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Propagation of Dengue Virus in Tissue Culture.’

By Susumu HoTTA.*

I. Introduction.

Since STEINHARDT et al. (1913) and Levapitt (1913 a. b) reported the first
successful maintenance of viruses in tissue cultures, many viral agents patho-
genic for man and animals have been propagated in vitro by tissue cullure
methods. Detailed consideration of tissue culture techniques and their bio-
logical implications is found in monographs by I'ISCHER (1925, 1946), PARKER
(1950), CAMERON (1950) and KiMura (1953). General aspects on the applicalion
of tissue culture in virological field were discussed in chapters by HALLAUER
(1938) and ENDERS (1952). A critical review of the literature on the cultivation
of viruses in tissue cultures was presented by SANDERs et al. (1953). Recenlly
an extensive bibliography on tissue culture research has been published by
Murray & KoprecCH (1953), which includes complete lists of viruses cullivated in
tissue cultures and must be consulted by any worker interested in this subject.

Although the study of viruses in tissue culture had advanced steadily since
1913, a revival occurred around 1950 when the multiplication of polioviruses
in cultures of extra-neural tissues was unequivocally demonstrated (ENDERS
et al., 1949; WELLER et al., 1949; SMITH et al., 1950, 1951; MILZER et al., 1950;
SYVERTON et al., 1951; LEDINKO et al., 1951). During the succeeding vears a large
number of developments, of both fundamental and practical significance, have
been made in this field. Some of them are the following:

(1) Particular attention has been paid to the search for lissues suilable for
the propagation of viruses. Theoretically speaking, a hypothetical lissue most
appropriate for virus study would be able (a) to support the proliferation of
many kinds of viruses quickly and abundantly; (b) to show signs attributable to
the infection, by which the viral growth could be clearly detected; and (c¢) lo be
procured easily by an average laboratory. Although no perfect tissue has been
discovered, it has recently been found that, besides the widely used chick
embryo tissues, the monkey testicular or kidney cells and the Hel.a cells (GEY
et al, 1952) fulfill these requisites fairly well. These cells, in most instances,
exhibit degeneration that is directly associated with viral infection and is sup-
pressed by the specific antiviral antiserum. The degeneration, usually termed
the cytopathogenic effeet of virus, is of great advantage to animal virology.

L Submitted, with slight modification, to the Graduate School, University of
Washington, U.S.A., in partial fulfillment of the requirement for the degree
of Doctor of Philosophy. The study was carried out at the Department of Micro-
biology, University of Washington, during the tenure of a [Fulbright grant held
by the author while on leave from the IFaculty ol Medicine, Kyoto University,
Japan. Sincere thanks are due to Dr, Charles A. Evans, of University of Wash-
ington, for his kind advice during the course of the work, and to Dr. Ren
Kimura, of Kyoto University, for his encouraging interest in this study. Expert
assistance given by Mrs, Leon St. Vincent, Dr. Velma C. Chambers and Miss
Hilda Jean May is gratefully acknowledged. The work was aided by grants
from the Fulbright Commitltee in Japan, the Office of Naval Research, U.S.
Navy Department, and the Eli Lilly and Company, as well as by the State of
Washington Fund for Biological and Medical Research, for which the author’s
deep appreciation is expressed.

2 Present address: Department of Microbiology, Kobe Medical College,
Kobe, Japan.
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Detection of virus is facilitated wherever the virus under investigation pro-
duces this effect. Viral neutralization tests in tissue cultures can be performed
by taking advantage of this phenomenon, Of particular interest is a technique,
by which plaques can be produced on a monolayer of cultured cells as a result
of viral infection, in a manner comparable to plaque formation by bacterio-
phage (DuLBECCO, 1952; DULBECCO & VOGT, 1954).

(2) Certain newer methods of cultivation of tissues have proved useful in
virus research. Included in these developments are: Use of improved culture
media; cultivation of cells in a roller apparatus, and treatment of tissue frag-
ments with trypsin.

(a) Although serum or tissue extracts prove universally useful as nutrient
fluids for tissue culture systems, they contain complex unidentified substances
which constitute a serious disadvantage in certain kinds of experiments.
Attempts have been made to develop chemically defined media for biochemical
studies on virus growth in tissue culture, “Synthetic Mixture 199” of MORGAN
et al. (1950) has been employed most frequently in recent yvears. This solution
is not only advantageous because of its chemical purity, but also, when used
with relatively small amounts of native protein products such as lactalbumin
hydrolysate or serum, is more favorable for growth of cells or propagation of
viruses than is plain serum or tissue extract. In this connection, interesting
results have recently been obtained as to the basic nulrient requirements of
cultured cells (IFaGLE, 1955 a, b, ¢, d). Another material helpful in tissue culture
work is Simm’s serum-ultrafiltrate (SivMs & SANDERS, 1942), It is believed [hat
the ultrafiltrate is capable of maintaining culture cells for long periods of time
without formation of intracellular fat granules. Recently it has been recorded
that omission of ox-serum-ultrafiltrate from a culture medium resulted in
apparent failure of multiplication ol polioviruses (WELLER et al., 1952).

(b) There is agreement that roller tube cultures can support growth ol virus
more abundantly than the flask cultures previously used (ROBBINS et al., 1952
Evans et al., 1951 b). Although no cause for such difference has been clearly
established, it is possible that the abundant multiplication of virus in roller
tube cultures may result from better growth of cells or from more effective
contact of cells and virus. It may likewise be true that cells treated with
trypsin and grown directly on the surface of glass without the conventional
plasma clot are more completely exposed to infection with virus. Trypsin
removes extracellular substances that might interfere with the cell-virus affinity.
Based on the original studies on aclion of trypsin on tissue (SIMMS & STILLMAN,
1937), newer methods have been developed, by which monolayer cell cultures
can be prepared (DuLsecco & Voo, 1951; YOUNGNER, 1954). Trypsin-treated
cell cultures have a definite advantage in the preparation of replicale cultures
in large numbers. Trypsinized cells grown as a monolayer on glass are par-
ticularly favorable for microscopic study.

Recent reviews of these methods are found in papers by POMERAT et al
(1954), ENDERS (1954), and HABEL et al. (1955).

After ASHBURN & CRAIG (1907) established the viral etiology of dengue, many
attempts to isolate the virus were made (CLELAND, 1930; DOERR, 1930; VAN
RoOOYEN & RHIobpes, 1948). Successlul isolation of dengue virus by infection of
mice was first achieved during the Second World War. The results obtained
by American investigalors are summarized by SABIN (1950, 1955), and those by
Japanese investigators are reviewed by Horra (1947, 1951). However, no
attempt to cullivate dengue virus in lissue culture prior to the present study,
had been unequivocally successful. The reported exceptions are contained in
short discussions by YAo1r & ARAKAWA (1948), SCHLESINGER (1950), and SABIN
(1955). The former two groups reported experiments in which dengue virus
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was propagated in chick embryo tissues, and the latter presented results stating
that dengue virus multiplied in monkey kidney tissue cultures without pro-
ducing a cytopathogenic effect. The present work 3 was designed to cultivate
in vitro the dengue viruses that have bheen adapted to mice. Particular con-
sideration was given to the utilization of the newer tissue culture developments
that were briefly reviewed in the preceding paragraphs.

11. Materials and Methods.

A. Strains of Dengue Virus.

Three mouse-adapted strains representing two known antigenic lypes were
used.

(a} Mochizuki strain (T'ype 1 dengue):

This was isolated by KiaMura & Horra during a dengue epidemic in Japan
in 1943 by injecting white mice intracerebrally with heparinized blood from a
patient in the febrile stage of the disease (Horra, 1952). Since then it has been
maintained continuously by intracerebral passage in mice. A homogenate was
prepared containing approximately 10°0 glycerinated infected mouse brain
in Ringer’s solution with 20% inactivated normal horse serum.

(b) Hawaiian strain (Type 1 dengue):

This was originally isolated by SABIN & SCHLESINGER (1945) in 1941 from
serum of a patient. After several passages in human volunteers, it was passed
serially in brains of white mice. The virus used in the present experiments,
114th mouse passage, was obtained on November 29, 1954, from Dr. A. B. Sabin,
as a form of lyophilized mouse brain homogenate in heated rabbit serum.
After storage at 4°C for 5 days in this laboratory, it was dissolved in 2 ml. of
medium E of Youngner (mixture 199 with 1.25 g. sodium bicarbonate per liter).

(¢) New Guinea C strain (Type 2 dengue):

Isolated from a patient’s serum, this strain was adapled to unweaned mice
by MEIKLEJOHN et al. (1952) after serial inlracerebral passages. The virus is
now adapted to growth in the brain of 2 to 3-week-old mice. A lot of the 19th
mouse brain passage was received by the author on January 25, 1955, from
Dr. IEkdwin H. Lennette, State of California Department of Public Health, in the
form of 20% brain homogenate in 30%o normal rabbit serum frozen by dry ice.
After storage for 4 davs in a dry ice chest, the frozen material was thawed at
room temperature and diluted i0-fold with Hanks’ balanced salt solution.

In every case, the homogenates were centrifuged at 3,000 r.p.m. for 15 min-
utes. The supernatant fluid was diluted appropriately and used as the initial
virus suspension. Unless otherwise indicated, Ringer’'s solution with 20° in-
activated horse serum was employed for dilution of viral materials.

B. Glassware and its Washing.

Glassware routinely employed in the present study included the following
items: 1 ml. and 10 ml. graduated pipettes; capillary pipettes with a bent tip
of about 1 mm. in diameter; 16 > 150 mum. size tubes, either screw-capped or
rubber-stoppered; 30 ml. cenirifuge tubes; 50 ml. and 200 ml. dilution botlles,

3 Preliminary accounts for part of the work have alrecady been published by
Hotra & Evans (1955, 1956 a, b).
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with a screw cap; 250 ml. centrifuge bottles. Leighton tubes and Porter flasks
were also used for special purposes.

The glassware was cleaned in Calgon-Metasilicate solution, and rinsed
several times with tap water and distilled water, and once with diluted hydro-
chloric acid. For details of the cleaning procedures, refer to SCHERER (1955).

C. Basic Nutrient Fluids for Tissue Culture
and Other Liquid Materials.

(a) Chick embryo extract:

Chick embryos 10 days old were minced in a Waring blender for a few
minutes, with an equal volume of Hanks’ balanced salt solution. After centri-
fugation at 2,500 r.p m. for 20 minutes, the supernatant fluid was removed and
100 units of penicillin and 100 micrograms of streptomycin were added per ml.
Just prior to use, 1 part of chick embryo extract and 2 parts of Hanks” balanced
salt solution were mixed.

(b) Chicken plasma:

From an adult male chicken previously starved for 2 days, blood was drawn
by puncture of the wing vessel. Heparin was added at a concentration of
0.01 mg. per ml. of the blood. After centrifugation the plasma was removed.

(¢) Normal horse serum:

From a horse previously starved overnight, blood was collected by puncture
of the jugular vein, The serum was separated after allowing the clot to stand
for about 24 hours. Ervthrocyles were removed by centrifugation. The serum
was inactivated by heating at 56°C for 30 minutes.

