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ariation of viral titre
and recombinant prod-
uct yields reported for
the baculovirus expres-
sion vector system have

been attributed to many specific infec-
tion variables.1,2 These include multi-
plicity of infection (MOI) and cell den-
sity at time of infection and time of har-
vest, as well as virus bank quality and
efficiency. The MOI is defined as the
number of plaque forming units (pfu)
per cell that are added at the time of
infection. Virus titre (pfu/ml) is deter-
mined by the plaque assay method. The
MOI parameter is easily manipulated
and may be important in optimising
recombinant protein yields. Other
sources of variation during both cell
growth and viral infection phases may
be responsible for the range of reported
yields. Past studies in our laboratory
compared the behaviour of cells infect-
ed with high and low MOI values,
specifically regarding nutrient limita-
tion and deprivation.3 In addition to
these aspects, the quality of the virus
bank may be an important factor which
influences heterologous protein yields
in the insect cell baculovirus system.
Thus, production yields may be corre-
lated to virus efficiency.

Although it is interesting to study the
direct and indirect effects of MOI on

recombinant protein pro-
duction, we wanted to
extend our analysis to the
upstream events of virus
stock production. Therefore,
the parameters of viral stock
generation were investigated
for the optimisation of the
infection conditions for
expression of a recombinant
protein, choosing ADAM17
as our reference protein.4

Materials & Methods

Cell Cultures and Medium
The insect cell Spodoptera

frugiperda clone 9 line (Sf9,
Invitrogen Corp., Carlsbad,
CA) was employed to gener-
ate recombinant baculovirus
stocks. The Sf9 cell line was
cultured in SF900II serum-
free medium (Gibco, Invi-
trogen). The insect cell
Spodoptera frugiperda IPLB-
21-AE line (Sf21 cells, Invitrogen) was
dedicated to the virus titration by the
plaque assay technique. The Sf21 cell
line was cultured in TC100 medium
(Gibco, Invitrogen) supplemented with
10% fetal calf serum (FCS) (JRH
Biosciences Inc., Andover, Hampshire,
UK), 0.1% Pluronic F-68 (Gibco,
Invitrogen). One hundred ml of the
two different insect cell line cultures
were maintained at 27° C in 300-ml
shaker flasks (Corning Inc., Corning,
NY) at 170 rpm.

Recombinant Baculovirus
We investigated proprotein matura-

tion by studying the processing of the
recombinant human tumor necrosis
factor alpha (TNF-α)-converting enzyme
(TACE/ADAM17). Different cDNAs
were studied and a specific truncated
human ADAM17 (Met1–Arg473) includ-
ing the signal peptide, the pro-domain,
and the catalytic domain followed by a
6His tag was selected.4 The construct
contains the furin recognition motif at
the junction between the pro-region
and the catalytic domain. The furin
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convertase activity results in production
of the catalytic domain secreted (pre-
dicted molecular weight, 28 kDa) from
its precursor form (predicted molecular
weight, 54.8 kDa).

Virus Titre Determination
To determine and follow the extra-

cellular viral titre of a specific type of
baculovirus, the plaque assay technique
was performed. When Sf21 cultures
reached 80% confluency in a 6-well plate
(2 x 106 cells/well), the growth medium
was removed and 500 µl of viral solu-

tion, prepared at various serial dilutions,
were added to each well. After two
hours at 27° C, the virus was removed
from the wells by aspiration. The wells
were overlaid with 2 ml of a 1:1
preparation of 3% low-melting agarose/
medium supplemented with 20% FCS.
The cultures were incubated for three
hours and the cell layer was covered
with 1 ml of medium supplemented
with 10% FCS. The cultures were incu-
bated at 27° C for four days. Plaques
were analysed by neutral red staining.
After removal of the supernatant, each

well was stained with 1 ml of 5%
neutral red solution in sterile phos-
phate-buffered saline (PBS). Cultures
were incubated for two hours at 27° C.
Finally, after removal of the staining
solution and destaining by inverting the
plates for two hours, the number of
infected spots per well appeared as clear
white plaques on the red background.
The pfu was calculated from data
obtained in triplicate experiments.

Infection Experiments
Wild-type Autographa californica

nuclear polyhedrosis virus (AcMNPV)
and recombinant baculovirus encoding
ADAM17 were amplified in the Sf9 cells.
All experiments were performed using
an original single viral batch, in the range
of 108 pfu/ml. Cells to be used for infec-
tion were infected in the exponential
growth phase at a cell density of
approximately 1.1–1.3 x 106 viable
cells/ml. The amount of virus added to
the cells was based on the MOI speci-
fied in each experiment.

Cell Viability and Cell Counting
Cell viability was determined by

the trypan blue dye exclusion method.
The survival fraction was determined
by the ratio of viable to total (viable and
dead) cells.

