Vogt, 1959) as modified by Holland and
McLaren, (1959) was used to titrate VSV. The fluid overlay
method was used for the assay of vaccinia virus in mono-
layers of RA cells (Postlethwaite, 1960)., In both
techniques, the cell sheets were stained with crystal
violet to visualize the plaques (Holland and Mclaren,
1959).

Immunof luorescent plaque technique (IP): Attempts
to plaque REO-2 and REO-3 in Hela or RA cells have never
met with any success in this laboratory. Therefore,
titration of these viruses was accomplished by the immuno-
fluorescent plaque technique (Spendlove et al., 1963)
using monolayers of RA cells grown on 15 mm round cover-
slips., The cultures were incubated under 5% COp in a Hot-
point CO, incubator. The IP method makes use of the direct
fluorescent antibody technique (Coons and Kaplan, 1950)
for the demonstration of viral antigen and virus-infected
cells, The preparation of specific hyperimmune antiserum
in rabbits (Oie et al., 1966), as well as the preparation
of fluorescein isothiocyanate-conjugated antibody prepara-
tions (Riggs, Loh, and Eveland, 1960), have been previously
described. A Zeiss compound microscope setup was used
for observation of fluorescent antibody-stained cultures.
Hemagglutination (HA): The method described by Rosen,
(1960) was used. Briefly, HA was carried out in tubes
(12 x 75 mm) by addition of 0.2 ml of a 0.75% human type



"O" erythrocyte suspension to 0,4 ml amounts of serial
~ two-fold dilutions of the virus in 0,85% saline. After
shaking, the erythrocytes were allowed to sediment at
room temperature. The endpoint of the titration was
considered to be the last tube showing a "four-plus"

pattern of agglutination,

ASSAY FOR RADIOACTIVITY
Cells infected with labeled virus (Loh et al., in

10

press) or cells which were allowed to incorporate labeled

precursors, thymidine-HB, uridine-H3, or‘leucine-H3 (New

England Nuclear Corporation), were frozen and thawed twice

and precipitated with 10% trichloroacetic acid (TCA). The

acid insoluble precipitate was dissolved in 0,3 N KOH.
Duplicate amounts of 0.1 ml per sample were deposited on
filter paper strips and allowed to dry. These samples
were assayed for radioactivity in a Packard liquid scine
tillation spectrophotometer, Also, the optical density
(0. D.) at 280 mu of each sample was measured, using the
Beckman DU spectrophotometer (model B), The amount of
radioactivity was expressed as counts per minute (cpm)

per O, D, unit,

CYTOCHEMICAL METHOD
REOvirus inclusion bodies were demonstrated by the
acridine orange (AO) stain, The procedure followed was

essentially the method described by Armstrong and Niven
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(1957). Briefly, coverslip preparations of infected cells
were fixed in cold acetone for 10-15 minutes, air dried,
and stained in 0,01% acridine orange for 6-8 minutes at
room temperature, After two quick rinses, the coverslips
were mounted on slides and observed with a Zeiss micro-
scope equipped with an ultra-violet light source. The
buffer used for staining, rinsing, aﬁd mounting the

coverslips was Mcllvaine's buffer, pH 4.



CHAPTER II1

EFFECTS OF SOME PHYSICAL AND CHEMICAL AGENTS ON REOVIRUS
INFECTIVITY

INTRODUCTION

The effects of selected physical and chemical agents
on the infectivity of REO-2 were investigated. These
agents were specifically chosen so that the information
obtained fromtsuch experiments could be utilized during
the course of this project. Of the five agents selected,
reports of the effects of three of them on the REOviruses
‘have been published: ether (Sabin, 1959; Gomatos et al.,
1962), heat (Rhim et al., 1961; Gomatos et al., 1962),
and sonication (Rhim et al., 1961),

ETHYL ETHER

The REOviruses have been reported to be resistant to
the effect of ethyl ether. A confirmation of this property
was sought for the strain of REO-2 used in this study.

Experimental Procedure: 10-ml aliquots of a REC-2
suspension in tubes with rubber-lined screw caps were
exposed to 30% and 50% concentrations of ethyl ether at
4° c, After 18-24 hours of incubation, most of the ether
was removed by pipeting. The residual ether was evaporated
off under reduced air pressure, Assay for residual virus

infectivity was done by the IP method (Chapter I1I),



13
Observations: The results of a typical experiment
are shown in Table I. REO-2 proved tc be resistant to the
effects of ethyl ether. Exposure to 30% and 50% concen-
trations of ether reduced the infectivity only slightly
(8%-32%).

TEMPERATURE
The stability of REO-2 during storage at different

temperatures was investigated. The temperatures chosen
were those generally used for storage, growth of virus,
or inactivation of viral infectivity.

Experimental Procedure: Virus suspensions were
incubated at -60° ¢, 4° ¢, 25° ¢, 37° C, and 60° C, and
the effects of storage at these temperatures on virus
infectivity were observed. For studies at -60° C, 0.5 ml
aliquots of virus were frozen in rubber-stoppered Kahn tubes,
Periodically, a tube was removed and immediately assayed for
virus infectivity by the IP method. Ten ml quantities of
virus in 16 x 125 mm screw-capped tubes were incubated at
4° ¢, 25° C, and 37° C. At different time intervals, 0.5
ml samples were removed and were either stored at -20° Cc
or immediately assayed for virus, For studies at 60° c,
a 50 ml Erlenmeyer flask containing 20 ml of virus was
slowly rotated on a gyro-rotary shaker submerged in a
60° C water bath. At intervals, 1 ml samples were removed

and stored at -20° ¢ until assayed for residual virus

infectivity.
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TABLE 1
EFFECT OF ETHYL ETHER ON THE INFECTIVITY OF
REOVIRUS TYPE 2 (STRAIN D-5)

Ether Concentration Infectivity Titer T/C* x 100
(Per Cent) (Logqg)
Tube # 1 7.47 92
30
Tube # 2 7.36 72
Tube # 1 7.43 84
50
Tube # 2 7.34 68
0 Control 7.50 100

* Ratio of infectivity titer in ether-treated virus
preparations (T) to the infectivity titer of the
untreated control (C).
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Observations: The inactivation rate curves of REO-2

at 60° c, 37° C, and 25° C, are shown in Figure 1, At 60°
C and 37° C, the rate of inactivation appears to be linear,
with a half-life of 30 seconds and 5 days, respectively.
At 25° C, the virus appeared to be quite stable and showed
no decrease in infectivity for more than 2 months. At 4° ¢
and -60° C, no decrease in virus titer was observed for at

least 8 months.

SONICATION

Titrations of REO-2 preparations which were frozen
and thawed five times consistently gave titers which were
considerably lower than those reported for the other sero-
types., It was suspected that the low titers may be due
to virus existing as aggregations or bound to cells or
cellular fragments, To test this hypothesis, several
experiments were conducted using sonication as a means
of dissoclating virus aggregates or cell-bound virus,

" These experiments were done in collaboration with another
graduate student, A, Faustino, A

Experimental Procedure: Both crude and semi-purified
preparations (Chapter 11) of REO-2 were used. Three-ml
volumes of virus were placed in 15 ml conical centrifuge
tubes and sonicated at 20 Kc for different lengths'of
time at a temperature range of 0-4° Cc. The microtip of

a Branson sonifier was directly submerged in the virus-
containing fluid to a depth of 0.5-1 inch, After
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Figure 1. Effect of temperature on the infectivity of
REOvirus type 2 (D-5). The logarithm of the virus
titer is expressed as a function of time.
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sonication, the samples were assayed for infectious virus
and hemagglutination by the IP method and Rosen's HA
technique, respectively (Chapter 1I1).

Observations: Results of two such experiments are
shown in Table 11. For both crude and semi-purified
preparations, marked increases in infectivity were seen
for the first 2 minutes, The crude preparation showed an
increase of 2-3 logs, while the latter preparation gained
0.5-1 log of infective virus. Sonication for periods
longer than 2 minutes resulted in increasing inactivation
of virus infectivity. Centrifugation of crude preparations
at 2,500 rpm for 15 minutes at 4° C before sonication
resulted in the removal of a large amount of virus along
with the cell fragments., This seems to suggest that an
appreciable quantity of virus is either cell-bound or
exists in large enough aggregates to be sedimented by
centrifugation at low speeds. 1t was also noted that
even the semi-purified preparation showed an increase in
titer when sonicated. This suggested that virus either
occurred as aggregates or were in association with cell
fragments which did not sediment at low centrifugal speeds.
However, disruption of these complexes by sonication re-
leases the viral particles, resulting in increased titers,

HA titers paralleled virus infectivity, increasing
for the first 2 minutes of sonication (4-fold) and declin-

ing when sonication was prolonged beyond 2 minutes.



TABLE 11
THE EFFECT OF SONICATION ON VIRUS INFECTIVITY AND HEMAGGLUTINATION

Sonication time Infectivity titer Hemagglutination

(minutes) (logig) (reciprocal of dilution)
Crude Semi-purified Crude
Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
0 6.1 7.5 6.2 7.3 40 40
1 7.1 8.2 7.3 7.4 80 80
2 9.8 9.3 8.1 7.7 80 160
3 7.8 8.6 1.2 6.4 160 160
S 6.2 7.2 5.3 3.7 160 80
10 6.2 7.1 5.3 3.4 80 80

Céude = virus infected BSC-1 cells that have been frozen and thawed five

times,

Semi-purified = virus infected BSC-1 cells that have been frozen and
thawed five times and centrifuged at 1,500 rpm for 10 minutes

EXp. = experiment

Q7
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pH

The effect of pHs 2, 5, 7, 9, and 11 on REO-2 infec-
tivity was examined., The stability of the virus at pH 2
was of special interest, since this was one of the means
considered for the inactivation of residual virus in
interferon preparations induced by REO-2 (Chapter VI).

Experimental Procedure: Two and a half-ml amounts
of virus preparation were adjusted to the desired pHs by
addition, drop by drop, of 3 N HCl or 3 N NaOH, Each
addition was immediately followed by vigorous mixing to
insure that no pockets of high H+ or OH ion concentration
existed to inactivate virus. The pHs were determined by
Acutint pH paper (Montreal, Canada), which has color
standards for intervals of 0.4 pH units. The pH-adjusted
virus suspensions were kept at 4° ¢ and 0,2 ml samples
were removed 1 day and 7 days after pH adjustment. These
samples were immediately diluted in 1.8 ml of EBM1 (pH 7.5)
in order to readjust the pH of the sample to about 7.2 to
7.4, 1f further adjustment of the pH was required, 1 N HCl
or 1 N NaOH was used. The infectivity of the samples was
assayed by the IP method (Chapter 11I).