(d) Lactalbumin hydrolysate solution:
Lactalbumin hydrolysate (Nutritional Biochemicals Corporation) was dis-
solved in glass-dislilled water at desired concentrations.

(e) Phosphate buffered saline (PBS):

This was prepared according to the formula adopted by DuLBECCO & VoGt
(1954) :

Solution (A): NaCl 8.0 g.
KCI 0.2 o,
Na,HPO, 1.15 ¢.
KH,PO, 0.2 g
Distilled water 800 ml.
Solution {B}: CaCl, 0.1 g
Distilled water 100 ml.
Solution (C): MgCl, - 6H,O 0.1 g.
Distilled water 100 ml.

[Lach solution was prepared separately, and all three were mixed after the
complete dissolution took place.

(f) Trypsin solution:

Bacto-Trypsin 1:250 (Difco Laboratories) was dissolved in PBS in a con-
centration of 0.25%0.
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(¢) Commercial nutrient fluids:

Simms’ ox-serum-ultrafiltrate was purchased from the Microbiological Asso-
ciates. Synthetic mixture 199, Hanks” balanced salt solution, and 2.8% NaHCO;
solution were obtained from Microbiological Associates and from the Virus
Research Laboratory of the University of Piltsburgh or were prepared in our
laboratory. Phenol red was present in these fluids as a pH indicator.

(h) Sterilization and storage of the fluid materials:

Chick embryo extract and chicken plasma were prepared using sterile pre-
cautions. Horse serum, PBS and trypsin solution were sterilized by filtration
through a Selas filter candle under posilive pressure with carbon dioxide.
Lactalbumin hydrolysate solution was autoclaved at a pressure of 15 pounds
for 20 minutes. The commercial nutrient fluids were used without any sleriliz-
ing treatment in this laboratory. The materials, except for chick embryo ex-
tract, were slored at 4°C for periods not exceeding 4 months. Chick embryo
extract was stored at — 10°C.

D. Culture Media.

One of the following media was chosen [or each experiment:

(a) Medium D of Youngner:

Synthetic mixture 199 95 parts
2.8%/yp NaHCO, 3 parts
Inactivated normal horse serum 2 parts

(b) 0.5%e lactalbumin hydrolysate medium:
5% lactalbumin hydrolysate
in distilled water 10 parls
Ox-serum-ultratiltrate 22.5 parls
ITanks’ balanced salt solution
(10-fold concentrated) 0 parts
2.8%0 NallCOy 2.5 parts
Distilled water 5 parts

—

(W1}

(¢} 0.1%/0 lactalbumin hydrolysate medium:

The concentration of lactalbumin hydrolysate
in the second medinm was reduced to 0.1%.

In all media penicillin and streptomyein were added lo concentrations per
ml. of 200 units and 200 micrograms. respectively. Phenol red was included as
a pH indicator. In the case of roller-tube cultures embedded in chicken plasma
clot, 5o carbon dioxide in air was used to reduce the pll lo approximalely 6.8.

FFor the initiation of cellular growth in tissue cultures, either medium [} or
0.5%p laclalbumin hydrolysate medium was used. The culture medium used
after inoculation of virus was exclusively the 0.1% lactalbumin hydrolysate
medium. This medium appeared to be more satisfactory for prolonged main-
tenance of culture cells than either of the other two media or Swvntlhetic
Mixture 199 alone,

L. Tissue Culture Systems.

Tissues used for culture were mainly from the rhesus monkey. The animals
were anesthetized by an intraperitoneal injeclion of sodium pentobarbital
solution . Testes and kidneys were removed under sterile precaulions. Two
major syvstems of tissue culture were investigated. One was tissue culture em-

4 Five grains of crystaline sodium pentobarbital were dissolved in 25 ml.
distilled water. Of this solution 1 ml. per pound was injected.
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bedded in chicken plasma clot and incubated in a roller apparvotus (SMITH
& Evans, 1954). The second consisted of trypsin-treated cells grown directly
on a glass surface and incubated in the stationary state (YOUNGNER, 1931). An
additional experiment was carried out with human kidney tissue treated with
trypsin.

(a) Rhesus testicular tissue culture embedded in chicken plasma clot:

After the tunica albuginea was stripped from each testis, the remaining
tissue was minced into fragments less than 1 mm?® in size with a curved steel
scissors. During the mincing the tissue was dipped in Hanks’ balanced salt
solution containing 100 units of penicillin and 100 micrograms of streptomycin
per ml. The tissue fragments were washed several times by changing and de-
canting the IHanks’ solution. The final tissue suspension contained approxi-
mately 2 to 10 fragments per drop 5.

Two drops of fresh heparinized chicken plasma were spread in a thin layer
on the lower half of a tube, 16 >< 150 mm. in size. One drop of the tissue
suspension was introduced into the tube. and the tissue fragments were placed
linearly at a distance of 3 to 5 mm. apart. Ilach tube contained approximately
6 fragments. Four drops of chick embryo extract were then distribuled as
evenly as possible throughout the plasma laver. After clolting took place, 2 ml
of culture medium was added to each tube.

The tissue cultures prepared were incubated in a roller apparatus at 37°C.
The slant of the rotary drum was adjusted so that the nutrient {luid covered the
tissue fragments sufficiently withoul coming into contact with the stoppers of
the tubes. The drum was rotated at about 12 revolutions per hour.

(b) Rhesus kidney tissue culture embedded in chicken plasma clot:

After the renal capsule was siripped, the kidney was cut in half and the
connective tissue of the pelvis and medulla was removed as completely as
possible, The remaining tissue was treated by the method described above with
the testicular tissue.

(¢) Rhesus and human kidney tissue cultures treated with trypsin:

Trypsin-treated kidney tissue cultures were prepared by a method slightly
modified from those deseribed by Dursecco & Voar (1954) and YOUNGNER
(1954). The kidney, from which the connective tissue of the pelvis and medulla
were removed, was minced with a curved steel scissors into fragments of
approximately 2 mm?® in size. The minced tissue was then treated by the follow-
ing procedures:

1) The fragments were washed three times in a 250 ml. centrifuge bottle
with PBS. Fluid was drawn off with a capillary pipette attached to a suction
device.

2) The fragments were suspended in prewarmed trypsin solulion ¢ (20 ml.
per kidney) and incubated at 37°C for 10 minutes.

3) Trypsin was discarded and replaced with fresh trypsin (20 ml. per kidney)
and the tissue suspension was agilated with a stirrer 7 for 10 minutes. The speed
of stirring was controlled to prevent foaming.

5 A drop delivered from the capillary pipette. This designation will be
applied to later paragraphs of this section.

§ Prior to use, the trypsin solution was warmed to 37°C and kept in an
incubator until ready to use.

7 Stainless steel screw-propeller, cach wing of which is about 15 mm, in
length and 5 mm. in the widest width and attached to a stainless steel shaft
of about 20 ¢m. in length.

Acta Tropica 16, 2, 1959 8
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4) The suspension was centrifuged at 600 r.m.p. for 5 minutes, and the
supernatant fluid was decanted into a 250 ml. centrifuge bottle through three
layers of sterile cheesecloth. The filtrate was collected in a bottle in an iced
bath in order to stop the trypsin activity.

5) The extraction with trypsin was repeated 7 more limes.

6) The turbid trypsinized cell suspension was centrifuged at 1,000 r.p.m. for
5 minules, and the supernatant fluid was discarded.

7) The sediment was resuspended in medium D of Youngner.
8) This centrifugation-and-resuspending was repeated 3 times.
9) The final sediment was resuspended in a small amount of medium D,

and transferred to a 30 ml. centrifuge tube in which it was centrifuged at
600 r.p.m. for 2 minutes.

10) The packed cell sediment was diluted with medium D to make a 1 :50
dilution based on the volume of cell sediment.

11) Appropriate dilution of the 1 : 50 suspension was prepared in medium D
so as to provide 600,000 to 700,000 kidney cells per ml.

Cell counts were performed with a hemocytometer and a white blood cell
pipette. The living cells were recognized as bright, round particles under a
microscope and thus distinguished fairly easily from masses of debris which
looked dark and irregular. Total cell numbers per ml. were calculated by the
formula:

AN/1 X 10,000

where N is the number of cells seen in a white blood cell counting square.

One-half ml. of the suspension was put into each of the tubes which were
then incubated at 37°C in the stationary state at a tilt of approximately 5 degrees
from the horizontal. For uniform dispensing, a combination of a magnetic
stirrer and an automalic pipette was used. Porter flask cultures were prepared
by dispensing 2 ml. of the cell suspension per flask, and Leighton tube cultures
were prepared with 1 ml. suspension per tube,

Procedures for preparation of human Kkidney tissue cultures were the same
as described above with the rhesus kidney tissue.

F. Inoculation of Virus into Tissue Cultures.

FFollowing initial incubaltion at 37°C for 4 or 5 days, cultures showing good
cellular growth were selected for virus inoculation. Occasionally, the cullures
were stored prior to use at 10 or 20°C for a period not exceeding 1 week.

Viral inoculation was carried out as follows in the initial cultivation and in
the serial subcultures. Just prior to inoculation, the nulrient fluid was discarded.
Two-tenth ml. of the appropriately diluted virus material, either mouse brain
homogenate or tissue culture fluid, was put into each culture tube, and allowed
to cover the cellular explants for aboul 10 minutes. Then 1.8 ml. of the 0.1%0
lactalbumin hydrolvsate medium was added. The tissue cultures embedded in
chicken plasma clot were incubated in a roller apparatus, and the trypsin-dis-
persed cell cultures were held in the stationary state. The temperature for in-
cubation was 35°C.

The medium was renewed at intervals of 2 to 7 days in order to keep the
pH of the fluid phase within the range of 7.2 to 7.6. The changes of fluid in-
volved replacement of either 50%0 or 90%¢ of the volume. The pH values were
determined by comparison with a series of standard tubes containing phosphate
buffer solutions and phenol red.
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G. Assay of Viral Activily.

Titration of virus in tissue culture fluid was performed, in most instances,
by intracerebral injection of mice. At suitable periods after the inoculation,
portions of the culture fluid were taken from each tube and pooled with fluids
from other tubes similarly inoculated. Serial 10-fold dilutions of the pools were
then made, and 0.02 ml, of each dilution was injected into mice. Swiss albino
mice, 2 to 3 weeks old, raised in the University of Washington Animal Quarlers,
were used throughout. A minimum of 3 mice were inoculated with each dilution.
All mice were checked daily for the characteristic signs of dengue infection such
as tremor and flaccid paralysis. Mice which died within 3 days after the in-
jection, and those which died without showing definite signs of infection were
not included in the results, The observation period was at least 3 weeks. LDj,
titers per 0.02 ml. were calculated by the method of REED & MuENCH (1938).

In some cases the titration was carried out in tissue cultures. Two-tenth ml.
from each of the 10-fold dilutions was inoculated into each tissue culture tube
with the subsequent addition of 1.8 ml. of medium. Three to 5 tubes were used
with each dilution. The fifty per cent infective dose (IDj;¢) for tissue cultures
was calculated on the basis of appearance of definite degeneration at 2 weeks
after the virus inoculation.

