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In the blood (hemolymph) of the silkworm Bombyx mori, the
insect cytokine paralytic peptide (PP) is converted from an inac-
tive precursor to an active form in response to the cell wall com-
ponents of microorganisms and contributes to silkworm resist-
ance to infection. To investigate the molecular mechanism
underlying the up-regulation of host resistance induced by PP,
weperformedanoligonucleotidemicroarray analysis onRNAof
blood cells (hemocytes) and fat body tissues of silkworm larvae
injected with active PP. Expression levels of a large number of
immune-related genes increased rapidly within 3 h after inject-
ing active PP, including phagocytosis-related genes such as tet-
raspanin E, actin A1, and ced-6 in hemocytes, and antimicrobial
peptide genes cecropin A andmoricin in the fat body. Active PP
promoted in vitro and in vivo phagocytosis of Staphyloccocus
aureus by the hemocytes. Moreover, active PP induced in vivo
phosphorylation of p38 mitogen-activated protein kinase (p38
MAPK) in the fat body. Pretreatment of silkworm larvae with
ML3403, a pharmacologic p38MAPK inhibitor, suppressed the
PP-dependent induction of cecropin A andmoricin genes in the
fat body. Injection of active PP delayed the killing of silkworm
larvae by S. aureus, whereas its effect was abolished by preinjec-
tionof the p38MAPK inhibitor, suggesting that p38MAPKacti-
vation is required for PP-dependent defensive responses. These
findings suggest that PP acts on multiple tissues in silkworm
larvae and acutely activates cellular and humoral immune
responses, leading to host protection against infection.

The immune system is indispensable for host organisms to
protect themselves against infections. Reactions that involve
the production of specific antibodies are categorized as
acquired immunity, and other reactions are collectively termed
innate immunity. The innate immune system is the first-line of
self-defense, and it triggers the activation ofmost immune reac-

tions, including antibody production. Inmammals, a wide vari-
ety of extracellularmolecules named cytokines are produced by
macrophages and lymphocytes and induce efficient clearance
of microorganisms by transmitting information to other
immune cells. On the other hand, excessive activation of cyto-
kines can lead to serious pathology such as septic shock. There-
fore, a better understanding of the immunologic functions of
cytokinesmay provide clues to how to overcome infectious dis-
eases. Because of its complexity, however, a complete picture of
the cytokine network remains unclear.
Insects lack the ability to produce antibodies, so they rely

completely on innate immunity to eliminate pathogenicmicro-
organisms. The innate immune system in insects has many fea-
tures in common with that in vertebrates (1). For example,
blood cells (hemocytes) engulf microorganisms similar to
mammalian macrophages (2). In addition, there are a number
of well conservedmicrobicidal molecules such as lysozyme and
antimicrobial peptides (AMPs)2 (3–6). Thus, insects with rela-
tively simple biologic systems are very useful for studying
innate immunity.
Recent studies on invertebrate immunity reported progress

in understanding the precise mechanisms of immune
responses. For example, when hemocytes engulf bacteria, sev-
eral types of molecules, including cytoskeleton proteins, adhe-
sionmolecules, and intracellular signaling enzymes, act in con-
cert (2). In insects, AMPs are produced via the Toll and Imd
pathways in the fat body, the functional equivalent of themam-
malian liver (7–10). For efficient clearance of pathogens, a sin-
gle response is not sufficient; multiple pathways, including cel-
lular and humoral factors, must be activated at the same time.
Cytokines regulate multiple immune responses in mammals,
whereas no molecule with such function has been reported in
invertebrates.
In the silkworm Bombyx mori, a multifunctional cytokine-

like factor named paralytic peptide (PP) is present in the blood
(hemolymph) in an inactive form (11, 12). PP is activated when
it is cleaved to a peptide comprising 23 amino acid residues, and
the active PP induces paralysis accompanied by muscle con-
traction (11). PP belongs to the ENF peptide family based on its
primary sequence, which is well conserved among Lepidoptera
(13). In addition, the ENF family proteins have a tertiary struc-
ture that is similar to the C-terminal domain of mammalian
epidermal growth factor (14). We recently reported that bacte-
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rial and fungal cell wall components induced the conversion of
inactive PP to active PP in the silkworm hemolymph and that
activated PP contributes to host protection against infectious
pathogens (15). Although PP was speculated to stimulate sev-
eral immune responses, the molecular mechanism of the up-
regulation of host resistance by PP is not clear. In this study, we
performed a genome-wide analysis to investigate the effect of
active PP on gene expression in immune cells of silkworms.We
found that active PP regulates the expression of various
immune-related genes in the hemocytes and fat body. Further-
more, we demonstrated that active PP stimulates both phago-
cytosis of bacteria by hemocytes and production of AMPs from
the fat body. These findings suggest that PP functions as an
insect cytokine that regulates innate immunity by its effects on
gene expression in multiple immune tissues.