Observations: Results of one experiment are shown
in Table I11. At pH 2, a 1-1,7 log reduction was observed
after 1 day and no further loss occurred even after 7 days
of treatment, Less than 0.5 log decrease was observed

after 1 day of incubation at pH 5, and the titer suffered
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TABLE 111
EFFECT OF pH ON VIRUS INFECTIVITY

TREATMENT TIME

1 DAY 7 DAYS
pH Infectivity Reduction¥* Infectivity Reduction¥*
titer (logyig) (logig) titer (logig) (logi10)

2 5.9 1,7 6.6 1.0

5 7.2 0.4 7.3 0.3

7 ND 7.7

7.5 ND 7.6

(stock)

9 6.4 1.2 6.7 0.9
11 0 7.6 0 7.6

* Difference between the 7 days infectivity titer of the
stock and the infectivity titers of the virus
preparations kept at all other pHs,

ND = not done
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no further drop in 7 days. After 7 days of incubation at
4° C, the virus suspension at pH 7 showed no change in
virus titer. At pH 9, a drop of 1.2 log was seen after
1 day and no further reduction at day 7. Infectious virus
was completely destroyed at pH 11, possibly within the

first few minutes.

ULTRA-VIOLET (UV) IRRADIATION

The inactivation of crude and semi-purified virus prep-
arations by UV irradiation was investigated. Although the
data obtained were of/interest per se, the information was
sought mainly for use in the experiments dealing with cyto-
toxicity and interferon production (Chapters VI and VII),

Experimental Frocedure: 10-20 ml amounts of virus
were placed in open 100 x 15 mm glass ?etri plates and
_slowly rotatéd'on a rotary shaker while being directly
exposed to UV irradiation from a 15 watt General Electric
germicidal lamp placed at a distance of 4 cm., At exposure
times ranging from 0-5 minutes, 0.5 ml samples were removed
and stored at --20o C until assayed for residual virus
infectivity by the IP method (Chapter 1I).

Observations: Results from one such experiment are —
shown in Figure 2., A rapid inactivation of infectivity
was observed., The linearity of the curves suggests that
UV inactivation of REO-2 follows a one-step or one-hit
type of kinetics, The titers for crude and semi-purified

virus were reduced by 50% in approximately 15 and 10
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Figure 2, Rate of REOvirus type 2 (D-5)
inactivation by ultraviolet light. The virus
preparations were exposed to a General
Electric Germicidal lamp at a distance of

4 cm, Survival ratios are plotted against
time, (o0-0) a crude virus preparation,

(A-8) a semi-purified virus preparation.
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seconds, respectively, fhus, it appears that the presence
of cellular debris affords greater protection of the viral
particle to UV-inactivation; removal of the debris results

in a more rapid inactivation of the viral preparation,

DISCUSSION

The finding that the strain of REO-2 used in the
present studies was resistant to ethyl ether sﬁpported
what was known for serotypes 1 and 3. The recovery of
70%-90% of the infective virus after treatment with ether
compared well with that of 50%-90% reported for REO-3
(Gomatos et al., 1962).

Storage at different temperatures showed that the
REO-2 infectivity was quite stable at temperatures of
25o C or lower., At these temperatures, the virus suffered
little or no loss in infectivity for several months, In
contrast, REO-1 has been reported to have a half-life of
2.7 days at 4 G and 2.0 days at 24° C (Rhim et al., 1961),
Furthermore, at 37° C, REO-1 was reported to have a half-
life of 19 hours (Rhim et al., 1961) while REO-3 was re-
duced by half in 2.6 hours., On the other hand, it was
found in the present study that the titer of infectious
REO-2 required 5 days in order to be reduced by half at
37° C. These data seem to indicate that REO-2, under the
conditions used, is slightly more stable than are the
other serotypes.

Sonication of REOvirus preparations resulted in an
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increase of 2-3 logs in infective titers, suggesting that
much of the virus was either cell-bound or existed in
aggregates., Three- to eight-fold increase in infectivity
of crude REOvirus §£ebarations after sonic treatment was
also reported by McClain and Spendlove (1966), In addition,
these investigators found that enzyme-treated preparations,
when sonicated, showed no change in infectivity titers,
Apparently both enzyme digestion and sonic treatment
accomplish the same purpose, namely, dispersion of viral
aggregates,

The use of sonication to release virus from tissues
and to disperse viral aggregates has been studied exten-
sivély'invthe vaccinia system (Hopwood, 1931; Rivers et
al., 1937; Postlewaite and Maitland, 1960; Galasso and
Sharp, 1962). Sonic treatment of vaccinia preparations
resulted in a 2- to 10-fold increase of virus titers,

In addition, purified preparations were found to be
inactivated much more rapidly than were crude preparations,
suggesting that the presence of protein or cell debris
protected virus from the inactivating forces of sonic
waves.,

In contrast, Rhim et al., (1961), who did some studies
on sonication with REO-1, found no increase in titers after
1 minute of sonication at maximum power. Likewise,

Darnell (1958) could show no greater increase by

sonicating poliovirus preparations than by 3 cycles of
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freezing and thawing,

Sbme of the reasons for these differences in results
could be: (1) the difference in cell-virus systems used,
(2) the use of different sonifiers and methods of
éonification, and (3) the length of exposure and the
intensity of sonic waves used.

REO-2 proved to be relatively resistant to pHs between
2 and 9. Although an initial drop of 0,3-1,7 logyig of
virus was observed, the residual population of virus
remained infective for at least a week., However, at pH 11,
the infectivity was quickly lost, probably within the first
few minutes after pH-adjustment., Different viruses have
been shown to respond differently at pH 2. Foot and mouth
disease virus is rapidly inactivated (Bachrach et al., 1957),
whereas Chikungunya viru;’and Newcastle disease virus
require 2 days and 5 days, respectively, to be completely
inactivated at pH 2 (Merigan et al., 1965). REO-2 virus
appears to be somewhat more stable at pH 2 than is New-
castle disease virus,

UV irradiation rapidly inactivated REO-2, Within 2
minutes, the infective virus titer was reduced to less
than 1%. Similar results were reported for all three
REOvirus serotypes by McClain and Spendlove (1966), who
found that within 6 minutes UV irradiation had reduced

the surviving viral fraction to 1% or less.
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SUMMARY

The effects of ethyl éther, temperature, sonic
oscillation, pH and UV light on the infectivity of REO-2
were determined. The'vi;us was found to be resistant to
ethyl ether (30% and 50%). Virus infectivity suffered
little or no loss for several months when stored at 25°
c, 4° C, and -60o C. However, at 37° C and 60° C REO-2
titers were reduced by half in 5 days and 30 seconds,
respectively, Sonic vibrations at 20 Kec for 2 minutes
resulted in an increase of 2-3 logs of infective virus,
suggesting that much of the virus is cell-bound or
aggregated, Prolonged sonication (longer than 3 minutes)
rapidly inactivated the virus, REO-2 is quite stable over
a wide pH range (pH 2-9), suffering only 1-1,7 log
reduction over a period of 7 days. However, at pH 11
infectivity is rapidly destroyed, probably within a few
minutes., Direct exposure of crude and semi-purified
virus preparations to UV irradiation caused a rapid loss
of infectivity, with the latter preparation being
inactivated at a greater rate, With both preparations,
the curves obtained suggested a single-hit type of

kinetics.



CHAPTER 1V

STUDIES ON ADSORPTION AND ELUTION

INTRODUCTION

Adsorption is the initial interaction between a
virug and a susceptible cell, Among several requirements
for successful adsorption is’the possession of complement-‘
ary receptors by both cell and virus, Once the virus
particle has been adsorbed to a cell, either it suc-
cessfully penetrates the cell and goes on to form an
infectious center, or it is unsuccessful in penetration
and remains irreversibly adsorbed, or it is eluted and
may be recovered in the supernatant fluid. The studies
to be described in this section involve the determination
of the early fate of REO-2 during its interaction with
the RA cell, It was imperative that the conditions for
maximum efficiency of infection be determined, because
this knowledge was a requirement for some of the later

studies,

ADSORPTION STUDIES

Studies have been made on adsorption kinetics for
REO-1 in monkey kidney (MK) cells (Rhim et al., 1961)
and for REO-3 in L cells (Gomatos et al., 1962; Franklin,
1961), All of these studies were done at 37o C, using

inoculum volumes of 0.1 ml or more. Only one report is

available on the effect of volume of inoculum on the rate
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of REOvirus adsorption to cells (Rhim and Melnick, 1961),
~In this study, rate of adsorption of REO-2 to RA cells
under varying conditions of time, temperature, and
inoculum volumes was investigated.

All previous adsorption studies with REOviruses have
utilized the plaque technique to determine the amount of
virus adsorbed to cells., Since this technique has not met
with any success in our cell system, a coverslip-method
was devised using the IP technique to titrate adsorbed
virus. A portion of these studies has been reported
(Oie et al., 1966).

The rate of adsorption of REO-2 to RA cells, using
a 0.02 ml inoculum at 37° C, was determined.

Experimental Procedure: 1.5 x 105 RA cells were
seeded on 15-mm circular coverslips and incubated at 37o
C under approximately 2% COp in air. After 24 hours, each
coverslip culture was exposed to 0,02 ml of inoculum con-
taining 100-150 1U of REO-2. During the adsorption period
spanning 2 hours, 2-4 coverslips were removed at each time
interval, washed twice in GKN to remove unadsorbed virus
fed with EBMl, and reincubated at 37° ¢ for approximately
24 hours, Then cultures were washed 3 times with PBS,
fixed in cold acetone for 10-15 minutes, and air-dried.
After staining with fluorescent antibody (Chapter 11),
the infected cells were counted and the virus titer was

determined. The virus titer obtained at 2 hours p. i. was
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considered equivalent to 100% and the adsorption curves
were constructed accordingly.

