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14.1. Introduction

Although insects do not have the adaptive immunity
that defines the antigen-specific immune responses of
vertebrates, insects do have innate immunity, which is
comprised of cellular and humoral immune responses.
The cellular innate immune responses, including phago-
cytosis, nodulation, and encapsulation, are mediated by
hemocytes (insect blood cells). Clotting, melanin synthe-
sis, and antimicrobial peptide (AMP) production, known
collectively as humoral innate immunity, are mediated by
soluble plasma proteins or fat bodies (corresponding to
mammalian liver). Recent accumulated experimental data
from insects, which are infected with pathogenic bacte-
ria, fungi, parasites or viruses that specifically elicit their
innate immune responses, provide strong clues that insects
are useful model systems to study the innate immunity of
invertebrates. As a result of drastic new technique devel-
opments in molecular cellular biology and genetics in the
fruit fly, mosquito, and other large insects over the past
20 years, a dramatic explosion of knowledge of insect
immunology has enabled us to understand its basic mech-
anisms. In this chapter, we will overview recent progress
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in elucidating these molecular mechanisms, and current
knowledge about the biological significance of insect
immunology.

14.2. Insect Immunology Background

14.2.1. Pioneering Studies of Insect
Immunology

In 1884, Elie Metchnikoff, a Russian scientist, introduced
the word “phagocyte” as a name for the invertebrate circu-
lating cells responsible for ingesting foreign bodies, and first
discovered the phagocytotic immune response in insects.
Another Russian scientist, Serge Metalnikov, intensively
explored the mechanism of phagocytosis in insects. He
began by describing the various types of insect hemocytes
and their roles in phagocytosis and nodule formation. He
found granular hemocytes (granulocytes) to be the major
phagocytic cells. Metalnikov spent nearly three decades
studying the phagocytosis of bacteria in two species of lepi-
dopteran larvae: Galleria mellonella and Pyrausta nubilarisa.
His numerous observations led him to believe that phagocy-
tosis was not one type of response but an extremely complex
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phenomenon with degrees of intensity. Our molecular
understanding of the cellular innate reaction in insects has
advanced dramatically during the past two decades. Sev-
eral receptors involved in phagocytosis and its regulatory
mechanisms have recently been determined using genetic
and molecular biology techniques (Stuart and Ezekowitz,
2008). Several molecules related to encapsulation have also
been identified in large insect and mosquito systems.

In 1918, Rudolf W. Glaser first reported the existence
of immunity in the grasshopper (Glaser, 1918). Next,
June M. Stevens reported the identification of inducible
bactericidal activity in the hemolymph (insect blood) of
the wax moth G. mellonella (Stevens, 1962). True humoral
insect immunology research was started by the Hans
Boman group at Stockholm University, in an attempt to
answer the question of how holometabolous insects sur-
vive against pathogenic microbial infection if their circu-
lating hemolymph contains no antibodies and no immune
cells capable of mounting an adaptive immune response.
By injecting several different Gram-positive bacteria, they
demonstrated that the fruit fly Drosophila melanogaster
also had an inducible bactericidal effect in hemolymph
(Boman ez al., 1972). The group realized that the puri-
fication of these bactericidal molecules from Drosophila
would be exceedingly difficult, and Boman’s colleagues
turned instead to the giant silkmoth Hyalophora cecropia,
from which about 1 ml of hemolymph could be collected
per pupa. After accumulating knowledge about induc-
ible bactericidal effects, they finally reported the amino
acid sequences of two novel antibacterial peptides called
cecropins that are involved in insect innate immunity
(Steiner et al., 1981). This seminal discovery opened up
a whole new field of insect immunology, leading to the
isolation of AMPs from many different insects. Also,
a-defensins were isolated from mammalian neutrophils
only a few years after the identification and sequencing
of cecropins (Selsted ez al., 1985), leading to the identi-
fication of a large number of AMPs found in vertebrates,
and providing the essential knowledge for understanding
immune defense in mammalian hosts (Zasloff, 2002).
A variety of additional advances over the next 25 years
resulted in the discovery of Drosophila Toll and IMD sig-
naling pathways (Lemaitre ez al., 1996; Choe et al., 2002;
Gottar ez al., 2002), and human Toll-like receptors and
their signaling pathways (Kawai and Akira, 2010).

14.2.2. Basic Concept and Development
of Innate Immunity

In 1989, Charles A. Janeway first proposed the basic
concept of innate immunity as the first-line host defense
responses that serve to limit infection in the early hours
after exposure to microorganisms (Janeway, 1989). He
suggested that this system was activated by a group of
germ-line-encoded receptors and soluble proteins, termed

pattern-recognition receptors and proteins, respectively.
These pattern-recognition molecules were suggested to
recognize microbial cell wall components that are con-
served among microbes but absent in the host. These
conserved motifs, called pathogen-associated molecular
patterns (PAMPs), include lipopolysaccharide (LPS) of
Gram-negative bacteria, peptidoglycan (PGN) of Gram-
positive bacteria, and p-1,3-glucan of fungi (Medzhitov
and Janeway, 2002). Upon recognition, these pattern-
recognition receptors activate distinct signaling cascades
leading to the expression of genes that participate in
innate immune response, such as inflammatory cytokines
or AMPs. Janeway also suggested that pattern recognition
might be critically important not only in the early phase of
infection but also in the initiation of adaptive immunity
in vertebrates. His hypothesis has been proved by recent
innate immunity studies in invertebrates and vertebrates.
In 1996, Hoffmann and his colleagues reported that
Drosophila Toll receptor controls the antifugal immune
reponse in the fruit fly, and that mutations in the Toll
signaling pathway dramatically reduce survival after fun-
gal infection (Lemaitre ez al, 1996). In 1997, Janeway
and his colleagues first identified a human homolog of
the Drosophila Toll protein, and proved that this Toll-like
receptor induced activation of adaptive immunity signals
(Medzhitov ez al., 1997). This report opened up new
research in mammalian innate immunity. Dramatic devel-
opments in the field of vertebrate and invertebrate innate
immunity have contributed invaluable knowledge toward
new drug development against infectious, inflammatory,
and immune diseases that seriously affect modern human
society (Hennessy ez al., 2010).

14.3. PAMP-Recognition Proteins
in Insect Immunology

14.3.1. Peptidoglycan Recognition Proteins

PGN is a polymer consisting of glycan strands of alter-
nating N-acetylglucosamine (GlcNAc) and N-acetylmu-
ramic acid (MurNAc) that are cross-linked to each other
by short-peptide bridges (Schleifer and Kandler, 1972).
PGNs from Gram-negative bacteria and some Bacillus spe-
cies differ from other Gram-positive PGNs by the replace-
ment of lysine (Lys) residue with meso-diaminopimelic acid
(DAP) at the third amino acid in the stem-peptide chain
(Figure 1). Insect PGN recognition receptors (PGRPs)
were first characterized in the Bombyx mori moth (Yoshida
et al., 1996), and proposed to be a trigger of the innate
immune response in the moth. At present, many PGRPs
have been purified or identified from different verte-
brates and invertebrates, including Drosophila (Kang
et al., 1998; Royet and Dziarski, 2007). All PGRPs have
so-called PGRP domains of about 160 amino acid residues
that show high similarity to those of the bacteriophage
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Figure 1 The primary structures of peptidoglycan, TCT and f-1,3-glucan. Peptidoglycan is a stem-peptide cross-linked
polymer consisting of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc). (A) Structure of S. aureus polymeric
Lys-type peptidoglycan. The third residue of the stem-peptide is L-Lys. (B) Polymeric DAP-type peptidoglycan structure of E.
coli containing a meso-diaminopimelic acid (DAP) residue at the third residue of the stem-peptide. (C) A polymer structure of
$-1,3-glucan of yeast and some fungi. (D) Structure of monomeric DAP-type peptidoglycan containing an internal 1,6-anhydro
bond at the MurNAc residue functioning as a ligand molecule of the IMD pathway. These molecules function as pathogen-

associated molecular patterns (PAMPs).

T7 lysozyme, which is known to have a typical zinc-depen-
dent N-acetylmurarmoyl-L-alanine amidase. This amidase
can cleave the amide bond connecting the stem-peptide
to the carbohydrate backbone of PGN. The tertiary struc-
tures of several PGRPs, such as PGRP-LB, PGRP-LE,
or PGRP-LC, show an extended surface groove domain
that may be involved in the recognition of downstream
molecules during the transfer of PGN signals, and in the
interaction between the stem-peptide of PGN and the
PGRP domain (Royet and Dziarski, 2007).

Drosophila has 13 PGRP genes that encode 17 PGRP
proteins through alternative splicing. Drosophila PGRPs
are classified into catalytic and non-catalytic PGRDs.
PGRP-LB, -SB, and -SC belong to the catalytic PGRPs.
Members of the second group, such as PGRP-SA, -SD,
and -LC, lack the zinc-binding residues required for ami-
dase activity, but still retain the ability to bind and rec-
ognize PGN. Drosophila PGRPs can also be categorized
based on their size. The short-form proteins PGRP-SA,
-SB, -SC, and -SD are secreted hemolymph proteins with
PGRP domains and signal sequences, while the long-form
proteins PGRP-LA, -LB, -LC, -LD, and -LE contain
PGRP domains, signal sequences, and additional domains.

PGRP-LA, -LC and

-LD are membrane-associated

proteins, while others are assumed to be cytosolic (Werner
et al., 2000). Recent Drosophila genetic studies have dem-
onstrated that two non-catalytic short-form PGRPs, -SA
and -SD, are involved in the recognition of Lys-type-PGN
and in the activation of the Toll signaling pathway. Two
long-form receptors, PGRP-LC and PGRP-LE, are neces-
sary for the recognition of DAP-type PGN and for the
activation of the IMD signaling pathway (Lemaitre and
Hoffmann, 2007) (see section 14.4.2).

14.3.2. g-1,3-Glucan Recognition Proteins

The B-1,3-glucans are polysaccharides of D-glucose mono-
mers linked by $-1,3-glycosidic bonds that are important
cell wall components of baker’s yeast, mushrooms, and
other fungi (Figure 1C). The first -1,3-glucan recogni-
tion protein (BGRP) was purified from the hemolymph
of the silkworm B. mori as a 50-kDa protein with a
strong affinity for the cell wall of Gram-negative bacteria.
The ¢<DNA encoding this protein was isolated from an
immunized silkworm fat body ¢cDNA library, sequenced,
and named the Gram-negative bacteria-binding protein
(GNBP) (Lee ez al., 1996). Unexpectedly, the amino acid

sequence of this GNBP protein contained a region with
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significant homology to the putative catalytic region of a
group of bacterial f-1,3-glucanases and f-1,4-glucanases.
At the time, it was unknown whether this GNBP could
bind to B-1,3-glucans. In 2010, the Ashida group deter-
mined the cDNA of the real BGRP, which has an ability to
activate the (-1,3-glucan-mediated silkworm prophenol-
oxidase cascade (Ochiai and Ashida, 2000). The deduced
amino acid sequence of PGRP was not coincident with
that of GNBP even though they were purified from the
same insect, suggesting that Bombyx GNBP and PGRP
may recognize different ligands and may regulate different
immune responses in the silkworm. In 2003, the Hoff-
man group published a series of breakthrough Drosophila
genetic studies. The Drosophila genome encodes three
GNBPs (GNBP-1, -2, and -3) and two related proteins.
Gobert et al. (2003) reported that Drosophila GNBP-1
functions as an essential molecule for the activation of the
Gram-positive-mediated Toll signaling pathway. Further-
more, in 2006, Gottar and colleagues demonstrated that
Drosophila GNBP-3 is involved in sensing fungal p-1,
3-glucan and functions as an upstream f3-1,3-glucan rec-
ognition receptor of the Toll pathway (Gottar ez al., 2006).
The exact biological function of Drosophila GNBP-2 has
not yet been determined. Based on these pioneer works,
Drosophila GNBP-1 and GNBP-3 homologs have been
identified from several different insects, such as Anopheles
gambiae, Manduca sexta, and Tenebrio molitor, and their
biological functions characterized (see below). Recently, the
tertiary structures of the N-terminal domain of Drosophila
GNBP-3 have been solved, showing that this domain con-
tains an immunoglobulin-like fold in which the glucan-
binding site is masked by a loop that is highly conserved
among glucan-binding proteins (Mishima ez a/., 2009).

14.3.3. Lipopolysaccharide Recognition
Proteins

Hemolin, identified as a bacteria-inducible immune gene
in the giant silkmoth H. cecropia, is a member of the
immunoglobulin gene superfamily comprised of four
immunoglobulin domains (Sun ez 4/, 1990). When bac-
teria were injected into the pupal diapause, the hemolin
concentration increased 18-fold. It was shown to specifi-
cally interact with the lipid A part of LPS. An X-ray struc-
ture was also determined, and it revealed immunoglobulin
domains 2 and 3 as a phosphate-binding site, support-
ing the idea that the specificity of the bacterial interac-
tion occurs through the diphosphate lipid A (Su ez 4/,
1998). The cellular defense effects of hemolin are reflected
by its capacity to both inhibit hemocyte aggregation and
enhance phagocytosis iz vitro. Based on these findings,
hemolin is considered a pattern-recognition molecule in
the insect immune response. Several hemolins from dif-
ferent insects, including M. sexta, have also been puri-
fied and show similar bacterial binding specificities and

biological functions to those of giant silkmoth hemolin
(Yu and Kanost, 2002). Another LPS recognition protein
(LRP), a novel 40-kDa protein, was purified to homoge-
neity from the large beetle Holotrichia diomphalia. LRP
exhibited agglutinating activity on Escherichia coli, but
not on Staphylococcus aureus or Candida albicans. This
E. coli-agglutinating activity was preferentially inhibited
by rough-type LPS with a complete oligosaccharide core.
Interestingly, LRP consists of six repeats of an epidermal
growth factor (EGF)-like domain. Furthermore, E. coli
coated with purified LRP was cleared more rapidly in
the H. larvae than naked E. coli, indicating that the pro-
tein participates in the clearance of E. coli in vivo. Three
amino-terminal EGF-like domains of LRP, but not the
three carboxyl epidermal growth factor-like domains, are
involved in the LPS-binding activity, suggesting that LRP
functions as a pattern-recognition protein for LPS and
plays a role as an innate immune protein (Ju ez al., 2006).

14.4. Humoral Innate Immune
Responses

14.4.1. Biochemical Properties of Insect
Antimicrobial Peptides

Over the past two decades, many AMPs have been iso-
lated from insects and plants (Broekaert ez a/., 1995; Bulet
et al., 1999; Imler and Bulet, 2005). Most of these insect
AMPs are classified into two groups: inducible AMPs that
are secreted into the hemolymph when bacteria or fungi
are injected into insects, and constitutive AMPs that exist
in the naive hemolymph. More than 250 insecc AMPs
have been isolated since the discovery of cecropin by the
Boman group. In spite of great differences in size, amino
acid composition, and structure, insect AMPs can be
grouped into three categories. The largest AMPs belong to
the first category: peptides with intramolecular disulfide
bonds forming an o-helical-p-sheet, a hairpin-like 3-sheet,
or mixed structures. The second group comprises linear
peptides forming amphipathic a-helices. The last category
contains peptides with Pro- and/or Gly-rich residues.
Because the molecular activation and regulation mech-
anisms of insect AMP production are mainly studied in
the Drosophila system, the biochemical characteristics of
Drosophila AMPs will be summarized as a way to easily
explain AMP induction signaling pathways, such as the
Toll and IMD pathways (Lemaitre and Hoffmann, 2007).
Many insect AMPs similar to those of Drosophila have
been identified from a wide variety of different insects,
and the relationships between their structures and activi-
ties are reviewed in other excellent papers (Brown and
Hancock, 2006). The technical advances of analytical
biochemistry and mass spectrometry enabled the purifi-
cation of eight different AMPs using Drosophila hemo-
lymph. These AMPs are grouped into three families based
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on their antimicrobial activities. Specifically, defensin
showed antibacterial activity against Gram-positive bac-
teria. Cecropin, drosocin, attacins, diptericin, and MPAC
(matured pro-domain of attacin C) have antibacterial
activity against Gram-negative bacteria. Drosomycin
and metchnikowin are known to have antifungal activity.
These peptides are inducible AMPs that are synthesized by
the fat body in response to bacterial or fungal infections
and then secreted into the hemolymph. The biochemi-
cal characteristics and functions of the eight Drosophila
AMPs can be summarized as follows.