The titrations were usually done immediately after harvesting the fluid. In a
few instances the materials were stored before titrating; they were sealed in
pyrex glass tubes and held in an iced thermos overnight or in a dry ice chest
for periods not exceeding 4 months,

H. Morphological Examination.

Following the inoculalion of virus, the cultures were checked daily for
morphological changes visible under a microscope at magnifications of
32 > and 100 >, In the case of trypsinized cells, two other types of culture
were also examined:

(a) Cultures in Porter flasks:

Two ml. of the kidney cell suspension prepared as indicated previously was
dispensed into Porter flasks with a bottom 3 cm. in diameter. Following in-
cubation at 37°C for 4 or 5 days, a continuous sheet of cells was usually formed.
The cells were then washed with Hanks’ solution; the 0.1% lactalbumin hydro-
Iysate medium was added and the cultures were incubated again at 37°C for a
day or two. Then the cultures were inoculated with virus in the manner
described previously, except that the volumes of the viral inoculum and of the
culture medium per flask were 0.3 ml. and 2.7 ml., respectively.

(b) Cultures in Leighton tubes:

Test tubes, 18 > 150 mm., with a flattened area of about 15 X 30 mm. near
the bottom, were used. A cover slip, approximately 10 > 22 mm. in size, was
placed on the flattened area. On this 2 ml. of the kidney cell suspension was
deposited, After 4 or 5 days incubation at 37°C in the stationary state, a cel-
lular sheet had grown on the cover slip. The cultures were infected with virus in
the same way as the cultures in test tubes.

The ordinary test tube cultures and the Porter flask cultures were observed
usually in situ with the microscope. In order to take photomicrographs of the
cells, the tubes or flasks were fixed with adhesive tape on the platform of a
microscope under a Selge-Huhne's Orthophot apparatus. A green filter was
used in most instances.
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The cultures in Leighton tubes were examined as follows: The cover slips
were removed from the tubes by using a metal bar approximalely 20 em. long,
the end of which was bent at a right angle. Then they were subjected either to
staining or to phase-contrast microscopy:

1) Staining:

The coverslip preparations were placed vertically for 3 minutes in a Colum-
bia jar with Hanks’ balanced salt solution previously warmed at 37°C. Then
they were fixed with Zenker-formol solution (formula described by PARKER,
1950) for 30 minutes. After being washed in running water for 6 hours, the
preparations were stained by the following procedure, which represents a slight
modification from that devised by Jacobson (HANKS et al,, 1955).

1. Stain for 10 minutes in Mav-Griinwald stain.

2. Wash in distilled water once.

3. Stain for 5 minutes in Giemsa stain diluted 1 : 20 with distilled water.
Dehydrate rapidly in two changes of acetone.

5. Place in xylol for a few minutes.

Mount in clarite

2) Phase-contrast microscopy 8:

The technique of making the phase-contrast microscopic preparations was
similar to that devised by Gey and described by PArRKER (1950). The small
coverslip removed from a Leighton tube or Porter flask was placed on a drop
of medium on a large coverslip (43 >< 30 mm. and 0.1 mm. thickness). The wet
coverslip remained attached to the large coverslip, and the cells were immersed
in the thin layer of fluid between the two coverslips. This preparation was
mounted on a metal slide with a central opening to accommodate the small
coverslip. A second large coverslip was used to seal the opposite side of the hole
in the metal slide. The metal slide and the large coverslips were sealed with
paralfin.

In some instances, entire test tube cultures were fixed wilh Zenker-formol
solution and stained with May-Griinwald-Giemsa stain.

J. Anti-Dengue Immune Serum.

Anti-type 1 dengue immune serum was obtained from a male rabbit im-
munized with the Mochizuki strain of virus that had been passed only in mouse
brain and never in tissue culture. The immunizing materials were supernatant
fluids from 10%0 infected mouse brain homogenates in Ringer’s solution, centri-
fuged at 3,000 r.p.m. for 15 minutes. Mouse-intracerebral 1.D;,’s of the suspen-
sions were presumed to be near 10% per 0.02 ml. on the basis of occasional
titrations. The immunizing procedures consisted of injections as follows: 3
times intravenously (0.5 ml. to 0.7 ml., each), 5 times subcutaneously (1.0 ml.
to 2.0 ml,, each), 4 times intraperitoneally (2.5 ml. to 3.0 ml., each), and again
2 times intravenously (2.0 ml., eachj, at intervals of 5 to 10 days. One weck
after the last injection, the rabbit was exsanguinated, and the serum was
separated. Serum collected from this rabbit prior to immunization served as a
control non-immune serum. The serums were inactivated by heating at 56°C for
30 minutes, and stored at — 10°C until used.

% A phase-contrast microscopic apparatus assembled by the late Dr. P. H.
Ralph, Department of Anatomy of the University of Washinglon, was used
throughout, Assistance given by Dr. Eichi Yamada is gratefully acknowledged.
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Anti-type 2 dengue immune serum was obtained with the New Guinea G
strain of virus by the procedure similar to that used to produce the anti-type 1
serum. In this case, mouse-intracerebral LD;,’s of the immunizing materials
were not determined because of irregularity in mortality ratios of inoculated
mice (MEIKLEJOHN et al., 1952). However, since the infected brain homogenates
used for immunization were prepared freshly every time, it was probable that
reasonably large amounts of the active virus were introduced into the im-
munized rabbit.

Viral neutralizatlion tests were performed in the following manner: Virus at
a given concentration was mixed in equal volume with serum diluted appro-
priately in lactalbumin hydrolysate medium or in 20° heat-inactivated normal
horse serum in Ringer’s solution. The mixture was put into a pyrex glass tube
which was then stoppered tightly with a rubber stopper. The tube was held at
37°C for 1 hour, and at 4°C for 1 more hour. Then 0.02 ml. of the mixture was
either injected into mice intracerebrally, or 0.2 ml. was inoculated into tissue
cultures with the subsequent addition of 1.8 ml. of medium. In the latter case,
the culture fluid used for changing the medium included 1% of immune or con-
frol serum.

I11. Results.

A. Control Experiments.

Dengue virus was incubated at 35°C in tubes containing culture
medium minus cells. Some tubes were placed in a roller apparatus;
olhers were held stationary. Portions of the nutrient fluid were
removed at intervals and tested for viral activity. The data in-
dicated that dengue virus disappeared within a short period of
time under such conditions. One example is shown in Table 1.

TABLE 1.

Survival of dengue virus of the Mochizuki strain in culture medium lacking cells,
incubated in a roller apparatus at 35°C.

| Dilution ‘ Mortality ratio of mice inoculated with culture fluid removed at
of cullure _

‘ fluid 1 hour l 24 hours ’ 72 hours ‘ 7 days** ‘ 10 days ‘ 14 days
— ’
5 10° | 3/3¥ 3/1 0/3 0/3 0/3 0/3 |
10t | 33 | o0 0/3 0/3 03 | 03 |

10-2 | 33 | 0/M 0/3 0/3 0/3 | 0/3
o107y ‘ 33 | 04 | 03 | 0/3 0/3 | 0/3
Lot 23 | 04 | 0/3 | 0/3 0/3 1 0/3

Infected mouse brain homogenate from the 133rd passage was inoculated.
Two-tenth ml. of a 10-fold dilution was introduced into each of 6 tubes, with
the subsequent addition of 1.8 ml. of culture medium. The inoculum contained
106.5 mouse LD;,’s. At the given intervals, 0.2 ml. of the fluid was removed from
cach tube. Pooled material from the 6 tubes was diluted 10-fold, and 0.02 ml. of
each dilution was inoculated into mice intracerebrally.

* Numerator indicates number of mice which died showing typical signs of
infection; denominator indicates number of mice inoculated.

## Eight days after the beginning of incubation, 90%0 of the medium was
replaced with fresh culture fluid.
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In every experiment 3 to 7 cultures with no virus were included.
They were incubated and subjected to change of medium exactly
the same as infected cultures. They exhibited only slight degen-
eralive changes after incubation lasting 3 to 10 weeks.

It was confirmed repeatedly that homogenate of normal mouse
brain diluted 1,000-fold or more had no apparent effect on the
culture cells.

Specimens of undiluted culture fluid from various control ex-
periments were injected intracerebrally into 5 or more 2-week-old
white mice. IExcept for a few isolated mice which died presumably
from the effect of trauma, dealths were not observed.

Ten serial blind passages were carried on through normal
rhesus kidney tissue cultures by transferring 0.2 ml. of the culture
fluid to new cultures with subsequent addition of 1.8 ml. of
medium. No mouse-infective or cytopathogenic agent, however,
was found in this experiment. A cylopathogenic agent isolated
from a control uninoculated rhesus kidney tissue culture will be
discussed in a later section of this article.

All specimens were inoculated onto bacteriological culture
media and checked for baclerial and fungal growth. Contaminated
tubes which were infrequent were discarded.

B. Potency of Anti-Dengue Immune Rabbit Serum.

Preliminary measurement of the potency of the immune rabbit
serum was accomplished by neutralization lests in mice. The re-
sults tabulated in Tables 2a and 2b indicate that the undiluted

TABLLE 2.

Neutralization tests to determine the potency of anti-dengue immune
rabbit serum.

(a) Tests with serially diluted virus and a fixed concentration of serum.

Dilution Mixed with

of virus Immune serum ‘ Control serum ‘ Normal horse serum
10-2 0/3 ’ 3/3 3/3 |
10-3 0/3 } 3/3 3/3 '
104 0/3 3/3 f 3/3
1073 0/3 3 0/3 ' 1/3
10-6 0/3 0/3 0/3
10-7 0/3 0/3 0/3

Virus: Mochizuki strain; ten-fold dilutions of a mouse brain homogenate
from the 135th passage were employed.

Serum: Anti-Mochizuki; undiluted,

The virus-serum mixture was held at 37°C for 1 hour and at 4°C for 1 more
hour. Then 0.02 ml. of the mixture was inoculated into mice intracerebrally.
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TABLE 2 (continued).

(b) Tests with serially diluted serum and a fixed concentralion of virus.

{

Dilution Mixture containing 1
of serum L -
Immune serum ‘ Control serum
10-1.0 0/5 -
10-1.5 0/5 |
10-2.0 0/5 | 4/5
10-2.5 0/5
10-3.0 2/5

Virus: Hawaiian strain; a 10~ dilution of a mouse brain homogenate from
the 116th passage was employed. It contained approximately 5 mouse LDj;4's.

Serum: Anti-Mochizuki; diluted with 20%¢ inactivated normal horse serum in
Ringer’s solution.

The virus-serum mixture was subjected to the same trealment as indicated
in Table 2 a.

anti-type 1 immune serum neutralized 1,000 times more virus of
the Mochizuki strain than the control serum did, and that ap-
proximately 5 LLDy,’s of the Hawaiian strain virus were neutralized
completely by the immune serum diluted 320-fold. The control
serum was found to have no neutralizing activity against dengue
at all.