Figure 2. (a) Viable cell density of cultures infected with different MOIs of wild-type virus. Viable cells (106 cells/ml) were plotted compared to
hours post infection (hpi). Control: uninfected cells (purple crosses). MOI values used were: 0.01 (blue diamonds), 0.1 (red squares), 1 (black
triangles) and 10 (green circles). Infection started at 1.2 x 106 cells/ml. (b) Viable cell density of cultures infected with different MOIs of recom-
binant virus. Viable cells (106 cells/ml) were plotted compared to hours post-infection (hpi). Control: uninfected cells (purple crosses). MOI val-
ues used were: 0.01 (blue diamonds), 0.1 (red squares), 1 (black triangles) and 10 (green circles). Infection started at 1.2 x 106 cells/ml.

Figure 1. Survival curve predicted by the n-target theory. The extrapolation number (n) is
determined by extrapolating the first-order portion of the survival curve to the y-axis, in this
case, n=10.

(a) (b)
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n-target Theory
The n-target theory model was used

to quantify cell death.5,6 This model
was originally derived to explain the
survival rate of cells upon irradiation.7–9

It assumes that each cell contains n
inactivation sites, each of which must be
hit at least once if the organism is to be
inactivated. Moreover, two hits on one
site are not more effective than one hit
on a single site. The probability of a tar-
get to receive a hit is assumed to follow
a Poisson distribution, because the suc-
cess rate of hits is small and the number
of hits is large. In baculovirus-infected
insect cells, the hit is assumed to come
from virus-derived factors. The cell via-
bility is described by

V = (1-e–kt)n

This equation explains the shoulder
commonly seen in cell survival curves
after irradiation (Fig. 1). At large values
of t, it reduces to an equation:

log(V) = log(n) – kt

Therefore, the number of inactiva-
tion targets, n, is determined by extrap-
olating the first order portion of the
survival curve to the y-axis. The k value
can be determined from the slope in the
first-order region (Fig. 1). Because this
is a highly simplified model of cell
death, the term extrapolation number

has been proposed rather than number
of inactivation targets.9

Gel Electrophoresis and 
Western Blots

One ml of sample culture was cen-
trifuged at 2,000 x g for 10 minutes.
One ml supernatant was retained and
the cell pellets were frozen and resus-
pended in 1 ml H2O. Recombinant
6xHis-tagged products were visualised
by enhanced chemiluminescence Western
blotting using rabbit monoclonal anti-
His antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA) coupled to peroxidase-
conjugated anti-rabbit immunoglobulin
(DAKO A/S, Copenhagen, Denmark).

Results

Sf9 cells were infected with either
wild type or recombinant ADAM17
baculovirus at the same time in parallel
experiments.

Effects of Virus on Cell Growth and
Viability

Effects of MOI on the Sf9-bac-
ulovirus system were studied by infect-
ing cells at a variety of MOI ranging
from 0.01 to 10 with infection during
the growth phase at the cell density of
1.2 x 106 cells/ml (late-exponential
phase). Both cell density and cell viabil-
ity were shown to be strongly depend-
ent on MOI (Figs. 2a and 2b). For both

wild-type and recombinant virus, cell
growth inhibition directly correlated with
MOI. The post-infection growth curves
of baculovirus-infected Sf9 cells grown
in shaker flasks is shown in Figures 2a
and 2b. At low MOI (0.01), cell density
reached a maximum of 3 x 106 viable
cells/ml. During the first 24 hours post-
infection (hpi), the growth rate was only
slightly lower than the uninfected
growth rate, where uninfected cells usu-
ally reach densities above 6 x 106 viable
cells/ml. This was probably due to a
high number of uninfected cells. At a
MOI of 0.1, the growth rate was rapidly
limited and cessation of cell growth was
observed at 48 hpi. Comparable growth
inhibition was observed using MOI of 1
and 10. Cell growth was arrested early
during the first 24 hpi and viable cell
density declined earlier than with a
MOI of 0.1.

Slight differences between the effects
of wild-type and recombinant bac-
ulovirus on cell growth were observed
in these two experiments. We used the
n-target theory as a convenient means
to evaluate these results and describe
the effects of MOI and virus type on
post-infection cell viability.

n-target Theory Kinetic 
Characterization

For both wild-type and recombinant
virus, the rate of decrease in cell viability
correlated with the MOI, where the

Figure 3. (a) Cell viability of cultures infected with varying MOIs of wild-type virus. Viable cells (106 cells/ml) were plotted compared to time
post-infection (hpi). MOI values used were: 0.01 (blue diamonds), 0.1 (red squares), 1 (black triangles) and 10 (green circles). Infection started
at 1.2 x 106 cells/ml. (b) Cell viability of cultures infected with varying MOIs of recombinant virus. Viable cells (106 cells/ml) were plotted compared
to time post-infection (hpi). MOI values used were: 0.01 (blue diamonds), 0.1 (red squares), 1 (black triangles) and 10 (green circles). Infection
started at 1.2 x 106 cells/ml.