Observations: Figure 3 represents an adsorption
curve for REO-2 in RA cells, Under the conditions of the
experiment, maximal adsorption was attained within 45-50
minutes after initial exposure of cells to virus, At this
time, the amount of virus adsorbed was approximately equal
to the amount adsorbed at 2 hours,

Since most rate studies are affected by temperature,
several experiments on adsorption at different temperatures
were carried out,

Experimental Procedure: 1In a preliminary study
using the coverslip method, 0,02 ml containing 150 1IU
were placed on coverslips and allowed to adsorb at 4° c,
25° C, and 37° ¢ for a period of 1 hour., Eight coverslips
were incubated at each temperature. After adsorption,
the coverslips were washed 3 times with GKN, fed with
EBMl, and incubated at 37° C for about 24 hours, Then
the coverslips were washed 3 times in PBS, fixed in cold
acetone (10 minutes), air-dried, stained with FA, and the
number of fluorescing cells was determined.

Observations: Table IV shows the results of one
such experiment, The virus titers obtained at 4° C and
25° ¢ are expressed as ratios of the amount of virus
adsorbed at 37° C. The results show that, at temperatures

below 37° C, the amount of virus adsorbed decreases
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Figure 3, Rate of eadsorption of REOvirus
type 2 (D-5) to RA cells, Logarithm of
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a function of time, :
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TABLE 1V
ADSORPTION OF REOVIRUS TYPE 2 (D-5) AT DIFFERENT

TEMPERATURES
Temperature Adsorbed virus V/V37% X 100
Average titer
(log10)
4° ¢ 1,5 9
25° ¢ 2.3 68
37° ¢ 2.5 100

* Ratio of adsorbed virus titer at gther temperatures (V)
to the adsorbed virus titer at 37  C (V37).
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progressively. Only about 9% of the virus inoculum is
adsorbed at 4° C and about 70% at 25° C.

Based on these findings, adsorption-rate studies were -
done at 4° C and 25° C, using inoculum volumes of 0,02 ml
containing about 150 IU, Titers for the 3-hour period
were considered equivalent to 100%, The titers of all
earlier time periods were expressed as ratios of the
titer obtained for 3 hours and the curves were constructed
accordingly.

Adsorption curves from one such study are shown in
Figure 4. At 25° C maximum adsorption was reached in
approximately—-1 hour and 20 minutes, and at 4° C in about
1 hour and 40 minutes. The adsorption curve obtained in
the earlier study at 37° C is included here for comparison,

The volume of the inoculum used also has been shown
to have an effect on the rate of virus adsorption, To
demonstrate this, experiments using the coverslip method
and varying volumes of inoculum were conducted,

Experimental Procedure: Adsorption was carried out

at 37° ¢ for 1 hour with inoculum volumes of 0,02 ml,
0,04 ml, 0,06 ml, and 0,08 ml, Volumes of less than 0,02
ml were insufficient to completely cover the cell sheet,
and caused cell death due to drying. Volumes larger than
0,08 ml generally resulted in overflowing of the cover-

slips, with loss of virus,
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Observations: The results of one such study are
shown in Figure 5, With progressively larger volumes of
inoculum, decreasing amounts of virus were adsorbed to
cells, The amount of virus adsorbed from an inoculum of
0.08 ml represented only 50% of the amount adsorbed from
0.02 mi1,

Studies on temperature and volume and their effects
on rates of adsorption were also done with cells grown in
tubes. This method allows the use of inoculum volumes of
0.1 ml or more, Essentially similar adsorption curves
were obtained, Maximum virus adsorption occurred in 2
hours at 37° C, 2 hours 45 minutes at 25° C, and about
4 hours at 4° C. For studies with different volumes,

0.1 to 1,0 ml inocula were used. The amount ofiyirus
adsorbed using 1.0 ml inoculum represented only 25% of the
virus adsorbed using 0.1 ml amounts. This method for
studying adsorption rates has an important disadvantage:
it does not measure maximum amounts of virus adsorbed,
since the virugrparticles which have penetrated and under-
gone uncoating cannot be assayed.,

On fhe basis of the results obtained, one-hour
adsorption periods for inoculum volumes of less than .

0.1 ml and two-hour périods for volumes of 0,1 ml or

greater were routinely used.,
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STUDIES ON ELUTION

The work reported in the previous section, established
that the rate of adsorption was dependent on temperature
and volume of inoculum used. At low virus-cell ratios,
90% or more of the virus in the inoculum is adsorbed and
goes on to successfully initiate infectious centers (Oie
et al,, 1966)., Generally, however, only a fraction of
the virus inoculum is adsorbed and successfully multiplies
in the cells, Therefore, it was of interest to determine
how much residual virus can be found in the supernatant
fluid after adsorption had reached an apparent equilibrium,
In addition, investigations on the desorption rates of
virus from cells and the influence of temperature and
multiplicity were determined.

Experimental Procedure: Purified tritium-labeled
REO-2 (for preparation, see Loh et al., in press) was
added to a suspension of Hela cells at a virus-cell ratio
pf 10 IU per cell, and the mixture was shaken on a gyro-
rotary shaker placed in a 37° ¢ water bath, Aliquots
were harvested at appropriate intervals and the cells
were removed by centrifugation at 1,500 rpm for 5 minutes,
The supernatant fluid was assayed for infective virus and
radioactivity, Infectious virus was assayed by the 1P
method, radioactivity in the Packard Scintillation

Spectrometer (Chapter I1).
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Observations: Results from infectivity and radio-
activity assays showed that in 2 hoﬁrs from 75%-90% of
the virus had been adsorbed.

Next, the influences of temperature and multiplicity
on the rate of elution were investigated.

Experimental Procedure: Hela cells and tritium-
labeled REO-2 at a multiplicity of 10 IU were allowed to
interact for 2 hours at 4° C. The virus-cell complexes
were thoroughly washed with cold GKN to remove unadsorbed
virus and divided into three equal aliquots, One aliquot
was incubated at each of these temperatures, 4° C, 25° G,
and 37° c, At intervals, samples were collected and the
cells were removed by centrifugation., The supernatant
fluid was assayed for radioactivity, Similar procedures
were employed for multiplidities of 1 and 0,1,

Observations: As is shown in Figure 6a, post-
adsorption incubation at 37° C resulted in a rapid elution
of about 25% of the adsorbed virus in 5 minutes., There-
after, no further dissociation occurred, even when incu-
bation continued for 90 minutes., At 25% C, the desorp-
tion was slow, never exceeding the amount of label re-~
leased at 37° C for the duration of the experiment, At
4° C, although virus was attached to cells, no elution
was observed throughout the 90 minutes' duration. When,
however, virus-cell complexes held for 2 hours or longer

at 4° C were reincubated at 37° C, elution promptly
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occurred and proceeded to the same extent,
Under the same conditions, desorption was observed
to be negligible when multiplicities of 1 and 0,1 were
used (Figure 6b),

DISCUSSION

The kinetics of virus adsorption and elution, as
well as some of the conditions affecting these processes,
were determined., It was observed that adsorption rates
Were temperature- and volume-dependent, When adsorption
was carried out at 4° ¢, 25° G, and 37° C, increased rates
of adsorption occurred with increases in temperature, Simi-
lar observations with poliovirus were made by Youngner
(1956), who found that in 6 hours only 35% and 67% of
the amount of virus adsorbed at 36° C were adsorbed at
4° ¢ and 25° C, respectively,

The volume of inoculum was also found to exert an
effect on the rate of adsorption, With increasing volumes,
a decrease in the adsorption rate was observed. Rhim and
Melnick (1961) reported similar findings with REO-1 in MK
cells, using a volume range of 0.1-4,0 ml. They found
that the plating efficiency was highest when the inoculum
was smallest, and that it decreased with increases in
volume,

Several reports are available on the adsorption

kinetics of REOviruses (Franklin, 1961: Rhim et al., 1961;
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Gomatos et al., 1962), All the results, including the
ones obtained in the present studies, suggest that a
2-hour adsorption period'at 3]0 C is more than adequate for
maximum adsorption when small inocula (0.3 ml or less) are
used.

The elution phenomenon among non-lipid-containing
viruses has been extensively studied for the poliovirus
system (Joklik and Darnell, 1961; Fenwick and Cooper,
1962). These investigators, employing very high virus-
cell ratios (1000:1), found that when P32-1abeled polio-
virus was adsorbed at 0° C and then reincubated at 37° c,
more than 50% of the label was raéidly "gloughed off"
from Hela and embryonic rabbit kidney (ERK) cells and

__the elution was independent of multiplicity of infection,
In addition, the particles eluted from cells no longer
could be readsorbé;‘dﬁ new cells, Other workers, using
lower multiplicities (0.3-30), have observed no elution
of poliovirus from Hela or MK cells (Darnell, 1958; Taylor
and Graham, 1961; Henry and Youngner, 1963)., Since the
multiplicities used varied from less than 1 to more than
1,000, the varying behavior from one system to another
has been interpreted to mean that the cell is capable of
selectively rejecting non-productive particles after
initial attachment, This interpretation, however, is
not valid for the REOvirus system, since the eluted

particles still retained their ability to be adsorbed
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to and to infect cells. Also, the elution phenomenon
was found to be dependent upon the multiplicity of
exposure used,’

The present studies on elution have shown that
adsorption at low temperatures was a loose, reversible
association, Raising the temperature of incubation
results in desorption of virus, However, a large portion
of the adsorbed virus was observed to form a stable,
irreversible association very rapidly (within 5 minutes).
In several systems, the adsorption of virus to cell is
separable into a reversible, temperature-independent phase
and an irreversible, temperature-dependent one. Whereas
the initial attachment of virus to cell is temperature-
independent within the range of O0 C to 37o C -- as
reported for poliovirus (Bachtold et al., 1957; Holland
and McLaren, 1959) and for NDV (Levine and Sagik, 1956),
the formation of stable virus-cell complexes is

temperature-dependent (Holland and McLaren, 1959).

SUMMARY _

The rate of adsorption of REOvirus to host cells
was found to be dependent upon volume of inoculum and
temperature of incubation., Increase in volume of inoculum
resulted in decrease in rate of adsorption. Maximai_“
adsorption at 37° C is reached in 45-50 minutes when én

inoculum of 0,02 ml is used., Adsorption studies at 4° c,
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o
25° C, and 37 C showed that the adsorption rates increase

-with increase in temperature.