Defensin contains a 92-residue precursor contain-
ing an N-terminal signal peptide (20 residues) followed
by a pro-domain (32 residues) and the mature defensin
(40 residues). It consists of an a-helical domain linked
to antiparallel B-strands with three internal disulfide link-
ages: Cys;—Cysy, Cys,—Cyss, and Cys;—Cysg. This disul-
fide bridge pattern is also observed in plant defensins but
not in mammalian defensins, suggesting a difference in
tertiary structures between invertebrate and vertebrate
defensins. This AMP showed high homology with many
invertebrate defensin-like AMPs, such as Sarcophaga
sapecin A and Zenebrio tenecin 1. These insect defensins
showed antibacterial activity against many Gram-positive
bacteria, a limited number of Gram-negative bacteria, and
some filamentous fungi. Insect defensins are reported to
disrupt the permeability of the cytoplasmic membrane
of bacteria, leading to the leakage of cytoplasmic potas-
sium and partial depolarization of the inner membrane
(Cociancich ez al, 1993). The antibacterial activity
decreased in the presence of high salt concentration, as
shown in the vertebrate and plant defensins.

Cecropins are synthesized as 63-residue precursors,
with a putative signal peptide of 23 residues followed by
mature cecropin (40 residues), and ending in a glycine
residue that is amidated. Cecropin-like AMP is the first
purified animal-inducible AMP generated in response
to an experimental infection in diapausing pupae of the
H. cecropia moth (Lepidoptera) (Steiner ¢t al., 1981). The
three Drosophila cecropin genes (cecropin A-C) are also
the first genes to be cloned. Synthetic Drosophila cecropin
is highly efficacious on many Gram-negative bacteria at
concentrations below 10 uM, while most of the Gram-
positive strains tested remained insensitive even at higher
concentrations. It has been speculated that helix-forming
cecropins induce the disintegration of bacterial membrane
structures and lysis of bacteria.

Drosocin, which shows antibacterial activity against
Gram-negative bacteria, is synthesized as a 64-residue
precursor corresponding to a signal peptide (21 resi-
dues) followed by the mature drosocin (19 residues), and
ending in a prodomain of 24 residues. This peptide has
two biochemical characteristics: an o-glycosylated Thr
residue, and three repeats of a Pro—Arg—Pro motif in the
mature sequence. Apidaecins purified from honeybee Apis

mellifera are homologs of drosocin-like AMP (Casteels
et al., 1989). Unlike other a-helical-B-sheet- or hairpin-
like B-sheet-forming AMPs, which work in a matter of
minutes, drosocin takes several hours to kill bacteria.
Interestingly, synthetic drosocin created with only D-type
amino acid residues was totally inactive against Gram-
negative bacteria, suggesting that drosocin has stereose-
lective bactericidal effects and is not only a pore-forming
AMP.

Diptericin, which also displays antibacterial activ-
ity against Gram-negative bacteria, is synthesized as a
106-residue precursor containing signal peptide (23 resi-
dues) followed by the mature diptericin (83 residues).
Similar peptides have been identified in other dipteran
species, such as the blow fly Protophormia terraenovae, the
flesh fly Sarcophaga peregrina (Natori et al., 1999), and
the tsetse fly Glossina marsitans (Bulet et al., 1999). The
presence of o-glycosylation on the Thr residue within the
N-terminal Pro-rich domain of this peptide was con-
firmed by biochemical methods. This o-glycosylation
modification was also observed in drosocin and MPAC
(see below). When full-size synthetic unglycosylated and
o-glycosylated 82 mer Prototophormia diptericins were
prepared by solid-phase synthesis (Cudic ez 2/, 1999) or
expressed in an E. coli system (Winans ¢t al., 1999) and
tested for antibacterial activity, the full-size synthetic Pro-
tophormia diptericin showed antibacterial activity against
only a limited number of Gram-negative bacteria. These
bacteria were killed by increasing the permeability of the
outer and inner membranes of E. coli.

Attacin homologs, at more than 190 amino acid resi-
dues in length, are the largest AMPs. These Cys-free
attacin-like AMPs have no particular post-translational
modification, and were initially reported in lepidopteran
species with antibacterial activity against Gram-negative
bacteria (Engstrom ez al., 1984). Hyalophora attacin has
been shown to interfere with transcription of the omp
gene of E. coli. The omp gene is involved in the synthesis
of porines, which form protein channels in bacterial mem-
branes (Catlsson ez al., 1991). MPAC (mature prodomain
of attacin C) is synthesized as a 241-residue precursor con-
taining a signal peptide (21 residues) followed by MPAC
(23 residues). When a dibasic cleavage site of attacin C is
cleaved, mature attacin C containing amidated Gly resi-
due at the C-terminal is generated. MPAC is a Cys-free,
Pro-rich 23 residue peptide containing N-terminus pyro-
glutamic acid and an o-glycosylation motif on the Thr
residue similar to the Pro-rich drosocin. Amino acid com-
parisons showed that MPAC has high homology (37%)
with the prodomains of dipteran diptericin, sarcotoxin
ITA, and lepidopteran diptericins. Because MAPC showed
high similarity to drosocin and Pro-rich AMPs from other
insects, functional studies of MPAC were performed
in vitro using synthetic non-glycosylated and glycosylated
forms against several bacteria. Unexpectedly, none of the
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strains appeared to be sensitive to MPAC, while a signifi-
cant synergy was observed between MPAC and cecropin
(Bulet et al., 2003).

Drosomycin, which shows antifungal activity, is
synthesized as a 70-residue precursor polypeptide con-
taining a signal (26 residues) followed by the mature
drosomycin (44 residues). Compared to insect defen-
sin, which contains three disulfide linkages, drosomy-
cin contains an additional disulfide linkage; the bonds
are formed in the pattern Cys;—Cysg, Cys,—Cyss,
Cys3—Cysg, Cys;—Cys;, suggesting the presence of an addi-
tional f-strand at the N-terminus of the molecule. Even
though the six amino acid sequences of the Drosophila
drosomycins do not show any similarities to those of the
insect defensins, insect drosomycins are very similar to
the plant defensins and r-thionins, two classes of defense
molecules in plants (Padovan ez al., 2010). Drosomycins
are potent antifungal peptides that inhibit the growth of
filamentous fungi, which are pathogenic to humans and
plants. Unlike insect defensins, drosomycins retain their
biological activities at a high salt concentration.

Metchnikowin, another Cys-free and Pro-rich Dro-
sophila antifungal peptide, is synthesized as a 52-residue
precursor peptide containing a signal peptide (26 residues)
followed by the mature metchnikowin (26 residues). The
primary sequence of this AMP shows similarity to the
C-terminal domains of dosocin, abaecin, and the lebo-
cins, which are Pro-rich AMPs that have been purified
from the fruit fly D. melanogaster, the bumblebee Bombus
pascuorum, and the silkmoth B. mori, respectively (Chow-
dhury et al., 1995; Rees et al., 1997). Recent studies have
demonstrated that synthetic 26 amino acid metchnikowin
caused strong growth inhibition of the pathogenic fungus
Fusarium graminearum in vitro. Transgenic barley express-
ing the metchnikowin gene in its 52-aa form also displayed
enhanced resistance to plant fungi, suggesting that anti-
fungal peptides from insects can be a valuable source of
crop plant improvements, and that insect peptides can be
used as selective compounds against specific plant diseases
(Rahnamaeian e al., 2009). Finally, two Gly- and His-rich
antifungal peptides named Sarcophaga antifungal protein
(AFP) and holotricin-3 are purified from the hemolymph
of the flesh fly S. peregrina (lijima et al., 1993) and the
larvae of the coleopteran beetle, H. diomphalia (Lee et al.,
1995). Both peptides showed fungicidal activity against
human C. albicans. However, the exact mode of action of
these novel antifungal peptides is not yet clear.

14.4.2. Toll and IMD Signaling Pathways after
Bacterial or Fungal Infection

14.4.2.1. Activation and regulation of Drosophila
Toll and IMD signaling pathways

mapping studies on the cecropin Al and diptericin genes

Classical deletion-

began in 1990, to answer the question of how insect AMP

proteins are strongly induced or upregulated by microbial
infection. The unique DNA sequences (GGGGATTYYT)
identified in the cecropin Al and diptericin promoter
regions are specifically recognized by the Relish
family of transcription factors, which belong to the
NF-«B protein family. This discovery led to the detection
of this DNA motif in all other AMP genes (Engstrom
etal., 1993). Based on these Drosophila genome sequences,
three different Relish family genes, Dorsal, Dif (Dorsal-
related immunity factor), and Relish, were targeted for
mutagenesis screening (Hetru and Hoffmann, 2009).
Dif was shown to be essential for the induction of
several Drosophila genes when flies were challenged with
Gram-positive bacteria and fungi. Namely, Dif mutant
flies strongly reduced the expression of drosomycin and
defensin genes after microbial infection. The Relish gene
was also induced in infected flies. The Relish protein
contains two domains, an N-terminal Rel domain
and a C-terminal IkB-like ankyrin repeat domain.
Upon infection, Relish was rapidly processed by the
caspase Dredd molecule into two peptides: the Relish
homology domain, which is translocated to the nucleus,
and the ankyrin repeat domain, which remains cytosolic.
This processing is essential for the expression of Drosophila
AMPs. Dorsal-mutant larvae and flies exhibited a normal
response to bacterial infection challenges. These basic
studies provided important clues regarding the key
roles the Relish family transcription factors play in the
regulation of insect AMP genes via the Toll and IMD
pathways.

The Toll pathway, named for the Toll transmembrane-
associated receptor, was first genetically characterized for
its role in the establishment of dorso—ventral polarity dur-
ing Drosophila embryo development (Belvin and Ander-
son, 1996). The breakthrough genetic evidence of this
pathway in insect immunology was reported between
2001 and 2003 by the group of Jules Hoffmann, which
screened flies with mutant Drosophila PGRP-SA encoded
by the gene semmelweis, and -1,3-glucan recognition pro-
tein (BGRP)/Gram-negative binding protein-1 (GNBP1)
encoded by the gene osiris (Michel ez al., 2001; Gobert
et al., 2003). Unexpectedly, loss-of-function mutations
in either the PRGP-SA or the GNBP1 gene showed very
similar phenotypes of compromised survival to Gram-
positive bacterial infection, indicating that these two
hemolymph proteins cooperate to sense Gram-positive
bacteria and are essential for the activation of proteolytic
enzymes(s) that cleave Spitzle, a Toll-receptor ligand.
Conversely, when these two genes were overexpressed
together, flies induced the activation of the Toll path-
way even in the absence of a bacterial challenge (Gob-
ert et al, 2003). Hoffman’s group also demonstrated
that activation of Toll by fungal infection is independent
of the semmelweis and osiris genes. A further genetic screen
has identified the persephone gene, which encodes a
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hemolymph trypsin-like serine protease that mediates
the fungal-dependent cleavage of Spitzle and the acti-
vation of Toll. Overexpression of the persephone gene
is sufficient to lead to Spitzle-dependent induction of
the Toll pathway in the absence of an immune chal-
lenge (Ligoxygakis ez al., 2002a). Lately, Ferrandon and
his colleagues have studied flies with mutant GNBP3,
a protein encoded by the gene hades. They found that
GNBP3 is a pattern-recognition receptor that is required
for the detection of -1,3-glucan, a fungal cell wall com-
ponent. They also found a parallel pathway that acts
jointly with GNBP3 (Gottar et al., 2006). Specifically,
when Drosophila persephone protease is proteolytically
matured by the secreted fungal virulence protease PR1, it
activates the Toll pathway. Thus, the detection of fungal
infections in Drosophila relies both on the recognition of
f3-1,3-glucan, an invariant microbial cell wall component,
and on the effects of virulence factors such as PR1 prote-
ase (Figure 2).

Asshown in Figure 2, the Drosophila Toll signaling path-
way is divided into three steps: (1) extracellular recogni-
tion of invading Gram-positive bacteria or fungi by the
PGRP-SA/GNBP1 complex or GNBP3, respectively, and
signaling amplification step by several serine proteases,
leading to the cleavage of pro-Spitzle; (2) activation via
binding between a Toll ligand, processed Spitzle and a Toll
receptor; and (3) intracellular activation and the expres-
sion of effector molecules. Specifically, upon recognition
of invading Gram-positive bacteria or fungi, recognition
signals are amplified by the serine protease proteolytic cas-
cade, as in mammalian blood coagulation or comple-
ment activation cascades (Krem and Di Cera, 2002). It
has been suggested that the activation of pro-Spitzle is
achieved by a set of serine proteases distinct from those
involved in Toll activation during embryonic develop-
ment. Recently, Lemaitre and colleagues identified mod-
ular serine protease (ModSP), the most upstream serine
protease of Drosophila Toll cascade (Buchon et al., 2009).
They demonstrated that Drosophila ModSP integrates sig-
nals originating from the GNBP3 and PGRP-SA/GNBP1
complex, and connects them to the downstream serine
proteases. The terminal serine protease that processes
Spitzle has been identified, and named Drosophila Spitzle-
processing enzyme (SPE) (Jang ez al., 2006). Even though
several Drosophila clip-domain-containing serine prote-
ases, such as Grass and Spirit, which are suggested to act
between ModSP and SPE, have been identified, the bio-
chemical functional studies of these serine proteases are
not yet complete (Kambris ez al., 2006).

Upon binding of the cleaved Spitzle to the Toll recep-
tor, the production of AMPs is induced from the fat body
(Lemaitre and Hoffmann, 2007; Weber et al, 2003).
The Spitzle-Toll complex recruits a set of downstream
molecules. First, Toll/IL-1 Receptor (TIR) and/or the
death-domain-containing adaptor molecules dMyD88

and Tube lead to the activation of the kinase Pelle. Pelle
induces the degradation of Cactus, an inhibitor that
maintains the cytoplasmic localization of Dif and Dorsal,
two transactivators of the NF-kB family. The transloca-
tion of these transcription factors induces the expression
of several immune genes, including AMP genes, through
binding to the kB DNA motifs of their promoter.

The IMD pathway is named after the first Dro-
sophila mutant flies, called immune deficiency (IMD),
which are susceptible to Gram-negative bacteria infec-
tion, but are more resistant to fungi and Gram-positive
bacteria infection. The imd gene encodes a death-domain-
containing protein similar to that of the receptor inter-
acting protein (RIP) of the mammalian tumor necrosis
factor receptor (TNFR) pathway (Georgel ez 4l., 2001). In
2002, three groups simultaneously reported the identity
of the upstream receptor molecule of the Drosophila IMD
pathway: PGRP-LC, a putative transmembrane protein
that is required for the activation of the Gram-negative-
mediated IMD pathway (Choe ¢t al., 2002; Gottar et 4l.,
2002; Rimet et al., 2002). Compared to the IMD null
mutant, loss-of-function mutants of PGRP-LC showed
less severe phenotypes, suggesting that PGRP-LC is only
one of several receptors that sense Gram-negative bacte-
ria. Kurata and colleagues reported that Drosophila PGRP-
LE, another member of the PGRP family, activates the
IMD pathway when this gene is overexpressed (Takehana
et al., 2002). Taken together, these studies showed that
PGRP-LC and PGRP-LE function as receptor molecules
for the activation of the Gram-negative bacteria-mediated
IMD pathway (Figure 2).

The intracellular signaling mechanism of the IMD path-
way, mostly determined by genetic studies, is summarized
as follows (Lemaitre and Hoffmann, 2007) (Figure 2):
upon Gram-negative bacterial infection, PGRP-LC
recruits the IMD protein, which interacts with the adap-
tor molecule dFADD via death-domain interaction.
The dFADD then recruits the Dredd caspase, which is
proposed to associate with Relish. After cleavage of the
Relish protein, the Relish transactivator domain trans-
locates to the nucleus, while the inhibitory domain of
Relish remains in the cytoplasm. Relish that was phos-
phorylated by the inhibitory xB-kinase signaling com-
plex is proposed to be activated by Takl and its adaptor
TAB2 in the IMD pathway. The molecular mechanisms
behind the dimerization of PGRP-LC and the activation
of the downstream signal pathway by the ligand—recep-
tor complex have not yet been determined.