(a) (b)
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highest MOI gave the most rapid decrease.
n and k values were determined from
viability curves (Figs. 3a and 3b) by fit-
ting the first order region to a straight
line. The y-intercept is the n value, and
the slope of this line is the k value. The
results are summarized in Tables 3a and
3b. Survival curves showed that a
decrease in MOI prolonged cell viabili-
ty, increasing td and t1/2, resulting in
delayed cell death and a lower death
rate. Increasing k values confirmed that
use of increasing MOIs tended to speed
up the cell death process. Extrapolation
of all survival curves to the y-axis
showed that the extrapolation numbers
remained approximately the same (n=4,
based on the n target theory) independ-
ent of wild-type or recombinant virus
and of the MOI used.

MOI and Evolution of Viral Titre
The effect of MOI on virus genera-

tion was studied by infecting cells at
four MOI values ranging from 0.01 to
10 with infection during the growth phase
at the cell density of 1.2 x 106 cells/ml
(late-exponential phase). Whatever
MOI was used, it was observed that all
eight virus generations reached the
same extra-cellular virus titre between
48 and 72 hpi (Figs. 4a and 4b).
Evolution of extra-cellular virus titre

correlated with MOI, where the lowest
MOI gave the most rapid increase.
During the first 18 hpi, extra-cellular
virus titre decreased by half, probably
corresponding to the primary infection
and first virus adsorption in the insect
cells. Whatever the culture and MOI
used, the virus titre increased until it
reached the same maximum in the
range of 108–109 pfu/ml. Wild-type
virus infection resulted in a higher
extra-cellular virus titre (6.8 x 108 on
average) than recombinant virus (1.3 x
108 on average).

Optimisation of Baculovirus MOI 
and Recombinant Protein 
Production Yield

The effect of MOI on secreted
recombinant protein was also studied in
parallel to the effects on the extra-cellu-
lar recombinant virus titre evolution.
Sf9 cells were infected with recombi-
nant ADAM17 baculovirus at various
MOIs, and then harvested at 72 hpi after
which cell viability became too low and
the degradation rate increased (data not
shown). ADAM17 expression at differ-
ent MOIs were analysed by Western
blots (Fig. 5, 72 hpi).

Increasing the MOI resulted in an
increase in ADAM17 expression. The
secreted mature ADAM17 migrated as

two bands of 34 and 38 kDa, which are
slightly larger than predicted molecular
weight (28 kDa), but consistent with the
low mobility frequently observed with
proteins of the ADAM variety under
reducing conditions. The secreted mature
ADAM17 was generated within all four
MOI envisaged. Significant levels of the
precursor ADAM17 form were clearly
visible in the supernatant at MOI 10.
Interestingly, at MOIs 1.0 and 10, pre-
cursor and mature secreted material were
clearly visualised as doublets, whereas at
MOIs of 0.01 and 0.1 only single bands
were observed.

Discussion

Within the n-target theory of infected
cell death kinetics, the extrapolation
number is assimilated to the number of
inactivation targets per cell.9 In our
experiments, this remained constant at
n=4 independent of the MOI studied for
both wild-type and recombinant infec-
tions that were analogous in behaviour.
Moreover, proportionality between td and
t1/2 demonstrated that the cell death
process was affected by only one com-
mon factor under the conditions inves-
tigated: MOI, independent of whether
wild-type or recombinant virus were
used. Cell death rates (k values) of
infected cells were directly correlated to
the MOI used for infection. This con-
firms that virus infection was responsi-
ble for the insect cell death process.
Thus, the use of high MOIs tended to
speed up the process of cell death.
Survival curves showed that a decrease
in MOI prolonged cell viability, causing
delayed cell death and lower death rate.
Cell growth and viability were shown to
be directly correlated to the MOI, where
the lower MOI resulted in better growth
and cell viability. Nevertheless, and
again independent of the starting MOI,
a period of unaffected cell growth rate
was observed during the first day post-
infection. During this time frame the
extra-cellular virus titre decreased. The
first round of virus progeny release can
explain both observations. Furthermore,
this is supported by a recent study
describing virus particles capable of
binding within the first couple of hours

Table 3a. Kinetic characteristics of wild-type virus-induced cell death

Table 3b. Kinetic characteristics of recombinant virus-induced cell death

Cell line

Sf9

Sf9

Sf9

Sf9

Baculovirus

Wild Type

Wild Type

Wild Type

Wild Type

MOI
(pfu/cell)

0.01

0.1

1

10

td

(h)

64

62

59

52

t1/2

(h)

