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Abstract. Cultured Aedes albopictus mosquito cells were infected at optimal (28°) and
suboptimal (20°) temperatures with dengue virus type-3 at multiplicities of infection of 2.0

and 0.01. Extracellular and intracellular virus

titers were determined over an interval of 6

weeks by fluorescent focus assay using hyperimmune mouse ascities fluid as a source of
antibody. Upon infection at a multiplicity of 2.0, cultures at 28° reached peak virus titers in 3
days, while cultures at 20° required 14 days. At a lower infection multiplicity of 0.01, peak
titers were reached in 5 days at 28°, but required 3 weeks at 20°. Viral titers maintained after
the peak was reached were the same at both infection multiplicities and temperatures tested.
At both 28° and 20° A. albopictus cultures became persistently infected with 20—30% of the
cells containing immunofluorescent cell-associated viral antigen. These results indicate that
the time required to reach peak infectious virus titers for dengue-3-infected A. albopictus
cell cultures is temperature dependent. In contrast, the viral titers maintained after the peak
was reached, the release of virus from infected cells, and the establishment of persistent

infection were the same at both 28° and 20°.

Dengue virus is a group B togavirus
which replicates in, and is transmitted by
mosquitoes of the Aedes genus. Dengue
virus also replicates in cultured cells of
various Aedes species (1, 2). Because of the
worldwide distribution of this virus and it’s
association with epidemics of dengue fever
in man in the western hemisphere (3), an
understanding of the regulation of dengue
virus replication in mosquitoes or cultured
mosquito cells is important. One factor
known to affect the replication of dengue
virus in live mosquitoes is low ambient air
temperature. Air temperatures from 18 to
25°, which are well within the temperature
range for survival of Aedes species, can in-
hibit dengue virus replication and transmis-
sion in laboratory-reared mosquitoes (4, 5),
a phenomenon originally reported for yel-
low fever virus (6, 7) and additionally dem-
onstrated for other arboviruses (5, 8, 9).
Detailed studies of the exact mechanism of
this temperature-dependent regulation of
viral replication, however, have not been
done in live mosquitoes. In reported studies
on dengue virus replication in cultured
mosquito cells the incubation temperatures
of choice have been 28°-30° (1, 2, 10—12)
and 37° (10). No information is available on
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the effect of incubation temperatures below
28° upon the replication of dengue virus or
any other group B togavirus, although in
nature, mosquitoes are frequently sub-
jected to temperatures below 28°. In this
investigation we have compared the course
of a dengue virus (type-3) infection in cul-
tured A. albopictus (A. alb) cells at their
optimal incubation temperature (28°), and
at a suboptimal temperature (20°). Specifi-
cally, we have determined the effect of the
suboptimal incubation temperature upon
infectious virus output, release of virus
from infected cells, development of im-
munofluorescent cell-associated viral
antigen, and growth rates of infected cul-
tures.

Materials and Methods. Virus. Dengue
virus type-3 (Caribbean stain PR-6, mouse
brain passage 6) was obtained from Philip
Russell (Walter Reed Army Institute of Re-
search, Washington, D.C.). Virus stocks
were prepared and passed in suckling
mouse brain (SMB) by standard procedures
(13), and stored as a 20% SMB suspension
in 0.05 M borate-buffered saline, pH 9.0,
at —70°.

Cell cultures. Baby hamster kidney cells
(BHK-21) were grown in Eagle’s miminal
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essential medium (MEM) (Flow Laborato-
ries, McLean, Va.) containing 10% tryptose
phosphate broth, 10% fetal bovine serum,
50 units/ml penicillin, and 50 pg/ml strepto-
mycin. Cultures were maintained at 37° in
a humidified, 5% CO, atmosphere. A. alb
cells were obtained from the American type
culture Collection (No. CCL-126). These
cells were conditioned to grow in A. alb
medium: MEM containing 10% Mitshuhashi
and Maramarosch medium (14) 16 mM N-2-
hydroxyethylpiperazine-N",2-ethanesulfon-
ic acid (Hepes) buffer, 10% heat-inactivated
(56° for 30 min) fetal bovine serum, 50
units/ml penicillin, and 50 mg/ml streptomy-
cin. Cultures were maintained in humidified
incubator at 28° unless otherwise indicated.