The serpins belong to a superfamily of serine prote-
ase inhibitors that act as suicide substrates by binding cova-
lently to their target proteases. Serpins are known to
regulate various physiological processes and defense
reactions in mammals and invetrebrates (Reichhart,
2005; Silverman ez al., 2010; Whisstock et al., 2010). To
date, four Drosophila serpins related to innate immunity
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Figure 2 Three major Drosophila signaling pathways that regulate systemic immune responses against bacterial, fungal and
viral infection. (A) The Toll pathway is activated by the Lys-type peptidoglycan of Gram-positive bacteria and p-1,3-glucan of
yeast and some fungi through two different pattern recognition proteins, such as PGRP-SA/GNBP1 and GNBP3, respectively.
These recognition signals initiate the activation of the proteolytic serine protease cascade via ModSP, Grass, and Spétzle-
processing enzyme (SPE), which are clip-domains containing serine protease, leading to cleavage of pro-Spatzle to the
processed Spatzle by activated SPE. Upon binding processed Spétzle to Toll, dimerized Toll recruits dMyD88, Tube, and
Pelle, resulting in the phosphorylation and proteosomal degradation of Catus. Catus degradation induces the translocation

of Rel transcriptional factors, Dif and Dosal, to the nucleus. These factors bind to NF-kB-response elements and induce
activation of transcription of AMP genes, such as Drosomycin. The virulence factor of fungi, such as PR1 protease, is

also suggested to activate pro-SPE to activated SPE, leading to the cleavage of pro-Spétzle to the processed Spatzle. (B) The
polymeric and monomeric DAP-type peptidoglycans of Gram-negative bacteria are recognized by PGRP-LE and PGRP-LCs.
These recognition signals are transferred to the IMD, which is localized in cytoplasm. Upon binding of monomeric DAP-type
peptidoglycan to PGRP-Lcx/Lca heterodimer or polymeric DAP-type peptidoglycan to PGRP-Lcx homodimer, IMD is recruited
by the intracellular domain of PGRP-LCs. IMD then recruits dFADD and caspase Dredd, which cleave the phosphorylated
Relish. leading to translocation of Rel domain to nucleus, where the Rel domain binds to NF-xB response elements and
activates the transcription of AMP genes, such as Diptericin. The phosphorylation of Relish is suggested to be mediated by an
inhibitory kB (IKK) complex (containing IRD5 and Kenny). dTAK1 activation is induced by adaptor dTAB2 nd DIAP2. (C) Upon
binding of cytokine Upd3, which is secreted from hemocytes into hemolymph by viral and wasp-parasitoid infection, to the
dimerized Domelss receptors, JAK (Hopscotch) is activated. The JAK recruits the STATs (Start92E), which are phosphorylated
and dimerized, leading to translocation to the nucleus to activate transcription of target genes, such as Vir-1.

(SPN43Ac, SPN27A, SPN77Ba, and SPN28D) have
been analyzed in detail by genetic approaches. SPN43Ac
mutant flies accumulated cleaved Spitzle, resulting in
constitutive activation of the Toll pathway and the expres-
sion of AMPs (Levashina er al, 1999). SPN27A and
SPN28D are known to regulate the Toll pathway during
early development (Hashimoto ez 4/, 2003; Ligoxygakis
et al., 2003; Scherfer et al., 2008), and are also involved in
the melanin biosynthesis reaction (De Gregorio ez al.,

2002; Ligoxygakis et al., 2002b). However, the molecular
identities of the serpin target serine proteases and the bio-
chemical regulatory mechanisms of these serpins have not
been clearly demonstrated, leading to a lack of molecular
understanding of the roles of serpins in the Toll signaling
cascade.

The regulatory mechanisms of the Drosophila IMD path-
way have also been studied; four negative regulators of
the IMD pathway have been identified and characterized.
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PGRP-LE a membrane-bound non-catalytic PGRP
containing two PGRP domains, was demonstrated to
be a key negative regulator of the PGRP-LC-mediated
IMD signaling pathway (Maillet ez 2/, 2008). How-
ever, the inhibition of the IMD pathway by PGRP-LF
was induced even in the absence of infection, allowing
the prevention of aberrant activation of the IMD path-
way by residual PGN fragments that are ingested from
food or released by indigenous microbes. Pirk (poor IMD
response upon knock-in), a protein interacting with
PGRP-LC, is also known as Rutra (a new regulator of
the IMD pathway); PIMS (PGRP-LC-interacting inhibi-
tor of IMD signaling) is another negative regulator of
the IMD pathway. The biological functions of these pro-
teins are involved in the precise control of IMD pathway
induction, but the exact biological functions are still not
clear (Aggarwal et al., 2008; Kleino ez al., 2008; Lho-
cine et al., 2008). Furthermore, catalytic PGRPs such as
PGRP-SC1 and PGRP-LB, which show amidase activity
against PGN, were reported as another family of negative
regulators of the IMD pathway. These PGRPs function as
scavengers by cleaving the stem-peptide of PGN, thereby
eliminating the immune-stimulating activity of PGN and
leading to shutdown of the PGRP-LC-mediated IMD sig-
naling pathway (Bischoff ¢z a/., 2006).

Although we have observed how Drosophila Toll
and IMD pathways are activated through microbe-
recognition proteins and their extracellular and intracellu-
lar adaptor molecules after recognition of Gram-positive,
Gram-negative bacteria or fungi, it is necessary to answer
the question of which PAMP molecules of these microbes
can activate these signaling pathways. In 2003, Lemai-
tre and his colleagues first reported the determination of
ligand molecules of the Drosophila Toll and IMD path-
ways, demonstrating that DAP-type PGN of Gram-nega-
tive bacteria and certain bacilli species function as the most
potent activators of the IMD pathway, while the Toll
pathway is predominantly activated by Lys-type PGN of
Gram-positive bacteria (Leulier ez a/., 2003). These results
clearly demonstrated that the discrimination between
Gram-positive and Gram-negative bacteria in Drosophila
relies on the recognition of specific forms of PGN but
not other bacterial cell wall components, such as LPS,
wall teichoic acid, lipoteichoic acid, and lipoprotein.

14.4.2.2. Activation and regulation of Zenebrio Toll
signaling pathway As shown above, Drosophila genetics
are very powerful tools for characterizing and ordering the
components in the Drosophila Toll and IMD signaling
pathways. However, this system is still limited in terms
of determining the biochemical mechanisms involved
in regulating the proteolytic Toll cascade. Since Drosophila
has several alternative routes to the Toll pathway, used at
various developmental stages and infection protocols, it
is difficult to determine the clear activation mechanism

of the Toll signaling cascade. For instance, Drosophila
persephone is another serine protease linked to the Toll
pathway and antifungal immunity, yet the biological
functions of this molecule have only been partially
characterized by Drosophila genetic studies. The proper
identification of downstream factor(s) of persephone
still awaits further investigation. To provide compelling
biochemical data on how the Lys-type PGN and f-1,3-
glucan recognition signals can be sequentially transferred
to Spitzle during the Toll signaling pathway, it is necessary
to usealarger insect that enables us to collect largeramounts
of hemolymph. The coleopteran larvae 7. molitor was
used for intensive biochemical studies, resulting in the
purification of nine proteins, which are involved in the
activation of the Zenebrio Toll signaling pathway (Park
etal., 2007; Kim et al., 2008; Roh ez 4l., 2009) (Figure 3).
The nine molecules include three pattern-recognition
(Tenebrio PGRP-SA, GNBP-1, GNBP-3),

three serine protease zymogens (7enebrio modular serine

proteins

protease (MSP); Spitzle processing enzyme (SPE), and
SPE-activating enzyme (SAE)), and recombinant pro-
Spitzle and recombinant Toll-ecto domain-containing
proteins, which were purified to homogeneity. The
activation mechanism of the Zenebrio Toll signaling
pathway was then using
in vitro reconstitution experiments. We proposed that
the Tenebrio PGRP-SA/GNBP1/MSP/SAE/SPE/Spitzle

cascade is an essential unit that triggers the Lys-type

studied  biochemically

PGN recognition signaling pathway in response to Gram-
positive bacterial infection in the Zenebrio system (Kim
et al., 2008).

The p-1,3-glucan recognition signal isalso transferred via
the sequential activation of the three Zénebrio serine prote-
ases, MSD, SAE, and SPE, which leads to the processing of
pro-Spitzle to its mature form Spitzle, demonstrating that
a three-step proteolytic cascade is essential for Toll path-
way activation by fungal B-1,3-glucan in Zenebrio larvae.
This cascade is shared with Lys-type PGN-induced Toll
pathway activation (Roh er 4/, 2009). Furthermore, we
demonstrated that -1,3-glucan and Lys-type PGN acti-
vate the Toll signaling cascade using the same three-step
proteolytic cascade that results in the production of two
Tenebrio AMPs, tenecin 1 and tenecin 2. The amino acid
sequence of tenecin 1 and its disulfide bond arrangement
were found to be very similar to Drosophila defensin, while
tenecin 2 showed high sequence identity (65% and 36%)
with coleoptericin and holotricin-2, respectively. Holotri-
cin-2, previously identified by our group, is also an induc-
ible antibacterial peptide purified from coleopteran H.
diomphalia larvae (Lee et al., 1994). The molecular mech-
anisms behind the recognition of Gram-positive bacteria
or fungi by Zenebrio larvae in vivo, the activation of the
Toll pathway, and the type of AMPs induced after the
activation of the bacteria- or fungi-mediated Toll signal-
ing cascade are clearly determined. Finally, the upstream
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Figure 3 Comparison of Tenebrio and Manduca extracellular proteolytic Toll signaling pathways. (A) The Tenebrio Toll signaling
pathway shares a three-step proteolytic cascade, which consists of three serine proteases, such as modular serine protease
(MSP), Spatzle-processing enzyme (SPE), and SPE activating enzyme (SAE). Lys-type peptidoglycan and p-1,3-glucan are
recognized by the Tenebrio PGRP-SA/GNBP1 complex and GNBPS3, as in the Drosophila system. The recognition signals
induce three serine proteases downstream. The activated SPE leads to the cleavage of pro-Spétzle to processed Spatzle,
leading to the activation of the Toll cascade and, subsequently, production of the Tenebrio AMPs, tenecin 1 and 2. Three serpins
(SPN 40, SPN 55, and SPN 45) make specific three serpin-serine protease complexes, and inhibit the processing of pro-
Spétzle and phenoloxidase-mediated melanin synthesis. Polymeric DAP-type peptidoglycan of Gram-negative bacteria in

Tenebrio system also uses the same cascade as that of the polymeric Lys-type peptidoglycan-mediated Toll signaling pathway.
(B) The production of AMP and melanin synthesis in Manduca system is separated by two branches. Manduca AMP production
begins with hemolymph protease 6 (HP6). The activated HP6 activates proHP8 to the active form of HP8, which can cleave
pro-Spatzle to Spétzle, resulting in the induction of Manduca AMPs. The Michael Kanost group of Kansas State University
proposed that activated HP6 can also activate prophenoloxidase activating proteinases-1 (PAP-1), which can cleave Manduca
prophenoloxidase to phenoloxidase, leading to melanin synthesis in the presence of serine protease homolog 2. Also, Manduca
prophenoloxidase is activated by a $-1,3-glucan recognition protein (3GRP)-mediated three-step proteolytic cascade (HP14/
HP21/PAP2&3), leading to melanin synthesis in the presence of SPH1.

pathogen recognition features of the Zenebrio Toll cas-
cade are reminiscent of the complement activation by
the lectin pathway in mammals in which the recognition
of carbohydrates by mannose-binding lectin (MBL) leads
to the auto-activation of MBL-associated serine proteases
(MASPs) (Matsushita and Fujita, 1992). The domain
organization of MASPs is similar to those of insect MSDs.

Recently, the recognition mechanism of DAP-
type PGN in the Ténebrio system has also been pro-
posed (Yu et al, 2010), although the Drosophila
IMD pathway responds to polymeric and monomeric
DAP-type PGNs of Gram-negative bacteria and cer-
tain Gram-positive Bacillus species through PGRP-LC
or PGRP-LE receptors. Unexpectedly, polymeric (but
not monomeric) DAP-type PGN formed a complex
with Tenebrio PGRP-SA, and this complex activated
the three-step proteolytic cascade to produce pro-
cessed Spitzle, leading to the induction of tenecin 1
in Zenebrio larvae, as in the Lys-type PGN-mediated Toll
pathway (Figure 3). In addition, both polymeric
and monomeric DAP-type PGNss induced the expression

of Tenebrio PGRP-SC2, which is a DAP-type PGN-
selective N-acetylmuramyl-L-alanine amidase that func-
tions as a DAP-type PGN scavenger. PGRP-SC2 appears
to function as a negative regulator of DAP-type PGN
signaling by cleaving DAP-type PGN, rendering it inca-
pable of inducing AMPs in Tenebrio larvae. These results
demonstrated that the molecular recognition mechanism
for polymeric DAP-type PGN differs between Zenebrio
larvae and Drosophila adults, providing biochemical
evidence of biological diversity in the innate immune
responses of insects.

Because three serine proteases that are directly involved
in the activation of the Zenebrio Toll cascade were identi-
fied, Zenebrio larvae were assumed to be a useful system
for identifying and characterizing novel target serpins that
directly regulate the Toll proteolytic cascade. As described
above, because the molecular identities of the Drosoph-
ila target serine proteases of the four Drosophila serpins
and the biochemical regulatory mechanisms of these ser-
pins were not clearly demonstrated, we tried to under-
stand the molecular regulation mechanism biochemically
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using the Zenebrio system. Three novel serpins (SPN40,
SPN55, and SPN48) from the hemolymph of 7. moli-
tor larvae were purified (Jiang ez al., 2009). These ser-
pins made specific serpin—serine protease pairs with
three Toll cascade-activating serine proteases (MSP, SAE,
and SPE), and cooperatively blocked the Toll signal-
ing cascade and f-1,3-glucan-mediated melanin biosyn-
thesis. In addition, the levels of SPN40 and SPN55 were
dramatically increased in vivo by the injection of the pro-
cessed Spitzle into Zenebrio larvae. This increase in SPN40
and SPN55 levels indicates that these serpins function
as inducible negative feedback inhibitors. In addition,
SPN55 and SPN48 were cleaved at Tyr and Glu residues
in reactive center loops, respectively, despite being tar-
geted by trypsin-like SAE and SPE serine proteases. These
cleavage patterns are also highly similar to those of the
unusual mammalian serpins involved in blood coagulation
and blood pressure regulation, and they may contribute
to highly specific and timely inactivation of detrimental
serine proteases during innate immune responses. It had
been thought that the Drosophila Toll cascade was regu-
lated by the activity of a single “bottle-neck” protease
inhibitor, but our data presented the first indication that
each individual protease in a cascade may be regulated by
a specific serpin (Figure 3).

14.4.2.3. Manduca Toll
Toll cascade of another large insect was also studied

signaling pathway The

biochemically. The Kanost group characterized more
than 20 clip-domain-containing serine proteases in the
hemolymph of the tobacco hornworm, M. sexta (Jiang
and Kanost, 2000). Recently, they reported the function
of two Manduca serine proteases, hemolymph proteases
6 and 8 (HP6 and HP8; An ez al., 2009; see also Figure 3).
HP6 and HP8 are each composed of an N-terminal clip
domain and a C-terminal serine protease domain. HP6 was
an apparent ortholog of Drosophila persephone, whereas
HP8 was most similar to Drosophila and Tenebrio SPE, all
of which activate the Toll pathway. Recombinant HP6 was
found to activate prophenoloxidase-activating proteinase
(proPAP1)
activation in plasma. HP6 was also determined to activate
proHP8. Active HP6 or HP8 injected into larvae induced
the expression of AMPs such as attacin, cecropin, and

in witro and induce prophenoloxidase

lysozyme. These results suggest that proHP6 becomes
activated in response to microbial infection, and
participates in two immune pathways: activation of PAP1,
which leads to prophenoloxidase activation and melanin
synthesis, and activation of HP8, which stimulates
the Manduca Toll-like signaling pathway. However,
the most upstream receptors of the Toll pathway, such
as Manduca PGRP-SA and GNBPI, have not yet
been characterized in the Manduca system.

