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viruses also carry genes which produce inhibitors of
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The effect of silkworm hemolymph on baculovirus-
nduced insect cell apoptosis was investigated. The
ddition of silkworm hemolymph into the culture me-
ium either before or during the baculovirus infection

ncreased the host cell longevity; however, its addition
fter the infection was less effective. This can be ex-
lained by the higher transfer rate of silkworm hemo-

ymph which is caused by endocytosis during the virus
nternalization step. The delayed cell death due to
ilkworm hemolymph was not caused by an inhibition
f the virus attachment and internalization steps. The
poptosis was analyzed using DNA fragmentation and
UNEL assays, and the resulting data confirm that
ilkworm hemolymph inhibits baculovirus-induced in-
ect cell apoptosis. © 2000 Academic Press

The insect cell-baculovirus system has received
apid and wide acceptance as an alternative to classical
acterial or yeast systems for the production of pro-
eins from recombinant DNA. This system offers sev-
ral advantages, including high expression owing to a
trong polyhedrin promoter, the production of function-
lly and immunogenetically active recombinant pro-
eins due to proper post-translational modifications,
nd the nonpathogenicity of the baculovirus to verte-
rates and plants (1).
The infection of an insect cell with a baculovirus

nduces apoptosis known as active or programmed cell
eath (2). Spodoptera frugiperda and the Autographa
alifornica nuclear polyhedrosis virus (AcNPV) have
een widely used as the model insect cell and baculo-
irus, respectively, for studying the baculovirus regu-
ation of host apoptosis. A specific gene product, P35,
hich prevents an apoptotic response, was identified in
cNPV and the silkworm baculovirus Bombyx mori
uclear polyhedrosis virus (BmNPV) (2, 3). Various
ther genes are also known to regulate apoptosis in the
ells of an mammalian immune system (4–6). Baculo-
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poptosis (IAPs). The IAP family was first identified by
heir ability to substitute for P35 in blocking
aculovirus-induced apoptosis (7, 8), and then ex-
anded when IAP homologues were found in a diver-
ity of insect and mammal genomes (9, 10).
Originally, insect hemolymph was used as an insect

ell culture medium. Thereafter, a synthetic medium
as formulated on the basis of a chemical analysis of

nsect hemolymph (11, 12); however, this still needed
o be supplemented with insect hemolymph (13). Cur-
ently, insect cell culture media are supplemented with
etal bovine serum (FBS) instead of insect hemolymph
s FBS has been proven to be beneficial for the growth
f insect cells. In a previous study, it was shown that
he production of recombinant protein in an insect
ell-baculovirus system is improved by supplementing
he medium with silkworm hemolymph (14). This ar-
icle reports that silkworm hemolymph inhibits
aculovirus-induced insect cell apoptosis.

ATERIALS AND METHODS

Cell culture. Spodoptera frugiperda (Sf9) cells were cultivated in
Grace medium (Gibco) supplemented with 5% fetal bovine serum

FBS, Gibco), 0.35 g/liter NaHCO3, and antibiotic–antimicotic
Gibco). The cells were maintained at 28°C. Silkworm hemolymph
as added to the medium to investigate its effect on the host cell
poptosis.

Collection of silkworm hemolymph. The silkworm hemolymph
as collected from the fifth instar larvae by clipping the side of an
bdominal leg. The collected hemolymph was heat-treated at 60°C
or 30 min, then chilled and centrifuged (15). The supernatant was
ltered with a 0.2 m membrane filter and used for supplementing the
edium.

Infection with baculovirus. Cells in the late exponential growth
hase (5 days in culture) were infected with a recombinant baculo-
irus. The recombinant baculovirus used was the Autographa cali-
ornica nuclear polyhedrous virus (AcNPV) that produces
-galactosidase under the control of a polyhedrin promoter. For the

nfection, the medium was aspirated and a virus stock solution
dded. A multiplicity of infection (MOI) of 13 was used for all exper-
ments. After incubating for 1 h, the virus solution was replaced with
he medium used before the infection.