31.5

28.4

24.5

23.1

n

4

4

4

4

k
(10-2h-1)

2.2

2.4

2.8

3.0

Cell line

Sf9

Sf9

Sf9

Sf9

Baculovirus

Recombinant

Recombinant

Recombinant

Recombinant

MOI
(pfu/cell)

0.01

0.1

1

10

td

(h)

66

59

58

53

t1/2

(h)

35.4

26.6

27.8

24.8

n

4

4

4

4

k
(10-2h-1)

1.9

2.6

2.5

2.8
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in suspension culture.10 The large pro-
portion of uninfected insect cells con-
tributed to the observed normal growth
rate until the end of the first round of
infection. At the MOI of 1, it is
assumed that each cell was infected by
at least one virus and entered the cell
death process (accelerated at higher
MOI).

Extra-cellular virus titre evolved
independently of the MOI, and the same
virus titre was reached after 72 hpi.
Thus, it is of no benefit to delay the time
of harvest after 72 hpi since the extra-cel-
lular virus titre reaches a maximum inde-
pendently of MOI. Whatever the start-
ing MOI, for both wild-type and recombi-
nant virus generation, high extra-cellu-
lar virus bank titres were obtained. The
extra-cellular wild-type virus titre
achieved was five times higher than that
of the recombinant virus bank. The
replacement of the polyhedrin by a
recombinant protein may explain the
lower extra-cellular recombinant virus
titre detected. It was not obvious
beforehand that a virus stock generated
at different MOI would yield the same
amount of virus particles (virus titre).

Because extra-cellular virus titre was
shown to evolve independently of the
MOI, it was of interest to study recom-
binant protein production. The recom-
binant protein product yield seemed to

be higher when originating from cells
infected using a high MOI. The n-tar-
get theory confirmed that when the n
value remained constant, the protein
expression was shown to be inversely
correlated to the k values.6 However,
insect cell culture infected at a MOI of
10 secreted both the precursor and
mature forms of ADAM17, yielding
non-homogenous secreted material.
Differential glycosylation could explain
the different patterns observed for both
precursor and mature ADAM17, as
confirmed by a previous study.11

Mature ADAM17 appeared as a doublet
with apparent molecular weights of 34
and 38 kDa. This ADAM17 truncated
construct shares the furin recognition
motif at the junction between the pro-
region and the catalytic domain.
Furin’s cleavage activity involves the
predicted cleavage site Arg-Val-Lys-
Arg214, but furin recognizes and cleaves
after either the KR or RR dibasic sites.12

Consistent with this hypothesis, two
isoforms could be generated from the
precursor form. Two mature protein
series with different N-termini (Arg215
and Ala216) were probably generated,
as demonstrated in a previous study.13

The larger apparent molecular weights
seen by SDS-PAGE must have resulted
from inherent electrophoretic mobility
characteristics of the polypeptides.

Finally, although recombinant pro-
tein yield was higher when originating
from cells infected using high MOI, it
contained large amounts of unprocessed
protein. Lower MOI produced secreted
material without detectable amounts of
the precursor form.

Conclusion

Multiplicity of infection impacted
directly on the behaviour of infected
insect cells. Cell growth and cell viabil-
ity were shown to be directly correlated
to the MOI used — the lowest MOI
resulted in maximal growth and cell
viability. Extra-cellular virus titre
evolved independently of the MOI; all
the MOI tested resulted in the same

Figure 4. (a) Supernatant virus titre of cultures infected with different MOIs of wild-type virus. Virus titre (107 particles forming units/ml) was
plotted compared to time post infection (hpi). MOI values used were: 0.01 (blue diamonds), 0.1 (red squares), 1 (black triangles) and 10 (green
circles). Infection started at 1.2 x 106 cells/ml. (b) Supernatant virus titre of cultures infected with different MOIs of recombinant virus. Virus
titre (107 particles forming unit/ml) was plotted compared to time post-infection (hpi). MOI values used were: 0.01 (blue diamonds), 0.1 (red
squares), 1 (black triangles) and 10 (green circles). Infection started at 1.2 x 106 cells/ml.

Figure 5. Western blot from cell supernatants
at 72 hpi, infected at different MOI ranging
from 0.01 to 10.

(a) (b)
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extra-cellular virus titre at 72 hpi.
Therefore, there is no benefit in delay-
ing the time of harvest longer than 72
hpi because the extra-cellular virus titre
is already at its maximum. ADAM17
expression level was positively correlat-
ed to MOI, however, the use of low MOI
produced more homogeneous material
of the derived recombinant protein.

Although we cannot describe a spe-
cific relationship between the MOI used
to generate virus stock and virus stock
efficiency in generating recombinant
proteins, this study helped to extend
strategies in generating recombinant
secreted proteins. Addressing virus gen-
eration conditions can be considered an
approach to investigate virulence.
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