Anti-type 2 immune serum, diluted 10-fold, was shown to neu-
tralize the New Guinea C strain virus in a 10 dilution of infected
mouse brain homogenate from the 20th passage. No quantitative
tests were performed with this virus because of irregularity in ils
infectivity for mice.

C. Dengue Virus in Rhesus Testicular Tissue Culture
Embedded in Chicken Plasma Clot.

1) Initial inoculation:

Two series of experiments were carried out, the results of which
are summarized in Table 3.

The data indicate that dengue virus remained aclive in rhesus
testicular tissue cultures for relatively long periods of time. This
finding appeared to be significant when compared with the results
of control experiments in which the virus disappeared within a
short period of time in medium devoid of living cells. However,
the data do not provide evidence of viral multiplication.

2) Serial transmission:

Results of serial passages through testicular tissue cultures are
shown in Tables 4a and 4b. The virus was detected only in the
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Fluid from replicate cultures were pooled except on the 10th and 14th day in experi-
ment I, when tests were made of single tubes as well as from pools.

Seed virus: In experiment I, a 1072 dilution of a homogenate from infected mouse brain
of the Mochizuki strain, 132nd passage, was used; its mouse-intracerebral LD;, was approxi-
mately 107.0 per 0.02 ml. In experiment II, a 10-2 dilution of a mouse brain homogenate from
the Mochizuki strain, 135th passage, was employed; mouse-intracerebral LDj, of this
material was 106.5 per (.02 ml.

* The volume of medium removed and replaced varied; a 90/ change was made on the
7th day, and a 50% change on the 14th day in experiment I. Changes of fluid in experiment II
involved replacement of half volume or 90°%o of fluid at different times.

*¥# The surviving mice were rechallenged intracerebrally at the end of observation period
(4 weeks) with the mouse-passaged type 1 Mochizuki strain virus containing approximately
102 mouse LDjq’s. All of them died showing typical signs of infection within 2 weeks after
the rechallenge.

(Reproduced, with slight modification, from the Journal of Infectious Diseases, vol. 98.
1956.)

TABLE 4.

Summary of results on the serial passage of dengue virus of the Mochizuki strain
in rhesus testicular tissue culture.

(a) Experiment I.

Incubation period Cumulative

Passage of each passage, dilution of ‘Dilution O.[ lf)(;lit;](}::tﬂ:tzlet(llo
in days initial inoculumt | culture fluid | i o
l 10° 4/6
I 10-1 | 176
9 10-5.0 10-2 ; 0/5
10-3 0/5
Second 2 104 0/5 -
‘ 10° 4/5
10-1 1/5
14 10-6.0 10-2 0/5
| 10-3 0/5
| 10— 0/5 ;
| 1= ‘ 0/4
| 10-1 0/4
i 7 10-6.0 102 0/4
10-3 0/4
Third3 | — - _O{i -
10° 0/5
101 0/5
14 10-7.0 10-2 0/5
1073 0/5
10-4 0/5

1. On the basis of passage and medium-change.

2. Two-lenth ml. of culture fluid harvested 8 days after the beginning of the
first passage was transferred to each culture tube of the second passage, with
the subsequent addition of 1.8 ml. medium.

3. Nine-day-specimen from the second passage was transmitted to the third
passage, in the same way as in the transfer from the first to the second passages.
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TABLE 4 (continued).

(b) Experiment II.

]ncubalim.l -}-)_(-z.r_i“n(l CumulnLiv;z Dilution of ml‘;]i(ﬁ)rtulity ratio
Passage of each passage, dilution of culture Muid of inoculated
‘ in days initial inoculum ! mice
= e — _ s {
| 14 10-4.6 107 | /5
| | 10-1 T
] . 10° 26 *
Second 2 28 10-5.9
‘ 10-1 0/6 *
49 } 10-6.8 ! 10° | 0/6
B i - 10-1 ' 0/6
- 10° e
w M= 10-1 %
Third 3 | - |
10° ‘ 0/6 *
28 10-6.8 g
| 10-1 Y
—_— SE— e )
73 | 10° 0/6 *
14 10-7.5 : ‘
| 10-1 | 0/6
Fourth 4 — B -
10° 0/6
28 10-8.1 ‘
10-1 T

1. On the basis of passage and medium-change.

2. Two-tenth ml. of culture fluid harvested 14 days after the beginning of the
first passage was transferred to the second passage, and 1.8 ml. of culture
medium was added in each tube.

3. Fourteen-day-specimen from the second passage was lransmitted to the
third passage.

4. Twelve-day-specimen from the third passage was used for the transfer to
the fourth passage.

* At the end of a 4-week observation period, the surviving mice were re-
challenged intracerebrally with the Mochizuki strain mouse-passaged virus.
Inoculum for the rechallenge contained approximately 10% times LDjy’s. All of
the rechallenged mice died showing characteristic signs of dengue infection.

first two passages in Experiment I, and the first three passages in
Experiment II. Again evidence for multiplication was negative.

3) Morphological findings:

Very few changes were noted in the appearance of fibroblastic
cells in inoculated tissue cultures. In some cases certain degener-
ative alterations, such as cytoplasmic granulation and separation
of cells, were seen, but they were hardly distinguishable from those
found in the control tubes subjected to equally prolonged incuba-
tion.
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4) Neutralization tests:

Virus harvested from culture fluid of the inoculated tissue cul-
tures was submitted to neutralization tests with anti-dengue im-
mune serum. The results obtained are summarized in Table 5. It
is evident that the virus in culture fluid was neutralized by the
anti-dengue immune rabbit serum.

TABLE 5.

Neutralization tests with dengue virus
harvested from rhesus testicular tissue cultures.

‘ 4 . Mortality ratio of mice
Experiment | Culture fluid inoculated with mixture containing
e ’ ‘ harvestled at
Immune serum? } Control serum2
| 17 days 0/5 5/5
1 ‘ 12 days ! 0/5 5/5
i 63 days 0/5 4/5

1. Undiluted. See Table 3 for further data.
2. Diluted 10-fold with 20%y inactivated normal horse serum in Ringer’s
solution.

D. Dengue Virus in Rhesus Kidney Tissue Culture
Embedded in Chicken Plasma Clot.

Each of 7 tissue cultures received 0.2 ml. of a 10-¢ dilution from
an infected mouse brain homogenate of the Mochizuki strain,
136th passage. Then 1.8 ml. of 0.1% lactalbumin hydrolysate
medium was added to each tube. The cultures were incubated in a
roller apparatus at 35°C.

Infectivity of the initial virus inoculum was determined by in-
jeclting mice intracerebrally with 0.02 ml. of the 10-fold dilutions.
Morlality ratios of the injected mice were: 2/5 for the 10°¢ dilution,
and 0/5 each for dilution of 107 and 103,

IFollowing the inoculation of virus, half of the volume of cul-
ture fluid in each tube was replaced every 4 or 5 days. At given
periods, portions of the fluids were pooled and tested for mouse-
infectivity. The results obtained are shown in Table 6. Virus was
detected in 0.02 ml. of a 102 dilution of the 16-day specimen, a 103
dilution of the 24-day specimen, and undiluted fluid of the 32-day
specimen. These data suggested an increase of virus in the culture
fluid, because the amount of virus contained in the original in-
oculum was relatively small and the inoculum was subsequently
diluted by the frequent replacements of culture medium.
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TABLLE 6.

Mortality ratios of mice inoculated intracerebrally with culture fluid removed
from dengue-infected rhesus kidney tissue cultures embedded in chicken
plasma clot.

ey

‘ Tilution of Tissue culture incubation period in days
culture fluid i 16 ‘ 94 ‘ 39 ‘ 56
| ) |
10° ala* | 5/6 * l 2/7 % ‘ 0/7
10-1 5/5 26 | 0/7 0/7
10-2 o/5 . 1/5 ‘
10-3 ' 1/5 t i

* Neutralization tests were performed in mice, and the virus was identified
as dengue.

Degeneration of the culture cells was found under the micro-
scope 2 weeks after the virus inoculation, although its extent was
relatively slight. Two weeks later, however, the degeneration be-
came marked. Eight weeks after the inoculation, almost the entire
population of cells that had initially grown out from explants had
disappeared.

Neutralization tests using the culture fluid from infected cul-
tures were not performed. However, brains of mice that died in
the groups marked with asterisks in Table 6 were stored in a 50%
glycerin saline solution and used later for neutralization tests. It
was shown that the mouse-infectivity of a 10 dilution from the
homogenates of these brains was completely neutralized when
mixed with the anti-dengue immune rabbit serum. The same sus-
pension mixed with control serum killed all 5 mice inoculated. It
is evident that the agent derived from the tissue culture fluids
was dengue virus.

. Dengue Virus in Cultures of Trypsinized
Rhesus Kidney Cells.

1) Preliminary experiment:

The results of an experiment with the Mochizuki strain virus,
133rd mouse brain passage, were strongly suggestive of an increase
of the virus in the fluid phase of cultures of trypsinized rhesus
kidney tissue. The inoculum contained less than 16 mouse LD;,’s
of the virus. The medium was changed by half volumes every 2
to 4 days. Undiluted culture fluid removed 17 days after the virus
inoculation, and its 10-fold dilution killed all of 6 injected mice.
Similarly the undiluted fluid from the 24-day specimen and its
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10-fold dilution killed 5 out of 6 mice, and 2 out of 6 mice, respect-
ively. Moreover, a distinct cellular degeneration was noticed two
weeks following the virus inoculation, and two weeks later the
majority of the culture cells had disappeared. In view of these
encouraging results, the following more comprehensive studies
were carried out.

2) Multiplication of virus:

Definite evidence for the multiplication of dengue virus in tryp-
sinized rhesus kidney tissue cultures was provided by (a) deter-
mining the growth curve of virus in cultures inoculated with a
relatively small amount of virus, and (b) serial transmission of
virus through a number of subcultures.

(a) Growth curve experiment:—A growth curve of the virus
was determined in a single series of cultures. Seven tubes were
used for the infected group, and 3 for the control. The initial virus
inoculum was 0.2 ml. of a 10 dilution from an infected mouse
brain homogenate of the Mochizuki strain, 136th passage.

One mouse LDj, of this material was contained in 0.02 ml. of a
105> dilution. One and eight-tenth ml. of culture medium was add-
ed to each tube. At given periods following the inoculation, por-
tions of the culture fluid were removed, pooled and tested for
virus concentration. The control tubes received a normal mouse
brain homogenate and were treated the same as the infected cul-
tures. The results obtained are shown in Table 7. The virus in-
crease was unequivocal. The maximum titer of the fluid phase
was approximaltely one-hundredth of that of infected mouse brain.
The dengue virus multiplied in this system of tissue culture more
slowly than certain other viruses such as poliovirus.