Elution of virus from cells was found to be dependent
upon both multiplicity of exposure and temperature., At a
multiplicity of 10, virus elution was observed to the
extent of 25% of the adsorbed virus, However, elution
was negligible at multiplicities of 1 _and 0,1, When
virus-cell complexes formed at 40 C are reincubated at
4° c, 25o C, and 37° c, no significant elution occurred
at 4° C, a gradual release was observed at 25° C, and a
rapid desorption occurred at 370 C, up to about 25% of
the total virus adsorbed., No further elution was seen
thereafter. The eluted virus particles were found to be
biologically unaltered. 1t can be concluded that: (%)_
attachment occurs at 40 C, but no stable virus-cell
association is formed, (2) stable unions are formed
rapidly at 37o C, and (3) elution is significant at

high multiplicities, negligible at low virus-cell ratios,



CHAPTER V

GROWTH CHARACTERISTICS

INTRODUCTION

Growth studies of the REOviruses have been few and
the reports have dealt exclusively with serotypes 1 and
3 (Rhim et al., 1961; Rhim et al., 1962; Gomatos et al.,
1962; Spendlove et al., 1963), Most of these studies
utilized cell cultures that were non-human in origin,
Since the REOviruses are considered to be human pathogens,
it would seem more appropriate to do such studies in a
human cell s&stem, preferably derived from normal tissugs.
Therefore, single-cycle growth studies'of REO-2 were done
in RA cells, a continuous line of human amnion cells
(Chapter 11). As a comparison, parallel studies were
conducted with REO-3 in the same cell system. In addition,
parameters such as the development of viral antigen and
inclusion bodies were studied. A report on these studies

has been published (Oie et al., 1966),

SINGLE CYCLE GROWTH STUDLES

Experimental Procedure: Monolayer cultures of RA
cells grown in 16 x 125-mm screw-capped tubes, washed 3
times with GKN, were infected with 10-15 1IU of REO-2 per
cell (Chapﬁer I1). At pre-determined intervals of time,
2 tubes wére removed; the medium was decanted into a 15-

ml conical centrifuge tube and centrifuged at 1,500 rpm
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for 10 minutes. The supernatant fluid was removed and
stored at -20° C, This fluid was considered to contain
released or extracellular virus. The sediment was
resuspended in 2 ml of EBMl and l-ml quantities were put
into each of the two tubes. The medium and cells were
then subjected to 5 cycles of freezing and thawing, pooled,
sonicated at 20 Kec for 3 minutes, and centrifuged at 1,500
rpm for 10 minutes. Finally, the supernatant fluid,
considered to contain intracellular or cell-associated
virus, was harvested and stored at -20° Cc. After all the
samples were collected, assay for infectious virus was
carried out by the IP method. Using data obtained from
such experiments, growth-rate curves were constructed for
extracellular and total virus, "Total virus" counts
were obtained by adding extra- and intra-cellular virus
titers. Growth curves from one such experiment are shown
in Figure 7.

Observations: These experiments revealed an eclipse
period of about 9 hours before a detectable increase in
REO-2 virus was observed., Maximal yields of infectious
virus were attained at about 36 hours post-infection
(p.i.), at which time the yield of virus per cell was
calculated to be about 200-500 infectious units, depending
upon individual experiments,

Increase in extracellular virus was not observed

until 12-14 hours p.i., Maximum yields were not
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Figure 7. Growth curve of REOvirus type 2 (D-5) in
RA cells., Total wvirus formed and extracellular
virus are plotted as a function of time,
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reached until about 48 hours p.i., when the released virus
constituted approximately 53% of the total virus yield.

Similar studies were done with REO-3 and the follow-
ing observations were made (Figure 8): (1) a shorter
eclipse period of about 6 hours; (2) maximum yield of
virus at 24-26 hours; (3) extracellular virus first
detected at approximately 12 hours p.i.; and (4) released
virus reached a maximum at about 34-36 hours p.i. Extra-
cellular virus at this time made up approximately 55% of
the total virus yield.

The data revealed that, even at the time when maximum
virus yields were obtained for both REO-2 and REO-3, about
50% of the virus was still associated with cells or cell

fragments.

VIRAL iNCLUSION AND ANTIGEN DEVELOPMENT

Experimental Procedure: Leighton tubes containing
9 x 22 mm covérslips were seeded with 5 x 104 RA cells
and, after 2-3 days of incubation at 37° C, the cultures
were infected with 10-15 IU of virus per cell in order to
yield a single cycle of growth, At different time
intervals, the infected coverslip-cultures were‘removed
from the tubes, washed 3 times in Dulbecco's phosphate-
buffered saline (PBS), fixed in cold acetone for 10-15

minutes, and air-dried.
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Figure 8, Growth curve of REOvirus type 3
(Abney) in RA cells., Total virus formed and

extracellular virus are plotted as a function
of time,
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When these REO-2-infected RA cells were stained with
acridine orange and fluorescent antibody (Chapter 11)
and examined under ultra-violet light, certain characteris-
tic cytochemical and immunofluorescent changes were
observed,

Cytologic Observations: In REO-2-infected RA cells
stained with fluorescent antibody, viral antigen was
detected in the cytoplasm of about 3% of the cells as
early as 4 hours p,i. (Table V), Maximum numbers of anti-
gen-containing cells were seen at 10-12 hours p.i., when
about 86% cf the cells were observed to contain antigen,
Although there was no significant increase in the number
of antigen-containing cells thereafter, a progressive
increase in the amount of antigen present in cells could
be observed as the infection progresses., Significantly
less antigen was present in the cells at 10-12 hours than
at 24 hours, Viral antigen was initially detected as
tiny, discrete, yellow-green fluorescing particles located
in the cytoplasm, generally in the perinuclear région.

At 12 hours p.i,, the amount of antigen had increased to
such an extent that in many infected cells they fused to
form a bright ring or "collar" of antigen which appeared
to encircle the nucleus. By 24 hours, the cytoplasm of
many infected cells was filled entirely with vir;l antigen,

and brighter fluorescence was observed.
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TABLE V
APPEARANCE OF INCLUSION BODIES AND VIRAL ANTIGEN 1IN RA
CELLS INFECTED WITH REOVIRUS TYPE 2

Time (hours) Percentage of cells Percentage of cells
containing containing
inclusion bodies¥* viral antigen¥*¥
4 ND 2
6 v 22 36
8 65 72
9 79 ND
10 ND 85
12 82 86
24 ND 94

* The presence of inclusion bodies in cells was shown by
the acridine orange staining technique.

** Viral antigen was detected in cells by the fluorescent
antibody technique.

ND = not done
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Acridine orange-staining of REO-2-infected RA cells
revealed the presence of orthochromatically pale green
inclusions in the cytoplasm, These inclusions were seen
as early as 6 hours p.i. in about 20% of the cells (Table
Vi). The number of inclusion-containing cells increased
with time until, by 12 hours p.i., about 82% of the cells
were observed to contain these inclusions, As with anti-
gen development, these bodies seeir to have fheir origin
in the perinuclear region. They begin as tiny particles
which enlarge with time until finally, at about 24 hours
p.i., they fuse to form very large bodies, sometimes
completely encircling the nucleus, The inclusions were
found to be resistant to treatment with either ribonuclease
(100 ug/ml in distilled water ) or deoxyribonuclease (100
ug/ml in 0,003 M MgCly) for 1 hour at 37° C.

In several studies carried out beyond the 24-hour
p.i. period, metachromatically red-staining inclusion
bodies were observed in about 10%-15% of the infected
cells, All other infected cells showed orthochromatically
pale green inclusion bodies., The red-staining inclusions
did not differ morphologically from the pale green
inclusions observed in infected cells of the same cover-
slip. In addition, ribonuclease treatment converted the
red inclusions to green ones,

Staining at different pH values revealed that the

red-staining inclusions were markedly influenced by the
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pH of the staining solution, These red bodies were found
only in infected cells stained at pH values of 7 or
greater, At pH values below 6, only pale green inclusions
were observed. As the staining pH is changed from 4-8,
the staining of nuclei progressively changed from green
to yellow-green, and the cytoplasm and nucleoli from
yellow-orange to orange-red, The influence of a number
of factors, including pH on the staining properties of
acridine orange has been described (Bertalanffy and
Bickis, 1956).

In these cytological studies, no detectable changes
were observed in the nuclei of infected célls. The virus-
related changes, as revealed by the acridine orange and

fluorescent antibody staining techniques, were confined

specifically to the cytoplasm of the infected cells.

DISCUSSION

RA cells were infected with a comparatively low
multiplicity (10-15 1U/cell) of REOvirus type 2 (Strain
D-5) and the production of infectious virus, viral inclu-
sion bodies, and viral antigen was followed., As a
comparison, parallel studies with REO-3 were done.
Although the results obtained showed some similarities
to observations reported by others for serotypes 1 and 3

in different cell systems, certain distinct differences

have been noted,
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One-step growth studies have shown that REO-3 has an
eclipse period of 6 hours in RA cells. This observation
compares well with the results obtained for type 1 in
primary monkey kidney cells (6 hours) (Rhim et al., 1962)
and in Hela cells (6-8 hours) (Spendlove et al., 1963),
and for type 3 in mouse L cells (7 hours) (Gomatos et al.,
1962), 1In the present study, maximum yields of REO-3 vere
obtained in 24-26 hours. Again, this compares well with
the observation for type 1 in Hela cells (24 hours)
(Spendlove et al., 1963), In contrast, however, maximum
yields of virus were produced in 15 hours for type 3 in
L cells (Gomatos et al., 1962) and in 48-54 houfs for type
"1 in MK cells (Rhim et al., 1962),

REO-2 was observed to have an eclipse period of 9
hours, which is longer than any other eclipse period
reported for REOviruses. It also took about 36 hours for
virus yields to reach maximum, This latter observation
approaches the results of 48-54 hours reported for type 1
in MK cells (Rhim et al., 1962). 1In a recent report
(Loh et al., in press), REO-2 had an eclipse period of
6-8 hours in HelLa cells and maximum yields were produced
in 24 hours. The present results indicate that to a
large extent the characteristics of a growth curve are
determined by the cell system utilized,

The estimated yield per cell of REO-2 in RA cells
(200-500) and in Hela cells (435) (Loh et al., in press)
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compares well with that reported for type 1 in MK cells
(225) (Rhim et al., 1962). However, it is considerably
lower than the yields reported for type 1 in Hela cells
(600-700) (Spendlove et al., 1963) and type 3 in L cells
(300-2100) (Gomatos et al,, 1962), The multiplicities of
infection used by Rhim et al. (1962) were considerably
smaller (4.7) and were comparable to those employed in
this study., The larger ylelds of virus obtained by the
latter investigators may be accounted for by the consid-
erébly larger multiplicities of infection employed--95:1
(Gomatos et al., 1962) and 240:1 (Spendlove et al., 1963),

| The present‘studies have revealed that more than
53% of the virus produced at 36 hours was found in the
supernatant_flu;d. This is in contrast to reports pub-_b
lished for types 1 and 3 which showed that virus releése
was slow; approximately 15%-35% of the virus yields
consisted of released virus when maximum yields were
obtained (Rhim et al., 1961; Rhim et al., 1962; Gomatos
et al., 1962; Spendlove et al., 1963). At present, no
explanation is available for the greater amount of released
virus obtained in this study,

The presence of orthochromatically pale green inclu-
sion bodies, resistant to ribonuclease, has been reported
for types 1 and 3 in MK cells (Rhim et al., 1962) and in
L cells (Gomatos et al., 1962), respectively., It was

postulated that this staining characteristic of the viral
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inclusion bodies with acridine orange was due to low
binding of dye by the REOvirus RNA, and suggested that
the viral RNA might be double-stranded. Later findings
confirmed this conclusion (Gomatos and Tamm, 1963;
Langridge and Gomatos, 1963).