The Kanost group has done pioneering work in the bio-
chemical characterization of insect serpins. They first

described the M. sexta serpin-1, which has 12 different
copies of exon 9 that undergo mutually exclusive alter-
native splicing to produce 12 putative protein isoforms.
These isoforms differ in their carboxyl-terminal 39-46
residues, including the P1 residue, and inhibit serine
proteases with different specificities (Kanost and Jiang,
1997). Recently, they also reported the biological function
of the Manduca serpins: for example, serpin-1 isoforms
can inhibit HP8, which activates pro-Spitzle, suggesting
that serpin-1 isoforms may be involved in regulation of
the Manduca Toll cascade (Ragan et al., 2010). The pro-
posed model of activation and regulation of the Manduca
Toll cascades is shown in Figure 3.

14.4.3. Lectin Induction

Lectins are defined as a protein family capable of rec-
ognizing specific oligosaccharides, which were initially
purified from various plant seeds. Similar proteins have
also been isolated from a number of organs in a wide
range of vertebrates and invertebrates (Barondes, 1984).
Because the diverse biological roles of purified insect
lectins cannot all be mentioned in this chapter, we
will focus on the insect lectins that mainly participate
in insect immunology. The pioneering work was per-
formed by Natori and his colleagues using S. peregrina
flesh fly larvae (Natori er al., 1999). Sarcophaga lectins
functioning as defense proteins are synthesized by the fat
body and secreted into the hemolymph when the larval
body wall is pricked with a hypodermic needle (Okada
and Natori, 1983). This 260-aa lectin is a typical C-type
lectin that requires calcium ions for agglutinating activ-
ity. C-type lectins, a superfamily of calcium-dependent
carbohydrate-binding proteins, are known to function in
pathogen recognition, cell—cell interactions, and innate
immunity in mammals (Weis ez /., 1998). This lectin
is rapidly induced when sheep red cells are injected,
but is not present in the hemolymph of naive larvae.
Elegant biochemical studies performed by the Natori
group demonstrated that this lectin has dual functions
in defense and development, and provided evidence
that the Sarcophaga lectin activates insect hemocytes
in some way, resulting in the activation of hemocyte-
mediated digestion of non-self foreign cells (Nakajima
et al., 1982; Komano et al., 1983). They showed that
this lectin was also needed for the differentiation of ima-
ginal discs in the pupal stage. When antibodies against
Sarcophaga lectin were added to the culture medium of
Sarcophaga imaginal discs, differentiation was strongly
inhibited; none of the discs reached the stage of termi-
nal differentiation (Kawaguchi ez a/., 1991). These results
suggest that Sarcophaga lectin is not simply a defense mol-
ecule that is needed for the elimination of the invading
non-self cells, but also a regulatory molecule in the devel-
opment of imaginal discs.
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Kanost and his colleagues also purified four soluble
C-type lectins with two carbohydrate-recognition domains
from the tobacco hornworm M. sexta, and named them
immulectin-1 through -4 (Yu ez al, 1999). Expression
of all four immulectins is upregulated in the fat body
upon bacterial challenge. Immulectin-1 and -4 agglu-
tinate Gram-negative and Gram-positive bacteria and
yeast. However, immulectin-2 binds to a wide range of
microbial cell wall components such as lipoteichoic acid,
laminarin (branched f-1,3-glucan), mannose, and LPS.
Furthermore, knockdown of the immulectin-2 gene at
the level of both mRNA and protein by RNA interfer-
ence (RNAi) markedly decreased the ability of M. sexta to
defend bacterial infection when exposed to either species
of the insect pathogen Photorhabdus, suggesting that the
Manduca lectin is not the only one that recognizes Pho-
torhabdus; the lectin-mediated insect immune system
also plays an essential role in defending bacterial infec-
tion (Eleftherianos et a/., 2006). Similar tandem-domain
C-type lectins are identified in other lepidopterans, and
are involved in bacterial binding and hemocyte aggrega-
tion (Koizumi ez /., 1999). However, further studies are
necessary to determine the structure of the ligand mol-
ecules and the biological functions of these C-type insect
lectins during activation of insect innate immunity.

Insect galectin homologs, which have the ability to bind
[-galactoside sugars, are identified from two insects, D.
melanogaster (Pace et al., 2002) and A. gambiae (Dimo-
poulos ez al., 1997). Fourteen galectins have been identi-
fied in mammals (Rabinovich ez 4/, 2002). However, the
identification of precise biological functions for these mam-
malian galectins is difficult because of the redundancy in
tissue expression and the complexity of recognition mecha-
nisms in the target cells. A benefit of working with insect
systems such as Drosophila and Anopheles is the ease of
genetic manipulation and the rapid generation time. In
addition, there are relatively small numbers of putative
galectins in the Drosophila and Anopheles genomes; lower
organisms such as insects are therefore useful in decipher-
ing the precise biological functions of galectins. The Kafa-
tos group demonstrated that a putative galectin homolog
was upregulated in the salivary and gut of A. gambiae when
mosquitoes were infected with malaria and bacteria. The
Anopheles galectin was suggested to function as a pattern-
recognition protein by binding saccharide ligands on the
microbial cell wall surface to trigger a host innate immune
response (Dimopoulos ez al., 2001). However, Drosophila
galectin was expressed in naive hemocytes, but not by the
fat body or larval hemolymph (Pace ¢t 4/, 2002). Mam-
malian galectins were suggested to participate in the
innate immune response by facilitating microbial rec-
ognition and/or lectin-mediated phagocytosis (Fradin
et al., 2000; Rahnamaeian e /., 2009). The elucidation of
Toll receptor-mediated immune response in insects has led
to rapid progress in the understanding of innate immune

function in mammals; the determination of biological func-
tions of insect galectins may similarly provide insight into
the novel biological functions of mammalian galectins.

14.4.4. Melanin Synthesis
The

immune response in insects and arthropods. Bio-

melanization reaction is a major humoral
chemical studies using large insects, which enable the
collection of large amounts of hemolymph for biochemi-
cal studies, have defined the molecular basis of melan-
ization activation and its regulation upon pathogenic
microbe infection. These studies, along with molecular
genetic analysis of melanization in the fruit fly and mos-
quito, have provided new insight into its biological role in

fighting microbe infections (Cerenius ez /., 2008, 2010).

14.4.4.1. Melanin synthesis by bacterial and fungal
infection Melanization of the insect cuticle was
observed by Pasteur in 1870 while studying silkworm
disease. In 1927, Metalnikov observed the hemolymph
melanization of the wax moth G. mellonella and assumed
that the formation of the dark pigment was the result
of the action of a special enzyme on a chromogenic
substrate found in the insect blood. In 1953, Ohnishi
discovered the inactive zymogen form of phenoloxidase
and its proteinaceous activator in Drosophila hemolymph
(Ohnishi, 1953). Then, in 1955, Mason defined
phenoloxidase as a copper-containing enzyme that
catalyzes two reactions: oxygenation of monophenols to
o-diphenols and oxidation of o-diphenols to o-quinones.
These reactions are key steps in the synthesis of the
1955). In 1974,

Pye reported that bacteria (Pseudomonas aeruginosa)

black melanin pigment (Mason,

and zymosan (the yeast cell wall components mainly
composed from f-1,3-glucan and mannan) trigger the
activation of prophenoloxidase in G. mellonella hemolymph
(Pye, 1974). At the time, it was unknown whether bacteria
or zymosan directly activated prophenoloxidase, or if
a proteolytic activation cascade was involved. Subsequently,
the Ashida group intensively studied the basic activation
mechanisms of the prophenoloxidase cascade system using
the silkworm B. mori (Ashida et al., 1974).

The Ashida group demonstrated that Bombyx prophe-
noloxidase is activated when silkworm plasma is incu-
bated with f-1,3-glucan from fungi or PGN from bacteria
(Ashida et al., 1983; Yoshida et al., 1986), leading to the
purification and ¢cDNA cloning of the so-called insect
PGRP and f-1,3-glucan recognition protein (BGRP)
from silkworm hemolymph (Ochiai and Ashida, 2000).
These pioneering works provided important biochemi-
cal evidence that the invertebrate prophenoloxidase acti-
vation system may be activated by elicitors derived from
microbial cell walls such as PGN and f-1,3-glucan.
The prophenoloxidase system, like the complementary
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vertebrate system, is a proteolytic cascade containing sev-
eral serine proteases and their inhibitors, and terminates
with the prophenoloxidase zymogen. Microbial carbohy-
drates such as PGN or p-1,3-glucan first react with pat-
tern-recognition proteins, such as PGRP or GRD, which
then induce activation of several serine proteases within
the prophenoloxidase system.

In 1986, Collins ez al. (1986) reported the impor-
tant discovery that refractoriness to malaria parasites in
the mosquito A. gambiae is correlated with melanization of
the malaria ookinetes before they develop to the oocyst
stage. This unique internal defense mechanism has
received considerable attention, because this melanization
reaction could be exploited to control and treat mosquito-
borne diseases. Following this report, major research
efforts have been focused on the identification of genes
and gene products that are associated with the melaniza-
tion response, with the intention of manipulating suscep-
tible mosquito strains to be more resistant to malaria. The
detailed results are mentioned below.

In 1995, the complete amino acid sequences of prophe-
noloxidase from three insect species (silkworm B. mori,
tobacco hornworm M. sexta, and fruit fly D. melanogas-
ter) were deduced from the respective cDNA sequences
by three independent groups (Fujimoto ez al., 1995; Hall
et al., 1995; Kawabata et al., 1995). Surprisingly, the
deduced sequences clearly indicated that insect prophenol-
oxidase is a protein homolog to arthropod hemocyanin;
the conserved histidine residues of the arthropod hemo-
cyanins perfectly aligned with those in the insect prophe-
noloxidases and sequence homology ranged from 30% to
40%. A recent crystal structure of M. sexta prophenol-
oxidase shows that this unique insect oxidase makes a het-
erodimer consisting of two similar polypeptide subunit
chains, prophenoloxidase-1 and -2. The enzyme active site
of each subunit contains a typical type-3 dinuclear copper
center; each copper ion coordinates with three structurally
conserved histidine residues. The acidic glutamic acid resi-
due located at the active site of prophenoloxidase-2 serves
as a general base that deprotonates monophenolic sub-
strates. This step is necessary for the o-hydroxylase activity
of the generated phenoloxidase, and allows us to propose a
model for localized prophenoloxidase activation in insects
(Li ez al., 2009).

After the purification of the first prophenoloxidase-
activating enzyme (PPAE) from the cuticle of silkworm
(Dohke, 1973), the entire domain structure of insect
PPAE, which is a clip-domain-containing serine pro-
tease, was determined in 1998 (Jiang et al., 1998; Lee
et al., 1998). The clip-domain-containing serine prote-
ase-mediated proteolytic cascade was previously studied
in the hemolymph coagulation cascade of the horseshoe
crab Tachypleus tridentatus (Iwanaga et al., 1992). Clip-
domains have also been found in the Drosophila snake and
easter precursor proteins, which are both indispensable

proteins for normal embryonic development (Chasan
and Anderson, 1989). These serine proteases are synthe-
sized and secreted into the hemolymph as inactive zymo-
gens, which are then activated at a specific cleavage site
by another upstream protease. The activation of most
prophenoloxidases by PPAE induces the cleavage of a
conserved Arg-Phe bond in prophenoloxidase, resulting
in the removal of the N-terminal fragment consisting of
about 50 amino acid residues (Fujimoto ez /., 1995; Kim
et al., 2002). The generated phenoloxidase was assumed
to make a polymer with melanin synthesis activity. An
additional serine protease homolog (SPH), a non-cata-
lytic enzyme with an active Ser to Gly mutation within
the N-terminal clip-domain, was required for the activa-
tion of prophenoloxidase and for phenoloxidase activ-
ity (Kwon ez 4l., 2000). Similar SPHs are identified in
other insects, and are involved in the activation of the
prophenoloxidase cascade (Yu et al., 2003). The crystal
structures and the functional roles of one clip-domain-
containing PPAE and one SPH during the prophenoloxi-
dase activation cascade were resolved (Piao ez al., 2005,
2007), demonstrating that insect SPH forms a homo-
oligomer upon cleavage by the upstream protease, and
that the clip-domain of SPH functions as a module for
binding phenoloxidase through the central cleft, while
the clip-domain of a serine protease plays an essential role
in the rapid activation of its protease domain.

Recently, our lab, as well as the Kanost group, has inten-
sively studied the molecular activation mechanisms of
the insect prophenoloxidase cascade at the molecular
level using biochemical methods with the meal worm
T. molitor and with M. sexta larvae (Kan et al., 2008; An
et al., 2009). As shown in Figure 3, we provided clear
biochemical evidence of the 7Zenebrio melanin synthe-
sis cascade: Tenebrio Spitzle processing enzyme (SPE)
cleaves both the 79-kDa Zenebrio prophenoloxidase and
the Zenebrio clip-domain SPH zymogen to an active
melanization complex. This complex, consisting of the
76-kDa Tenebrio-activated phenoloxidase and an active
form of Zenebrio clip-domain SPH, efficiently produces
melanin pigment on the surface of bacteria, to strong bac-
tericidal effect. Additionally, we found the phenoloxidase-
induced melanization reaction to be tightly regulated
by Zenebrio prophenoloxidase itself, which functions as
a competitive inhibitor of melanization complex for-
mation. Our results demonstrate that the Zenebrio Toll
signaling pathway and the melanization cascade share
a common serine protease cascade for the regulation of
these two major humoral innate immune responses. In
the Manduca melanin synthesis cascade, an initiation pro-
teinase precursor, proHP14, is autoactivated in response
to Gram-positive bacterial or fungal infection. HP14
activates proHP21; HP21 activates proPAP2 or pro-
PAP3; PAP2 or PAP3 then cleaves prophenoloxidase to
form active phenoloxidase in the presence of SPH1 and
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SPH2. Activation of prophenoloxidase can also be cata-
lyzed by PAP1 when the high molecular SPH complex
is also present. PAP1 also activates proSPH2 directly, and
can indirectly lead to proHP6 activation (Figure 3).

Melanization in insects is crucial for defense and devel-
opment, but must be tightly controlled. Systemic hyper-
activation of the prophenoloxidase system, excessive
formation of quinones, and inappropriate excessive
melanin synthesis are deleterious to the hosts, suggesting
that the prophenoloxidase activation system and mela-
nin formation should be tightly regulated by serpins or
melanization-regulatory molecules or inhibitors. Three
different serpins (Drosophila Spn27A, Spn28D, and
Spn77Ba) that regulate Drosophila melanization have
been identified (Silverman ez al, 2010). Spn27A was
the first serpin identified to regulate activation of phe-
nolxoidase and melanization in the hemolymph. A
loss-of-function mutation in Spn27A resulted in uncon-
trolled melanization as well as in semi-lethality, while
overexpression of Spn27A suppressed phenoloxidase acti-
vation induced by microorganisms (De Gregorio ef 4l.,
2002; Ligoxygakis et al., 2002b). The target protease
of Spn27A in the Drosophila melanization cascade has
not yet been determined, but in an iz vitro experiment,
recombinant Spn27A was able to make a protease—serpin
complex with the PPAE from the beetle H. diomphalia
(De Gregorio et al., 2002). Another serpin, Spn28D,
inhibited phenoloxidase activation at a different level than
Spn27A (Scherfer ez al., 2008). Knockdown of Spn28D
by RNAi led to constitutive melanization in various
tissues. Spn28D may function to prevent premature acti-
vation of phenoloxidase at an early stage, and confine its
general availability. The serpin Spn77Ba was discovered
to be a regulator of melanization in the tracheal respira-
tory system of Drosophila (Tang et al., 2008). Spn77Ba was
expressed in the tracheal epithelium, and knockdown of
Spn77Ba specifically in trachea led to constitutive tracheal
melanization and associated lethality.