EXPERIMENTAL PROCEDURES

Insects, Bacteria, and Reagents—Silkworm eggs (Hu�Yo �
Tukuba�Ne) were purchased from Ehime Sanshu (Ehime,
Japan). Silkworm larvae were reared on an antibiotic-free arti-
ficial diet at 27 °C. A methicillin-susceptible Staphylococcus
aureus strain (MSSA-1)was harvested in tryptic soy broth (Bec-
ton, Dickinson) at 37 °C for 12–18 h. The active form of PP was
chemically synthesized as described previously (12). Pepti-
doglycan from S. aureus, purchased from Sigma Fluka, was sus-
pended in saline. Bovine serum albumin (BSA) (low endotoxin)
was purchased from Nacalai Tesque. A pharmacologic p38
inhibitor, ML3403 ((RS)-{4-[5-(4-fluorophenyl)-2-methylsul-
fanyl-3H-imidazol-4-yl]pyridin-2-yl}-(1-phenylethyl)amine)
(16) was purchased from Calbiochem and was solubilized in
dimethyl sulfoxide (DMSO).
Oligonucleotide Microarray Analysis—Ten larvae (day 2 of

fifth instar) per group were injected with 50 �l of active PP (4
�g/ml) or saline, followed by incubation at 27 °C for 3 h. Hemo-
cytes and fat body tissues were collected in ice-cold tubes. Total
RNA was extracted by RNeasy Mini kit (Qiagen), and cDNA
was synthesized by reverse transcription. cRNA labeled by Cy3
or Cy5 was synthesized by the cDNA. The labeled cRNA was
subjected to 4 � 44K oligonucleotide microarray system (no.
2515933; Agilent Technologies).
Quantitative Reverse Transcription (RT)-PCR Analysis—

Three to 10 silkworm larvae (day 2 of fifth instar) were injected
with 50 �l of saline, active PP (4 �g/ml, 1 �M), BSA (66 �g/ml,
1 �M), or peptidoglycan (1 mg/ml) followed by incubation at
27 °C for 3 h. Total RNA from hemocytes and fat body tissues
was obtained as described above. After degrading the genomic
DNA with RQ1 RNase-free DNase (Promega), cDNAs were
synthesized by TaqMan reverse transcription reagents (Ap-
plied Biosystems) according to themanufacturer’s instructions.
Primers shown in supplemental Table S1, cDNAs, and a SYBR
RT-PCR kit (Takara) were applied to perform real-time PCR.
To test the effect of the pharmacologic p38 inhibitor, ML3403
was injected into larvae 0.5 h before the injection of active PP
followed by an additional 3-h incubation at 27 °C, and gene
expression was analyzed as described above.
In Vitro Phagocytosis Assay of Silkworm Hemocytes—Hemo-

lymph of silkworm larvae (day 3–6 of fifth instar) was collected
in an ice-cold tube (approximately 0.4 ml/larva) containing 1

mM benzamidine chloride dissolved in phosphate-buffered
saline (PBS), pH 7.4. The hemolymph was centrifuged to sepa-
rate hemocytes, and the precipitate was suspended in PBS
(approximately 106 cells/ml). An overnight culture of S. aureus
(1 � 109 cfu/ml) was centrifuged, and the precipitate was sus-
pended in the same volume of PBS. The hemocyte suspension
was mixed with 1/10 volume of S. aureus (the ratio of hemo-
cytes and bacteria was 1:100), and various concentrations of
active PP were added. After incubating at 27 °C for 0.5 h or 3 h,
mixtures were centrifuged, and the precipitates were washed
three times in PBS. To kill the extracellular bacteria, samples
were further treated with Grace’s insect cell culture medium
(Invitrogen) containing 50 �g/ml gentamicin at 4 °C for 1 h.
After two additional washes in PBS, aliquots of suspended sam-
ples were applied to a cytometer to count the number of hemo-
cytes under a microscope. Suspensions were again centrifuged,
and precipitates were added to 0.1% Triton X-100 to lyse the
hemocytes. Samples were serially diluted in PBS and spread on
mannitol salt agar plates to selectively isolate S. aureus. Plates
were incubated at 37 °C, and cfu were determined.
In Vivo Phagocytosis of Fluorescence-labeled Bacteria by

Hemocytes—Fluorescence-labeled bacteria (S. aureus, Wood
strain without protein A, BioParticles Alexa Fluor 594 conju-
gate, S-23372) was purchased from Molecular Probes. The
labeled bacteria (2 mg) was suspended in 100 �l of PBS and
stored at �20 °C in the dark. In the phagocytosis assay, the
suspension of the labeled bacteria was diluted 20-fold, and
active PP (4 �g/ml) was added. Fifty microliters of the sample
was then injected into 5 larvae (day 2 of fifth instar). After incu-
bation at 27 °C for 3 h, hemolymph was collected in an ice-cold
tube and centrifuged. Cells were fixed in 4% formaldehyde in
PBS and observed under a fluorescence microscope (Leica
DM4000 B). The number of fluorescent particles colocalized
with hemocyteswas counted in 10microscopic fields (400–600
hemocytes).
In Vivo Phagocytosis of Live Bacteria by Hemocytes—Over-