(b) Serial transmission:—Initial inoculum was the same as
that used in the experiment stated in the preceding paragraph.
Two one-tenth ml. of undiluted culture fluid taken 17 days after
the beginning of the first passage was inoculated into each of 5
irypsinized rhesus kidney tissue cultures, with subsequent addition
of 1.8 ml. of culture medium. In the similar manner serial trans-
mission of virus through tissue cultures was carried out. IFor each
passage at least 3 tissue culture tubes were used. Virus content of
each inoculum was determined by intracerebral injection of mice.
Results obtained with the Mochizuki strain virus are summarized
in Table 8, which includes the mouse L.D;, titers in each passage,
the cumulative dilution of initial virus inoculum calculated on the
basis of passages in successive tissue cultures, and the cumulative
dilutions based on both passages and changes of medium, as well
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TABLI 7.

Growth of dengue virus of the Mochizuki strain in cultures of trypsinized rhesus
kidney cells.

i Period of incubation Mouse-intracerebral LDy,
in days per 0.02 ml
| 1/1.2 No virus detected
1 No virus delected
4 10L.5
7 102.5
10 | 104.67
13 104.25
\ 17 104.0
} 21 104.0
| 28 102.5
35 101.5
43 No virus delected

Seven cultures were inoculated with 0.2 ml, of a 1076 dilution from a homo-
genate of infected mouse brain, 136th passage, with a mouse LDj, titer of 106.5
per 0.02 ml.; 1.8 ml. of culture medium was added to each tube. Pooled culture
fluid removed at the times indicated was titrated for virus content by intra-
cerebral injection of mice.

TABLI: 8.

Summary of results of the serial passage of dengue virus of the Mochizuki
strain in trypsinized rhesus Lidney tissue culture.

J Mouse LDg, Dilution of Dilution of Cumulative
Passage per 0.02 ml initial initial inoculum lime
” | of each { inoculum by passage and i”f cultivation |
passage by passage metlinm—(-lmng('i in days
1 ‘ 104.0 ;i 10-9 } 17
L 3 100.33 ’ 1078 1011 ‘ 35 |
3 10LB 1079 10-12 | 13
4 | 10275 10-10 10-14 62
B [ 10346 10-11 10-16 75
6 105.7 10-12 10-17 85
i 105.25 L1013 10-19 93
8 104.0 10-14 1021 103
9 104.63 10-15 10-22 113
10 104.50 L 10716 10723 120
15 104.75 1021 10-31 _ 162
20 103.0 10-26 10737 ! 200
25 105.25 10-31 10-44 236
27 104.50 10735 10-47 251 {
30 10433 1011 10-53 | 272
31 | 105.50 1013 10=55 279 |
10 1047 10-52 1069 32 |

Initial inoculum was the same as that used in the experiment stated in Table 7.
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TABLE 9.

Summary of results of the serial passage of dengue virus of the Hawaiian strain
in trypsinized rhesus kidney tissue culture.

Mouse LDg, ‘ Dilution of Dilution of Cumulative |

PREEAE per 0.02ml | initial initial inoculum time i

° of each \ inoculum by passage and | of cultivation 1

passage i by passage medium-change in days

1 105.0 | 10-4 105 10
9 1065 | 105 10-7 19
3 1015 L1075 10-9 29
4 104.25 107 10-10 38
5 103.5 108 10-12 48
6 104.5 10-9 10-13 H6
7 104.5 10-10 10-15 66
8 105.25 1011 10-17 78
9 105.5 10-12 1018 88
10 ' 104.25 1013 1020 102

15 1045 10718 1027 139 |

20 10475 10-23 10-35 179

26 1010 10-29 10-47 232 ‘

The initial inoculum was a mouse brain homogenate from the 114th passage.
The lyophilized material, delivered from Dr. A. B. Sabin, was dissolved with
medium £ of Youngner (synthetic mixture 199 containing 1.25 g. sodium bi-
carbonate per liter) into a 10-fold volume, and diluted further with 209 in-
activated normal horse serum in Ringer’s solution. Two-tenth ml. of a 1073
dilution was inoculated into each tube, with the subsequent addition of 1.8 ml.
culture medium,

as cumulative time of cultivation in days. IForty passages were
carried out during 352 days, and 1 LDjg, at the 40th passage re-
presented a 107" dilution of the original virus inoculum. IZssential-
ly similar results were obtained with the Hawaiian strain virus (see
Table 9).

Results with the New Guinea C strain virus are summarized in
Table 10. In this case, however, mouse-infective titers of culture
fluid are represented by the highest dilutions causing death of
mice, instead of LDjy,’s. Significant 1.Dy, values could not be de-
termined because of the previously mentioned irregularity in mor-
tality of inoculated mice.

3) Morphological findings:

(a) Uninoculated control cultures:—In uninoculated cultures
usually a continuous sheet of cells was formed. Iiach cell observed
microscopically in the living state had a homogeneous cytoplasm
and a round and homogeneous nucleus with one or two dark
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TABLE 10.

Summary of results of the serial passage of dengue virus of the New Guinea C
strain in trypsinized rhesus kidney tissue culture.

fr | Minimum Dilution of Dilution of Cumulative
1 Passage | infective titer* initial initial inoculum time
| in mouse inoculum by passage and |ol cultivation
| (intracerebral) by passage medium-change in days
1 104 107t 1075 11
2 101 10-5 10-7 25 '
3 I 1076 1079 38
4 ‘ 10—+ ; 10-7 10-12 50
D 104 i 10-8 10-13 65
6 i 10-3 109 1015 74
7 \ 10-3 10-10 | 10-17 81 5
8 103 10-11 10718 92 |
| 9 1073 10-12 10719 100
| 10 10-4 10-13 | 10-21 110
18 1075 10-21 | 10737 176

The initial inoculum was a mouse brain homogenate from the 19th passage.
The material frozen in dry ice was received from Dr. E. H. Lennette. It was
thawed at room temperature. and diluted with Hanks’ balanced sall solution.
Two-tenth ml. of a 1072 dilution was inoculated, and 1.8 ml. of culture mesdium
was added in each tube.

# Iighest dilution causing death of mice. Mortality ratio in mice infected
was characteristically erratic.

¥% No mice inoculated died.
(Reproduced, with partial modification, [rom the Proceedings of the Society
for Experimental Biology and Medicine, vol. 93, 1956.)

nucleoli. The stained preparations exhibited a similar appearance.
Under the phase-contrast microscope mitochondria and round
granules were seen. After incubation at 35°C for 2 weeks or more
certain abnormal appearances developed in some cells of the un-
inoculated cultures. These cells were dark and round, and showed
irregular granulation of the cytoplasm. The majority of them even-
tually became detached from the glass surface. ITowever, the num-
ber of such cells was so small that an almost unbroken sheet of
cells with normal appearance remained throughout the incubation.

(b) Infected cultures:—The culture cells infected with dengue
virus exhibited characteristic degeneration visible under the micro-
scope. LLarly changes were clearly detectable at 5 days to 1 week
after the inoculation of virus. At this time a portion of the cells
assumed a spherical shape and a dark appearance. Soon after the
cells acquired these features, they lost their firm attachment to the
glass surface. At 10 days it was common to see a culture in which
the population of normal-looking cells was reduced by about half
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TABLIS 11,
Parallel titration of dengue virus in mice and in trypsinized rhesus
kidney tissue cultures,
- \"i"“"ﬂ Dilulion of inoculated Iluid
‘ ‘P”ﬁum‘i llli?c‘lllilii'(l - e f LBy | 1Dy,
Type Strain in tissue| mto 10-1 ‘ 102 103 101 10-5 10-6 }
cullure | ' ' ‘ ‘
| - o B ] e T
‘ Aice 3/3 F% 3/3 5/3 1/3 0/3 0/3 103,75
1 Tissue ‘
cultures | 3/3 ## | 3/3 3/3 i 2/3 G/3 0/3 ‘ - | 101.25
L [ Mochizuki ; ‘ | —
| Mice 6/6 6/6 | 3/6 | 2/5 | 15 | 0/5 | 1000 | —
| 30 Tissue | ;
i ' Ccultures | 4/4 ‘ /4 4/4 3/4 0/ ‘ 0/4 ‘ - | 10453
| | | .
| .
Mice 1/3 e 0/3 1/3 \ 0/3 0/3 —
10 Tissue :
, o / je 3| 2.7
9 Wi i cultures | 3/3 ‘ 3/3 0/3 0/3 ‘ 0/3 0/3 | — | 102.5
Guinea G | __..‘ _ | | ‘ |
- Mice 33 | 2/3 0/3 2/3 1/3 0/3 | EEE =
18 Tissue ‘ 1
cultures | 3/3 3/3 2/3 | 0/3 03 | 0/3 — 103
* Inoculum: 0.02 ml. in mice inlracerchrally, and 0.2 ml in tissue cultures

with 1.8 ml. of medium.

B% Numerator indicales number of mice that died showing lypical signs of
infection, or tissue culture tubes showing definite cellular degeneralion; de-
nominator indicates number of mice or tissue culture tubes inoculated.

No LDjq titer calculated. because of irregularity in mortalities.

(Reproduced in part from the Journal of Infectious Diseases, vol. 93, 1956,
and in part from the Proceedings of the Society Tor Experimental Biology and
Medicine, vol. 93, 1936.)

and fine muasses of debris were floating in the fluid phase. Pre-
sumably the alfected cells had been washed off the glass in handl-
ing the tubes and some cells had disintegrated. At 2 weeks only a
relatively sparse population of cells usually remained. Some of
these cells exhibited long, slender strands or dense cytoplasmic
masses, that were also regarded as signs of degeneration. It was
noted that even at 2 weeks after the virus inoculation normal-
looking cells remained in the cellular population. Practically all
cells disappeared after 3 to 4 weeks. This pattern of degeneration
appeared to be compatible with the relatively slow multiplication
of dengue virus as shown in the growth curve experiment. Figures
I to 14 inclusive depict the typical findings observed in control, as
well as infected tissue cultures.

Acta Tropica 16,2 ,1959 1]
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Fig. 1. Dengue-infected rhesus kidney cells in a Porter flask., Ten davs after

inoculation with Mochizuki strain virus. Twenty-third tissue cullure passage.

X150, Some cells are dark and rounded. (Reproduced from the Journal of
Infectious Diseases, vol, 98, 1956.)

Fig. 2. Dengue-infected rhesus kidney cells on a cover slip. Twelve davs after
inoculation with Mochizuki strain virus. Fourlh tissue cullure passage. Zen-
Ker-formol fixation. May-Griinwald-Giemsa stain, 150 About half of the
cellular population is gone. Some of the remaining cells exhibit long. slender
strands, and others include dense cytoplasmic masses. A small number of
normal-looking cells is scen.—Increase ol the virus in this cullure was con-
firmed as follows: Two-tenth ml. of undiluted fluid from the third tissue culture
passage was inoculated into this cullure with the subsequent addition of 1.8 ml.
of lactalbumin medium. Mouse LDj,y of the inoculum was 1035 per 0.02 ml. The
medium was changed every 2 to 4 days, and the resultant dilution of the original
inoculum was 1022 fold by the time of photography. The culture fluid removed
just before the photography showed a mouse LDy, titer of 105.25 per 0.02 ml.
(Reproduced from the Journal of Infectious Diseases, vol. 98, 1956.)

