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Summary. Insect cells (Spodoptera frugiperda) werée cul-
tured in a continuous stirred-tank reactor. The effluent
was led to a cascade of another two reactors, each con-
taining half the volume of the cell-growth reactor,
where the cells were infected with Autographa califor-
nica nuclear polyhedrosis virus. For about 10 days pro-
duction of 107 polyhedra (virus particles embedded in a
protein capsule) per cm® was achieved. This short pro-
duction time compared to previous experiments involv-
ing an analogous system with a single infection vessel
of equal volume to the cell-growth vessel is ascribed to
the accelerated occurrence of the so-called passage ef-
fect (a decrease of infectious virus with time). From the
results of a computer model it was concluded that this
passage effect was accelerated by the change in resi-
dence time distribution as compared to the earlier ex-
periments.

Introduction

Baculoviruses occur almost exclusively among specific
families of insects, in which they are lethal. They offer
an interesting possibility as biological insecticides
(Martignoni 1984). Baculoviruses can also be used as
expression vectors for foreign genes, coding for pro-
teins of medical, pharmaceutical or veterinary impor-
tance (Luckow and Summers 1988).

Two infectious forms of the virus occur: polyhedra,
which are protein capsules in which the rod-shaped vi-
rus particles are embedded, and the non-occluded virus
(NOV) form. Because of their stability polyhedra pro-
vide protection of the occluded virus particles in the en-
vironment. However, in the midgut of larvae they dis-
solve, due to the alkaline conditions, thereby releasing
the virus particles.

NOVs are important for the spread of the infection
in the insect host and in cell cultures. Cells start to pro-
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duce NOVs about 12-14 h after infection, which are se-
creted (ca. 200 NOVs per cell, de Gooijer et al. 1989),
until about 24 h after infection. In a second phase virus
particles, which continue to be produced, are occluded
into polyhedra. This process ends about 48-72 h after
infection when the cell starts to disintegrate.

Baculoviruses are routinely produced on a small
scale using insect larvae (Shapiro 1986). A process
based on this production method is difficult to control
and hard to scale up. It is, however, also possible to
produce baculoviruses in insect-cell cultures. This is a
more promising approach to large-scale production.

The production of Autographa californica nuclear
polyhedrosis virus has been achieved in various cell
lines (see for a review: Weiss and Vaughn 1986). This
production was either batch-wise or semi-continuous.
The replication cycle of baculoviruses offers the possi-
bility of producing these viruses in a continuous system
(Tramper and Vlak 1986). Such a system may consist of
an insect-cell-producing bioreactor and one or more
bioreactors in series (Fig. 1) in which baculoviruses or
recombinant proteins are produced (Tramper et al.
1990).
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Fig. 1a, b. Reactor configurations for continuous baculovirus
production. a Configuration described by Kompier et al. (1988).
b Configuration described in the present study
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The run-time of the system will be limited by the
so-called passage effect (Tramper and Vlak 1986). After
prolonged passage through multiple infection cycles
the infectivity of the virus diminishes, resulting in fewer
polyhedra per cell and an increasing number of polyhe-
dra with abnormal morphology (MacKinnon et al.
1974). These effects become significant after ten pas-
sages and severe when the number of passages is
beyond 25 (Faulkner 1981).

Continuous production of baculovirus has been
shown to be possible in a two-reactor system (Fig. 1a)
for about 1 month (Kompier et al. 1988). Then the num-
ber of polyhedra and NOVs produced per cell and the
fraction of cells containing polyhedra decreased, which
was ascribed to the passage effect. During the pseudo-
steady states of the two experiments described, values
of 26% and 55% were observed for the fraction of cells
containing polyhedra (Kompier et al. 1988).

The most efficient infection of cells occurs in a
plug-flow reactor. Here the residence time does not
show a distribution and can be chosen such that every
cell stays in the reactor during one complete infection
cycle and leaves the reactor before it lyses. This will fa-
cilitate downstream processing. If the infection reactor
in the system as described above is replaced by two
reactors each containing half the volume of the cell-
growth reactor (Fig. 1b), a relatively large step in the
direction of a plug-flow reactor is made.

In this study we report on the continuous produc-
tion of A4. californica nuclear polyhedrosis virus in Spo-
dopiera frugiperda cells in a system consisting of three
reactors (one for growth of cells and two for virus pro-
duction). We observed higher fractions of cells contain-
ing polyhedra, but the running time of the system was
considerably shorter compared to the two-reactor sys-
tem (Kompier et al. 1988). About 2 weeks after the in-
fection started, the production of baculoviruses de-
creased rapidly. By means of a model (De Gooijer et al.
unpublished data) we concluded that the passage effect
was enhanced by the change in residence time distribu-
tion in the virus production part.