night-cultured S. aureus cells were suspended in saline (2� 108
or 2 � 109 cfu/ml), and active PP (4 �g/ml) was added. Fifty
microliters of the sample was then injected into four larvae (day
2 of fifth instar). After incubation at 27 °C for 3 h, hemolymph
was collected in an ice-cold tube and centrifuged. The precipi-
tated hemocytes were washed in PBS. As in the in vitro phago-
cytosis assay (see above), samples were further treated with 50
�g/ml gentamicin at 4 °C for 1 h. After two additional washes in
PBS, aliquots of suspended sampleswere applied to a cytometer
to count the number of hemocytes under a microscope. Sus-
pensions were again centrifuged, and precipitates were added
to 0.1% Triton X-100 to lyse the hemocytes. Samples were seri-
ally diluted in PBS and spread on mannitol salt agar plates to
selectively isolate S. aureus. Plates were incubated at 37 °C, and
cfu were determined.
In Vitro Binding Assay of Active PP to Bacteria—An over-

night culture of S. aureus was centrifuged, and the precipitate
was suspended in PBS to approximately 1010 cells/ml. After
active PPwas added (4�g/ml), the suspensionwas incubated at
27 °C for 3 h. Bacterial cells were washed three times with PBS
and subjected to SDS-PAGE. Detection of PP was described
previously (15).
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Detection of p38 and Phospho-p38MAPKProteins in the Silk-
worm Fat Body—Silkworm larvae (day 2 of fifth instar) were
injectedwith 50�l of BSA (66�g/ml, 1�M), active PP (4�g/ml,
1 �M), or saline, followed by incubation at 27 °C. Fat body tis-
sues were dissected and homogenized in insect physiological
saline. Proteins were separated in 12.5% SDS-PAGE and trans-
ferred to Immobilon-P polyvinylidene difluoride membrane
(Millipore). To detect p38 protein, 5% skimmilk in TBST (Tris-
buffered saline, pH 7.6, containing 0.1% Tween 20) was used as
a blocking solution, and 1/1,000 diluted p38 MAPK antibody
from rabbit (code 9212; Cell Signaling Technology) was used as
the primary antibody. To detect phosphorylated p38 protein,
5% phosphoBLOCKERTM blocking reagent (Cell BioLabs) in
TBST was used as a blocking solution, and 1/1,000 diluted
phospho-p38 MAPK (Thr180/Tyr182) antibody from rabbit
(code 9211; Cell Signaling Technology) was used as the primary
antibody. Horseradish peroxidase-linked anti-rabbit Ig from
donkey (GE Healthcare) was used as the secondary antibody in
both cases. Bands were detected by Western LightningTM
Chemiluminescence Reagent Plus (PerkinElmer Life Sciences)
and Hyperfilm ECL (GE Healthcare).
In Vivo Melanization Assay—Silkworm larvae (day 2 of fifth

instar) were injected with 50�l of saline, active PP (4�g/ml), or
peptidoglycan from S. aureus (1 mg/ml) in the presence or
absence of the p38 MAPK inhibitor ML3403 (1 mM). Three
hours later, hemolymph was collected, and phenylthiourea (1
mM), an inhibitor of phenoloxidase, was added immediately to
prevent further melanization after bleeding. After centrifuga-
tion, the A490 values of the supernatant fractions (hemolymph
plasma) were measured by a spectrometer.
Effect of p38 MAPK Inhibitor on Host Resistance to Bacteria—

Silkworm larvae (day 2 of fifth instar) were injected with 1 mM

p38MAPK inhibitorML3403 or 10%DMSO.After 0.5 h, larvae
were further injected with a 1/100 diluted suspension of an
overnight culture of S. aureus (1� 108 cfu/larva) supplemented
with active PP (4 �g/ml). Survival rates of 10 larvae/group were
estimated. For statistical analysis, the datawere plottedwith the
Kaplan-Meier method using Prism 5 (GraphPad Software) and
tested for significance by using the log-rank test.

RESULTS

Genome-wide Analysis of Gene Expression Regulated by
Active PP—In vertebrates, cytokines produced by specific cells
act on other immune cells and induce changes in gene expres-
sion. In insects, however, immunologic factors that regulate
gene expression in multiple immune cells have not been iden-
tified. We previously reported that PP activation in silkworms
leads to resistance against bacterial infection (15). The active
form of PP induces a variety of physiologic actions such as slow
and continuous muscle contraction, spreading of hemocytes,
and inhibition of the release of premature hemocytes from
hematopoietic organs (11, 12). We hypothesized that active PP
is capable of inducing the expression of immune-related genes
in the tissues that contribute to self-defense.
First, we injected silkworm larvae with active PP (200

ng/larva) and observed strong paralysis that lasted for 30–40
min. The amount of PPused in this experimentwas sufficient to
delay death in silkworms infected by S. aureus, as described