4) Parallel titration in mice and in tissue cultures:

The titers of cultivated virus were compared in mice and in
tissue cultures. The inoculum was 0.02 ml for mice by the intra-
cerebral route, and 0.2 ml. for tissue cultures containing 1.8 ml. of
medium. Examples of the results obtained are shown in Table 11.
In the case of type 1 dengue virus, practically no difference was
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3a

3b

Fig. 3a. Dengue-infected rhesus kidney cells on a cover slip. Fourteen days

after inoculation with Hawaiian strain virus. Ninth tissue culture passage.

Zenker-formol fixation. Mayv-Griinwald-Giemsa stain. X150 —Cellular degenera-
tion. essentially similar to that shown in Fig. 2. is seen.

Fig. 3b. Dengue-infected rhesus kidney cells on a cover slip. Fourteen days after
inoculation with Mochizuki strain virus. Twenly-sixth lissue cullure passage.

Zenker-formol fixation, May-Griinwald-Giemsa stain. 2230 Dense cvloplasmic
masses are included in some of the cells.
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Fig. 4. Uninoculated rhesus Kidney cells. Twelve-day culture on a cover slip,
observed with a phase contrast microscope. > 450, —ach cell has a smooth
contour. The nucleus is round or oval, and has one or two nucleoli. The cyto-
plasm conlains a number of mitochondria and granules which are of regular
shape and are arranged regularly (n: nucleus; m: mitochondria).

noted between the titers in mice and in lissue cullures. In the lim-
iled experiments with the type 2 dengue virus, a discrepancy in
the titers was lound: the highest dilulion ol culture fluid. that
raused death ol mice, was higher than that producing definite de-
generation of tissue culture cells. However, the infection of tissue
cultures by the type 2 dengue virus appeared lo be regular.

o) Neutralization tests:

The cultivated viruses were neulralized by the anti-dengue im-
mune rabbil serum. The neutralization was demonstrated in par-
allel tests with mice and tissue cultures, as tabulated in Table 12.
Figure 15 illustrates a culture to which virus and immune serum
were added. No degeneration is seen. IFigure 16 shows the control
culture to which virus and non-immune serum was added. A mark-
ed cellular degeneration developed. These resulls were considered
to present clear evidence for the identificalion of the tissue-cul-
tured virus as dengue virus.

Positive neutralization was observed in the combination of virus
and its homolypic serum, but not in the combination with hetero-



Fig. 5. Dengue-infected rhesus kidney cells on a cover slip, observed with a

phase contrast microscope—Twelve days after inoculation with Mochizuki

strain virus. Twenly-second tissue culture passage. X 450.—The contour of cell

is irregular, and slender strands are projected. The eytoplasm conlains a number
of irregular granules.

Fig. 6. Dengue-infected rhesus kidney cells on a cover slip, observed with a

phase contrast microscope.—Fourteen days after inoculation with Mochizuki

strain virus. Twenty-second lissue culture passage. > 450.—The cyloplasm

contains granules of irregular shape and arrangement. Juxtanuclear inclusion-
like structures (indicated by an arrow) are seen.
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TABLIL 12,
Neutralization of type 1 dengue virus cultivated in rhesus Kidney tissue culture:
Parallel tests in mice and in tissue cultures.

‘ Virus lmmune serum!? ‘ Control serum!! ‘
‘ 'Passage Mouse | (Anti-Machizuki) | (Before immunization) |
s i I LDy, | o T ) '
Strain .i‘l‘l . ¢ s Dilution Tresive | Tissue
i Mouse s Mouse i
‘ culture (per 0.02 ml) ‘ culture® | culture?
j o ‘ . — i ‘ | I
| 6 1050 |Undiluted|  0/10 ‘ 08 | 10/10 | 6/s#
- Mochizuki 8 104.0 Undiluted |  0/5 08 53/5 | 8/8 i
| 28 1045 1 1000-fold | 0/7 04| 6/7 75
I i - -
. ) 104.5 Undiluted 0/5 06 5/5 7/7
| Hawaiian o , ‘ - ‘ _ o .
| 8 10525 | 100-fold | 0/7 o5 |l 5/5

! i |

1. Diluted 5 times with 0.1% lactalbumin hydrolysate medium.

2. The culture fluid used for changing medium included 1% of immune or
control serum.

* Two tubes showed nonspecific degeneration.

(Reproduced from the Journal of Infeclious Diseases, vol. 98, 1956.)

TABLIC 13.

Neutralization of type 1 and type 2 dengue viruses cultivated in rhesus kidney
tissue culture: Cross tests in tissue cultures.

Serum! ‘

‘ Virus
| 1Dy, [ Dilution of Anti- Anti- |
IPassauve . £ b - 5
Wi i s 1 for tissue infected Mochi- New . .
| Type Strain m lissue [ o - 5 . Lontrol?
culture lissue cul- | zuki | Guinea ()

| culture ] e mm N |
(per 0.2ml) | ture [uid | imimune | oimmmune

i I Mochizuki 43 ‘ 105.0 ‘1(){)—1'()l(l | 0/5% | 55

5945
| : | i ‘ o |
Cawaiian 25 C 10525 1100-fold | 0/5 ST 515 ‘
2 | New Guinea € 18 103.25  Undiluted Dih FH 05 | BYE)

I. Diluted 1:5 with 0.1%0 lactalbumin hydrolysale medium. Aliquots of this
were mixed with equal volumes of virus suspension.

2. Taken before immunization from a rabbit used for immunizalion against
New Guinea ( strain virus.

* Numerator indicates number of tissue culture tubes showing definite de-
generation; denominator indicates number of lissue culture tubes inoculated.
The culture fluid used for changing medium included 1% of immune or con-
trol serum.

¥ Degeneration of tissue cultures inoculated with a mixture of type 2 virus
and anti-tvpe 1 serum was milder than that seen in the control cultures exposed
to tvpe 2 virus and non-immune serum.
(Reproduced from the Proceedings ol the Society for Experimental Biology
and Medicine, vol. 93, 1956.) |
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typic serum. Examples are shown in Table 13. In these limited
observations it appeared that the cellular degeneration produced
by type 2 dengue virus mixed with anti-tvpe 1 immune serum was
a little milder than that produced by the same virus exposed to
the control non-immune serum.

F. Dengue Virus in Culture of Trypsinized
Human Kidney Cells.

A single experiment was carried out, in which cultures of tryp-
sinized human kidney cells were inoculated with dengue virus.

The kidney was excised from an adult diagnosed as suffering
from a kidney tumor. Unaffected parts of the kidney were em-
ployed. The preparation and incubation of cultures, and constit-
uents of the culture medium, ete., were the same as described pre-
viously with rhesus kidney tissue.

Three of the cultures were inoculated with 0.2 ml. of undiluted
fluid from trypsinized rhesus kidney tissue cultures infected with
the Mochizuki strain of dengue virus, 27th tissue culture passage.
One and eight-tenths ml of 0.1% lactalbumin hydrolysale medium
was added to each tube. The mouse-intracerebral LLD;, of the in-
oculum was 104 per 0.02 ml. The cultures were incubated at 35°C
in the stationary state, and half of the fluid phase was replaced
every 2 or 3 days. Conlrols consisted of 2 cultures treated the same
as the infected ones, but not exposed lo any inoculum. As anolher
control, 7 tubes of rhesus kidney lissue cultures were inoculated
with the same balch of virus.

At given periods following the inoculation of virus, portions of
the culture fluid were harvested and assaved for viral content. The
results obtained are shown in Table 14, There was no definite ev-
idence that dengue virus multiplied in the trypsinized human kid-
ney tissue cultures. although the virus remained active in the cul-
ture medium for at least 15 days.

Culture fluid harvested 12 days after inoculation was used lor
neutralization test. It was shown from the results that, of 7 mice
injected intracerebrally with a mixture of the undiluted culture
fluid and the anti-dengue immune rabbit serum, all survived,
while 6 mice died in the control group consisting of 7 mice inject-
ed with a mixture of the same [luid and the control non-immune
serum.

Cells in the inoculated human kidney tissue cultures exhibited
no signilicant changes during 15 days after the virus inoculation.
It was noled that separation of cells in the control uninoculated
cultures subjected to the relatively prolonged incubation was more
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distinct in the human kidney tissue cultures than in the rhesus
kidney tissue cultures. It was not known whether this finding was
due to an effect of the lactalbumin medium on the human kidney
ceils or to the fact that the cells originated from a tumor-bearing
kidney, or was unrelated to either of these lactors.

TABLE 14

Mortality ratios of mice inoculated intracerebrally with culture fluid
from dengue-inoculated human kidney tissue cultures.

|
‘ P . | Tissue culture incubation period 1n days
Dilution of

culture fluid

2 1 ‘ 7 | 10 | g 15 ;

) - ] . :
10-1 3/3 3/3 3/3 - 303 } 33 33
10-2 3/3 3/3 3/3 3/3 205 273

103 3/3 | 3/3 1/3 0/3 | 1/3 0/3 ?
10-1 3/3 | 3/3 | 0/3 (/3 0/3 0/3

10- 0/3 0/3 ‘ 0/3 ‘ 0/3 ‘ 0/3 0/3 ‘

: | e I ‘ o ‘

[.D5, 1015 10405 102.75 102.5 102.5 102.25

(per 0.02 mlL) ; | . |

Three of the cultures were inoculated with 0.2 ml. of undiluted fluid from
trypsinized rhesus kidney tissue cullures infected with the Mochizuki strain
virus, 27th tissue culture passage. One and eight-tenth ml. of culture medium
was added to each culture tube. Mouse-intracerebral D5y of the inoculum was
1015 per 0.02 ml.

# Neutralization tests were performed in mice. and the virus was idenlified
as dengue.

Figs. 7-10 inclusive, Serial pictures showing a sequence of changes in one un-

inoculated rhesus kidney tissue culture.—The culture was incubated in the

stationary state at 33°C. and the fluid phase was replaced by half volume
every 24 hours. Observation in sifu. ><X32.

Fig. 7. Two dayvs after the beginning of observation. No degeneration is seen.

Fig. 8. Four davs after the beginning of observation. No degeneralion is scen.

Fig. 9. Nine davs after the beginning of observation. No degeneralion is seen.

Fiy. 10. Fourleen days after the beginning of observation. The cellular sheet
has a few circular holes, where some cells have delached.

Figs. 11-14 inclusive. Serial pictures showing a sequence of changes in one

dengue-infected rhesus Kidney tissue culture.—Two-tenth ml. of culture fluid

from tissue cultures infected with Mochizuki strain virus, J4th tissue culture

passage, was inoculated into tube, and 1.8 ml. of 0.1%¢ lactalbumin hvdrolysate

medium was added. The culture was incubated in the stationary state at 35°C,

and the fluid phase was replaced by half volume every 24 hours. Observation
in situ. X 32.

Fig. 11. Two davs after lhe virus inoculation. No apparent degeneralion is seen.
Fig. 12. Four davs after the virus inoculation. The culture cells show no definite
change allributable to the infection.