The appearance of metachromatically red-staining
inclusion bodies in the late stages of the infection was
also noted by Rhim et al, (1962) in MK cells infected
with type 1. About 80% of the infected cells were reported
to contain these red-staining bodies, waeVer,.such
inclusions were not observed in mouse L cells infected
with REO-3 (Gomatos et al., 1962),

o Using the MK cells REO-1 system, Mayor (1965) has
reported the accumulation of a labile RNA that stained
red with acridine orange and was located in the cytoplasm
during the late stages (48-96 hours) of the infection
cycle, The significance of the labile RNA and the red-

staining inclusions remains to be determined.

SUMMARY

The intracellular development of REOvirus type 2
in an established human amnion cell line (RA) has been
investigated, Singlé-cycle growth studies revealed a
latent period of 9 hours, with maximal yields being
attained at 36 hours p.i. In comparison, the latent

period for REOvirus type 3 in the same cell line was
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6 hours, with maximal yields attained at approximately
26 hours p.i. Immunofluorescent and cytochemical (acridine
orange) examinations of virus-induced alterations in the
cell during a single growth cycle of REOvirus type 2
revealed the following: (1) appearance of virus antigen
in the perinuclear region as early as 4 hours p.i. and of
a maximum number of cells containing antigen by 9 hours
pei.; (2) appearance of orthochromatically green-staining
perinuclear inclusions at 6 hours p,i. These inclusions
were resistant to digestion by ribonuclease and deoxyribo-

nuclease,



CHAPTER VI

STUDIES ON INTERFERON

INTRODUCTION

Interferon is a viral inhibitor which was first
demonstrated in chick chorio-allantoic membranes
exposed to heat-inactivated influenza virus (Isaacs
and Lindenmann, 1957)., Some of the properties of this
inhibitor established by these investigators were:

(1) it was not sedimented by centrifugation at high
speeds, (2) it was not dialysable, (3) it was not
affected by antiserum against the virus which induced its
formation, (4) it was inactivated by proteolytic enzymes
but not by the nucleases, (5) it was stable over a pH
range of 1-10, (6) it resisted heating at 60o C for 1
hour, and (7) it did not act directly upon the challenge
virus, The sensitivity of this inhibitor to proteolytic
enzymes but not to the nucleases strongly suggests that
it is a protein,

Since the discovery of interferon, numerous other
host-virus systems have been reported to produce this
inhibitor, The interferon system or systems similar to
it have been reported in mammals, birds, reptiles and

even plants and bacteria (Baron, 1966, in INTERFERONS,

ed, by N, B, Finter),
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The interferon system, under the right conditions,
is probably effective against all viruses, However, no
published reports have appeared about either the use of
any of the REOviruses as inducers of interferon production
or the susceptibility of these viruses to the action of
interferon, In this section are reported the production
of a viral inhibitor in RA cells infected with REO-2 and

the characterization of this inhibitor as an interferon,

INDUCTION OF INHIBITOR PRODUCTION IN RA CELL BY REO-2

Experimental Procedure: Prescription bottle (8 o0z.)
cultures of RA cells were infected with REO-2 at a
multiplicity of 1.5, Adsorption was permitted at 37o c
for 2 hours, with redistribution of the inoculum at
intervals of 20 minutes. The inoculum was theh washed
off with 3 rinses of GKN, and each bottle was fed 10 ml
of EBM1., After incubation at 37° C for 48 hours, the
infected cultures were frozen and thawed twice and
centrifuged at 10,000 rpm for 20 minutes at 4° c. The
supernatant fluid was acidified at pH 2 (Chapter 1I1)
and kept at 4° ¢ for 24 hours, After adjustment of the
pH to 7.4, the fluid was subjected to 2 cycles of ultra-
centrifugation at 45,000 rpm for 1.5 hours in the Spinco
model L, The fluid finally obtained was tested for

anti-viral activity.
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ASSAY FOR ANTI-VIRAL ACTIVITY

The assay for anti-viral activity of the inhibitor
preparation was based on the inhibition of cytopathic
effect (CPE) according to the method of Sellers and

Fitzpatrick (1962), as described in the text, INTERFERONS

(edited by N, B, Finter),

Experimental Procedure: Screw-capped tubes (16 x 125
mm), seeded with 2,0-2.5 x 10S RA cells per tube, were
used after about 24 hours of incubation at 37° C. The
inhibitor at desired dilutions was added to the tubes in
0.5 ml volumes and the cultures were incubated at 37° ¢
for another 18-24 hours, After removal of the inhibitor
by 4 rinses with GKN, the cells were challenged with
3,000 pfu of VSV, in a volume of 0,2 ml, Adsorption was
done at 37° C for a period of 1 hour. Then, without
washing off the inoculum, 0,8 ml of EBM1 was added to
each tube and the cultures were reincubated at 37o C.
Scoring of the cultures was done when the virus controls
showed nearly 100% CPE (4+). The dilution that gave
about a 50% (2+) protection to the cell sheet was
considered to contain 1 unit of anti-viral substance.

The crude preparations of inhibitor used in this

study contained 15-30 units per ml,

CHARACTERIZATION OF THE ANTI-VIRAL SUBSTANCE

During the course of preparation and assay for
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anti-viral activity, several of the biological and physico-
chemical properties of the inhibitor induced by REO-2 in
RA cells were examined, The substance was found to
possess the following properties: (1) stability at pH 2
for 24 hours, (2) not sedimentable at 45,000 rpm for
1,5 hours, (3) not neutralizable by anti-REO-2 serum,

(4) adsorption to the cells (not being washed off by
repeated rinses with GKN), and (5) not toxic to the
cells even when these were exposed to the undiluted
preparation for 24 hours., Additional criteria suggested

by Lockart (1966) in INTERFERONS (edited by N, B, Finter)

were examined.

ESTABLISHMENT OF THE PROTEIN NATURE OF THE INHIBITOR

Destruction of the anti-viral activity by trypsin
was used to show that the inhibitor was a protein,

Fxperimental FProcedure: One-ml aliquots of a 2-fold
and a 10-fold dilution of the inhibitor were digested
with 0.2 mg/ml of trypsin (Calbiochem,, grade A, pancreas)
at 37° C for 1 hour. After the digestion, a soybean
trypsin inhibitor (Calbiochem., 3X crystallized) was
added to a concentration of 0,2 mg/ml to neutralize the
activity of the trypsin, In addition, anti-REO-2 serum
was added to neutralize any residual infective virus,

The enzyme-treated preparation was then added to

RA cells growing in tubes and allowed to react with the
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cells for 24 hours at 37° C. Subsequently, the cultures
were washed 5 times with GKN to remove the viral inhibitor.
Controls included cells that were treated with inhibitor
alone and cells that were treated with trypsin and trypsin-
inhibitor. Both sets of controls were treated exactly as
was the trypsin-treated inhibitor samples.

Each culture was then challenged with 0,2 ml of VSV
containing 3,000 pfu. Adsorption was at 37° ¢ for 1 hour,
This was immediately followed by the addition of 0.8 ml
of EBM1 per tube and reincubated at 37o C. The cultures
were scored when the virus control showed 4+ CPE.

Observations: Except for the cells treated with
inhibitor, all the cultures, including the trypsin-viral-
inhibitor-treated ones, showed 4+ CPE after about 24 hours
of incubation., The cell cultures treated with a 10-fold
dilution of viral inhibitor showed about a 50% protection;
complete protecttion was seen in cultures treated with a
2-fold dilution of the inhibitor., From these results,
it can be concluded that the inhibitor is a trypsin-

sensitive protein,

SPECIES SPECIFICITY OF THE ANTI-VIRAL ACTION

To show that the inhibitor produced in RA cells had
greater activity in human cells or cells of a related
species than in cells of a totally unrelated species,

anti-viral activity was tested in RA cells, BSC-1 cells
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(monkey origin), and L cells (mouse origin), The
procedure was exactly the same as for the assay of
anti-viral activity except different cells were used,

Obgservations: No inhibitory activity was observed
in mouse L cells, even when these cells were treated
with undiluted inhibitor preparations., The inhibitory
activity in BSC-1 cells was only one-half as much aé

was observed in RA cells.

ACTION OF THE ANTI-VIRAL SUBSTANCE
Experiments utilizing antagonists of both protein
and RNA metabolisms have strongly suggested that the
inhibitory action of interferon is mediated by a protein
whose formation requires the continued synthesis of both'
RNA and protein in the treated cells (Lockart, 1964
Taylor,'1964). To test whether the virus inhibitor
preparation also required a similar mechanism for its
action, actinomycin D (AD), an inhibitor of DNA-dependent
RNA synthesis (Reich et al,, 1962), was used,
Experimental Procedure: To an undiluted inhibitor
preparation, AD to a final concentration of 1 ug/ml
was added, 0.5 ml amounts of this mixture were added
to RA cells grown in tubes (16 x 125 mm), After an
exposure period of 3 hours, the AD-inhibitor mixture was
thoroughly washed off with 5 rinses of GKN and each tube
was challenged with approximately 8 x 105 pfu of VSV
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giving a multiplicity of about 4, After 1 hour of
adsorption at 37° C, the virus inhibitor was washed off
with another 5 washings of GKN. EBMl was then added and
the cultures were incubated at 37° C. At about 24 hours
p.i., all the cell cultures were frozen and thawed 2 times.
The contents of the tubes were then pooled and finally
assayed for virus by the agar-overlay plaque technique
of Holland and McLaren (1959),

Controls included cells treated with inhibitor alone
and with AD alone, uninfected cells, and virus-infected
cells.