Cell growth curves. A. alb cells were
seeded at 2 X 10° cells/35-mm dish in 2 ml of
A. alb medium and immediately incubated
as indicated. Cell counts from duplicate
dishes were determined using a hemocy-
tometer with cells dispersed in 2 ml of PBS
(0.05 M sodium phosphate buffer, pH 7.4,
0.15 M NaCl) after removal of the original
medium. The media on all cultures during
the course of growth experiments was re-
placed every 2 days.

Viral replication curves. Monolayers of
A. alb cells in 24-well tissue culture plates
were rinsed once with PBS and then inocu-
lated with 0.1 ml of diluted dengue-3-
infected SMB. After absorption for 2 hr at
20°, the cultures were rinsed twice with
PBS, followed by the addition of 1.0 ml of
A. alb medium. Cultures were then incu-
bated at either 20° or 28°, as indicated.

At each interval during the experiments,
medium was removed from duplicate wells,
centrifuged at 2000g for 10 min, and the su-
pernatant stored at —70° until assayed for
extracellular virus titer (EV). For determi-
nation of cell associated virus titer (CAV),
the remaining cells in the wells were rinsed
three times with PBS, removed by vigorous
rinsing with 1.0 ml of A. alb medium, and
stored at —70°. Prior to assay, the samples
were frozen and thawed rapidly three times
in a dry ice—acetone bath, centrifuged at
2000g for 10 min, and the supernatant col-
lected.

Indirect immunofluorescence (IF) stain-
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ing. Antibody to dengue-3 viral antigen for
use in IF staining was prepared in mouse
hyperimmune ascites fluid (HMAF) as de-
scribed by Cardiff ez al. (15), using in-
fected SMB as the immunogen. To re-
duce nonspecific staining the HMAF was
exhaustively absorbed with acetone-fixed,
uninfected A. alb cells. For IF staining,
cells cultured on either glass coverslips or
eight-well tissue culture slides (Lab-Tek,
Miles Laboratories, Napierville, Ill) were
rinsed three times with PBS, and fixed in
cold (—20°) acetone for 15 min. The cells
were then rinsed once with PBS, flooded
with diluted HMAF, and incubated for 45
min at room temperature. After rinsing
three times with PBS, the cells were
flooded with fluorescein-conjugated, rabbit
anti-mouse IgG (Miles Laboratories,
Napierville, I11.) for 45 min at room temper-
ature. After rinsing three times with PBS
the slides were mounted and then examined
using a Leitz Ortholux fluorescent micro-
scope with an HBO 200-W mercury lamp,
BG-38 heat absorbing, BG-12 exciter, and
K-510 suppression filters.

Infectious virus titration. Infectious virus
was quantitated in BHK-21 cells by the
fluorescent focus assay described by
Igarashi (16). Briefly, 0.1 ml of virus sample
was absorbed to a monolayer of BHK-21
cells in an eight-well tissue culture slide for
2 hr at 37°. The wells were then washed
three times with PBS and 0.3 ml of BHK
medium containing 5% fetal bovine serum
was added. After 72 hr of incubation, the
slides were stained using the IF technique
with a 1/40 dilution of HMAF described
above and the number of focus-forming
units (FFU) counted.

Results. Effect of temperature upon viral
replication curves. Cultures of A. alb cells
were inoculated with dengue-3-infected
SMB at a multiplicity of infection (m.o.i.) of
approximately 0.01, and incubated at either
20 or 28°. Media on all cultures was
changed on Day 7. A peak in EV titer of
approximately 7 X 10* FFU/ml was ob-
tained after 5 days at 28° (Fig. 1). After Day
5, virus titers steadily declined until they
reached 2 x 10° FFU/ml on Day 8. Further
change in titer from Day 14 was negligible.
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FiG. 1. Comparison of EV titers after infection of A. alb cell cultures with dengue-3 virus at an
m.o.i. of approximately 0.01, and incubation at either 20° (@) or 28° (O). Virus titers are mean values
from a single experiment. Arrows indicate subculturing of the cells at a passage ratio of 1:4.

In cultures incubated at 20° after inocula-
tion the EV titers steadily declined until
virus was no longer detected on Day 6. By
Day 14 the EV titer increased to 50
FFU/ml.

Cells at both temperatures were subcul-
tured at a passage ratio of 1:4 on Day 14 and
at weekly intervals thereafter, with a
medium change 4 days after each passage.
Although samples were taken only from
confluent cultures, cell counts were per-
formed on parallel cultures to determine the
total number of cells per well at each tem-
perature. These cell counts did not differ by
more than 10%, which is well within the
statistical limits of the hemocytometer
counting technique used. In addition, no
cytopathic effect was detected during daily
observation of the cultures.