Fig. 13. Nine dayvs after the virus inoculation. Some cells are dark and rounded;
some have detached from the cellular sheet.

Fig. 14. Fourteen days after the virus inoculation. An almost complete degenera-
tion has taken place. Stll a small number of cells looks apparently normal.
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In contrast to these observations, the inoculated rhesus kidney
tissue cultures showed marked degeneration 9 days after virus in-
oculation. Culture fluid harvested at that date was found to contain
102 mouse-LD;,’s of virus per 0.02 ml. Six days later the major-
ity of the cell population had disappeared.

G. A Cytopathogenic Agent Recovered from an Uninoculated
Rhesus Kidney Tissue Culture.

During the experiments with trypsinized rhesus kidney tissue
cultures, a cytopathogenic agent of unknown origin was encounter-
ed. It was originally found in one of 4 uninoculated tubes used as
controls. The first sign, which was noted 7 days afler the begin-
ning ol incubation, was a small circular hole devoid of cells in a
continuous cellular layer. Surrounding this clear area was a zone
of abnormal cells with numerous cyvtoplasmic vacuoles ol various
sizes. On the 8th day lhe discrete area had increased in size and
became more distinet. Some of the surrounding cells appeared ta
have fused and formed a syncitial multinuclear structure. In the
others the cvtoplasm had been replaced with huge vacuoles. Thus
the general view ol Lhe area looked like a collection of foam.

A subcullture was made [rom the tube by transferring 0.2 ml. of
the undiluted culture fluid to 5 new tubes with the subsequent ad-
dition of 1.8 ml. of medium to each tube. IXight passages were car-
ried out in the same manner at intervals of 6 1o 10 days, using 3 to
5 tubes for each passage. Inoculation of culture cells grown in

I'ig. 15. Rhesus kidney tissue culture. inoculated with a mixture of Mochizuki
slrain dengue virus, 8th tissue cullure passage, and immune rabbit serum.
Illeven davs after the inoculation of virus-serum mixlure. Zenker-formol fixa-
tion, Mav-Griinwald-Giemsa stain. >130.—No apparent degenceration is seen.

The culture fluid was changed by half volume every 2 or 3 days wilh medium
containing 1% of the immune serum.— The picture is nol well-focused, hecause
this is taken of a stained culture in a test tube filled with xylol. However. the

normal cell shapes and fully intact sheel of cells are shown.

Fig. 16. Rhesus kidney lissue culture, inoculated with a mixture of dengue virus,

the sume batch used for Figure 15, and control non-immune serum. Eleven days

after the inoculation of virus-serum mixture. Zenker-formol fixation, Mav-Griin-

wald-Giemsa stain, <130—A marked cellular degeneration has taken place.

The culture fluid was changed by half volume every 2 or 3 davs with medium

including 1% of the control serum.—The photograph is not in clear locus for
the same reason stated for Figure 15,

Fig. 17. Rhesus Kidney cells grown on a cover slip and infected by an un-
identified evtopathogenic agent obtained from an uninoculated culture of vhesus
Kidney cells. Ten davs after inoculation. Second passage. Zenker-formol fixa-
tion, May-Griinwald-Giemsa stain. X200.—Some cells are multinuclear, or con-
tain vacuoles of various sizes. The remaining cells are apparently normal.—
(Reproduced from the Journal of Infectious Diseases, vol. 98, 1956.)
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Porter flasks or on cover slips in Leighton tubes were also per-
formed. In every inoculated cullure, the same morphological
changes were found. The clear areas usually became 1 to 3 mm. in
diameter 7 to 10 days after the inoculation, and were easily ob-
served with the naked eye. In some cases they merged to form a
larger hole. Cells nol immediately adjacent lo such areas were ap-
parently normal at that time. However, the whole cellular layer
underwent degeneration after 2 to 3 weeks. I'igure 17 shows an
example of the typical findings.

Neither bacterial nor fungal growth were found in bacterio-
logical culture media inoculated with the culture fluids from these
tubes.

Undiluted culture fluid from the 7th passage, injected intra-
cerebrally into 2-week-old white mice, did not cause death or
specific signs of illness during a 4-week observalion period.

Results of a single experiment indicated that at the 7th passage
there were 1027 1Dy, for tissue cullure of this agent per 0.2 ml. on
the basis of cellular degeneration observed at 1 week after the
inoculation.

The eytopathogenicity of this agent was not affected by being
mixed with the anti-dengue immune rabbit serum, as shown in
Table 15. No anligenic relationship was detected, therefore, be-
tween this agent and dengue virus.

[t is curious that. so lar as the present observations are concern-
ed. this agent has been encountered much more frequently in un-
imoculated conirol cullures than in the dengue-inoculated cultures.

TABLL 15.

Action of dengue-immune and control serums upon an unidentified cytopathic
agent recovered from rhesus Lidney tissue culture.
Degeneration

| in lissue culture? |

ITnoculum!

"l

-
-

Agent plus Dengue-immune serum ?

Acent plus Control serum 5D
Agent only alo
Control (withoul agent nor serum) 0/3

L Unidentified cytopathic agent: 7th tissue culture passage, diluted 10-fold
with lactalbumin hyvdrolvsate medium. Serum: diluted 50-fold with lactalbumin
byvdrolvsate medium. Procedures of inoculation were the same as those of
neutralizalion tests with dengue virus.

2 Numerator indicates number of tissue culture tubes showing characleristic
degeneration; denominator indicates number of tissue culture tubes inoculated.
The judgement was based on observations made 1 week after the inoculation.

3 Anti-tvpe 1 dengue rabbitl serum.
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I'rom one tube which showed signs of concomitant infection with
this agent and dengue virus, the culture fluid was transferred to
new cultures, and serial transmissions were carried out. From the
second to fourth subcultures the degeneration pattern exhibited
both the large vacuolated multinuclear cells induced by this agent
and the small round dark cells associated with dengue infection.
After the fifth subculture, however, the affected cells showed only
changes similar (o the original dengue infection. Mouse-infectivity
tests wilh the undiluted culture fluid from these tubes indicated
that dengue virus was retained throughout the subcultures. It ap-
peared that this agent might have been excluded by dengue virus.

No agent similar to this was found by the present author in the
rhesus testicular tissue cultures or in the human kidney tissue cul-
fures.

IV. Discussion.

Testicular and renal lissues from rhesus monkeys were found
to differ in their capacily to support the in vitro growth of mouse-
adapted dengue virus.

It was shown that dengue virus of the Mochizuki strain sur-
vived in the testicular lissue cultures for a relatively long period
of time, whereas it disappeared completely within a few days from
culture medium lacking cells. In experiment Il described in Sec-
tion C of Chapter LI, the successive changes of culture fTuid result-
ed in a dilution of the original virus inoculum bevond the original
LD, titer by the 42nd day. Virus was still present 3 weeks later in
spite of further medium-changes and resultant dilution of the
original inoculum. Nevertheless, it was uncertain as lo whether the
rhesus lesticular tissue cultures supported multiplication of dengue
virus. No definite morphological change was noticed in explaals
ol the [ibroblastic cells after the inoculalion of virus. Active virus
could nol be delected after a few passages through tissue cultures.
It remains uncertain whether this reflected the actual disappear-
ance of virus or was the result of a change of the virus to reduced
virulence for mice. It may be pointed out in this connection thal
mice which survived after inoculation of the culture fluid from
which no active virus was detected, were shown to be as suscepl-
ible to dengue virus as untreated mice of the same age (see Table 3
and Table 4b). Although no quantitatively controlled data were col-
lected in these observations, il was probable that the mice sur-
viving after the inoculation of culture fluid had no immunity to
dengue virus. These results suggest thal during the serial trans-
missions through rhesus testicular tissue cultures dengue virus
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actually disappeared. It is difficult to understand the cell-virus
relationship that would result in survival of virus without multi-
plication for weeks in the presence of cells in an environment in
which it would become noninfeclive in a few days in the absence
of cells. This seems to have been the case.

In contrast to the results with testicular tissue, it was evident
that dengue virus propagated in tissue cultures consisting of tryp-
sinized rhesus kidney cells. The evidence was unequivocal from
the results of the growlh curve experiment, as well as of the serial
subcultures. Similar results were obtained with representative virus
strains of the two known antigenic tyvpes of dengue. Reasons for
the difference between testicular and kidney cells in their capacity
of supporting viral growth remains unsolved. The problem as to
whether the difference was due to a difference of culture methods,
or resulted from intrinsic properties of the lesticular and kidney
cells, warrants further studies. It was noted that dengue virus
multiplication produced a cytopathogenic effect in rhesus kidney
lissue cultures embedded in chicken plasma clot.

In view ol the apparent suitability of the epithelial cells from
rhesus kidney for propagating dengue virus, il appeared of inter-
esl to investigate the possibility of using human kidney tissues
for dengue research. In a single experimentl, however, the evidence
that dengue virus multiplies in tissue cultures of trypsinized human
Kkidney cells was equivocal. According to observations by many
investigators (VAN ROOYEN and RHODES, 1948: SABIN, 1952), dengue
infection ol rhesus monkeys is usually mild (so-called inapparent
infection) while clinical signs of human dengue, including renal
involvement, are more severe. With polioviruses a discrepancy be-
tween in vitro and in vivo multiplication has been shown (EVANS
et al., 19540 KaprLan, 1955). It has also been demonstrated, that,
although cultures of kidney tissue of the primates generally can
support the growth ol poliovirus well, kidney cells from a partic-
ular species of ape lack such capacity (BARSKI et al., 1954 JEZIEK-
SKI, 1955: KApLaN, 1955). The results with dengue virus may be
correlated essentially with these findings with polioviruses, and
would appear to suggest specific cellular affinity for a particular
kKind of virus.

The dengue infection of rhesus Kkidney lissue cultures was
unique in its slowness of progress. It was necessary to continue
cultivation at least 3 weeks in order to observe the full effect of
dengue virus upon cultured cells. A medium suitable for prolonged
maintenance of cultures was required, and frequent replacement of
the medium was needed. It is likely that many unsuccessful at-
tempts to cultivate dengue virus in tissue cullure systems in the
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past (including the present author’s own experiences) might have
been due to situation where the cultured tissues had undergone
non-specific degeneration before the multiplication of virus could
be elfectively initiated.

The tissue-cultured rhesus kidney cells exhibited degeneration
following exposure to virus. Association of the cellular degenera-
tion with the infection of dengue virus was indicated by several
lines of evidence. Parallel titrations in mice and in tissue cullures
showed that in general the minimal infective dose of type 1 virus
for mice was approximately the minimal amount that would cause
degeneration ol inoculated tissue cultures. The suppression of cyto-
pathic effect by the antiserum paralleled its capacity to protect
mice from infection. With type 2 virus some discrepancy was noted
between the titers in mice and those in tissue cultures. However.
this was due to the well known irregularity of infection in mice
with certain strains of dengue virus such as the type 2 strain used
in these studies. Suppression of cellular degeneration by the spe-
cific antiserum was clearly demonstrated in the case of both type 1
and type 2 viruses.