Measurement of cell viability. The cell concentration was mea-
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ured using a hemocytometer and viable cells were detected by the
rypan blue exclusion test. Since dead cells absorb trypan blue
Sigma), they can be identified under light microscopy. The cell
iability was defined by the ratio of viable cells to total cells.

Measurement of cloned gene expression. The activity of
-galactosidase was assayed by measuring the hydrolysis of
-nitrophenyl-b-D-galactoside (ONPG) (16). The extracellular activ-
ty was determined from the supernatant of the sample after cen-
rifugation. To measure the intracellular activity, the precipitated
ells were washed twice with PBS (phosphate-buffered saline), then
he resuspended cells in the PBS were disrupted at 0°C using a
ltrasonic homogenizer (US-150T, Nissei). The cell debris was re-
oved by centrifugation at 4200g for 5 min. The intracellular activ-

ty of b-galactosidase was thus determined from the supernatant of
he cell extract. The expression of b-galactosidase was then calcu-
ated by dividing the total activity, that is the sum of the intracellu-
ar and extracellular activities, by the total cell number.

Analysis of cellular and viral proteins. Cells were washed 3 times
ith phosphate-buffered saline (pH 6.2) and lysed with sodium do-
ecyl sulfate (SDS) gel loading buffer (2% SDS). Cell lysate obtained
rom 3 3 105 cells and 7.5% polyacrylamide gel were used for SDS-
olyacrylamide gel electrophoresis.

Apoptosis assay. For the terminal deoxynucleotidyl transferase-
ediated dUTP nick end labeling (TUNEL) method, TUNEL Label

Cat. No. 1767291) and TUNEL Enzyme (Cat. No. 1767305) were
urchased from Boehringer Mannheim, Germany, to prepare the
UNEL reaction mixture. Cell fixation, permeabilization, and label-

ng were all carried out according to the manufacturer’s standard
rocedures. The cells labeled by the TUNEL assay were analyzed by
uorescence microscopy (TE300, Nikon) with a B-filter. For an assay
f the DNA fragmentation, cellular DNA was extracted using a
reviously reported method (17). The DNA fragmentation pattern
as then examined by electrophoresis in a 2% agarose gel.

ESULTS AND DISCUSSION

After the baculovirus infection, the total cell density
emained at a constant level, whereas the viable cell
ensity began to decrease exponentially 3 days after
he infection. The host cell viability defined by the ratio

FIG. 1. Effect of silkworm hemolymph on host cell longevity. The
ost cell viability was defined by the ratio of viable cells to total cells.
, 5% FBS; F, 10% FBS; ■, 5% FBS and 5% silkworm hemolymph.
187
f viable cells to total cells is shown in Fig. 1. The
iability remained at a high level for 3 days after
nfection in the media supplemented with 5% or 10%
BS. With the addition of silkworm hemolymph, the

ongevity of the host cells increased (18); i.e., the host
ell viability remained at a high level for 6 days after
nfection in the medium supplemented with 5% FBS
nd 5% silkworm hemolymph.
When the cells were cultured in a medium supple-
ented with silkworm hemolymph before the inocula-

ion, the host cell longevity increased as shown in Fig.
. However, if the silkworm hemolymph was added
fter the infection, it had less effect on the host cell
ongevity as shown by the open symbols in Fig. 2. In
he former case, the exposure to the silkworm hemo-
ymph was long enough for the cells to absorb the
poptosis-inhibiting components before the infection.
n the latter case, the silkworm hemolymph was added

h after incubation with the virus solution. Accord-
ngly, the cells only began to absorb the silkworm he-

olymph components after the infection. Apoptosis is
nhibited as the virus enters the late phase of infection
2, 19, 20). This is a pivotal time during a virus infec-
ion because DNA replication initiates and appears to
ctivate late gene expression and the shut-off of host
ene expression (21).
The host cell longevity increased further when the

ells were cultured in a medium supplemented with
0% silkworm hemolymph before the inoculation, as
hown in Fig. 3. To observe the effect of the addition
ime, 5% more silkworm hemolymph was added at
arious times after the cells were cultured in media
ontaining 5% FBS and 5% silkworm hemolymph. Fig-