Materials and methods

Spodoptera frugiperda cells (Sf-AE-21) (Vaughn et al. 1977) were
maintained in TNM-FH medium (Hink 1970) without egg ultrafil-
trate but supplemented with 10% foetal calf serum and 0.1% (w/v)

methylcellulose. The NOV form of the E2-strain of A. californica
nuclear polyhedrosis virus (Smith and Summers 1978) was used.

The continuous system consisted of one 2-dm?® (working vol-
ume: 1.2 dm?% flat-bottomed fermentor (Applikon, Schiedam,
The Netherlands) to culture the insect cells (reactor 0 in Fig. 1)
and two 1-dm® (working volume: 0.6 dm?) round-bottomed fer-
mentors (Applikon) for production of virus (reactors 1 and 2 in
Fig. 1). The reactors were equipped with marine impellers and air
was passed through 0.2 um filters into the headspace of the reac-
tors at about 10 dm®-h~". The temperature in the reactors was
kept at 28°C. The reactors were separated from each other by
drop formers. To connect the various parts of the system, silicone
tubing and peristaltic pumps were used. The mean residence time
in the insect cell reactor was set to 60 h by adding medium at
20 ¢cm®-h~'. Consequently, the mean residence time in each virus
producing reactor was 30 h.

Three experiments were performed with the set-up mentioned
above. In the first experiment the cell-growth reactor (reactor 0)
was inoculated with cells which had been subcultured 50 times in
tissue-culture flasks. The infection process was started 30 days
after inoculation of the cell-growth reactor. For the second experi-
ment the same uninterrupted cell-growth reactor was used, 92
days after it had been inoculated with cells. The cell-growth reac-
tor for the third experiment was inoculated with cells which had
been subcultured 80 times. Infection was started 40 days after ino-
culation.

To start the infection process, the outlet of the cell-growth
reactor was connected to the infection reactors (1 and 2). Cell sus-
pension (300 cm?®) of the continuously operated cell-growth reac-
tor was pumped into the first infection reactor to allow a good
initial mixing of this reactor. An amount of virus resulting in a
multiplicity of infection (number of infectious NOVs per cell) of
about 2.5x 10~% median tissue culture infective dose (TCIDsp)
units per cell was added to the first infection vessel. About 30 h
after inoculation the cell-growth reactor and then the first infec-
tion vessel became filled. At this point 300 cm® of the cell suspen-
sion of the first infection vessel was pumped into the second in-
fection reactor.

The start-up procedure of the third experiment was slightly
different. The infection reactors were filled as described above,
but virus was added to the first infection reactor when all three
reactors were completely filled and running continuously. The in-
itial multiplicity of infection here was 1 TCIDs, unit/cell.

The production process was monitored almost daily by taking
samples of about 5 cm® from each infection vessel and of about
1 cm? from the cell-growth vessel. The number of cells was deter-
mined microscopically, using an Neubauer haemocytometer. Cell
viability was measured, using the exclusion of trypan blue (0.4%
w/v in phosphate-buffered saline) as indicator.

In the samples of both virus-production reactors the fraction
of cells containing polyhedra was determined. The presence of
polyhedra in the nucleus was assessed using a microscope (mag-
nification 400 x ). To determine the infectivity of NOVs, 4-cm? al-
iquots of the samples were centrifuged (1500 g, for 15 min) and

Table 1. Average values for cell concentrations and non-viable cell fractions, during pseu-

do-steady-state conditions

Experi- Reactor 0 Reactor 1 Reactor 2

ment

no. Cell % Non-  Cell % Non- Cell % Non-
conc viable conc viable conc viable
(10°/cm®  cells (10°/cm?) cells (10%/cm?) cells

1 9.5 3 8.6 18 8.2 46

2 9.4 5 8.2 45 8.1 52

3 10.5 2 11.5-11.22 14 11.5-9.02 38

# No stable value was reached: cell concentration declined slowly



the supernatant was filtered through a 0.45-pm filter. Infectivity
was measured using an end-point dilution method (Vlak 1979).
The pellet was resuspended and lysed (0.1% sodium dodecy] sul-
phate, for 45 min at 43°C) to release the polyhedra. The polyhe-
dra were counted using a Neubauer haemocytometer.