previously (15). After 3 h, we isolated the hemocytes and fat
body tissues to extract total RNA and subjected the RNA to
oligonucleotide microarray analysis. Injection of active PP
caused no significant change in the population or number of
hemocytes, based on microscopic observation (data not
shown). The microarray analysis revealed a �2-fold change in
the expression levels of�400 gene clones in hemocytes and 200
gene clones in the fat body. As for the immune-related genes
annotated in the database, active PP up-regulated the expres-
sion of three genes for surface molecules, four genes for
cytoskeleton proteins, six genes for lipoproteins, one gene for
serine protease (scolexin), and three genes for heat shock pro-
teins in hemocytes; two genes for AMPs, two genes for lipopro-
teins, and one gene for peptidoglycan recognition protein
(BmPGRP-S2) in the fat body. The expression of other genes
involved in metabolism and development was also affected. A
number of genes with altered expression profiles after injecting
active PP have not yet been annotated. Some of those unchar-
acterized genes induced by active PP share homology with
immune-related genes in other insects, like a gene (China gene
model ID: BGIBMGA002396, microarray clone ID: Ka06397)
that shares homology with theDrosophila spaeztle family (25%
identity in the predicted protein sequence), and a gene
(BGIBMGA003614,Ka05904) thatpossesses a tumornecrosis fac-
tor (TNF) family signature and showed 27% identity in the pre-
dicted protein sequence to eiger, aDrosophilaTNF ortholog.
Quantitative Analysis of Gene Expression Levels Altered by

Active PP—In invertebrates such as Drosophila melanogaster
(17, 18) and B. mori (19), expression of genes encoding phago-
cytosis-associated proteins (adhesion molecules, cytoskeleton,
adaptormolecules, etc.), AMPs, and pattern recognition recep-
tors are up-regulated by infectious stimuli. Among the genes
with altered expression profiles in hemocytes and the fat body
after PP injection, we quantified the mRNA levels of immune-
related genes by RT-PCR. In hemocytes from PP-injected silk-
worms, tetraspanin E, actin A1, troponin I, and ced-6 genes
exhibited increased mRNA levels 2–7-fold (Table 1). In the fat
body, active PP up-regulated the expression of cecropin A,
moricin, and BmPGRP-S2 2–6-fold (Table 1). Furthermore, we
examined the effect of BSA on the expression of these genes to
determine the specificity of the PP-mediated responses. Three
hours after injection of BSA or active PP into silkworm larvae,
the mRNA levels of above immune-related genes (tetraspanin
E, actinA1, and ced-6 in the hemocytes, and cecropinA,moricin

TABLE 1
Quantitative RT-PCR analysis of immune-related genes
Amounts of mRNAs of immune-related genes in hemocytes and fat body 3 h after
injection of saline or 4 �g/ml active PP were analyzed by quantitative RT-PCR.
Values indicate fold changes in mRNA quantities of PP-injected groups relative to
saline-injected groups at 3 h after injection. Data represent mean � S.D. of six
experiments.

Tissue Gene Fold-change relative to
saline injection

Hemocyte tetraspanin E 1.8 � 0.1
actin A1 5.0 � 1.4
troponin I 6.9 � 1.6
ced-6 2.0 � 0.2

Fat body cecropin A 2.1 � 0.5
moricin 3.5 � 0.9
BmPGRP-S2 6.4 � 3.9
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and BmPGRP-S2 in the fat body) were analyzed by quantitative
RT-PCR. In our experimental condition, the induction rates of
immune-related genes in PP-injected groups were higher than
those in BSA-injected groups (Fig. 1), suggesting that the effect
of PP on gene expression was not due to nonspecific stimula-
tion caused by exogenous proteins. These findings demonstrate
that PP activates the expression of a distinct set of genes in
hemocytes and the fat body, themajor tissue involved in cellular
and humoral immunity, respectively.
Injection of active PP into silkworm larvae induces muscle

contraction and morphologic changes in hemocytes within 30
min (11, 12, 20). Therefore, we speculated that active PP is
produced in the hemolymph at an early stage of infection and
signals the immune systems to initiate the expression of
immune-related genes. To test this hypothesis, we assessed the

effects of injection of active PP on gene expression in hemo-
cytes and fat body tissues. mRNA levels of tetraspanin E, actin
A1, and ced-6 in the hemocytes (Fig. 2) and cecropin A and
moricin in the fat body (Fig. 3) increased within 3 h of PP injec-
tion. The expression levels of immune genes returned to base-
line by 12 h after PP injection. These findings indicate that PP
rapidly induces the expression of multiple immune genes.
The Toll and Imd pathways are key systems for regulating