Several serpins have been purified from the
large insects M. sexta and T. molitor, and characterized
as negative regulators of the insect prophenoloxidase sys-
tem (Jiang and Kanost, 1997; Jiang ez al., 2009). In the
Manduca system, the Kanost group reported elegant
results regarding serpin splicing: 12 different cop-
ies of Manduca serpin 1 undergo mutually exclusive
alternative splicing to produce 12 putative protein iso-
forms, which differ in the carboxyl-terminal residues
39-46, including the P1 residue. These serpins inhibited
Manduca serine proteases with different specificity (Ragan
et al., 2010). These serpins were characterized, and sug-
gested as negative regulators of the prophenoloxidase
and Toll signaling cascades (Kanost et 4/, 2004). Three
novel serpins (SPN40, SPN55, and SPN48) were puri-
fied from the hemolymph of 7. molitor and character-
ized (Jiang et al., 2009) (Figure 3). These Zenebrio serpins

made specific serpin—serine protease complexes with
the three Toll signaling cascade-activating serine prote-
ases MSD, SAE, and SPE, and cooperatively blocked the
and B-1,3-glucan-
mediated melanin biosynthesis. Inhibitors that are

Tenebrio  Toll-signaling  cascade
directly involved in the inhibition of the enzymatic
activity of phenoloxidase are also identified as regula-
tors of melanization. Phenoloxidase inhibitor (POI) was
purified biochemically in the housefly Musca domestica
(Daquinag ez al., 1995). POI homologs also have been
identified in M. sexta (Lu and Jiang, 2007), and in the
mosquito A. gambiae (Shi et al., 2006). When Anoph-
eles POI was knocked down using RNAi, melanin syn-
thesis was suppressed. In 7. molitor, a novel 43-kDa
melanization-inhibiting protein (MIP) was found to
specifically inhibit melanin synthesis (Zhao ez a/., 2005).
The biological function of MIP was proposed to nega-
tively regulate phenoloxidase activation, and thus pre-
vent possible tissue damage. No similar protein showing
significant sequence homology to the Zenebrio MIP has
been identified in Drosophila, except for Gp150, a pro-
tein involved in Notch signaling that has an aspartic acid-
rich domain similar to that found in MIP.

In summary, microbial cell wall components of Gram-
positive bacteria and fungi, such as PGN or f-1,3-glucan,
are first recognized by specific recognition proteins, such
as PGRP or f-1,3-glucan-recognition protein. Subse-
quently, the recognition signals trigger the activation of a
serine protease cascade in which serine proteases are pres-
ent as inactive zymogens, finally leading to the conversion
of prophenoloxidase to phenoloxidase, resulting in the
synthesis of melanin where melanization is required. The
advantage of this insect prophenoloxidase cascade is that a
minute microbial recognition signal is amplified by mul-
tiple activation steps. Until now, the in vivo importance
of melanization during insect host defense has been inten-
sively studied using classical biochemistry and molecular
genetics. Currently, as the complete insect prophenoloxi-
dase activation cascade gradually emerges at the molecular
level, the predictions of pioneering researchers like Ohni-
shi and Ashida are turning out to be correct.

14.4.4.2. Melanin synthesis by parasite and parasitoid
wasps
for host defense against parasites and parasitoid wasps.

As described above, melanization is also essential
In the mosquito A. gambiae, resistance to malaria
parasites is deeply related to melanization of the
malaria ookinete (Collins ¢z al., 1986). Following this
discovery, many research groups, including the Kafatos
group, intensively screened and identified a large set of
regulators of melanization using microarray analysis and
reverse genetics via RNAI; their findings suggest that
melanization reactions are fine-tuned in response to
malaria parasite infection (Sinden, 2004). Interestingly,
Volz et al. (2006) reported that a refractory A. gambiae
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strain easily synthesized melanin while under a chronic
state of oxidative stress, explaining how this process leads to
resistance to parasites. Now, using a highly diverse body
of vector species and strains, many researchers are trying
to understand the balance between parasite invasion and
elimination by the mosquito innate immune system.

In early studies, biochemical evidence of dramati-
cally reduced phenoloxidase activity was reported in lepi-
dopteran larvae parasitized with different parasitoids
(Sroka and Vinson, 1978). Beckage ¢z al. (1993) first dem-
onstrated that this inhibition effect could be mimicked
by injection of Cotesia congregata bracovirus into non-
parasitized larvae, but that inactivated virus had no effect,
suggesting that downregulated phenoloxidase activity was
caused by the bracovirus. Shelby et al. (2000) observed
that the immunosuppressive Campoletis sonorensis ichnovi-
rus (CsIV) reduces the protein level of several key enzymes
in the melanin synthesis pathway, such as phenoloxidase,
dopachrome isomerase and DOPA decarboxylase in para-
sitized fifth lepitopteran larvae, providing more evidence
for the reduction of melanization in parasitized insects.

In the Drosophila system, phenoloxidase-deficient
or DOPA-decarboxylase-deficient mutant flies are signifi-
cantly compromised in their cellular immune responses,
such as encapsulation of the endoparasite wasp Leptopi-
lina boulardi, suggesting that melanization is important
for host defense (Rizki and Rizki, 1990). Additionally,
flies that were incapable of melanin synthesis because of
the overexpression of serpin Spn27A in the hemolymph
demonstrated compromised encapsulation cellular immu-
nity and lowered ability to kill L. boulardi (Nappi et al.,
2005); this experiment demonstrated that the melaniza-
tion reaction could be a target for innate immune sup-
pression by parasitoid wasps. A recent interesting paper
demonstrated that the parasitic wasp Microplitis demolitor
injects a Microplitis demolitor bracovirus (MdBV) while
laying its eggs in M. sexta larvae. MdBV secrete the serine
protease inhibitor Egfl.0, which blocks melanization by
competitively inhibiting Manduca PPAE-1 and -3, pro-
viding evidence of the importance of melanization for
both the virus and its host wasps (Beck and Strand, 2007).

14.4.5. Imnmune Responses to Viral Infection

Insects are susceptible to highly diverse families of DNA
and RNA viruses. Recently, many insect viruses have
caused substantial damage to agriculture. For example,
some insect viruses kill and threaten beneficial insects,
such as the honeybee and silkworm. Some viral infec-
tions of insects, such as yellow fever virus, West Nile
virus, and Dengue virus, can be transmitted to humans
with severe side effects, including encephalitis (Mack-
enzie et al., 2004). Clearly, insect models for studying
host—virus interactions based on genetic and molecular
biology will benefit society in many ways.

Genetic studies using Drosophila as a virus—host model
system provide two types of innate immune responses to
virus infection: a constitutive defense system that induces
degradation of viral RNA by RNA interference (RNAI),
and an inducible immune response that prevents viral
infection by inducing a large number of genes after detect-
ing viral particles (Kemp and Imler, 2009).

In 2005, the Imler group published pioneering
work on Drosophila inducible responses to viral infec-
tion (Dostert et al., 2005). They focused on one gene,
vir-1 (virus-induced RNA 1), which contains a consen-
sus binding site for the transcription factor STAT92E. Dro-
sophila C virus (DCV) infection triggers induction of
STAT DNA-binding activity in fly nuclear extracts, indi-
cating that the JAK (Janus Kinase)/STAT pathway may be
involved in the induction of the vir-1 gene. In Drosoph-
ila, the JAK/STAT pathway is composed of a single JAK
kinase and a single STAT factor (known as STAT92E).
The JAK kinase is also regulated by the cytokine receptor
Domeless, which shows similarity to the gp130 subunit
of the interleukin-6 receptor in mammals (Agaisse ez al.,
2003). Analysis of the flies carrying a JAK kinase gene
mutation showed a higher viral load than wild type flies,
and succumbed more rapidly to DCV infection, indicat-
ing that some genes induced by DCV infection partici-
pate in the control of viral amplification. Based on these
results, the Imler group proposed a model in which one
cytokine of the Unpaired (Upd) family (Upd-1, -2, and
-3) is induced by Drosophila C virus infection, and triggers
an antiviral response to infected cells through activation of
the JAK/STAT pathway (Sabin et al., 2010) (Figure 2).

In the mosquito system, the Dimopoulos group dem-
onstrated that the JAK/STAT pathway also restricts infec-
tion of Dengue virus, a medically important arbovirus
(Souza-Neto et al., 2009). They identified several genes
that were upregulated by Dengue infection via the JAK/
STAT pathway. Among them, the authors identified and
partially characterized two JAK-STAT pathway-regulated
and infection-responsive Dengue virus restriction fac-
tors (DVRFs) that contain putative STAT-binding sites
in their promoter regions, suggesting that the JAK-
STAT pathway is part of the A. aegypti mosquito’s anti-
dengue defense and acts independently of the Toll pathway
and RNAi-mediated antiviral defenses.

In 1998, Fire and Mello discovered RNA interfer-
ence (RNAI) (Fire et al., 1998), revealing that double-
stranded RNAs (dsRNAs) can be used as a tool to knock
down specific genes. RNAI is a defense reaction based
on the specific base-pairing between small host RNAs
and invading pathogenic nucleic acids. RNAIi is now an
efficient biochemical tool for gene knockdowns and for
examining important physiological functions in diverse
biological processes. The first evidence of RNAi as an
important antiviral defense mechanism came from plant

studies (Li and Ding, 2001; Vance and Vaucheret, 2001).
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Further studies showed that RNAi depends on
small RNAs that are 21-30 nucleotides in length
and are divided into three classes: small interfering
RNAs (siRNAs), microRNAs (miRNAs), and Piwi-asso-
ciated interfering RNAs (piRNAs). Both siRNAs and
miRNAs are known to be processed as duplexes from
dsRNA precursors by an RNaselll enzyme called Dicer
(Hammond, 2005), but only after the primary miRNA
transcripts (pri-miRNA) that contain imperfect intra-
molecular stem-loops are first processed within the
nucleus. The resulting precursor miRNAs (pre-miRNA)
are then converted into a single mature miRNA spe-
cies in the cytoplasm (Bartel, 2004). In contrast to
siRNAs and miRNAs, piRNAs are about 30 nucleo-
tides in length and are found in the germ-line of flies
and vertebrates, which are Dicer-independent (Zamore,
2007). The Drosophila genome has two Dicer enzymes,
Dicer-1 and Dicer-2, which produce two types of regula-
tory RNA: microRNAs (miRNAs) and small interfering
RNAs (siRNAs). Dicer-1 induces the processing of the
precursor miRNAs to mature miRNAs, whereas Dicer-2
recognizes long dsRNAs and cleaves them into siRNAs
(Lee et al., 2004).

Drosophila RNAI

responses against viral infection began with analysis of

studies related to immune
Dicer-2 mutant flies. These flies showed increased sus-
ceptibility and lethality to RNA virus infections from
DCYV, Ciricket paralysis virus, Flock House virus, and Dro-
sophila X virus (Galiana-Arnoux et al., 2006; Wang et al.,
2006). An increased viral load and high levels of viral
RNA were observed in these virally infected mutant flies,
suggesting that RNAI is a crucial defense mechanism for
viral infection. Additionally, the detection of siRNAs cor-
responding to viral sequences in infected cells strongly
supported a mechanism whereby dsRNA, correspond-
ing either to the viral genome or to replication inter-
mediate forms, is detected by Dicer-2 and cleaved into
siRNAs. These data also demonstrated that the Dicer-
2-mediated siRNA pathway is a highly specific antiviral
defense system based on the pairing of complementary
nucleicacids. While Dicer-2 was suggested to play an essen-
tial role in the RNAi pathway, Imler recently reported that
Dicer-2 also induces triggering of a downstream antiviral
signaling cascade upon binding and recognition of viral
dsRNA. This cascade results in the induction of the Vago
gene, an antiviral gene that is required to restrict viral rep-
lication in flies (Deddouche ez al., 2008). Vago expression
was shown to be dependent upon Dicer-2. Since Dicer-2
belongs to the DExD/H-box helicase family, as do the
RIG-I-like receptors (Takeuchi and Akira, 2008) involved
in sensing viral infection and mediating interferon induc-
tion in mammals, the authors proposed that this family
represents an evolutionarily conserved sensor molecule
that can detect viral nucleic acids and regulate antiviral
responses.

Completely unique molecules are also identified in
the hemolymph of virus-infected flies (Sabatier ez /., 2003).
After injection of DCV into the Drosophila thorax, the
induced molecules were analyzed by MALDI-TOF mass
spectrometry and compared with those produced after the
injection of bacteria or fungal spores. Interestingly, phero-
kine-2 (Phk-2), which was previously characterized as a
putative odor/pheromone binding protein, was specifically
induced, suggesting that host-defense mechanisms against
viral infection are different from the mechanisms operat-
ing against bacterial or fungal infections in flies.

Taken together, these recent studies highlight the role of
RNAi and innate immune signaling in antiviral defense in
insects. However, many questions remain. For example,
the real biological functions of only a few virus-specific
inducible molecules, such as Vago and DVRE, have been
elucidated. It is also unknown how invading viruses are
recognized by the host. The RNAi machinery recog-
nizes dsRNA, but the molecular mechanism is unclear.
Finally, the known antiviral defense responses do not yet
span the whole of host antiviral defense; loss-of-function
mutation studies showed only modest impact on survival
and viral replication, suggesting the presence of uniden-
tified antiviral responses in the host. Further studies are
required to identify new effector molecules and signaling
pathways in insect antiviral defense.

14.4.6. Immune Responses to Malaria Infection

Malaria is a widespread and devastating vector-borne dis-
ease. Plasmodium, the parasite responsible for malaria, is
transmitted to human beings through the blood of female
Anopheles mosquitoes. Similar to other vector parasitic
systems, Plasmodium induces multi-step developmental
transformations inside the mosquito vector during infec-
tion of the host. The life cycle of parasites in mosquitoes
can be summarized as follows. After infecting the blood,
the fusion of male and female gametes generates a diploid
motile zygote (ookinete), which rapidly invades epithe-
lial cells and, upon reaching the basal side of the midgut,
transforms into an oocyst. Two weeks later, the sporogonic
oocyst releases thousands of newly formed sporozoites
that migrate and invade the salivary glands. The life cycle of
Plasmodium parasites in mosquitoes ends when the sali-
vary gland sporozoites are injected via the saliva fluid into
the next host during feeding (Sinden, 2002).

Two methods are commonly used to control malaria: (1)
anti-malarial agents, and (2) controlling mosquito popula-
tions using entomological approaches. Anti-malarial drug
treatments are only useful for malaria-infected patients.
However, a mosquito population can be reduced using
insecticides or water management. In addition, preven-
tion of mosquito exposure using bed nets and repellent
chemicals greatly limits the spread of malaria. As a new
approach, vector control methods have been developed
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from molecular studies of mosquito innate immune
responses to Plasmodium parasites. Here, we summarize
the current knowledge of the mosquito innate immune
responses to Plasmodium infection.

14.4.6.1. Toll, IMD, and JAK/STAT signaling path-
ways after Plasmodiun infection
the sequence complexity and redundancy of the Toll

In the mosquito,

pathway make it difficult to predict the exact biological
function of mosquito Toll orthologs using comparative
genomics. For example, the Anopheles genome encodes
10 Toll receptors, four of which are orthologs of
Drosophila Toll receptors. However, four other genes are
orthologs of the Drosophila Toll-1 and Toll-5 receptors.
In addition, at least six Anopheles Spitzle genes are
similar to those of Drosophila, but the phylogenetic
relationship of these 12 genes is complex. Another
pathway that is different from that of Drosophila is
the Toll receptor-dependent regulation of NF-kB/Rel
transcription factors. Dorsal is a major regulator of
Drosophila developmental processes, and Dif is essential
for innate immune responses. However, Anopheles do not
encode the Dif gene. The mosquito homolog of Dorsal
is Gambifl (also referred to as Rell). Upon bacterial
infection, Rell translocates to the nucleus within
the mosquito fat body, and may regulate the immune
system (Barillas-Mury et al., 1996).

The intracellular counterparts involved in the Anopheles
Toll receptor signaling display high homology with those
of Drosophila, such as MyD88, Tube, Pelle, and Cactus.
Drosophila MyD88 and Tube contain Toll and IL-1R
(TIR) domains, suggesting that these proteins may inter-
act. Pelle contains an additional Ser-Thr kinase domain
within its death domain. Cactus contains an ankyrin-
repeat domain, and is a negative regulator of the Toll
pathway, inhibiting the nuclear translocation of NF-kB/
Rell proteins. The biological functions of these Anoph-
eles counterparts were primarily elucidated by RNAi
experiments.