Observations: The inhibitor-treated cultures showed
a reduction of almost 1.0 logyg in virus yiéld, while the
AD-inhibitor-treated and the AD-treated cells suffered only
a 0.5 logyp reduction when compared with the amount of
virus produced in the controls. However, yields of virus
in AD-inhibitor-treated cultures, when compared with that
of cells treated with AD alone, showed a difference of
only 0.1 logyp, indicating that in all probability the
reduction was due to AD alone and not to residual
inhibitor action, From the results, it was concluded
that inhibitor action was suppressed by AD, probably by

the inhibition of protein synthesis,

LACK OF VIRAL SPECIFICITY

A large number of RNA- and DNA-containing viruses
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have been shown to be susceptible to the anti-viral
action of interferon, To determine whether the inhibitor
being studied possessed this property, its effect on a
single-stranded RNA-containing virus (VSV), a double-
stranded RNA-containing virus (REO-2), and a DNA-
containing virus (vaccihia) was investigated,

The sensitivity of VSV to the inhibitor has already
been determined (See ASSAY FOR ANTI-VIRAL ACTIVITY). At
an inhibitor dilution of 1:3 CPE due to VSV was completely
inhibitor.

The susceptibility of vaccinia virus to the action
of the inhibitor was determined by the plaque-reduction
method, A modification of this method for interferon
assay by Lind;nmann and Gifford (1963) was used.

Experimental Procedure: To monolayers of RA cells
growing in Leighton tubes, 0.5 ml amounts of a 4-fold
dilution of REO-2 antiserum-treated inhibitor preparation
was added per tube, and the cells were allowed to react
with the inhibitor for 18-24 hours at 37° C. The inhib-
itor was then washed off with 4 rinses of GKN and the
cell sheet was infected with 50-100 pfu of vaccinia
virus, After an adsorption period of 2 hours at 37o C,
the cultures were washed 4 times with GKN, fed with EBM1,
and incubated at 37° C for 44-48 hours. The cultures
were then washed with PBS and stained with crystal violet

to visualize the plaques (Holland and McLaren, 1959).
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Observations: A 4-fold dilution of inhibitor was
found to reduce the number of vaccinia plaques by about
80%.

To determine whether REO-2 was sensitive to the anti-
viral agent it induced in RA cells, the IP method (Chapter
11) was modified for the assay. |

Experimental Procedure: About 8-10 hours after the
cells were seeded onto coverslips, the growth medium was
replaced by 1 ml of inhibitor diluted 4-fold and the
cultures were incubated at 37o C for another 15 hours,

At this time, the cells were washed 4 times to remove

the inhibitor and then were challenged with 50-100 IU of
REO-2 per coverslip., After an adsorption period of 1

hour at 25° C, the cells were washed 4 times with GKN,

fed with EBMl, and incubated at 37o C for an additional
18-20 hours, These cultures were washed, fixed in cold
acetone, stained with FA, and examined for infected cells.
The number of infected cells represents the number of
virus particles which have succeeded in establishing
infective centers,

Observations: The inhibitor at a dilution of 1:4
reduced the infective titer of REO-2 by 60%. Although
all three viruses were sensitive to the action of the
inhibitor, they varied in their sensitivity. The
reduction‘in REO-2 titer was 20% lower than that for

vaccinia, and 40% lower than that for VSV, The differences
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in the inhibitory effect could be attributed to (1)
differences in sensitivity of the different viruses to
the anti-viral activity, and (2) differences in the
sensitivity of the methods used to determine virus
titers, |

Some of the characteristics of the viral inhibitor
produced by RA cells infected with REO-2 are summarized

in Table VI.

DISCUSSION

RA cells infected with REO-2 produced an anti-viral
substance which possesses several characteristics similar
to those of the viral inhibitor known as "interferon"
(Isaacs and Lindenmann, 1957), To date, the REOviruses
have not been reported to have induced interferon
production in any host system or to be sensitive to the
action of the interferon system, The studies reported
here have been restricted to the demonstration of
interferon-induction by REO-2 in RA cells and to the
determination of the sensitivity of this virus to the
interferon it had induced.

Although the REOviruses have not been involved in
any of the interferon research so far reported, the
human amnion cells have been used not only as a system
for interféron production but also for the assay of anti-

viral activity of interferon preparations. In almost
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TABLE VI

CHARACTERISTICS OF THE VIRAL INHIBITOR INDUCED IN RA CELLS

BY REOVIRUS TYPE 2 (D-35)

TREATMENT
pH 2

Ultra-centrifugation
45,000 rpm for 1.5 hours

Cell-bound

Trypsin (0.2 mg/ml for
1 hour at 37° C)

Actinomycin D (1 ug/ml)

Host specificity
RA cells
BSC-1 cells
Mouse L cells
Effect on different viruses
Vaccinia
REOvirus type 2
Vesicular stomatitis virus

Toxicity to cells (undiluted
inhibitor for 24 hours)

REOvirus type 2 antiserum

EFFECT

stable

not sedimented
positive
positive
(activity completely lost)

positive
(action inhibited)

positive
positive

negative

positive
positive

positive

negative

negative
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all of these investigations, however, primary cells
rather than continuous cells were employed.

The titers of interferon produced by amnion cells
in the present study (15-30 units/ ml) compares favorably
with those reported by Ho and Enders (1959) using a type
2 poliovirus-primary amnion cell system (8-16 units),
Johnson and Mclaren (1965) with a similar system (6-8
units), and Neva and Weller (1964) with the rubella
virus-amnion cell system (10-40 units/ml). However,
these titers were considerably lower than that reported
by Gresser (1961) for the Sendai virus-amnion cell system
(256-<1024 units/ml),

This last report indicates that amnion cells do have
the capacity to produce high-titered interferon prepara-
tions. Thus, the low titers obtained in the former
studies may reflect the poor inducing capacities of the
viruses used or the sub-optimél conditions used to produce
interferon, Studies are being conducted in this labora-
tory to determine the ability of REO-2 to induce
interferon producticn in other cell systems (BSC-1 and L
cells).

The finding that REO-2, a double-stranded RNA-
containing virus, is sensitive to the action of inter-
feron, coupled with the reports that many single-stranded
RNA and double-stranded DNA viruses are also sensitive

to this anti-viral substance, suggest that all these



viruses must have a common stage(s) in their replicative
process. Since the cells in which the interference
phenomenon occurs are still viable, the stage(s) in the
replicative sequence at which the interferon system acts
must not be necessary for the survival of the cell,
Recent evidence obtained from work with Sindbis virus
and vaccinia virus have strongly suggested that the
mechanism of action of interferon is at the transla-
tional level of protein synthesis. Cells treated with
interferon are thought to produce a protein which in some
way alters the reactivity of either the cell ribosome or
the messenger RNA, thereby interferring with virus
replication (Joklik and Merigan, 1966; Marcus and

Salb, 1966).

The findings in this study now allow the double-
stranded RNA-containing viruses to be counted among the
viral agents reported to be inducers of interferon and
among those reported to be sensitive to the action of

this anti-viral agent,

SUMMARY

REO-2-infected RA cells were found to produce an
inhibitor with the following properties; (1) it was
stable at pH 2, (2) it was not sedimented at 45,000
rpm for 1,5 hours, (3) it was taken up by cells and

could not be removed by washing, (4) it was destroyed

68
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by trypsin but not neutralized by REO-2 antiserum, (5)
it's activity was inhibited by actinomyecin D, (6) it
was active in RA and BSC-1 cells but not in mouse L cells.
(7) it was not toxic to cells, and (8) it was effective
against vaccinia, VSV, and REO-2, These properties are
similar to those attributed to the anti-viral substance
known as "interferon'", The results revealed that the
REOviruses can induce interferon production in cells and,
like a great many viruses, are also susceptible to the

action of the anti-viral substance.



CHAPTER VII

STUDIES WITH ULTRAVIOLET-INACTIVATED VIRUS PREPARATIONS

INTRODUCTION

Exposure to ultraviolet (UV) irradiation rapidly
inactivated REOvirus type 2: within 5-10 minutes, virus
infectivity was completely destroyed (Chapter I111),

Since numerous reports have appeared on the use of UV-
inactivated virus as inducers of interferon production,
attempts were made to induce interferon in RA cells with
various multiplicities of UV-inactivated REO-2 (UV-R2).
During the course of such studies, it was observed that
at high UV-R2-cell-ratios a cytotoxic effect was produced.
Cytotoxicity has been reported in several virus-cell
systems, The toxic factor(s) can be divided into two
classes: one that can be easily separated from the virus
particles (Ackermann et al., 1958; Everett and Ginsberg,
1958; Pereira, 1958; Rowe et al., 1958); the other
which is inseparable, probably an integral part of the
virus particle (Henle et al., 1954; Levy et al., 1957;
Pereira and Kelly, 1957; Okada, 1958; Hanafusa, 1960;
Cantell et al., 1962),

Cytotoxicity due to UV-inactivated viruses has been
cited in earlier literature (Levy et al., 1957; Pereira

and Kelly, 1957; Hanafusa, 1960; Cantell et al., 1962),
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To date, the only toxicity associated with REOviruses
has been reported-by Burlingham and McKee (1965), Strains
of REOvirus isolated frbm infectious hepatitis patients,
when propagated in the chorio-allantoic sac or yolk sac
of embryonated chicken eggs, produced a hemolysin which
could be separated from the virions by dialysis. REOvirus
receptors were not necessary for hemolysis to occur, since
the site of attack appeared to be adjacent to but not on
the receptors., The probable effect of this toxic material
on cell cultures was not mentioned.