The morphological changes visible under a microscope with the
lower magnilications were first clear at 5 to 7 days after the inocul-
ation of virus. It took 3 to 4 weeks until whole cellular populations
were virtually destroved. In the growlh curve experiment it was
noted that maximal titers of virus were found in the tissue culture
[Tuid at about 7 to 10 days when apparent degeneration was begin-
ning to occur. Therefore, the possibility that much virus was re-
leased from infected culture cells prior to development of obvious
degeneration must be considered. It should be stated in this connec-
tion that some uninoculated control cultures showed a certain ab-
normal appearance after a prolonged incubation lasting 3 weeks
or more. Ilowever, the changes seen in the control cultures were
relatively limited and never equaled the widespread destruction
of cells observed invariably in the infected cultures.

[t is important to realize that, in the experimental system used,
degeneration of fairly large numbers of cells may go unnoticed.
As long as there is an essentially continuous sheet of cells on the
glass surface, an observer may consider the population undimin-
ished. Reproduction of cells might compensate for loss of a sub-
stantial number of infected cells, and the culture might still be re-
garded as showing no definite signs of damage. It is not possible
al the present time to state whether the virus detected in the early
stage of infection resulted from release of virus {rom infected, but
morphologically normal, cells, or from virus liberated by degen-
erating cells,
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Morphological studies were based on three techniques. Besides
the routine direct microscopic observations of test tube cultures,
fixation and staining and phase contrast microscopy were perform-
ed with the coverslip cultures. Cytological changes, including gran-
ulation or constriction of the cytoplasm, formation of long, slender
strands or dense, cyloplasmic masses, etc., were observed in some
detail. Although these observations were not made with a single,
particular cell by a time-lapse cinematographic method (BARSKI
et al., 1955), nor in correlation with the release of virus from single
ceils (LWOFF et al.,, 1955), the changes observed by the present
author appear to be of similar nature to those described by other
investigators with either monkey kidney or HeLa cells infected by
polioviruses (KLONE, 1955; HARDING et al.,, 1956; DUNNEBACKE,
1956; REIssiG et al., 1956). This suggests that these cytological
alterations may represent a pattern common to infections of tissue
cultures by certain viruses.

In the neutralization tests it appeared that a partial neutraliza-
tion by heterologous antibody may have taken place, since the
cellular degeneration in rhesus kidney cell cultures exposed to the
mixture of type 2 virus and anti-type 1 immune serum was milder
than the degeneration produced by the same virus mixed with
control non-immune serum. The neutralization was complete only
when performed with homologous serum. It has been found by
means of hemagglutinin-inhibition tests that type 1 and type 2
dengue viruses show a cross-reaction, and also are related to cer-
tain other kinds of viruses (SWEET and SABIN, 1954; CAsALSs and
BrowN, 1954; CASALS, 1957). These results warrant further study
regarding the antigenic relationships of prototypes of dengue.

The cytopathogenic agent recovered from cultures of kidney
cells from an apparently normal rhesus monkey caused no con-
fusion, as it was distinguished clearly from dengue virus. This
agent was not infective for 2-week-old white mice by the intra-
cerebral route, and it was not neutralized by the specific anti-
dengue immune rabbit serum. Moreover, the appearance of the cells
affected by this agent was quite different from the changes in-
duced by dengue virus. Recovery of agents of cytopathogenic char-
acter from uninoculated tissue cultures was reported (ENDERS and
PEEBLES, 1954; RUSTIGIAN et al., 1955). Recent data showed that
cytopathic “simian” agents are encountered not infrequently (HULL
et al., 1956). The agent recovered by the present author is prob-
ably in the same category as the agents reported by previous in-
vestigators. '

Strains of dengue virus used in the present study were mouse-
adapted. In view of the difficulty of isolating dengue virus from
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natural sources by inoculation of mice, trials to isolate it with
tissue cultures should be undertaken. Recovery of new strains, or
even of new type(s) of dengue virus may be expected.

Cultivation of virus in tissue culture also may make possible
the development of sublines that presumably represent mutants
from the parent virus. Such mutants are of fundamental interest,
and, in addition, may be of practical value in developing measures
for preventive immunization.
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Résumé,

Des recherches ont été faites pour savoir si du virus de la Dengue adapté
a la souris est capable de se multiplier dans des cultures de tissu du singe
Rhesus. Dans une autre expérience on a étudié le comportement de ce virus
inoculé a des cultures de cellules provenant d’'un rein humain contenant une

tumeur.
' Le type 1 de la souche Mochizuki du virus de la Dengue peut étre maintenu
a Détat actif pendant au moins 11 semaines dans des cultures de tissu testicu-
laire de Rhesus inclus dans du plasma de poulet, incubé a 35° C. dans un dis-
positif & « roller-tubes ». La méthode appliquée ne permet pas de déterminer
si l'inoculat initial persiste simplement ou si une certaine multiplication du
_ virus intervient.

Dans des cultures de cellules rénales de Rhesus, traitées a la trypsine,
s’accroissant sur une surface de verre et incubées a 1’état immobile a 35° C.,
le virus de la Dengue type 1 (souche Mochizuki et hawaienne), ainsi que celui
du type 2 (souche Nouvelle Guinée C) se multiplient. La multiplication observée
dans ces conditions de culture est relativement lente, comparée avec celle
d’autres virus. On a pu maintenir la souche Mochizuki & travers 40 passages
de cultures de tissu pendant 352 jours, la souche hawaienne a travers 26 pas-
sages pendant 232 jours et la souche Nouvelle Guinée C & travers 18 passages
pendant 176 jours. La contagiosité pour la souris a été démontrée a I'aide de
solutions de cultures représentant les dilutions suivantes : 10~7* pour I'inoculat
de la souche Mochizuki, 1073 pour celui de la souche hawaienne et 10~* pour



Hotta, Propagation of Dengue Virus in Tissue Culture 149

celui de la souche Nouvelle Guinée C. Le virus a conservé sa virulence pour
la souris a travers tous les passages de cultures de tissu.

Les cellules rénales Rhesus infectées ont montré 4 'examen microscopique
in situ, ou aprés coloration, des dégénérescences caractéristiques. Dans le cas
du virus du type 1, on note un parallélisme évident entre la dégénérescence
et la contagiosité pour la souris. On peut démontrer aussi que la dégénérescence
et la contagiosité sont inhibées simultanément par des antiséra de lapins im-
munisés avec du virus de la Dengue, provenant de passages sur souris. La
suppression de la dégénérescence est compléte aprés application du sérum
homologue, tandis que le sérum hétérologue ne produit qu'une neutralisation
partielle.

I1 semble établi que le virus de la Dengue, souche Mochizuki, se multiplie
et produit des dégénérescences cellulaires typiques, lorsqu’il est cultivé a 37° C.
sur du tissus rénal Rhesus dans du plasma de poule dans un dispositif a
« roller-tubes ».

Dans une seule expérience, comprenant I'inoculation du virus de la Dengue
a des suspensions de cellules rénales humaines (suspensions effectuées a 'aide
de trypsine), I'auteur n’a pas obtenu de multiplication certaine du virus. Le
pouvoir infectieux du liquide de cultures diminue progressivement au cours
des 15 premiers jours de culture.

On a réussi a isoler un agent cytopathogéne a partir de tissue rénal Rhesus
non inoculé. Cet agent peut étre distingué du virus de la Dengue du point de
vue histologique et immunologique.

Zusammenfassung.

Es sind Versuche durchgefiihrt worden, um die Vermehrungsfihigkeit von
miuse-adaptiertem Dengue-Virus in Gewebekulturen von Rhesusaffen zu unter-
suchen. Zusiitzliche Versuche betrafen die Ziichtung dieses Virus auf Gewebe-
Explantaten aus einer tumorhaltigen menschlichen Niere.

In Rhesus-Hodengewebekulturen, die in Hithnerplasmagerinnsel eingeschlos-
sen in einem «Rollertube»-Apparat bis 35° C bebriitet wurden, lieB sich der
Dengue-Virus Typus 1 des Mochizuki-Stammes wihrend mindestens 11 Wochen
in aktivem Zustand erhalten. Es war bei der verwendeten Methode nicht zu
entscheiden, ob lediglich das Original-Inokulat persistierte, oder ob eine be-
schrinkte Vermehrung des Virus stattgefunden hatte.

In Trypsinbehandelten Rhesus-Nierenzellkulturen, welche direkt auf Glas-
platten geziichtet und stabil in 35° C bebriitet wurden, vermehrten sich sowohl
das Dengue-Virus Typ 1 (Mochizuki und hawaiianischer Stamm) als auch Typ 2
(Neuguinea C Stamm). Unter den gewihlten Bedingungen war die Vermehrung
relativ langsam im Vergleich zu anderen Viren. Es konnten gehalten werden
der Mochizuki-Stamm iiber 40 Gewebekulturpassagen wihrend 352 Tagen, der
hawaiianische Stamm iiber 26 Passagen wihrend 232 Tagen und der Neugui-
nea C Stamm iiber 18 Passagen wiihrend 176 Tagen. Die Infektivitit fiir Miuse
wurde gepriift mittels Gewebekulturaufschwemmungen in folgenden Verdiin-
nungen: 10~ fiir das Inokulat des Mochizuki-Stammes, 10-5! fiir dasjenige
des hawaiianischen und 10~*2 fiir dasjenige des Neuguinea C Stammes. Es zeigte
sich, dal das Virus seine Infektivitat durch alle Gewebekulturpassagen hin-
durch beibehielt.

Infizierte Rhesus-Nierenzellen zeigten bei mikroskopischer Priifung in situ
oder nach Firbung charakteristische Degenerationserscheinungen. Im Fall des
Typus 1 zeigte sich ein klarer Parallelismus zwischen dieser zelluliren Degene-
ration und der Infektivitit gegeniiber Miusen. Degeneration und Infektivitit
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konnten gleichzeitig verhindert werden durch Antisera von Kaninchen, die mit
Dengue-Virus aus Miusepassagen immunisiert worden waren. Die Unterdriik-
kung der Degeneration gelang vollstiindig mit homologem Serum, mit hetero-
logem war nur eine partielle Neutralisierung moglich.

Es darf als wahrscheinlich angenommen werden, daB sich das Dengue-Virus
des Mochizuki-Stammes vermehrte und Zelldegeneration hervorrief, wenn es
auf Rhesus-Nierengewebe unter Hiihnchenplasmagerinnsel bei 35° C in einem
«Rollertube»-Apparat geziichtet wurde.

In einem einzigen Versuch, bei welchem Dengue-Virus auf mit Trypsin auf-
geschwemmte menschliche Nierenzellen inokuliert wurde, konnte eine Ver-
mehrung des Virus nicht einwandfrei festgestellt werden. Der infektiose Titer
der Kulturlésung verminderte sich zunehmend wihrend 15 Tagen nach der
Inokulation.

Aus nicht inokulierter Rhesus-Nierengewebekultur konnte ein cytopatho-
genes Agens isoliert werden, welches biologisch und immunologisch vom
Dengue-Virus unterschieden werden konnte.
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