In contrast, the Anopheles IMD pathway splits into two
signaling branches. One branch is similar to the mamma-
lian C-Jun/JNK pathway and activates the transcription
factor AP-1, whereas the other branch activates NF-«kB,
leading to the expression of the transcription factor
Rel2 (corresponding to Drosophila Relish). Rel2 exists
as two forms in mosquito cells; Rel2-S lacks the inhibi-
tory ankyrin domain, and full-length Rel2-F is inactive
until an immune response is triggered. Similar to Cac-
tus in the Toll pathway, Caspar functions as a negative
regulator of the Anopheles IMD pathway. Caspar, a Fas-
associated homolog, was initially identified as a nega-
tive regulator of Relish activation in Drosophila (Kim
et al., 2006). Recent studies had indicated that the Anoph-
eles IMD pathway is more specific to malarial infection in
comparison to the Toll pathway (see below).

As the third major immune pathway, JAK/STAT sig-
naling is important for antiviral immunity in Drosophila
(see above), and Drosophila gut immunity (see below).
Two STAT transcription factors (STAT-A and STAT-B)
have been identified in the A. gambiae genome, whereas
only one STAT is present in Drosophila. STAT-B regulates
the transcription of STAT-A, which is the predominant
form expressed in adult mosquitoes. Although transloca-
tion of STAT-A into the nucleus is suggested to upregulate
the expression of anti-plasmodium effectors, the detailed
molecular mechanism is still obscure.

14.4.6.2. Effector molecules against Plasmodiun
infection Many A. gambiae immune-responsive genes
have been identified by intensive examination of expression
profiles from RNAi-mediated gene silenced mutant
mosquitoes, which are infected with bacteria, fungi, and
malaria parasites (Dimopoulos ez a/., 1998). Among them,
thioester-containing proteinl (TEP1), leucine-rich repeat
immune protein 1 (LRIM1), Anopheles Plasmodium-
responsive leucine rich repeat 1 (APL1), C-type lectin
4 (CTL4), Serpin 2 (SRPN2), and fibrinogen-related
proteins (FREPs) are suggested to be major regulatory
molecules affecting Plasmodium development (Cirimotich
et al., 2010).

TEP1 belongs to a family of thioester-containing pro-
teins, and is homologous to the vertebrate factors C3/C4/
C5 and to members of the a2-macroglobulin family. In
A. gambiae, TEP1 is constitutively secreted from mos-
quito hemocytes and is present in the hemolymph as a
165-kDa zymogen. TEP1 is processed into an 80-kDa
fragment upon parasite infection (Levashina ez /., 2001).
Levashina and colleagues have thoroughly studied this
molecule, and suggest that TEP1 functions as an opsonin
on the surface of parasites that triggers immune responses.

LRIM1 and APLI are leucine rich repeat (LRR) domain-
containing proteins. Recent studies demonstrated that
LRIM1 and APL1C form a disulfide-linked, high molec-
ular weight complex that is secreted into the Anopheles
hemolymph. This heterodimeric complex interacts with
TEP1, leading to the cleavage and activation of TEPI.
Therefore, LRR domain-containing proteins play a key
role in mediating anti-Plasmodium immunity in mosqui-
toes. More than 20 LRIM1-like proteins have been iden-
tified from several mosquito genomes, but no orthologs
have been identified in other organisms, indicating that
these genes are mosquito-specific (Povelones ez al., 2009).
In addition, Osta ez a/. (2004) demonstrated that LRIM 1
and APL1 play an important role in parasite melanization
and killing during eatly-stage P. berghei infection.

The CTL family is the most diverse animal lectin fam-
ily. CTLs bind carbohydrates in a Ca?*-dependent man-
ner through the C-terminal carbohydrate recognition
domain. In the A. gambiae genome, 23 genes that encode

C-type lectin domains have been identified. CTL4 and
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CTLMA2 are agonist molecules of the rodent Plasmo-
dium parasite, and silencing of either of these genes
induces massive melanization of P. berghei ookinetes in
the mosquito midgut epithelium, inhibiting mosquito
development at the pre-oocyst stage (Osta ez al., 2004).
However, CTLs do not seem to be involved in defense
responses to human Plasmodium parasites.

SRPN is a member of a large family of serine prote-
ase inhibitors that are present in all higher eukaryotes,
as well as in some viruses. In Anopheles, Michel et al. (2005)
reported that knockdown of SRPN2 triggers spontane-
ous melanization of mosquito blood cells and reduces the
life-span of adults. Depletion of SRPN2 increased parasite
killing and stimulated melanization.

Fibrinogen-related proteins (FREPs) contain a fibrino-
gen-like domain, which is evolutionarily conserved from
invertebrates to mammals. FREP genes are present in mos-
quitoes, and are significantly more expressed in A. gambiae
(58 genes) in comparison to Ae. aegypti (37 genes) and
D. melanogaster (14 genes). RNAi-mediated gene silenc-
ing showed that FREDs in Anopheles are involved in anti-
Plasmodium defense. For instance, FBN39 specifically
protected mosquitoes against P. falciparum infection

(Christophides et 4l., 2002).

of anti-malarial immune

Flucidation of the molecular

14.4.6.3. Regulation
responses in mosquitoes
mechanisms of the mosquito innate immune response to
Plasmodium infection is expected to help discover novel
malaria control strategies. Many researchers are trying to
determine how mosquito Toll and IMD immune signaling
pathways mediate anti-Plasmodium responses.

In this respect, two breakthrough studies have been per-
formed using RNAi-mediated Cactus-silenced and RNAi-
mediated Caspar-silenced adult female mosquitoes (Frolet
et al., 2006; Garver et al., 2009). These studies enabled us
to understand mosquito resistance mechanisms and how
malarial ookinetes are killed by host mosquitoes. Anopheles
Cactus and Caspar proteins are specific negative regulators
of Anapheles Toll and IMD signaling pathways, respec-
tively. In the first report, Frolet ez a/. (2006) introduced
a novel concept of mosquito-malaria immunity referring
to a “pre-invasion or basal immunity” phase and “post-
invasion or induced immunity” phase. Basal immunity
is constitutive and induces the production of immune
factors, including TEP1, which is dependent on the two
NF-«xB factors, Rell (Dif-like) and Rel2 (Relish-like).
When TEP1 and other hemocyte-derived immune fac-
tors are depleted after a 24-h infection, immune responses
are activated and induce the transcription of genes encod-
ing multiple immune factors. It was also noted that the
replenishment of depleted factors was both NF-kB-
dependent and -independent. Another remarkable discov-
ery is that boosting basal immunity by RNAi-mediated
silencing of Cactus was sufficient to completely block

P. berghei development to the oocyst stage, suggest-
ing that Cactus is capable of complete elimination of
malarial parasites in mosquitoes. These authors devel-
oped a powerful system to determine unique mosquito
proteins involved in parasite killing, which can be used
to identify resistant mosquito strains.

In the second report, Garver ¢t al. (2009) focused on the
biological effects of Caspar during malarial infection and
transcriptional regulation of three antiplasmodium genes,
TEP1, LIRMI1, and FREP9, using an RNAi-mediated
Caspar-silenced mosquito. The authors obtained sev-
eral intriguing results: (1) Caspar-silenced A. gambiae is
refractory to the natural virulent human malaria parasite,
P. falciparum; (2) depletion of Cactus or Caspar reduced
the number of oocysts in the midgut, indicating that both
the Toll and IMD immune pathways are involved in the
defense against P. falciparum and P. berghei, albeit to vary-
ing degrees depending on the parasite species; and (3) silenc-
ing of A. albimanus and A. stephensi Caspar genes generated
a refractory phenotype regardless of the Anopheles species.

These studies are significant because they implied
the possibility for the development of malaria control strat-
egies based on mosquito innate immunity. Namely, rather
than targeting the malaria parasite, the mosquito host
can be targeted by upregulating conserved molecules
to enhance basal immunity. In addition, the differences
between immunity-based resistance to rodent and human
malaria parasites are dependent on the transcription factor
Rel. For example, Rel2-based immunity is most efficient
against P. falciparum, whereas Rell-based immunity is
most efficient against P. berghei.

14.5. Cellular Innate Immune
Responses

14.5.1. Phagocytosis

Phagocytosis is a major cellular innate immune response
in both mammals and insects. This process is essential
for various biological events, including the elimination
of pathogenic microbes, removal of apoptotic cells, tissue
remodeling, and induction of innate and adaptive immune
responses. Major insect hemocytes are classified as crystal
cells, lamellocytes, and plasmatocytes. Plasmatocytes control
phagocytic elimination of invading microbes. During the
past two decades, three major questions have been addressed
with regard to the molecular mechanism of insect phagocy-
tosis: (1) What kind(s) of receptors are involved in the induc-
tion of insect phagocytosis? (2) What is the ligand molecule
that activates phagocytosis? and (3) What humoral factors
in the insect plasma promote the phagocytosis?

Intensive biochemical and functional studies of phago-
cytic receptors, ligands, and intracellular signaling path-
ways have been performed in mammalian systems (Jutras
and Desjardins, 2005). However, in Drosophila, six
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receptor molecules involved in phagocytosis have been
characterized: Croquemort, Drosophila scavenger recep-
tor (dSR-CI), PGRP-LC, Draper, Eater, and Nimrod C1
(Stuart and Ezekowitz, 2008).

Croquemort (catcher of death) isa member of the CD36
family of proteins, which is specifically expressed in Dro-
sophila macrophage-like hemocytes and is involved in
the clearance of apoptotic cells in Drosophila embryos
(Franc et al, 1999). Human CD36 is a macrophage
scavenger receptor that is able to bind a subset of poly-
anionic ligand molecules. Genetic analysis demonstrated
that Croquemort is essential for apoptosis but is not
required for the engulfment of bacteria. This suggests
that signals generated by dying cells increase the expres-
sion of Croquemort, which could facilitate the clearance
of cell corpses. Drosophila Peste, which was identified by
an RNAI screen, is a class B scavenger receptor and is
required for the uptake of mycobacteria, but not E. coli
or S. aureus (Philips er al., 2005), suggesting that mam-
malian class B scavenger receptors may be involved in the
recognition of mycobacteria by insects.

Drosophila scavenger receptor C1 (dSR-C1) is a multi-
domain modular protein consisting of a 609-residue mem-
brane protein containing several well-known sequence
motifs, including two complement control protein (CCP)
domains, a somatomedin B domain, a MAM (a domain
found in Meprin, A5 antigen) domain, and RPTP Mu and
mucin-like domains. Rimet ez 2/ (2001) demonstrated
that dSR-C1 is a receptor that recognizes both Gram-
negative and Gram-positive bacteria, but not yeast. This
receptor binds a wide variety of ligands. In addition, dSR-
CI does not appear to be required for the Drosophila AMP
response. Even though the ligand molecules in these bac-
teria have not been determined, scavenger receptors are
primordial pattern recognition molecules that mediate
evolutionarily conserved innate immunity.

Drosophila  PGRP-LC  regulates DAP-type PGN-
mediated IMD signaling. Initially, it was discovered as a
phagocytosis receptor by Rimet ez 4l (2002). Using a
dsRNAi-based screen in Drosophila macrophage-like cells,
34 genes involved in phagocytosis were identified. Of
them, PGRP-LC is involved in phagocytosis of Gram-
negative but not Gram-positive bacteria, demonstrating
that Drosophila PGRP-LC is an essential molecule for the
recognition and signaling of Gram-negative bacteria dur-
ing the insect innate immune response.

Draper (Manaka ez al, 2004), Eater (Kocks
et al., 2005), and Nimrod C1 (Kurucz et al, 2007)
are receptor molecules containing epidermal growth
factor (EGF) repeats. Similar proteins are found in
silkmoths and the beetle H. diomphalia (Ju et al.,
2006), in which they function as secreted opsonins
and are involved in bacterial clearance. The EGF-like
motifs have a conserved consensus sequence CxPxCxxx-

CxNGxCxx PxxCxCxxGY, and are separated by variable

loops of typically 6-11 residues. This motif differs sig-
nificantly from the typical EGF repeat (xxxxCx2-7Cx1-
(G/A)xCx1-13ttaxCx- CxxGax1-6GxxCx).

Draper was identified as a Drosophila homolog of
the C. elegans CED-1 protein, and has 15 EGF repeats.
It is involved in hemocyte phagocytosis of apoptotic cells,
but not of zymosans. Draper acts as a receptor in the
phagocytosis of apoptotic cells by hemocytes and glial
cells in Drosophila embryos. Although apoptotic Drosoph-
ila cells express the membrane phospholipid phosphati-
dylserine, the best characterized eat-me signal found in
mammals, Draper, does not recognize phosphatidylserine.
Further studies into the intracellular signaling and identi-
fication of Draper ligand molecules have been performed
(see below). Eater, a cell surface receptor containing a 32
EGF repeats motif, regulates the phagocytosis of E. coli
and S. awureus, suggesting that Eater is a major phago-
cytic receptor for a broad range of bacterial pathogens.
As expected, Eater was expressed in the plasmatocytes and
the lymph glands, but not in the crystal cells, lamellocytes,
or the fat body, which are cells and organs not involved
in phagocytosis. Biochemical data demonstrated that the
N-terminal domain of Eater directly binds to acetylated
and oxidized low-density lipoproteins, which act as mam-
malian scavenger receptor ligands.

Nimrod C1 (NimCl) is also involved in the phagocy-
tosis of bacteria. This receptor is a 90- to 100-kDa trans-
membrane protein with 10 EGF repeats, similar to Draper
and Eater. Furthermore, suppression of NimCl1 expres-
sion by RNAI inhibited the phagocytosis of S. aureus in
plasmatocytes. However, when NimC1 was overexpressed
in S2 cells, phagocytosis was induced in response to S.
aureus and E. coli. Interestingly, the NimC1 gene is part of
a cluster of 10 related Nimrod genes on chromosome 2 in
Drosophila, and similar clusters of Nimrod-like genes were
conserved in other insects, such as Anopheles and Apis.
Although these five receptors were discovered as Drosoph-
ila phagocytosis receptors, how these receptors regulate
intracellular pathways directing cytoskeletal remodeling
and membrane trafficking was not addressed. In addi-
tion, the identification of phagocytic receptor ligands
is essential to understanding the molecular mechanism
of phagocytosis.

In 2009, the Nakanishi group identified an endoplas-
mic reticulum protein, Pretaporter, as a ligand for Draper
(Kuraishi er al., 2009). Pretaporter appeared to relocate
from the endoplasmic reticulum to the cell surface during
apoptosis to serve as an eat-me signal. Pretaporter-bound
Draper was tyrosine phosphorylated, and required the adap-
tor Ced-6 and the small G-protein Rac to signal, suggesting
that Pretaporter activates the engulfment pathway involv-
ing Draper/Ced-6/Rac, which is reminiscent of the
CED-1/CED-6/CED-1 pathway in C. elegans. In addition,
Calreticulin, another endoplasmic reticulum protein in
Drosophila, acts as an eat-me signal (Kuraishi ez a/., 2007);
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however, a corresponding phagocytosis receptor has
yet to be identified. Subsequently, the Nakanishi
group attempted to identify the ligand molecule that is
recognized by Drosophila hemocytes. Analysis of the cel-
lular immune response using a series of S. aureus mutants
that are defective in cell wall synthesis and Drosophila
phagocytosis identified lipoteichoic acid as the ligand for
Draper (Hashimoto et al., 2009). Phagocytic receptors
activate uptake machinery during phagosome maturation.
Recent genome-wide RNAI screening studies in Drosoph-
ila S2 cells have identified proteins required for microbe
uptake (Ridmet ez al., 2002; Stuart ez al., 2007). After rec-
ognition of the ligand by phagocytic receptors, curvature
of the membrane and extension of pseudopod tips are nec-
essary for phagocytosis. RNAi-based analysis revealed
that membrane curvature is regulated by coat proteins
containing Clathrin and a coatomer protein complex.
The properties of the coatomer protein complex are not
discussed in detail here, as this is extensively covered in
other reviews (for example, Stuart ez 4/, 2007). To inter-
nalize target microbes more efficiently, it is necessary for
phagocytes to recruit additional membranes from intra-
cellular components, such as endosomes and the endo-
plasmic reticulum. During this process, the exocyst, an
octodimeric complex, tethers the recruited endosomes to
the phagocytotic cup. These exocyst and coatomer protein
complexes are thought to regulate phagosome matura-
tion. However, because Drosophila phagocytosis is com-
plicated by many cell surface receptors and key machinery
components are partially redundant, studies dissecting the
complexity of ligand recognition and intracellular signal-
ing are needed. In addition, because the biological sig-
nificance of insect phagocytosis is unclear, further studies
addressing the diverse cellular fate of internalized targets
and the biological functions of matured phagosomes are
also needed.