From Day 14, the EV titer at 20° steadily
increased and reached a peak at approxi-
mately 21 to 25 days (Fig. 1). The EV titer
maintained at both temperatures for the
remainder of the experiment (Days 25—42)
were approximately the same. The con-
tinued release of infectious EV from the

infected cultures, in addition to the absence
of detectable cell destruction or cytopathic
effect, indicates that persistent infections
were established at both 28° and 20°.

When cultures were infected at a m.o.i.
of approximately 2.0, peak EV titer (5 x 103
FFU/ml) was observed after 3 days at 28°
(Fig. 2). The titers steadily declined there-
after until they reached 1.5 x 10® FFU/ml
on Day 10. At Day 10, the EV titers were
the same at both temperatures. At this time,
on Day 14, and weekly intervals thereafter,
the cells were subcultured as previously de-
scribed. On Day 14, the EV titer at 20°
reached a peak of 2.5 x 10 FFU/ml. Again,
the EV titers maintained at both tempera-
tures were approximately the same for the
rest of the experiment (Days 14—42). In ad-
dition, no cell destruction or cytopathic
effect was detected at this multiplicity, indi-
cating that persistent infections were estab-
lished at both 20° and 28°.

CAV titers were also assayed during this
experiment to determine if the delay in
reaching peak EV titer at 20° was caused by
nonrelease of the virus, resulting in an ac-
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Fi1G. 2. Comparison of EV (solid lines) and CAV (dotted lines) titers after infection of A. alb cell
cultures with dengue-3 virus at an m.o.i. of approximately 2, and incubation at either 20° (@) or 28° (O).
Virus titers are mean values from a single experiment. Arrows indicate subculturing of the cells at a

passage ratio of 1:4.

cumulation of CAV. The CAV titer at 28°
peaked on approximately Day 3. At 20°,
CAV first appeared on Day 6 and steadily
increased through Day 10. After subcul-
turing, the CAV titer reached a peak on
Day 14. CAV titers were approximately the
same at both temperatures for the rest of
the experiment (Days 14—42). In general,
CAV titers were parallel to the EV titers,
but the number of infectious CAV units was
always lower.

Effect of temperature upon cell-as-
sociated viral antigen. Cultures incubated
at either 20° or 28° after infection were sub-
cultured weekly, and examined over a 4-
week period for immunofluorescent cell-as-
sociated viral antigen to determine the frac-
tion of cells containing antigen (Table I).

After infection at a m.o.i. of approxi-
mately 2, viral antigen was detected in 20 to
30% of the cells after 2 days at 28°, and 7
days at 20°. An an m.o.i. of 0.01, at 28°,
viral antigen was detected in less than 1% of

the cells. The fraction of cells containing
antigen increased to 20—30% after 3 weeks.

Effect of temperature upon growth rate
of cells. Cell counts were performed each
time samples were taken during the viral

TABLE 1. EFFECT OF m.0.i. AND INCUBATION
TEMPERATURE UPON THE PERCENTAGE OF CELLS
DEVELOPING IMMUNOFLUORESCENT CELL-
ASSOCIATED VIRAL ANTIGEN IN DENGUE-3 INFECTED
A. albopictus, CELL CULTURES

m.o.i.
2 0.01
Days after

infection 20° 28° 20° 28°

1 0 0 0 0

2 0 20-30 0 <1
3 0 20-30 0 5-10
4 0 20-30 0 20-30
7 20-30 20-30 <1 20-30
14 20-30 20-30 <1 20-30
21 20-30 20-30 20-30 20-30
28 20-30 20-30 20-30 20-30
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growth curve experiments to ensure that
samples were obtained only from cultures
of the same cell density at each temperature
(i.e., confluent cultures). This was done be-
cause subconfluent cultures maintained at
each of the incubation temperatures did not
demonstrate the same cell growth rates
(Fig. 3). The doubling time of uninfected
cultures was approximately 48 hr at 20°,
and 24 hr at 28° during 1 to 4 days after
seeding. Cultures that had been infected for
a period of 8 weeks (eight passages) were
also tested to compare their cell growth
rates with the uninfected cultures at each of
the temperatures. It was conceivable that
viral infection might disrupt necessary cell
metabolic functions, resulting in a de-
creased rate of growth when compared to
uninfected cells. However, the growth rate
of infected cultures did not differ signifi-
cantly from that of the uninfected cells at
either temperature. The cell morphology
over the course of the experiments and the
cell density after 7 days were the same at
both temperatures for both infected and
uninfected cells. Cell counts of cultures
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maintained for more than 7 days at 20° did
not significantly increase.