insect immune responses (10). The expression of the members
of the Toll and Imd pathways is up-regulated in the fat body
upon bacterial infection (10, 17, 21). Because these genes were
not present in the clone set on the microarray we used in this
study (21), we separately analyzed their expression levels by
RT-PCR. First, we injected peptidoglycan, a bacterial cell wall
component that stimulates the Toll and Imd pathway, or active
PP into silkworm larvae, andmeasured themRNA levels of Toll
and Imd pathway genes such as pelle, tube, TRAF2, IKK�, and
FADD. Injection of peptidoglycan increased the mRNA quan-
tities of pelle, tube, IKKg, and FADD genes in the hemocytes and
increased the mRNA quantities of pelle, TRAF2, IKK�, and
FADD in the fat body (Fig. 4). On the other hand, the induction
rates of the above Toll and Imd pathway genes in the PP-in-
jected groups were significantly lower than those of peptidogly-
can-injected groups (Fig. 4). Based onour previous findings that
peptidoglycan stimulates PP activation (15), these data suggest
that the induction of Toll and Imd pathway genes does not
contribute to PP-mediated immune responses.
Effect of Active PP on Phagocytosis of Bacteria by Silkworm

Hemocytes—Active PP stimulates adhesion of plasmatocytes,
one of the key hemocyte subtypes involved in cellular immu-
nity, to glass slides and induces their spreading behavior (12).
Microarray and quantitative RT-PCR indicated that PP induces
the expression of tetraspanin E and ced-6 in silkworm hemo-
cytes. The gene families of tetraspanin and ced encode proteins
necessary for the phagocytosis of bacteria in Manduca sexta
(22) andD.melanogaster (23), respectively. Based on these pre-
vious findings, we considered that PP might stimulate the
phagocytotic activity of silkworm hemocytes. In our in vitro
phagocytosis assay, we confirmed that the cells took up the
bacteria in an actin-dependentmanner because the processwas
blocked by low temperature and cytochalasin D treatment,
which inhibit actin polymerization (supplemental Fig. S1).
Using this assay, we assessed the ability of hemocytes to phago-
cytose S. aureus within 3 h after adding active PP. The results

demonstrated that active PP pro-
moted the in vitro uptake of S.
aureus by hemocytes (Fig. 5A). The
promotional effect of PP on phago-
cytosis was also observed after incu-
bation for 0.5 h (data not shown).
We further evaluated the effect of
PP on phagocytosis in vivo by inject-
ing either fluorescence-labeled S.
aureus (Fig. 5B) or cultured live S.
aureus cells. A higher number of
colocalizing fluorescent particles
was observed in hemocytes from
PP-injected larvae than from saline-

FIGURE 1. Induction of immune-related genes by BSA or active PP. Silk-
worm larvae were injected with 50 �l/larva of saline, BSA (66 �g/ml, 1 �M), or
active PP (4 �g/ml, 1 �M), and after 3 h RNAs were extracted from hemocytes
and fat body tissues. mRNA amounts of immune-related genes in hemocytes
(A) and fat body (B) were analyzed by quantitative RT-PCR. mRNA quantity of
each gene was normalized to that of a control gene, elongation factor 2,
whose expression is not affected by injection of the samples. Furthermore,
fold changes in mRNA quantities of BSA- or PP-injected groups relative to
saline-injected groups were estimated and are shown on the longitudinal axis.
Data represent mean � S.D. (error bars) of four experiments. Statistical signif-
icance was determined by Student’s t test (*, p � 0.05; **, p � 0.01).

FIGURE 2. Time course of induction of phagocytosis-related genes in hemocytes by active PP. mRNA
amounts of phagocytosis-related genes (A, tetraspanin E; B, actin A1; C, ced-6) in hemocytes after injection of
saline (open circles) or active PP (filled circles) were analyzed by quantitative RT-PCR. mRNA quantity of each
gene was normalized to that of a control gene, elongation factor 2, whose expression is not affected by injection
of the samples. Furthermore, fold changes in mRNA quantities relative to time 0 (no injection) were estimated
and are shown on the longitudinal axis. Data represent mean � S.D. (error bars) of four or five experiments.
Statistical significance was determined by Student’s t test (*, p � 0.05).
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injected larvae (Fig. 5C). Furthermore, estimation of the num-
ber of bacteria internalized by hemocytes in the in vivo assay
revealed higher cfu in PP-injected groups than in control
groups injected with bacteria alone (Fig. 5D). Taken together,
these results suggest that PP stimulates the in vitro and in vivo
phagocytosis of bacteria by hemocytes.Humoral factors such as

antibodies and complement stimulate phagocytosis by binding
to the bacterial surface; a process called opsonization. To exam-
ine whether PP is able to opsonize bacteria, we incubated active
PP with S. aureus for 3 h and centrifuged the mixture to sepa-
rate the bacterial cells from the supernatant.Western blot anal-
ysis revealed active PP only in the supernatant, not in the bac-
terial cell fraction (Fig. 5E). These results suggest that PP
stimulates phagocytosis of bacteria by silkworm hemocytes
without direct opsonization.
Effect of Active PP on in Vivo Activation of p38 MAPK in