Hemolytic activity has been associated with such
virions as Newcastle disease virus (Burnet, 1950; Burnet
and Lind, 1950) and the mumps agent (Chu and Morgan, 1950),
However, unlike the hemolytic activity of REOvirus, the
hemolytic factor could not be separated from the virion,
and adsorption of the virus particle to the specific
receptors was necessary for the hemolytic action,

Preliminary studies on the sensitivity of the three
cell lines available in this laboratory (RA, HelLa and
BSC-1 cells) to UV-R2 showed that the BSC-1 cells were
the least sensitive, the RA cells were of intermediate
sensitivity, and the Hela cells were the most susceptible,
Based on this observation, the studies on UV-RZ cytotoxi-
city were carried out mainly with the Hela cell system,

The studies reported in this section involved the

description of this cytotoxic phenomenon and the



establishment of the UV-inactivated virion as the toxic

agent,

CHARACTERISTICS OF THE CYTOTOXIC EFFECT

When Hela cells grown in l-o0z, prescription bottles
were exposed to 80-100 UV-R2 particles per cell, morpho-
logic changes indistinguishable from viral cytopathic
effect (CPE) were observed, Cells became rounded,
.detached from the glass surface, and finally lysed,

A comparative study was made of the appearance and
development of the cytotoxic effect (CTE) and viral CPE.
CTE was first observed at about 3-4 hours post-infection
(p.i.) and the effect reached maximum at about 9-10
hours p.i., CPE, however, was not detected until 8.10
hours p.i., and did not reach maximum until about 18-20
hours after adsorption, Thus, the results indicate that
the cytotoxic phenomenon occurs early and culminates
carly, while viral CFE takes longer to be detected and
longer to reach maximum,

Next, a quantitative study on the cell-killing

effect was done, At intervals, the surviving fraction
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of cells from a culture infected with UV-R2 was determined

by the method used by Payne et al. (1958),
Experimental Procedure: Bottle cultures of Hela
cells were infected with a high multiplicity of UV-R2,

After an adsorption period of 2 hours at 37° C, the



73
cultures were washed 3 times with GKN, fed with EBMI1,
and incubated at 37° C. At intervals, 2 bottles were
removed, washed thoroughly to remove dead cells, trypsin-
ized to disperse the remaining cells, and assayed for
surviving cells, Only normal-appearing, spherical cells
were counted, The relationship between the fraction of
surviving cells and the time after infection with UV-R2
is shown in Figure 9.

Observation: About 70% survival of cells was ob-
served at 4 hours p.i., while only 16% and 5% were seen
‘at 8 and 24 hours p.i;, respectively., A lag period of
2-3 hours was followed by a period of rapid death, which
lasted to about 8 hours p.i. Thereafter, the death rate
was very slow., The type of curve obtained suggested
that a multiple hit type of kinetics described the death
rate‘of cells due to cytotoxicity. Also, the dependency
of CTE on multiplicity is suggested by the decreased
death rate after 8 hours p.i. Therefore, this possibility
was investigated.

Experimental Procedure: Cell cultures were infected
with multiplicities of 1, 5, 10, and 100, and the surviv-
ing cell populations were determined for the critical
time intervals of 8 hours and 24 hours p.i. Results of
one such experiment are shown in Figure 10,

Observations: The rate of cell death is dependent

upon the multiplicity of exposure. When the curve
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Figure 9. Kinetics of Hela cell death due to UV-
inactivated REOvirus type 2 (D-5) infection., The
surviving fraction of cells is expressed as a
function of time,
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Figure 10, Effect of varying the exposure multi-
plicity of UV-inactivated REOvirus type 2 (D-5)
on the rate of HelLa cell death. The surviving
fraction of cells is expressed as a function of
time. (0-0) multiplicity of 1. (x-x) multipli=-
city of 5. (a-46) multiplicity of 10, (o-0)
multiplicity of 100,

75



76
obtained by plotting surviving cells versus multiplicity
was compared with theoretical curves obtained from the
Poisson distribution equations1 (Hanafusa, 1960), the
experimental data best fitted a 7-particle hit curve
(Figure 11)., However, because the multiplicity of UV-R2
could be assumed to be only the same as for live virus,
and because of the intrinsic errors in the method of
counting surviving cells, the exact number of virus
particles required to kill a cell could not be precisely
determined. However, it can be said that more than two,
probably between 5 and 10 particles, were required to
kill a cell, The fact that cells not receiving the
killing dose either survived or took longer to die
would be a reasonable explanation for the decline in
cell death rate after 8 hours p.i.

Examination by the IP method (Chapter 1I1) of fluids
obtained from cultures undergoing cytotoxic changes proved
to be negative for infectious virus. When cells grown

on coverslips were infected with UV-RZ and live virus and

1 The theoretical curves were derived from the Poisson
distribution, P(r)=mF.e"®/r!, where P(r) is the probability
of cells in a given population being attacked by r UV-R2
particles when the average multiplicity is m, The surviving
cell fraction can be calculated by the following
equations:

1 particle curve.....P(0) = ™™

3 particle curve.....P(0) + P(1) + P(2) = e™®(1 +.m
‘ + m2/2)
5 particle curve.....P(0) + P(1) + P£2) + P§3) + P£4)

= e M1 +m + m¢/2 4+ m>/6 + m*/24)
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SURVIVING FRACTION OF CELLS

4 1 1 ! ]
2 . 6 ® 10
MULTIPLICITY

Figure 11, Surviving fraction of Hela cells
expressed as a function of the exposure
multiplicity of UV-inactivated REOvirus type
2 (D=5). The surviving population of cells
was determined at 24 hours post-infection.
Theoretical curves for 1, 3, 5, and 7
particle mechanisms of kill, derived from
the Poisson distribution equation, are shown
as broken line curves.
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were stained with FA and A0 (Chapter 11), neither
inclusion bodies nor viral antigen could be detected in
UV-R2 infected cultures. However, 80% or more of the
cells infected with live REO-2 were found to contain
inclusion bodies and viral antigen at 9 hours p.i.

Finally, the ability of UV-R2-infected Hela cells
to synthesize RNA, DNA, and protein was determined by
following the rates of incorporation of the tritium-
labeled precursors--uridine, thymidine, and leucine,

Experimental Procédure: Hela cells grown in bottles
were exposed to UV-R2 at a multiplicity of 70, The
standard infection procedure was used., At intervals,
1l micro-curie of the precursors was added to each culture
bottle and pulse-labeled for 1 hour., For each labeled
precursor, there were 4 bottles per time period. All
the cultures were frozen after the labeling period until
the entire experiment was completed. The cultures were
then prepared for radioactive assay by the method described
in Chapter 11. The relationship between time and ratio
of incorporation of labeled precursor per 0.,D, unit are
shown in Figure 12,

Observations: UV-R2 infected cells were observed to
incorporate all three labels at a decreasing rate, so that
by 10 hours p.i., the reduction was 85% or greater when

compared with uninfected control cultures,
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Figure 12, Effect of UV-inactivated REOvirus
type 2 (D-5) infection on the rate of uptake
of tritiated uridine, thymidine and leucine by
Hela cells, At various intervals of time, the
cell cultures were exposed for 1 hour to 1
micro-curie of labeled precursor, The specif-
ic activity, calculated from the radioactivity
and optlical density measurements of the acid
insoluble fractions of infected and uninfected
cell cultures, is expressed as a function of
time, The solid line curves show the rate of
incorporation by uninfected cell cultures;

the broken line curves show incorporation
rates by §nfected cell cultures, X=X
leucine-H” added., (0-0) uridine-H? added.
(4-8) thymidine-H3 added.
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PROPERTIES OF THE TOXIC AGENT

Studies were conducted to show that the toxic agent
and the UV-inactivated viral particle were one and the
same, |

To rule out the possibility of normal cell components
being rendered toxic to cells by UV-irradiation, UV-
treated preparations of uninfected Hela cells, prepared
under the same conditions as UV-R2, were used to treat
HeLa cell monolayers. Routine infection procedure was
followed. Cell cultures when treated with UV-irradiated
normal cell components were negative for CTE even 24
hours post-treatment, However, in UV-R2-treated cultures,
more than 90% of the cell sheet showed CTE during this
period of time,

When infectious virus preparations were subjected to
2 cycles of ultracentrifugation at 45,000 rpm for 1,5
hours, almost all the infectivity was found in the
sediment, When UV-R2 preparations were processed simi-
larly, the cytotoxic factor was found in the sediment
only. Furthermore, if live virus preparations were
separated by this process into sediment and supernatant
fluid and both fractions were irradiated with UV-light
only the sediment exhibited toxic properties,

Virus infectivity was found to be completely des-
troyed when heated at 60° C for 30 minutes (Chapter 111).

Heat treatment also destroyed the cytotoxic property of
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UV-R2 preparations.,

The property of infectivity was found to be resistant
to treatment with RNAase, DNAase, and chymotrypsin
(Chapter 11). Similar treatment of UV-R2 preparations
revealed that the toxic property was not impaired.

Finally, incubation of UV-R2 with anti-REO-2 serum
for 1 hour at 37° C before infection of HelLa cell cultures
prevented occurrence of the cytotoxic phenomenon,

The data indicate that the properties of the toxic
agent in UV-R2 preparations compare favorably with those
of the infectious viral particle, and that the toxic

agent is the virion itself.

DISCUSSION

A cytotoxic effect observed in Hela cells :infected
with UV-R2 was studied, Evidence was obtained which
implicated the UV-inactivated viral particle as the toxic
agent,

Since live viruses at comparable multiplicities did
not show this toxic effect, it must be assumed that the
toxic property was conferred on the viral particle by
irradiation, Hanafusa (1960) reported that both heat-
and UV-inactivated vaccinia virus caused death of L cells
without apparent signs of viral growth., However, the
mode of action differed. Hanafusa believed that heat-

inactivated virus caused cell death by some unknown



function of the viral nucleic acid, This contention is
supported by the observation that the cell-killing
capacity is destroyed by UV-irradiation, On the other
hand, cell death due to UV-inactivated virus was
attributed to a UV-resistant protein-like substance
and probably was independent of the ability of the
virus to reproduce,

A similar mechanism could be postulated for cell
death due to UV-R2. 1In all probability, UV-irradiation
destroys the biologic activity of the viral genome,
leaving the capsid protein unchanged and functioning
normally. Some evidence is available which suggests
that attachment and probably penetration of cells occur
normally. Prevention of CTE by REO-2 éntiserum, when
‘this is added at any time before but not after the end
of the adsorption period, suggests that adsorption of
UV-R2 is no different from adsorption of live virus,
Both pass from an antibody-susceptible stage to an
antibody-resistant one,

1f the evidence available is acceptable proof that
the UV-R2 particle enters the cell, then it can be said
that the site of action is intracellular, Experimental

data have shown that all macromolecular synthesis begins

to cease about 2 hours p,i., (Some preliminary experiments

indicate that the effect might occur earlier). Cantell

et al. (1962) reported a somewhat similar finding.
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VSV, whether inactivated by UV-irradiation or not,
completely stopped cellular RNA synthesis. Therefore,
the time in the infection process when the toxic effect
took place should have been after penetration, probably
within a few minutes,

Because it was thought that the action of interferon
occurred very early in the infection process of the super-
infecting virus, it was suggested by Dr. Baron (Personal
communication) that it would be interesting to determine
whether the cytotoxic effect could be prevented by
interferon., 1I1f interference occﬁrred, this would be
added proof that the action of both interferon and the
cytotoxic agent takes place very early in the infection
process, If this assumption is correct, then the
mechanism and site of action should be sought among the

very early events of the infection sequence.