FIG. 2. Addition of silkworm hemolymph after infection was less
ffective on the delay of cell death. Every medium was supplemented
ith 5% FBS. }, without silkworm hemolymph; ■, medium was also

upplemented with 5% silkworm hemolymph before inoculation; ‚,
% silkworm hemolymph was added after infection; E, 5% silkworm
emolymph was added every day after infection. The medium vol-
me was maintained at a constant level by removing a corresponding
olume of the medium before each addition.
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re 3 shows that addition either before or during the
nfection was effective (open symbols); however, addi-
ion after the infection was not so effective. This dif-
erence may be explained by a higher transfer rate of
ilkworm hemolymph into the cells during the virus
nternalization step. There are two distinct routes by
hich a virus may enter a cell: endocytosis or fusion. A
aculovirus enters a cell largely by endocytosis, al-
hough fusion at the plasma membrane cannot be ruled
ut (22). This endocytosis enhances the transfer of
ilkworm hemolymph into a cell, consequently, the ad-
ition of silkworm hemolymph either before or during
he infection will be more effective than after the in-
ection.

A baculovirus first attaches to the host cell surface
nd then enters the cell. Most viruses attach to cells
hrough a highly specific binding between surface pro-
eins on the virus and cell surface receptor molecules
n the host cell membrane (22), although the insect cell
eceptor that mediates a baculovirus attachment and
nfection has not yet been identified. Nonetheless, the
elayed cell death due to silkworm hemolymph is not
aused by the inhibition of these attachment and in-
ernalization steps, as silkworm hemolymph was still
ffective even when it was added after the infection
tep, as shown in Fig. 2. It was also found that the
umber of hypothetical targets, considered as a mea-
ure of the host cell susceptibility to a baculovirus (23),
as not affected by silkworm hemolymph (data not

hown). The n-target inactivation model that was

FIG. 3. Addition of silkworm hemolymph during infection was
he most effective in delaying cell death. Every medium was supple-
ented with 5% FBS. 3, without silkworm hemolymph; ■, medium
as also supplemented with 5% silkworm hemolymph before inocu-

ation; ‚, 5% silkworm hemolymph was added after infection. L, E,
, }: Basal medium contained 5% FBS and 5% silkworm hemo-

ymph. L, 5% more silkworm hemolymph was added one day before
nfection. E, 5% more silkworm hemolymph was added during infec-
ion. F, 5% more silkworm hemolymph was added one day after
nfection. }, 5% more silkworm hemolymph was added 3 days after
nfection.
188
ells upon irradiation (24) was then applied to the
aculovirus-induced insect cell death (23).
The virus infection procedure used in the experiments

lso confirms that the delayed cell death due to silkworm
emolymph was not due to an inhibition of the virus
ttachment and internalization steps. For the infection,
he medium was aspirated and the cells were incubated
ith a baculovirus solution which does not contain silk-
orm hemolymph. Then the virus solution was then as-
irated and replaced with the medium containing silk-
orm hemolymph. According to this procedure, there
as no silkworm hemolymph in the solution during the

nfection step, except the case of the addition of silkworm
emolymph during the infection. This confirms that the
elayed cell death is not due to the inhibition of infection
y silkworm hemolymph. The increase in the cloned gene
xpression with the addition of silkworm hemolymph is
urther evidence that silkworm hemolymph does not in-
ibit the infection (see Fig. 4). If silkworm hemolymph

nhibits the infection, the expression of the b-galac-
osidase gene, which was cloned into the baculovirus
NA, should have decreased. Figure 4 shows that silk-
orm hemolymph not only increased the expression rate

f the cloned gene but also increased the period of pro-
uction.
Cells undergoing apoptosis activate an endonuclease

hat cleaves the DNA between the nucleosomes to pro-
uce fragments. This DNA digestion is the biochemical
allmark of apoptosis. DNA fragmentation was ob-
erved from the fourth day after infection when the
ells were incubated in a medium without silkworm
emolymph. In contrast, no DNA fragments were de-
ected until the sixth day when the culture medium