Silkworm Fat Body—Various stress-signaling pathways in host
immune cells are activated by bacterial infections. For example,
in mammals and nematode Caenorhabditis elegans, the p38
MAPK pathway is activated in response to bacterial infections
and is required for AMP production (24–26). We previously
reported that bacterial cell wall components trigger PP activa-
tion in the silkworm hemolymph (15). Thus, based on our RT-
PCR data showing that PP up-regulated the expression of AMP
genes, we considered that the p38 MAPK pathway might be
involved in the induction of AMPs in silkworm fat body by
active PP.
To assess the effect of PP on p38 MAPK activation, we

excised the fat body from silkworm larvae injected with active
PP and evaluated the amount of phosphorylated p38 (P-p38). In
the fat body excised at 20 or 60 min after PP injection, the
amounts of P-p38 were increased compared with those excised
from saline-injected silkworms (Fig. 6A). We further evaluated
the specificity of PP-triggered p38 activation using BSA as a
control. Thirty minutes after injection of BSA into fat body
samples prepared from silkworms, less phosphorylated p38was
observed than in the PP-injected group (Fig. 6B). These findings
suggest that active PP induces an acute activation of p38MAPK
in the silkworm fat body.
We then examined whether the p38 MAPK pathway is

required for the expression of AMP genes induced by active PP
in the larval fat body. Larvae pretreated with the solvent DMSO
or ML3403 (a pharmacologic p38 inhibitor) were injected with
active PP, and after 3 h fat body tissues were excised tomeasure
the amount of expressed mRNA. In silkworms pretreated with
DMSO, expression levels of cecropin A and moricin increased
3.5- and 2.8-fold, respectively, in response to active PP. On the
other hand, in larvae injected with the p38 inhibitor, the two
AMP genes increased only 1.9- and 1.3-fold, respectively (Fig.
6C). This result suggests that PP induces AMP gene expression
via activation of the p38 MAPK pathway in the larval fat body.
We also tested the effect of a p38 inhibitor on the up-regula-

tion of phagocytosis-related genes in silkworm hemocytes
induced by active PP. ML3403 suppressed the PP-dependent
induction of tetraspanin E and actin A1 in hemocytes
(supplemental Fig. S2). This result suggests that induction of
phagocytosis-related genes by PP involves activation of the p38
MAPK pathway.
Melanization is an immune response in insect hemolymph

that is triggered by bacterial components such as peptidoglycan
and followed by the activation of serine protease cascades (27).
Based on our results showing PP-dependent up-regulation of
some genes such as serine proteases and peptidoglycan recog-
nition protein, we considered the possibility that PP affects the

FIGURE 3. Time course of induction of antimicrobial peptide genes in the
fat body by active PP. mRNA amounts of antimicrobial peptide genes (A,
cecropin A; B, moricin) in the fat body after injection of saline (open circles) or
active PP (filled circles) were analyzed by quantitative RT-PCR. mRNA quantity
of each gene was normalized to that of a control gene, elongation factor 2,
whose expression is not affected by injection of the samples. Furthermore,
fold changes in mRNA quantities relative to time 0 (no injection) were esti-
mated and are shown on the longitudinal axis. Data represent mean � S.D.
(error bars) of four or five experiments. Statistical significance was determined
by Student’s t test (*, p � 0.05).

FIGURE 4. Induction of immune-related genes by peptidoglycan or active
PP. Silkworm larvae were injected with saline, peptidoglycan, or active PP,
and RNAs were extracted from hemocytes and fat body tissues 3 h later.
mRNA amounts of Toll and Imd pathway genes in hemocytes (upper) and fat
body (lower) were analyzed by quantitative RT-PCR. The mRNA quantity of
each gene was normalized to that of a control gene, elongation factor 2. Fur-
thermore, fold changes in mRNA quantities of peptidoglycan- or PP-injected
groups relative to saline-injected groups were estimated and are shown on
the longitudinal axis. Data represent mean � S.D. (error bars) of three to five
experiments. Statistical significance was determined by Student’s t test (*, p �
0.05; **, p � 0.01).
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bacteria-induced melanization reaction. Injection of pepti-
doglycan into silkworm larvae induced melanization and
increased the A490 value of the hemolymph plasma within 3 h
(supplemental Fig. S3). When active PP was co-injected with
peptidoglycan, the A490 value of the hemolymph plasma

became higher than that of the pep-
tidoglycan-injected group (supple-
mental Fig. S3). On the other hand,
a pharmacologic p38 inhibitor
(ML3403) did not inhibit melaniza-
tion in larvae injected with pepti-
doglycan in the presence or absence
of PP (supplemental Fig. S3). There-
fore, we concluded that PP pro-
moted bacteria-induced melaniza-
tion of the hemolymph, whereas the
p38 MAPK pathway played only a
minor role in the melanization
reaction.
Previously, we reported that

injection of active PP in the hemo-
lymph of silkworms delayed the kill-
ing effect of S. aureus (15). To clarify
the contribution of the p38 MAPK
pathway to the protection of the
host by PP, we examined the effect
of ML3403 on the PP-dependent
delayed killing of larvae infected

with S. aureus. Injection of active PP increased the time
required to kill 50% of infected larvae by S. aureus from 57 h to
74 h (Fig. 6D, p � 0.05 using the log-rank test). In contrast,
pretreatment withML3403 abolished the lifetime prolongation
effect of active PP in infected larvae (Fig. 6D). This result sug-