14.5.2. Hemocyte Hematopoiesis during Wasp
Parasitism

As described above, early studies demonstrated that Dro-
sophila plasmocytes are involved in phagocytosis, and
crystal cells are required for melanization. However, lam-
ellocytes are responsible for encapsulation (Meister and
Lagueux, 2003). Encapsulation, another cellular defense
response, occurs when foreign bodies that are too large
to be phagocytosed are surrounded. Morphological analy-
sis of encapsulation suggested that blood cells attach to the
invading foreign body, such as wasp eggs, and establish
a multi-layered cellular capsule. When parasitoid wasps
lay their eggs in Drosophila larvae, differentiated lamel-
locytes, which do not exist in naive conditions, induce
encapsulation. This observation has led to questions about
whether the blood cells differentiate from larval hemato-
poietic progenitors (prohemocytes) in response to wasp

infection, and how blood cell homeostasis is regulated
at the molecular level. These questions are fundamental
to the elucidation of insect encapsulation during cellu-
lar immune responses.

Similar to the recent development of mammalian
stem cell research, Drosophila hemocyte hematopoi-
esis research has quickly developed (Crozatier and
Meister, 2007). Here, we overview studies defining the rela-
tionship between hemocyte hematopoiesis and wasp infec-
tion. In 1984, Rizki reported that massive proliferation
of lamellocytes occurred in the lymph upon parasitism
of wasp parasitoid, while larvae maintained a balance of
95% plasmatocytes and 5% crystal cells (Rizki and Rizki,
1984). Subsequently, Sorrentino et al. (2004) observed
that proliferation of lamellocytes was dependent on JAK/
STAT activity, and Krzemien e al. (2007) reported that
the JAK/STAT pathway is required for maintenance of
the lymph gland and the control of hemocyte produc-
tion in third instar larvae. In addition, JAK/STAT sig-
naling is turned off upon wasp infestation, resulting
in differentiation of prohemocytes into lamellocytes.
The JAK/STAT signaling pathway is evolutionarily con-
served, and mammalian genomes encode multiple com-
ponents of the JAK/STAT pathway, including multiple
receptor subunits. Therefore, it is not easy to define the
biological functions of each component and receptor.
In contrast to mammals, only one receptor (Domeless),
one JAK (Hopscotch), one STAT (Stat92E), and three
cytokines — Unpaired 1 (Updl), Upd2, and Upd3 — have
been identified and characterized in Drosophila, indicat-
ing that it is easy to determine the molecular mechanism
because of its simplicity.

In 2010, Makki et al (2010) reported intriguing
results regarding the regulatory mechanism of the JAK/
STAT pathway. A novel negative regulator that func-
tions as a switch-off molecule in this pathway was iden-
tified. They noticed one gene, CG14225/lat, coded for
a protein structurally related to the Domeless recep-
tor, that had extracellular domains similar to the
cytokine-binding domain (CBM) and Lat-Domeless
Homology Region (LDHR). The /st gene is selectively
expressed in hematopoietic progenitors in the Drosoph-
ila lymph gland. Several novel findings regarding /az
gene function were made: (1) /2t mutant flies had a dys-
functional cellular immune response to wasp parasitism;
(2) Lat protein functioned as a switch-off molecule of the
JAK/STAT signaling pathway by heterodimerizing with
Domeless in vivo; (3) Upd3, but not Udpl and Udp2,
activated the JAK/STAT signaling pathway; and (4) wasp
parasitism increased the Lat/Dome protein ratio, decreas-
ing JAK/STAT signaling and differentiating prohemocytes
into lamellocytes. These results suggest that the Drosophila
cellular immune response to wasp infection is regulated
by two molecules: Lat and Domeless. In addition, the
JAK/STAT pathway is inactivated by an increased Lat/
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Domeless protein ratio, upon wasp parasitism in vivo.
Therefore, this study identifies the need to determine
whether the Lat-like short, non-signaling receptor homo-
log can function as an antagonist of the mammalian JAK/

STAT signaling pathway.

14.6. Newly Emerging Topics
in Insect Immunology

14.6.1. Gut Insect Immunology

The insect gut contains various microorganisms, such as
symbiotic commensal and food-borne pathogenic bac-
teria. The survival of symbiotic gut microbes is achieved
by evolutionary positive selection. It is unknown how the
insect gut epithelium tolerates commensal bacteria while
maintaining the ability to trigger an immune response
upon pathogenic microbe infection. The basis for the
symbiotic relationship between the insect gut epithelia
and symbiotic microbes is also unknown. To answer these
questions, Drosophila was used as a model system because
the Drosophila gut is known to harbor approximately
10-20 bacteria species in the midgut region, whereas the
human gut is thought to host 500—1000 bacteria species.
Taking advantage of this simplicity, several groups have
begun to elucidate the molecular mechanisms underly-
ing innate immunity homeostasis in the Drosophila gut.
These studies concluded that Drosophila gut immunity
primarily relies on two effector molecules, AMPs and
reactive oxygen species (ROS), and that these two mol-
ecules are tightly regulated to prevent the growth and
proliferation of pathogenic bacteria. However, AMPs and
ROS preserve commensal bacteria within the gut. Lee
and colleagues reported seminal work regarding insect gut
immunity (Ha et 2/, 2005a; 2005b, 2009a, 2009b; Ryu
et al., 2008). Here, we summarize recent research progress
in insect gut immunity.

14.6.1.1. NF-kB-AMP-mediated gut immunity An
intriguing aspect of gut immunity is that constant direct
contact between gut epithelia and commensal bacteria
induces the activation of a constitutive basal immune
response, suggesting that AMPs are always produced, even
in the presence of commensal bacteria. Several groups
reported that the basal level of AMP in Drosophila epithelia
is dependent on the IMD pathway and independent
of the Toll pathway. However, it was unknown how
insects accommodate commensal bacteria in spite of the
presence of AMD, and how insects inhibit the growth
and proliferation of pathogenic bacteria in gut.

Recently, Lee and colleagues elegantly demonstrated
that Drosophila control gut homeostasis through Cau-
dal (Cad). Cad, a homeobox transcription factor, was
originally discovered as a regulator of the antero-poste-
rior body axis in Drosophila (Dearolf et al., 1989). Cad

expression is tightly regulated in response to developmen-
tal signals during embryogenesis. However, Cad expres-
sion is altered in the intestine and Malpighian tubules
after embryogenesis. Lee and colleagues found that Dro-
sophila AMPs, such as diptericin and cecropin, which are
expressed by a Relish-dependent IMD pathway in the fat
body, were strongly inhibited at the transcriptional level
by Cad. This occurred in spite of the basal level of IMD
signaling (Ryu et a/., 2008), suggesting that Cad acts as
a gut-specific repressor of AMP gene expression. Based
on these results, they hypothesized that repression of
NF-kB-dependent AMP production is required to pre-
serve and tolerate commensal bacteria, and that regula-
tion of constitutive AMP expression leads to modification
of the commensal community structure in gut (Figure 4).
To address these hypotheses, changes in the bacte-
ria population after manipulation of AMPs were stud-
ied. When AMP genes were overexpressed, the expression
of major commensal bacterium (A911 strain of Acetobac-
teraceae) decreased; however, the amount of minor com-
mensal bacterium (G707 strain of Gluconoacetobacter)
increased. These surprising results were confirmed by
in vitro analysis; the A911 strain was very sensitive to syn-
thetic cecropin, whereas the G707 strain was relatively
resistant. These results proposed that, in the presence of
the A911 strain, AMP activation antagonizes the domi-
nance of the G707 strain under normal conditions. How-
ever, upon AMP overexpression, the A911 population is
increased more than that of the G707 strain. In addition,
the G707 strain modified the commensal bacterial com-
munity found in Cad-knockdown flies, leading to severe
apoptosis in the gut (Ryu ¢t al., 2008). Furthermore, gut
pathology of Cad-knockdown flies was attenuated in the
absence of commensal bacteria. Finally, when the G707
strain was introduced into the gut of germ-free flies in
the absence of the A911 strain, apoptosis of intestine
cells and host mortality were induced, suggesting that out-
growth of the G707 strain is deleterious to the host.
Along with Lee’s studies, several other research groups
identified several novel molecules that function as nega-
tive regulators of IMD-mediated Relish activation in
gut epithelia. PGRP domain-containing proteins, such
as PGRP-SC and -LB, degrade DAP-type PGN. These
PGRPs are thought to prevent excessive IMD pathway
activation by sustaining a low level of PGNs in the gut
(Bischoff ¢t al, 2006; Zaidman-Remy ez al., 2006).
Another group identified an antagonist of the PGRP-
LC receptor, PIMS (Rudra; PIRK), which inhibits IMD
signaling (Lhocine e al., 2008). These studies identified
negative regulatory molecules that work together to reg-
ulate Relish activity in gut epithelial cells. In addition,
because IMD-mediated Relish activation modifies the
basal expression of negative regulators, such as PGRP-
SC, -LB and PIMS,
and IMD-mediated Relish activation is suggested to

commensal bacteria-mediated
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Figure 4 Proposed Drosophila gut immune

signaling network. Two different effector molecules,

AMP and ROS, are produced by activation of the Relish-
mediated IMD pathway and DUOX-mediated signaling
pathway, respectively. When excessive bacterial

PGNs are released onto the gut epithelial cell surface
following serious bacterial infection, large amounts of
AMPs are produced after strong activation of the Relish-
mediated IMD pathway. The excessive AMP production

is negatively regulated by Caudal expression. Simultaneously,
non-PGNs-mediated DUOX transcription is upregulated
via p38-mediated ATF2 activation. This p38 activation is
regulated by a PGNs-independent PLC-p pathway and

a PGNs-dependent IMD pathway that merge into MEKK1.
The production of large amounts of DUOX enzyme after
upregulation of DUOX gene produces large amounts of
ROS, which can kill bacteria in the gut. In contrast, small
amounts of PGNs are released from commensal bacteria
under uninfected conditions. In these conditions, p38 is in
an inactive state via a PLC-B-dependent feedback loop in
order to prevent excessive Duox expression. Also, PGRP-
LC-mediated AMP production is regulated by Caudal,
resulting in proper maintenance of the gut microbial
population. Activation of the IMD pathway is negatively
regulated by catalytic PGRPs and PIMS. Abbreviations: ER,
endoplasmic reticulum; GPCR, G protein-coupled receptor;
IKK, IkB kinase; IP3, inositol-1,4,5-trisphosphate; PIP2,
phosphatidylinositol-4,5-isphosphate.

play a pivotal role in a negative regulatory feedback
loop (Figure 4). Taken together, gut immunity studies
using Drosophila as an animal model enabled the study
of the normal flora community, which prevents coloniza-
tion of potentially pathogenic microbes. Clinically, it was
suggested that an imbalance in the equilibrated gut flora
of humans induced by antibiotics, or anti-cancer chemo-
therapies or radiation, can lead to pathogenic infections
(Sommer et al., 2009).

14.6.1.2. Duox- and ROS-mediated gut immunity
As described above, NF-kB-AMP-mediated gut immunity
is primarily regulated by DAP-type PGNs, which
are secreted from commensal or pathogenic bacteria.
However, recently it has been discovered that PGN-
independent generation of ROS regulates insect gut
immunity homeostasis. ROS are a by-product of the
metabolism of oxygen, and have biologically important
roles in immunity and cell signaling. They are known
to have bactericidal effects due to their chemically
reactive properties. The bactericidal activity of ROS in
innate immunity has been well studied in mammalian
phagocytes (Leto and Geiszt, 2006). NADPH oxidase
within the phagosome (NOX2) produces superoxide from
molecular oxygen. In a study of ROS-mediated insect gut
immunity, Ha e @/ (2005b) showed that flies lacking
immune-regulated catalase (IRC) are highly susceptible
to gut infection. In addition, they demonstrated that
the mortality of IRC-deficient flies was due to oxidative
stress after exposure to microbial components, rather than
to the overproliferation of ingested microbes, suggesting
that the insect gut may have a novel ROS generating
system that is responsive to microbial components,
but not PGN. They hypothesized that ROS generated
from insect gut epithelia cells, which are not traditional
phagocytic cells, act as bactericidal effector molecules in
gut immunity.

Subsequently, Ha er 4l (2005a) discovered that
Duox, an oxidase, is essential for the regulation of
gut immunity. Drosophila have one NOX and one
Duox gene in their genome. Genetic analysis demon-
strated that Drosophila Duox, but not NOX, is involved
in microbial clearance in the gut, and that Duox knock-
down flies are highly susceptible to gut infection. This
susceptibility is due to the overproliferation of ingested
microorganisms. How Duox is regulated after recognition
of non-PGN molecules of gut microbes is unknown. As
shown in Figure 4, Ha ez /. (20092, 2009b) provided
evidence that unidentified non-PGN components of
bacteria are involved in Duox-mediated ROS generation
in vitro and in vivo. Subsequently, they determined how
Duox is regulated. A non-PGN ligand molecule was rec-
ognized by an unknown membrane-associated G protein-
coupled receptor (GPCR) and the ligand recognition
signal was transmitted to the intracellular downstream
molecules, Gaq and phospholipase CBb (PLCp), leading
to the mobilization of intracellular calcium via generation
of inositol 1,4,5-trisphosphate (IP3). This PLCR/IP3-
mediated calcium mobilization is sufficient for the sponta-
neous activation of Duox and subsequent ROS generation
to promote bactericidal activity. Furthermore, Goq and
PLCB-deficient mutant flies were unable to control gut
microbes, and were highly susceptible to infection under
conventional rearing conditions. However, this suscep-
tibility was rescued under germ-free rearing conditions,
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confirming that regulation of Duox activity is a crucial
factor in insect host defense.

Next, these authors asked how Duox gene expression is
transcriptionally regulated in response to infectious con-
ditions, and what kinds of intracellular molecules are
involved in the regulation of duox gene expression. They
found that Duox gene expression was regulated by a
MEKKI1-MKK3-p38 pathway in the presence of a high
concentration of microbial ligands, which contain both
PGN and non-PGN molecules. This result was unex-
pected, because PGN induced Duox gene expression but
not Duox enzyme activity. These results clearly demon-
strate that activation of the MEKK1-MKK3—p38 path-
way occurs both in a PGN-independent manner via PLC
and a PGN-dependent manner involving the PGRP-LC
and IMD pathways (Figure 4).

Because ROS is also harmful to host cells, ROS gen-
eration is tightly regulated. Lee and colleagues demon-
strated that Duox expression was precisely regulated by
cross-talk between a PGN-PGRP-LC-dependent IMD—
MEKKI1-MKK3-p38-ATF2 signaling pathway and a
non-PGN-GPCR-dependent PLCP-signaling pathway.
Namely, in the presence of the normal commensal gut
population, Duox enzyme-mediated constitutive activa-
tion resulted in low PLCP activity and downregulated
PGN-dependent activation of p38. This suggests that
the basal expression of Duox is required to reduce oxida-
tive damage during the commensal-gut epithelia interac-
tion. Conversely, upon infection by pathogenic bacteria,
cooperation of Duox enzyme activity is required, and
leads to ROS production. In this situation, PGN-inde-
pendent PLCP signaling and PGN-dependent PGRP-
LC-mediated IMD signaling activate MEKK1 to induce
p38-dependent Duox induction. At the same time, acti-
vation of PLCB by high concentrations of non-PGN
ligands increases Duox enzymatic activity (Figure 4). These
data demonstrate how the host achieves gut microbe
homeostasis by efficiently combating pathogenic bacteria
while at the same time tolerating commensal microbes
in the gut.