Discussion. In this study we have dem-
onstrated that incubation of A. alb cell cul-
tures at a suboptimal temperature (20°) after
infection with dengue-3 virus caused a
delay in reaching peak infectious EV titer
when compared to cultures incubated at
28°. This delay was independent of the in-
fection multiplicity (m.o.i. of 2.0 or 0.01),
and was not associated with an accumula-
tion of CAV at 20°. In contrast, after the
peak virus titer was reached, the subopti-
mal incubation temperature did not affect
the amount of infectious virus released into
the culture medium or the establishment of
persistent infection.

A consistent property of most togavi-
rus-infected, cultured mosquito cells at in-
cubation temperatures of 28—30° is an ab-
sence of cytopathic effect and the estab-
lishment of persistently infected cultures
(10, 17—19). Persistently infected cultures
have also been reported for Sindbis virus (a
group A togavirus) at a suboptimal temper-
ature (15°) (20). For dengue virus, an ab-
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FiG. 3. Comparison of growth rates of A. alb cell cultures. Cultures of 2 x 10° cells/35-mm petri dish
of unifected cells (solid lines), and cells persistently infected for 8 weeks with eight passages (dotted
lines), were incubated at 20° (@) or 28° (O). Cell counts are an average of the total number of cells per

dish of duplicate dishes.
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sence of cytopathic effect and persistent
infection in cultured mosquito cells are not
consistently observed at 28°, since cyto-
pathic effect with cell destruction has been
reported (11, 12, 19, 21). In view of these
reports, it was conceivable that incubation
of dengue-infected cultures at a suboptimal
temperature, where viral replication is par-
tially inhibited, could affect the establish-
ment of persistent infection or development
of cytopathic effect when compared to
cultures at 28°. Our results, however, show
that persistent infection occurred with den-
gue virus at both 20 and 28°, since cultures
produced virus for the duration of the ex-
periments and demonstrated persistence of
cell-associated viral antigen. In addition, no
cytopathic effect was observed, and viral
infection did not change the growth rate of
cell cultures, indicating no cell destruction
or major disruption of essential cellular
metabolism.

Another property of togavirus persis-
tently infected cultures is that only a frac-
tion of the cells contain viral antigen (18,
22-25). This fraction can also be variable
(22, 24). The effect of suboptimal incuba-
tion temperature upon the fraction of cells
containing viral antigen, however, has not
been reported for any togavirus persistently
infected culture. Our study shows that the
fraction of cells containing dengue viral
antigen in persistently infected cultures is
consistent (20—30%), and independent of
the incubation temperature (20 or 28°).

The effect of suboptimal incubation tem-
perature upon dengue virus infection in
cultured A. alb cells is consistent with the
findings of others using togavirus-infected
laboratory-reared mosquitoes. Coleman
and McLean (4), and McLean et al. (5) re-
ported that dengue-infected mosquitoes re-
quired an extended incubation period at
temperatures below 80°F (27°C), before
virus could be detected or reached peak
titer. This is consistent with our finding of a
delay in reaching peak virus titer at 20° after
primary infection of cultured mosquito cells
with dengue virus.

In the mosquito, dengue virus infection is
lifelong, productive, and without detectable
effect upon the insect’s health. Incubation
of dengue-infected mosquitoes at subopti-

mal temperature does not affect this out-
come (4). We found an analogous infection
outcome in mosquito cell cultures where
dengue virus infection resulted in the es-
tablishment of persistently infected cell
lines at both 28° and 20°. In addition, the
titers of virus maintained at each incubation
temperature after the cultures became per-
sistently infected were the same. This phe-
nomenon demonstrates that after persistent
infection is established (peak virus titer is
reached) the virus output of infected cul-
tures is independent of the incubation tem-
perature (28° or 20°). Extrapolation of this
result in tissue culture to dengue infection
of live mosquitoes would indicate that in a
persistently infected mosquito, a consis-
tent, transmissible quantity of virus can be
maintained at any temperature allowing
survival of the mosquito.

In conclusion, our results obtained using
dengue-infected A. alb cell cultures sug-
gests that these cultures will be a suitable
model for further study of the effect of tem-
perature upon dengue virus replication in
the mosquito.
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