FIG. 4. Silkworm hemolymph increased the cloned gene expres-
ion. The b-galactosidase expression was determined by dividing the
otal activity, that is the sum of the intracellular and extracellular
ctivities, by the total cell number. Every medium was supplemented
ith 5% FBS. ■, without silkworm hemolymph; F, medium was also

upplemented with 5% silkworm hemolymph before inoculation.
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as supplemented with silkworm hemolymph (data
ot shown). In each case, the time when DNA digestion
egan corresponded to the time when the viability be-
an to decrease (Fig. 1).
The inhibition of apoptosis by silkworm hemolymph
as confirmed by the TUNEL assay. In this assay,
NA strand breaks are identified by fluorescence. The
aculovirus-infected cells cultured in a medium with-
ut silkworm hemolymph (Fig. 5a) presented more flu-
rescence than those treated with silkworm hemo-
ymph during the infection (Fig. 5b). The results show
hat baculovirus-induced insect cell apoptosis was sig-
ificantly delayed by silkworm hemolymph. One possi-
le explanation for this phenomenon is that silkworm
emolymph contains apoptosis-inhibiting components.
nother possibility is that silkworm hemolymph in-

reases the expression of the baculovirus gene p35
hich is known to prevent an apoptotic response. Fig-
re 6 shows the results of SDS-polyacrylamide gel elec-

FIG. 5. Inhibition effect of silkworm hemolymph on DNA strand
reaks. Cells were either not treated (a) or treated (b) with 5%
ilkworm hemolymph in the infection step. The cells were labeled on
he 4th day after infection with fluorescein-dUTP by using exogenous
erminal deoxynucleotidyltransferase (TdT) (magnification, 3200).
189
ene expression in the medium supplemented with
ilkworm hemolymph (lanes 5 and 6, see arrows) sup-
orts this possibility. Figure 6 also shows that the
roduction of other viral proteins, which were not de-
ected before infection (lane 1), were enhanced when
ilkworm hemolymph was added to the culture me-
ium (lanes 5 and 6, see arrows). However, the silk-
orm hemolymph did not cause any difference in the
xpression of cellular proteins before infection (data
ot shown). Further study is required to elucidate the
echanism for the inhibition of apoptosis by silkworm

emolymph.
To investigate the heat stability of the substance in

ilkworm hemolymph, the hemolymph was heat-
reated at various temperatures for 30 min. After chill-
ng and centrifuging it, the supernatant was used as
he medium supplement. Cell did not grow in the me-
ium supplemented with intact hemolymph without
eat treatment (25). The intact silkworm hemolymph
nd even the hemolymph heat-treated at 50°C dark-
ned visibly during the incubation due to the activity of
yrosinase in hemolymph, producing melanin via inter-
ediary quinones (26). The production of toxic qui-

ones in the medium consequently inhibits the cell
rowth. Therefore, the hemolymph heat-treated at
0°C was used as a control. The hemolymph heat-
reated at the higher temperatures was less effective
han that at 60°C as shown in Fig. 7. The silkworm
emolymph heat-treated at 70°C for 5, 10, or 20 min
as also less effective than that at 60°C for 30 min

data not shown). The purification and identification of
he effective substance in silkworm hemolymph are in
rogress. According to our preliminary results, the mo-
ecular weight of the substance is higher than 20 kDa.

FIG. 6. Silkworm hemolymph enhanced the production of viral
roteins. Cell lysate obtained from 3 3 105 cells and 7.5% polyacryl-
mide gel were used for SDS–polyacrylamide gel electrophoresis.
ane 1, before infection; lane 2, 2 days after infection in 10% FBS
edium; lane 3, 3 days after infection in 10% FBS medium; lane 4,
arker (Size is indicated in the margin); lane 5, 2 days after infection

n 5% FBS/5% hemolymph medium; lane 6, 3 days after infection in
% FBS/5% hemolymph medium.
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Silkworm hemolymph can be used for the efficient pro-
uction of recombinant proteins in the insect cell-
aculovirus system, since host cell viability is important
or the replication of the baculovirus DNA containing a
ecombinant gene and the expression of the cloned gene.
ecently, we have also observed similar results in a
ammalian cell-animal virus system. Accordingly, the

nhibition of apoptosis using silkworm hemolymph may
ead to new approach to the minimization of cell death
uring commercial animal cell culture.
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