Finally, even though recent data have elucidated
how insects regulate gut immunity, there are several ques-
tions that are the focus of future studies. First, how do
insect gut cells distinguish between commensal bacteria
and pathogenic bacteria? Second, what is the ligand struc-
ture capable of activating Duox? Future studies will enable
a better understanding of the molecular mechanism of
insect gut immunity.

14.6.2. Immune Priming of Insect Immunology

Insects are considered to lack both immune specificity and
immune memory (immune priming) because they do not
possess an adaptive immune system. However, recent
molecular and genetic studies of fruit flies and mosquitoes

have identified diverse immune receptors in invertebrates
(Dong et al., 2006; Watson et al., 2005), providing an
unexpectedly high degree of specificity and immune
memory within invertebrate systems (Schmid-Hempel,
2005). In addition, these studies demonstrated that a spe-
cific immune memory that is functionally similar to ver-
tebrate immune memory may be present in invertebrates.

The phenomena of memory-like immune responses
are termed immune priming, and examples of pathogen-
specific and specific immune priming have been observed
in numerous insects. Kurtz and Franz (2003) provided
phenomenological evidence for specific memory in the
invertebrate immune system by infecting a copepod,
Macrocyclops albidus, with the tapeworm Schistocepha-
lus solidus. Their results showed that the innate defense
system of copepods reacted more efficiently during sec-
ondary infection after hosts had previously encoun-
tered similar parasites. These results demonstrated that
the innate immune defense system in invertebrates may
have an ability to discriminate amongst antigenic mol-
ecules, and that a specific immune memory exists.

In 2006, Sadd and Schmid-Hempel (2006) demon-
strated the presence of specific immune priming in the
bumblebee (Bombus terrestris). They used three different
bacterial pathogens to determine whether prior homol-
ogous pathogen exposure induces long-term immune
protection. As expected, they observed that bees have
enhanced protection and specificity during secondary
bacterial exposure even if it is several weeks after the initial
exposure, suggesting that the invertebrate immune system
is capable of specific immune memory. Subsequently,
Pham et al. (2007) showed that Streptococcus pneuwmoniae-
primed flies were protected against a subsequent lethal
challenge with S. pneumoniae. This response was specific
for S. pnewmoniae, and persisted through the lifetime
of the fly. In addition, they suggested that the Drosoph-
ila Toll pathway, but not the IMD pathway, is required for
the primed response.

In 2010, Rodrigues et al. (2010) reported that a
primed mosquito immune system has a 2- to 3.2-
fold enhanced macrophage-like insect cell response
upon exposure to a Plasmodium malaria parasite, dem-
onstrating that the mosquito immune system can modu-
late macrophage-like hemocytes. Surprisingly, a strong
priming response was also shown when malaria ooki-
netes breached the mosquito gut barrier and injured
epithelial cells upon contact with bacteria, indicating
a systemic immune surveillance. Upon re-exposure to
a similar insult, mosquitoes mounted a more effective
antibacterial response to kill Plasmodium parasites. This
work is significant in regard to malaria control and the
understanding of immune memory in invertebrates.
In addition, unraveling the molecular mechanism of
insect immune responses, especially the differentiation
of mosquito macrophage-like hemocytes, will provide
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further insight into the evolution of immune memory
in insects.

Three important aspects of invertebrate immune speci-
ficity have been surmised (Schulenburg ez a/., 2007): (1)
immune specificity of insects relies on the genetic diver-
sity of pathogen recognition receptors and/or immune
effectors; (2) diverse pathogen recognition receptors and/
or immune effectors interact synergistically to enhance
immune specificity; and (3) specific recognition of patho-
gens can be greatly enhanced by increasing the concentra-
tion of the relevant receptors and/or immune effectors.

Alternative splicing of exons within Dscam immu-
noglobulin produces diversification, with more than
30,000 isoforms in both D. melanogaster and A. gam-
biae (Watson et al., 2005; Dong ez al., 2006). Differ-
ent splice forms show varied affinity with pathogens, as
evidence of mammalian immune specificity. However,
the molecular mechanism of diversification of Dscams
has not yet been determined. In addition, Drosophila
PGRP-LC, a transmembrane protein, exists as three
splice variants (PGRP-LCa, -LCx, and -LCy). LCx func-
tions as a bona fide recognition receptor; however, LCa
contributes to the transference of immune signaling
of monomeric DAP-type PGN for recognition in the
IMD pathway. Similarly, LCx homodimers are involved
in the polymeric DAP-type PGN recognition path-
way, providing yet another piece of evidence that syn-
ergistic interaction of pathogen recognition receptors
enhances the specificity of pathogen recognition.
Finally, many pathogen recognition receptors, such
as PGRPs, GNBPs, and lectins, are upregulated when
hosts are exposed to pathogens, increasing the effi-
ciency of pathogen detection. However, these prelimi-
nary observations are quite different from mammalian
immune specificity. Further study of immune priming
as a consequence of the amount of pathogen is neces-
sary. In addition, because the molecular mechanisms of
these observations are entirely unknown, it remains to
be demonstrated exactly how the specificity of insect
innate immunity is enhanced. In summary, even though
immune specificity and immune memory in insect
innate immunity are not as developed as adaptive immu-
nity, recent studies suggest that insect innate immunity
may be different from that of vertebrates.

14.6.3. Hemimetabolous Insect Immunology

The difference between a holometabolous and hemi-
metabolous insect is that the former undergoes a pupal
stage, whereas the latter does not. Holometabolism, also
termed complete metamorphism, is a development pat-
tern that consists of four life stages: egg, larva, pupa, and
adult. Hemimetabolism, termed incomplete metamor-
phosis, is a developmental process involving three dis-
tinct stages: egg, nymph, and adult. The nymph stage is

simply an adult that lacks wings and functional reproduc-
tive organs.

Until now, most research regarding insect immunol-
ogy has been performed using holometabolous insects,
such as flies, mosquitoes, silkworms, and beetles. In addi-
tion, annotation analysis of insect immune-related genes
has been based on information from holometabolous
insects, including flies (Drosophila spp) (Sackton et al.,
2007), mosquitoes (Aedes aegypti, A. gambiae; Chris-
tophides ez al., 2002; Waterhouse ez al., 2007), bees
(A. mellifera; Evans et al., 2006), and beetles (7ribolium
castaneums; Zou et al., 2007). However, genomic informa-
tion on hemimetabolous insects became available when
the International Aphid Genomics Consortium (IAGC)
provided results of sequencing of the pea aphid genome
(IAGC, 2010). Both the genomes of the pea aphid and
its primary symbiont, Buchnera aphidicola (Shigenobu
et al., 2000), are now available, providing informa-
tion with regard to the nature of the interdependency
between host and symbionts. In addition, this unique
genomic resource allows functional genomic studies to
better understand the regulatory networks underlying
innate immunity and symbiosis.

Recently, Gerardo ez al. (2010) conducted an anno-
tation analysis of immune- and defense-related genes
in the pea aphid genome. They first analyzed the pres-
ence or absence of well-known immune gene homologs
that have been reported in holometabolous insects. The
authors then measured the production of mRNA and
protein to gain insight into the pea aphid response to the
various pathogenic microbial challenges. We now sum-
marize some interesting results of their study. Several
genes related with the Toll pathway, including multiple
Toll receptors and Spitzle genes, serine proteases, and ser-
pins, were identified in aphids. However, PGRP genes,
well-characterized receptor genes involved in Toll and
IMD signaling in holometabolous insects, were not iden-
tified, even though two GNBP genes may function as
bacterial sensing molecules. Surprisingly, pea aphids do
not express many crucial components of the IMD sig-
naling pathway. This pathway is essential for Drosophila
protection against Gram-negative bacteria. Absence of
the IMD pathway-associated genes suggested that pea
aphids may express orthologs of the JNK pathway. In
Drosophila, the JNK pathway is known to regulate devel-
opmental processes as well as wound healing. Therefore,
the JNK pathway may be essential for the aphid immune
response. As described above, the JAK/STAT pathway in
holometabolous insects is thought to play an important
role in the overproliferation of hemocytes, upregula-
tion of TEP genes, and induction of antiviral responses.
Pea aphids express homologs of the core JAK/STAT
genes, including genes encoding for the cytokine recep-
tor Domeless, JAK tyrosine kinase, and STAT92E tran-
scription factor. However, an ortholog of the Drosophila
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JAK/STAT ligand molecule, upd (unpaired), was not
identified.

As for other immune-related genes, pea aphids do
not express many of the AMPs common to other holo-
metabolous insects. For example, whereas all annotated
insect genomes have genes that encode defensins, defen-
sin-like AMP genes were not found in pea aphids. In
addition, insect Cecropins, Drosocin, Diptericin, Dro-
somycin, and Metchnikowin-like AMP genes, which
are expressed in Drosophila, were not identified. How-
ever, surprisingly, six Thaumatin homolog genes, which
are well-known AMP genes in plants, were identified.
disulfide-linked
polypeptides of approximately 200 residues in length.

Thaumatin-family ~ proteins contain
Recently, some Thaumatin-like proteins were purified
from the beetle 7. castaneum, and were shown to have
antifungal activity against filamentous fungi Beauve-
ria bassiana and Fusarium culmorum (Altincicek et al.,
2008). However, why aphids have lost so many com-
mon insect AMPs while plant-originated Thaumatin-like
proteins are conserved is unknown. Additionally, aphids
have five C-type Lectin paralogs and two Galectin para-
logs. Insects also express the scavenger receptors, Nim-
rod and Dscam. In conclusion, pea aphids do not have
many genes that function in insect immunology; however,
pea aphids have some other genes that may function in
the immune response to microbial challenges.

Although symbiosis is outside the scope of this
chapter, annotation of the pea aphid and Buchnera
genomes (Shigenobu e a/., 2000) has provided invalu-
able information on symbiosis. Namely, Buchnera has
a dramatically small genome, and it was revealed that the
Buchnera genome has specific genes for the biosynthesis of
the nine essential amino acids, histidine, isoleucine, leu-
cine, lysine, methionine, phenylalanine, threonine, tryp-
tophan, and valine. These amino acids are essential for
pea aphid growth; however, aphids do not produce these
amino acids. Indeed, the pea aphid genome does not have
the genetic machinery required for amino acid synthe-
sis. These data provide invaluable insight into aphid devel-
opment, symbiotic interactions, and co-evolution with
obligate and facultative symbiotic bacteria. In addition,
the genomic information of these two species will enable
us to characterize novel genes that are involved in the pea
aphid immune and defense systems.

14.7. Conclusion

Using multiple approaches, including genetics, cell biol-
ogy, molecular biology, proteomics, RNAi, and system
biology, fruitful research has relied on insect model sys-
tems. In addition, the availability of many Drosophila
mutants that are deficient in immune responses against
bacterial and fungal infection has enabled the discov-
ery of several innate immune signaling pathways, such

as Toll, IMD, JNK, and JAK/STAT signaling. How-
ever, much has yet to be done regarding the molecular
study of insect immunology. For example, the activation
mechanism of the microbial proteinase-mediated dan-
ger signaling pathway is unclear. How is pro-persephone
protease cleaved by microbial proteinases, and what is
the protease directly downstream of this signaling path-
way? In addition, the structures of ligands that affect
these pathways are unknown, whereas the ligand struc-
tures that affect the Toll and IMD pathways have been
determined. The elucidation of molecular mechanisms
and virulence factors involved in the regulation of insect
immune pathways will increase our understanding of
insect immunology.

In addition, the DAP-type PGN-mediated IMD signal
pathway has not been fully elucidated. The identities of
the pattern recognition receptors in the Drosophila IMD
pathway and the recognition mechanism between tracheal
cytotoxin (TCT, Figure 1D) and PGRP-LE or PGRP-
LC have been determined (Chang ez a/., 2006; Lim et al.,
2006). However, TCT is not produced by all Gram-negative
bacteria and bacilli species. Therefore, a different natural
ligand molecule for the IMD pathway from Gram-negative
bacteria must exist. Also unknown is how mycoplasma spe-
cies, which are deficient in PGN in their cell membrane, are
recognized by insects, and how the innate immune response
after recognition of mycoplasma is activated.

A particular challenge to the insect immunity research
community is the determination of the recognition and
activation mechanisms after infection with intracellular
pathogenic microbes, such as Listeria monocytogenes and
Mycobacterum marium. Recently, Kurata and colleagues
discussed the relationship between autophagy and insect
innate immunity (Yano et /., 2008; Kurata, 2010). Dro-
sophila PGRP-LC and -LE sense the DAP-type PGN
of extracellular- and intracellular-infective bacteria and
induce several innate immune responses, such as AMP
production, via activation of the IMD pathway. Yano
et al. (2008) observed PGRP-LE-25-dependent autoph-
agy, when Drosophila adults were infected with L. mono-
cytogenes, which was independent of the IMD pathway.
It will be worthwhile to identify the ligand molecules
within these intracellular microbes, and to determine
the molecular mechanism of DAP-type PGN-depen-
dent autophagy and downstream signaling.

Even though the study of insect antiviral defense mech-
anisms has made significant progress, we are still far from
completely understanding antiviral resistance mecha-
nisms. Insect antiviral mechanisms are quite different
from those triggered by bacterial and fungal infections.
Future intensive studies regarding the interaction between
virus and insect will help unravel antiviral response mech-
anisms in mammals. In addition, intensive research to
understand innate immune responses in diverse insect
species is needed.



14: Insect Immunology 505

Our knowledge and understanding of mosquito immu-
nology has greatly advanced during the past 15 years
due to the complete genome sequencing of A. gambiae.
Future studies need to focus on the molecular mecha-
nisms of mosquito immune reactions, and clarify the
natural inconsistencies between responses to vectors and
parasites. These studies will allow us to develop universal
antiparasitic agents, which would be useful for combat-
ing malaria. Finally, many viruses, bacteria, protozoans,
and metazoans are known to use insects as vectors. Study
of Anopheles and Plasmodium interactions will provide
valuable information regarding vector immunity to vari-
ous human pathogens.

Over

fields reviewed in this chapter, such as gut immu-

the next 10 vyears, the newly emerging
nity, immune priming, and hemimetabolous insect immu-
nology, will be studied extensively in diverse research
fields. New genomic information from different insect
species will help further our understanding of the basic
concepts of self and non-self discrimination in the gut,
immune priming, immune specificity, and host-symbiont
interactions. In particular, determination of the molecular
mechanism of symbiosis will be of benefit in understand-
ing mammalian gut immunity.

Finally, basic research of insect immunology will pro-
vide a chance to develop new drugs and clinically valuable
diagnostic kits. For example, 5-S-GAD (N-B-Alanyl-5-S-
glutathionyl-3,4-dihydroxyphenylalanine) was originally
isolated as an antibacterial substance from S. peregrina
adults (Leem ez al., 1996). Natori and colleagues recently
reported that 5-S-GAD prevents acute lens opacity devel-
opment due to 5-S-GAD antioxidant activity. Treat-
ment with 5-S-GAD-containing eye drops delayed the
progression of UVB-induced cataracts in rats. These
studies resulted in lead compounds for drug develop-
ment, and provide an example of drug discovery based
on insect host-defense molecules (Akiyama ez al., 2009;
Kawada et a/., 2009). In addition, because PGN and -1,
3-glucan activates the Toll signaling pathway in insects,
which is amplified by a serine protease cascade (Kim
et al., 2008), the molecules involved in both PGN rec-
ognition and signal amplification are useful for develop-
ment of novel diagnostic kits. These would be useful for
rapid identification of bacteria-contaminated biomateri-
als, such as platelets and human plasma. A commercially
available LPS detection kit has been developed based on
the molecular mechanism of the hemolymph clotting
system in Limulus (Iwanaga et al., 1992). In addition,
the components involved in f-1,3-glucan recognition
signaling have facilitated the development of sensitive
novel kits for the rapid identification of fungi in clini-
cal samples and food products. Recently, a new bacte-
rial contamination detection kit has been developed
based on the molecular mechanism of Tenebrio Toll
signaling pathway.
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