Results and discussion

In Table 1 the average total cell concentration and cell
viability reached in each of the three reactors are given
for each experiment. In Fig. 2 cell concentration and
viability with time are shown for experiment 1. The two
apparent peaks in the graphs of the non-viable cell
fraction in both infection reactors were due to brief
malfunctioning of a pump. The total cell concentration
in both infection reactors during the first two experi-
ments was slightly lower than in the respective cell-
growth reactors (Table 1). Considering the residence
time distribution of the cells, this is probably due to ly-
sis of cells with a long residence time. At the start of the
third experiment cell concentrations in both infection
reactors were higher than in the cell-growth reactor.
Here growth of cells occurred due to the different start-
up procedure. During this run cell concentrations in
both infection reactors decreased slowly. The fraction
of non-viable cells in both infection reactors increased
rapidly about 4 days after infection in all three experi-
ments until it reached a constant value (Table 1). After
about 18 days the non-viable cell fraction slowly de-
creased in both reactors.

To assess how efficiently the cells were infected, we
determined the fraction of cells containing polyhedra
with time. In Fig. 3a this fraction is shown for the first
infection reactor and in Fig. 3b for the second infection
reactor, for all three experiments. If it is assumed that
cells coming into the reactor are immediately infected
and that polyhedra become microscopically visible 24 h
after infection, the fraction of cells containing polyhe-
dra can reach 45% in the first infection reactor and 81%
in the second infection reactor, based on calculations of
the residence time distribution (Levenspiel 1972). Con-
sidering that these are maximum values based on an
ideal situation, the values of 30%-35% and 50%-70%
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Fig. 2. Cell growth in all three reactors of the cascade for experi-
ment 1: open symbols, total cell concentration; solid symbols, frac-
tion of non-viable cells; 0O, M, cell-growth reactor; A A, first
infection reactor; O @, second infection reactor
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Fig. 3a, b. Fraction of cells which contained polyhedra. a First
infection reactor. b Second infection reactor. O, experiment 1;
A, experiment 2; O, experiment 3

which we found in the first and second infection reac-
tors, respectively, are in good agreement.

When a single infection reactor is used the fraction
of cells which contain polyhedra decreases after about
25 days (Kompier et al. 1988). In the reactor system de-
scribed here this fraction decreased after about 15 days.
Apparently, the decrease was accelerated when mixing
became more like a plug-flow system. To assess if the
decrease in cells containing polyhedra was due to a
passage effect a computer model (de Gooijer et al. un-
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Fig. 4a, b. Comparison of the virus passage distributions between
a reactor configuration with one infection reactor (open bars) and
a configuration with two infection reactors (solid bars). a Both
configurations 25 days after infection. b Configuration with one
infection reactor 25 days after infection and configuration with
two infection reactors 15 days after infection (approximate times
of decrease of infection)
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Fig. 5a, b. Number of polyhedra per cell containing polyhedra. a
First infection reactor. b Second infection reactor. O, experiment
1; A, experiment 2; O, experiment 3

published data) was used to calculate the fraction of
virus from each passage in an infection reactor.

For each virus passage present in the second infec-
tion reactor 25 days after infection, the fraction was cal-
culated and compared to the calculated passage distri-
bution in a system with a single infection reactor (Fig.
4a). In the system with two infection reactors relatively
more virus with a higher passage number was present.
The cascade of two mixed reactors thus accelerated the
occurrence of virus with higher passage numbers. A
comparison between the predicted virus passage distri-
butions in both reactor configurations when the de-
crease of infection occurred was also made and is
shown in Fig. 4b. Both distributions showed a good
similarity, considering the simplicity of the model.

In Fig. 5 the number of polyhedra per polyhedra-
containing cell is shown for the first (Fig. 5a) and the
second (Fig. 5b) infection reactor. The values for the
second infection reactor were in the same range as
found by Kompier et al. (1988). The decreasing number
of polyhedra was concomitant with the decrease in the
number of polyhedra-containing cells, with a 100-fold

polyhedra / cm? reactor (. 10%)
15
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Fig. 6. Production of polyhedra in the second infection reactor
compared to production in a reactor configuration with a single
infection reactor (Kompier et al. 1988): O, one infection reactor;
O, two infection reactors

decrease of infectious NOVs (data not shown) and with
the occurrence of high-passaged virus (Fig. 4). This
strongly indicates the occurrence of a passage effect.