FIGURE 5. Effect of active PP on phagocytosis of bacteria by silkworm hemocytes. A, in vitro phagocytosis assay. Hemocytes supplied with the indicated
amounts of active PP were incubated with S. aureus for 3 h. After lysing the hemocytes, cfu of S. aureus were determined and normalized to the number of
hemocytes. Fold changes in cfu relative to the sample incubated without PP (0 ng/ml) are shown. Data represent mean � S.D. (error bars) of five experiments.
Statistical significance was determined by Student’s t test (*, p � 0.05). B, microscope image of fluorescent (Alexa Fluor 594)-labeled S. aureus colocalized with
silkworm hemocytes. Hemocytes were collected and fixed 3 h after injection of labeled bacteria. C, in vivo phagocytosis of fluorescence-labeled bacteria.
Silkworms were injected with fluorescence-labeled S. aureus. After 3 h, cells were collected, and the numbers of fluorescent particles colocalized with hemo-
cytes were counted. Values were normalized to the number of hemocytes. Statistical significance was determined by Student’s t test (*, p � 0.05). D, in vivo
phagocytosis of live bacteria. Silkworms were injected with the indicated numbers of live S. aureus cells. After 3 h, hemocytes were collected and lysed to
determine the number of internalized bacteria; cfu normalized to the number of hemocytes are shown. Data represent mean � S.D. of four larvae. Statistical
significance was determined by Student’s t test (*, p � 0.05). E, in vitro binding assay of active PP to bacteria. S. aureus was incubated with active PP in PBS for
3 h, and samples were separated into supernatant fractions (S) and precipitate fractions (P). The samples were analyzed by immunoblotting.

FIGURE 6. Effect of active PP on the in vivo activation of p38 MAPK in silkworm fat body. A, phosphoryla-
tion of p38 MAPK in silkworm fat body induced by active PP. Eight larvae/group were injected with saline or
active PP, and after 20 or 60 min the fat body tissues were collected. Tissue samples were analyzed by immu-
noblot. B, effect of BSA on p38 MAPK phosphorylation in the silkworm fat body. Five larvae/group were injected
with 50 �l of BSA (66 �g/ml, 1 �M) or active PP (4 �g/ml, 1 �M), and the fat body tissues were collected 30 min
later. Tissue samples were analyzed by immunoblot. C, effect of a pharmacologic p38 inhibitor on the induction
of AMP gene expression by active PP. Ten larvae/group were treated with 10% DMSO (a solvent) or ML3403
prior to the injection of saline or active PP, and the fat body tissues were dissected 3 h later. The mRNA amounts
of cecropin A and moricin were evaluated by quantitative RT-PCR, and the values were normalized to the mRNA
amounts of elongation factor 2. In each pretreatment condition (DMSO or ML3403), PP-dependent fold-
changes relative to saline-injected groups in the cecropin A and moricin mRNA are shown. Data represent
mean � S.D. (error bars) of four experiments. Statistical significance was determined by Student’s t test (*, p �
0.05). D, effect of ML3403, a pharmacologic p38 inhibitor, on PP-dependent up-regulation of host resistance to
bacterial infection. Silkworm larvae were treated with 10% DMSO or ML3403 prior to injection of saline or active
PP mixed with a suspension of S. aureus.
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gests that the p38 MAPK pathway is required for the up-regu-
lation of bacterial resistance by active PP.

DISCUSSION

Immune reactions are classified as immediate and delayed
type responses. Immediate type responses are highly important
to initially prevent the explosive proliferation and systemic
spreading of pathogens that can cause septic shock and organ
failure. The cooperation of several immune pathways is
required for efficient elimination of pathogens. Our under-
standing of the regulatory mechanisms of the cooperative reg-
ulation of innate immune responses, however, is insufficient.
The present study demonstrated that an insect cytokine PP
triggers immediate-type immune responses by inducing the
acute expression of various immune-related genes in hemo-
cytes and the fat body of silkworms (Fig. 7).
Some of the outer components of microorganisms stimulate

the expression of genes involved in innate immune responses in
host animals. There are several reports of genome-wide analy-
ses in flies infected by pathogens and in the hemocyte-like cell
line mbn-2 treated with bacterial cell wall components (17, 18,
28, 29). Moreover, Mita et al. constructed a B. mori expressed
sequence tag database (30) and analyzed the genome sequence
information (31), making it possible for researchers to perform
genome-wide analysis in silkworms. Recently, Tanaka et al.
performed amicroarray analysis to study the expression profile
of the silkworm fat body and showed that the expression levels
of various genes change in response to bacterial infection (21).
We identified a set of genes with altered expression patterns in
hemocytes and fat body tissues after injecting active PP. Some
of the PP-inducible genes overlapped with those reported to be
expressed in insect cells infected by pathogens (21). Although
most of the genes induced by PP have yet to be characterized,
some of them share homologies with immune-related genes. In
D.melanogaster, a few cytokine-like factors such as Spaeztle (9),
Eiger (32), and Unpaired-3 (33) are reported to be involved in
innate immunity. There is no report of an insect cytokine like
PP capable of affecting both the gene expression of multiple
immune tissues and inducing host resistance against patho-
gens. Thus, this is the first genome-wide analysis of an insect
cytokine in multiple tissues. Because PP-inducible genes