SUMMARY o

The cytotoxicity produced by exposure of Hela cells
to high multiplicities of UV-R2 was studied, Cell death
due to cytotoxicity was first observed 3-4 hours p.i.
and reached a maximum 9-10 hours after infection. The
number of surviving cells was inversely related to the
multiplicity of exposure. Morphologic changes due to
CTE were indistinguishable from those produced by viral

CPE. No infectious virus, inclusion bodies, or viral
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antigens were produced. Extensive reduction in the
incorporation of uridine-H3, thymidine-H3, and leucine-H3
was interpreted to mean that cessation of all macro-
molecular synthesis occurred,

The toxic effect was not produced by UV-irradiated
preparations of uninfected Hel.a cell homogenates or by
virus preparations heated at 56° ¢ for 30 minutes. Also,
the effect could not be serially transferred. When UV-R2
preparations were subjected to ultracentiifugation at
45,000 rpm for 1.5 hours, activity was found in the
sediment only. In addition, the cytotoxic effect could
be prevented by addition of REO-2 antiserum, The data

strongly suggest that the toxic agent is an intimate

part of the UV-inactivated viral particle,



CHAPTER VIII
DISCUSSION AND SUMMARY

DISCUSSION

Studies on adsorption and elution kinetics and
growth characteristics. have provided information
describing and characterizing the REO-2-RA cell system,
In addition, the effects of some physico-chemical
agents on the infectivity of the virion were obtained,

The infective property of REOvirus type 2 was
shown to be quite stable, being resistant to ethyl ether
(30% and 50%), pH (2-9), temperature (25° C and lower),
and sonication (2-3 minutes). The presence of particulate
or soluble protein material in the virus preparation
contributed significantly to the stability of the virion,
Probably, the coating of the virus particle with protein
protected it from the inactivating action of the physico-
chemical agents tested,.

This group of viruses are ubiquitous and highly
infectious, Probably its resistance to the action of
inactivating agents in the environment contributes in
part to its ability to infect a great many animals,
including man, Although the REOviruses appear to be highly
infectious, the infection generally is of a mild nature,

probably being subclinical in most cases,
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This study has revealed that REO-2 not only induced
interferon production in RA cells but was also sensitive
to the action of interferon, Tytell et al. (1967) have
reported that REOvirus type 3 (REO-S), strain Dearing,
induced interferon production in rabbits, The ability
of these viruses to induce interferon in infected animals
might account for the mild nature of most of the REOvirus
infections. It would be very interesting to investigate
this possibility.

Tytell et al. (1967) also showed that the isolated,
purified double~-stranded RNA of REO-3 was a much more
efficient inducer of interferon in rabbits than the whole
virion., Induction by double-stranded RNA produced more
than 10-fold greater yields of interferon than induction
by the whole virus, In addition, interferon was produced
within one hour after injection of viral RNA, whereas five
to six hours were required when whole infectious virus
was used,

A double-stranded RNA from extracts of Penicillium

funiculosum (Lampson et al., 1967), multi-stranded

synthetic polynucleotide complexes (Field et al., 1967a)
and a double-stranded RNA from MS2 coliphage-infected

Escherichia coli (Field et al., 1967b) have been recently

reported to induce interferon in rabbits, mice, and
rabbit kidney cells, Single-stranded RNA and double-

stranded DNA did not induce interferon production in the
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same systems, Based upon these findings, these investi-
gators concluded that for interferon induction by RNA,
multi-strandedness was a requirement, Purified REO-2
RNA should be tried as an inducer of interferon in RA
cells to test this conclusion,

Induction of interferon production by single-
stranded RNA and double-stranded DNA viruses is well
documented (Ho, 1966). However, only during the
replication of a few single-stranded RNA-containing
animal viruses has double-stranded RNA been found
(Montagnier and Sanders, 1963; Baltimore et al., 1964;
Brown and Cartwright, 1964; Hausen, 1965; Plagemann
and Swim, 1966)., If double- or multi-stranded RNA is
required for interferon induction, then there must be
some other explanation for the induction of interferon by
many single-stranded RNA and double-stranded DNA viruses
which do not elaborate a double-stranded RNA form anytime
during their replicative processes., If multi-strandedness
is the primary requirement for interferon inducers, then
double-stranded DNA should also be a good inducer,

Lampson et al. (1967), however, showed that DNA was not

an inducer of interferon in rabbits. Therefore, the
possibility that another substance or factor common to all
interferon inducers maybe responsible for interferon

induction should be seriously considered,
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It is a possibility that purified DNA and single-
stranded RNA are not successful in inducing interferon
in animals because they are rapidly degraded by nucleases
present in the body fluids, As far as is known, no such
enzyme which can degrade double-stranded RNA has been
reported in the body fluids of animals., Recently,
however, such an enzyme has been found in cell extracts

of Escherichia coli (Robertson et al., 1967),

If possession of double-stranded RNA is required
of an interferon inducer, the REOviruses should be
excellent inducers, However, preliminary work in this
laboratory has revealed that BSC-1 and L cells infected
with REO-2 do not produce interferon. The L cells have
been successfully utilized by several investigators for
the production of interferon (Paucker et al., 1962;
Lockart, Jr., 1963; Finter, 1965). |

Therefore, the problem of what makes a substance
an inducer of interferon as well as the mechanism by
which a substance induces interferon production still
remain unresolved.

Another interesting finding revealed by this study
is the cytotoxic phenomenon, UV-irradiation rapidly
inactivates REO-2, Presumably it is the viral nucleic
acid that is damaged, Cells infected with these UV-
inactivated REO-2 die much more rapidly than cells

infected with unirradiated virus., The UV-inactivated
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virus particle was established as the toxic agent,
However, it would be of greater interest to determine
exactly which part of the virion is toxic--the coat
proteins or the nucleic acid.

Present in many REQOvirus preparations is a
population of particles referred to as "“coreless" forms
(Rhim et al., 1961; Vasquez et al., 1962; Jordan and
Mayor, 1962). Presumably these particles are without
nucleic acids. Several investigators have been successful
in separating these "coreless" forms from the whole virus
by density gradient ultracentrifugation in sucrose,
cesium chloride or cesium sulfate (Rhim et al., 1961;
Mayor et al., 1965; Fouad and Engle, 1966). The core-
less particles obtained by this method could be tested
for cytotoxicity. This expériment would determine
whether the coat proteins have any toxic property for
cells.

Cytotoxicity due to UV-inactivated viruses has been
reported in earlier literature (See page 70), but none
discuss possible mechanisms by which these damaged virus
particles cause cell death. Some evidence obtained in
this study seem to suggest that the damaged particles do
get into the cell, If this is so, then an intracellular
site of action should be sought., There is a possibility
that the UV-damaged nucleic acid, no longer coding for

viral protein, could code for a substance which is toxic
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to the cell., However, this hypothesis only extends the
problem for a mechanism of cell death is not suggested,

Evidence obtained in some preliminary work suggests
that no toxic protein is synthesized., When extracts from
cell cultures killed by UV-inactivated virus were used to
infect new monolayers of cells, no cytotoxic effect was
observed, This observation, however, does not rule out
the possibility of a toxic protein being synthesized. It
could possibly be that this toxic protein cannot find
entrance into the cells, and since the site of action
appears to be intracellular, no cytotoxic action is
observed.

Hanafusa (1959) suggested that the cytotoxic effect
caused by UV-inactivated vaccinia virus may be attributed
to a UV-resistant protein-like substance. However, he
makes no suggestion as to how this protein (which is
apparently a part of the virion) causes cell death, A
possibility could be that this UV-resistant protein acts
as an inhibitor or repressor of a vital cell function,
Being deprived of this vital function, the cell soon dies.
These and other related problems make the study of the
cytotoxic phenomenon an interesting one.

The information obtained in this study presents
gseveral new and interesting problemsg, Some of these
problems are presently'being investigated in this

laboratory.
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SUMMARY
Prior to the initiation of this study, available
knowledge concerning REOvirus type 2 was limited to the
following:
1, the virion, composed of a core, an inner
layer, and a capsid containing 92 capsomeres,
has a mean diameter of 772 angstrom units,
an icosahedral shape and a 5:3:2 symmetry;
2, REO-2 infects a i;rée number of animals,
including man;
3. the virus agglutinates human "QO" erythrocytes;
4, the virion possesses a double~stranded
helical RNA;
S REO-2 is resistant to ethyl ether,
As a result of this study, the following information
has been added to the available knowledge on REO-2: _ .
1. REO-2 infectivity is very stable at temperatures
of 25° C and lower, less stable at 370 C and
quickly inactivated at 60° Cs i
2. virus infectivity is stable over a pH range
of 2 to 9 but is rapidly inactivated at pH 11;
3. UV-irradiation quickly inactivates the virus;
4, REO-2 is not affected by short periods of
sonication (2-3 minutes) but prolonged

treatment destroys the infective property;



10,

11,

12,

adsorption of virus to cell is inversely
related to the volume of inoculum and directly
related to the temperature of incubation;
elution of adsorbed virus from cell is
dependent on the exposure multiplicity and
the temperature of incubation;

growth of REO-2 in RA cells is characterized
by a 9 hour eclipse period and maxiﬁal virus
yields obtained in 36 hours;

viral antigen is first detected in REQO-2-
infected cells 4 hours after infection and
the number of cells containing antigen
reaches a maximum in 9 hours;
orthochromatically green-staining inclusion
bodies are first obsefved in REO-2-infected
cells at 6 hours and the number of cells
containing these inclusion bodies reaches

a maximum in 12 hours;

RA cells infected with REO-2 produce an inter-
feron;

REO-2 is susceptible to the action of
interferons produced in mouse, monkey, and
human cells;

infection of cells with high multiplicities of

92

UV-inactivated REO-2 results in a cytotoxic effect

which can be distinguished from viral cytopathic

effect.
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