Figure 6 shows the number of polyhedra per cm?
reactor volume for the second infection reactor. These
data are from experiment 3. For comparison, data from
Kompier et al. (1988) for a reactor configuration with
one infection reactor are shown on the same graph. The
maximum production level in both systems is similar
(about 107 polyhedra/cm?® reactor volume), despite the
higher fraction of polyhedra-containing cells in a reac-
tor configuration with two infection reactors. This is
due to the lower cell concentrations in the cell-growth
reactors in the present experiments.

In conclusion, replacing the infection reactor in a
continuous culture, consisting of a growth reactor and
one infection vessel, by a more plug-flow-like configu-
ration of two continuous stirred-tank reactors increased
the fraction of cells that contained polyhedra. After 15
days the number of polyhedra-containing cells, the
number of polyhedra per cell and the number of infec-
tive NOVs decreased. This strongly suggests the occur-
rence of a passage effect. This decrease occurred 10
days earlier than observed in a reactor configuration
with one infection reactor. This is in accordance with
our calculations which predict that a plug-flow-like
reactor configuration accelerates the occurrence of
higher passage numbers.

Although a higher fraction of cells contained poly-
hedra, production, measured as polyhedra per ¢m®
bioreactor, did not differ significantly when using two
instead of one infection reactor. This was probably due
to lower cell concentrations obtained in the cell-growth
reactor. However, even when cell concentrations would
have been the same, two infection reactors would not
have been advantageous, because of the shorter run-
ning time as result of the faster passage effect.

Acknowledgements. The authors wish to thank Mrs. Magda Us-
many for technical assistance and Mr. Marcel Kool for reading
the manuscript. This project was partly financed by the Dutch
Programme Commitee for Agricultural Biotechnology.

References

Faulkner P (1981) Baculoviruses. In: Davidson EA (ed) Pathogen-
esis of invertebrate microbial diseases. Osmun, Allanheld, pp
3-37

Gooijer CD de, Lier FLJ van, End EJ van den, Vlak JM, Tramper
J (1989) A model for baculovirus production with continuous
insect cell cultures. Appl Microbiol Biotechnol 30:497-501

Hink WF (1970) Established cell line from the cabbage looper,
Trichoplusia ni. Nature 226:466-467

Kompier R, Tramper J, Vlak JM (1988) A continuous process for
the production of baculovirus using insect-cell cultures. Bio-
technol Lett 10:849-854

Levenspiel O (1972) Chemical reaction engineering. Wiley, New
York, pp 253-296

Luckow VA, Summers MD (1988) Trends in the development of
baculovirus expression vectors. Bio/Technology 6:47-55

MacKinnon EA, Henderson JF, Stoltz DB, Faulkner P (1974)
Morphogenesis of nuclear polyhedrosis virus under conditions
of prolonged passage in vitro. J Ultrastruct Res 49:419-435



Martignoni ME (1984) Baculoviruses: an attractive alternative. In:
Garner WY, Harvey J (eds) Chemical and biological controls
in forestry. American Chemical Society, Washington, DC, pp
55-67

Shapiro M (1986) In vivo production of baculoviruses. In: Gra-
nados RR, Federici BA (eds) The biology of baculoviruses, vol
2. CRC Press, Boca Raton, pp 31-61

Smith GE, Summers MD (1978) Analysis of baculovirus genomes
with restriction endonucleases. Virology 89:517-527

Tramper J, Vlak JM (1986) Some engineering and economic as-
pects of continuous cultivation of insect cells for the produc-
tion of baculoviruses. Ann NY Acad Sci 469:279-288

Tramper J, End EJ van den, Gooijer CD de, Kompier K, Lier FLJ
van, Usmany M, Vlak JM (1990) Production of baculovirus in

47

a continuous insect-cell culture: bioreactor design, operation
and modelling. Ann NY Acad Sci, In press

Vaughn JL, Goodwin RH, Tompkins GJ, McCawley P (1977) The
establishment of two cell lines from the insect Spodoptera fru-
giperda (Lepidoptera: Noctuidae). In Vitro 13:213-217

Vlak JM (1979) The proteins of nonoccluded Autographa califor-
nica nuclear polyhedrosis virus produced in an established
cell line of Spodoptera frugiperda. J Invertebr Pathol 34:110-
118

Weiss SA, Vaughn JL (1986) Cell culture methods for large-scale
propagation of baculoviruses. In: Granados RR, Federici BA
(eds) The biology of baculoviruses, vol 2. CRC Press, Boca
Raton, pp 63-87