include some other cytokine-like factors (e.g. genes with
sequence similarities to spaeztleorTNF families), wewould like
to propose that a regulatory system corresponding to themam-
malian “cytokine network” exists in insects, which lack an
acquired immune system.
In our experiments, we observed significant increases in the

relative amounts of mRNA for AMP genes such as cecropin A
and moricin in the fat body tissues after injecting saline, the
solvent for active PP (Fig. 3). On the other hand, the induction
of phagocytosis-related genes in hemocytes was not so sensitive
to saline injection (Fig. 2). Lipopolysaccharide (LPS) is a well
known contaminant that stimulates AMP production in
immune systems. Tanaka et al. (34) demonstrated that a high
dose of purified LPS (1.0�g/larva) and synthetic lipidA (a com-
ponent of LPS) elicits in vivo AMP production in the silkworm
fat body. The amount of endotoxin in the saline sample injected
into silkworms was 0.1–0.2 pg/larva. When we injected either
commercial endotoxin-free water or saline (containing �1
pg/ml endotoxin), we observed a �20-fold increase in the
mRNA level of cecropin A compared with that of uninjected
silkworms. These results indicated that, under our experimen-
tal conditions, there were uncontrolled factors (e.g. contamina-
tion by substances other than endotoxin, stress caused by the
injection itself, and infection by a small amount of bacteria on
the larval surface, etc.) that increased background AMP gene
expression in the silkworm fat body. Nevertheless, when we
injected active PP dissolved in endotoxin-free water or saline,
themRNA level of cecropinA increased�2-fold comparedwith
that of silkworms injected with each endotoxin-free solvent.
Therefore, the robust effect of active PP was clear.
Studies of the molecular regulation mechanisms of AMP

production in the insect fat body, especially in the Toll and Imd
pathways, have made great progress in the last decade. On the
other hand, information regarding cellular immunity, including
the mechanisms of bacterial recognition and uptake by phago-
cytic cells, is relatively limited. RNA interference screening of
Drosophila cultured cells (35, 36) and Anopheles gambiae
hemocytes (37) indicates that genes encoding pattern recogni-
tion receptors, cytoskeleton, and adhesive molecules are
required for phagocytosis of microorganisms. Furthermore, in
insects such asD.melanogaster andA. gambiae, thiolester-con-
taining proteins opsonize bacteria by direct binding and pro-
mote phagocytosis (38, 39). No extracellularmolecule in insects
has been found that alters the ability of hemocytes to engulf
bacteria. In the present study, active PP was suggested to facil-
itate the uptake of bacteria by inducing phagocytosis-related
gene expression in larval hemocytes. There are several hemo-
cyte subtypes in insects, and each of them has different immu-
nologic roles (40). Because of their body size, a large number of
hemocytes can be obtained from silkworms for analysis of the
functions of each subtype. Nakahara et al. (41) established a
method for purifying different subtypes of hemocytes in B.
mori. These technical advantages of silkworms offer the pros-
pect of identifying the specific hemocyte subtype responsible
for promoting phagocytosis induced by active PP. To our
knowledge, PP is the first extracellular molecule reported to be
a host factor in insect that regulates cellular immunity without
direct opsonization of bacteria.

FIGURE 7. Regulation of cellular and humoral immune responses by
insect cytokine PP.
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Among the intracellular signaling pathways activated in
infected hosts, p38 MAPK acts downstream of mammalian
Toll-like receptors to produce AMPs (24). In mosquito Aedes
aegypti, the p38MAPKpathway is involved inAMPproduction
induced by LPS (42). Here, we showed that active PP induced
p38 MAPK-mediated AMP gene expression within a relatively
short time. Furthermore, a p38 inhibitor abolished the in vivo
therapeutic effect of active PP on silkworm larvae against S.
aureus infection. Thus, we concluded that in the early stage of
infection, PP triggers the activation of p38 MAPK and subse-
quent induction of immune-related genes, which leads to host
protection against pathogens. MAPK family proteins including
p38 are well conserved among various species, and their
orthologs in several insects have been cloned (43–46). Some
MAPK family proteins, like JNK and TAK1, are reported to be
involved in innate immune responses (43–45). The roles of
other members of the MAPK family in innate immunity, how-
ever, remain obscure. Further studies of PP-regulated immune
responses will help unravel the importance of MAPK pathways
in innate immunity.
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