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PREFAFF CE

The total number of animal species range up to around 1,000,000 species, of which 
invertebrates constitute more than 95%, including a vast diversity of organisms from 
unicellular protozoans to the much more complex echinoderms and protochordates.
Insects are by far the largest group of animals within the invertebrates and have received 
a large amount of research interest due to their importance as vectors for human and 
animal diseases, such as malaria, and the serious harm done by insects to crops and food.

Thus a long-standing research interest in diseases, pathogens and immune responses 
of insects there has been. The finding by the late Professor Hans G. Boman and colleagues
that Drosophila responded to a challenge with dead or live bacteria by the synthesis of 
antibacterial peptides initiated an intense research interest on the mechanism of this
induction. In 1996 Jules Hoffmann, Bruno Lemaitre and colleagues published a paper 
in which they for the first time showed that Toll was involved in the production of the TT
antifungal peptide drosomycin. Subsequently, this led to the discovery of TollTT -like 
receptors (TLRs) in vertebrates and their importance in immune responses, particularly 
in mammals. Research on the role of TLRs in immune responses is very intense and the
importance of these receptors is probably greater in mammals than in most invertebrates.
The finding that Toll was involved in induction of an antimicrobial peptide opened the TT
possibility of performing detailed genetic studies of the signaling pathways involved in the
production of antimicrobial peptides. The completion of the Drosophila genome in 2000 
made it possible to carry out powerful molecular genetic analysis of the immune system of 
this insect. For the past 10 years several genomes of insects and other invertebrates have
been sequenced, making comparisons between invertebrates possible, not only between
Drosophila and mammals. Several chapters in this book deal with immune responses 
in different groups of insects. It is evident that the immune responses are very similar 
between insects, but that there are also differences (Chapters 8-12). Interesting research is 
now being performed on mosquitoes because they are vectors for many human diseases. 
One important aspect, for example, is how malaria avoids any immune responses while
entering into and being inside the vector mosquitoes (Chapter 12). Interesting studies are 
now carried out on developmental biology and innate immunity in Hydra (Chapter 1), 
and there is now interest in studying immune reactions in other invertebrate groups, 
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especially in the model organism Caenorhabiditis elegans (Chapter 6), but also in leeches
and earthworms (Chapters 4 and 5).

For the past 10 years research has increasingly been focused on crustaceans (shrimp,
crabs and crayfish) (see Chapter 13) and mollusks (scallop, oysters and mussels) (see 
Chapters 2-3), mainly because of their importance as farmed species for consumption. 
In these aquatic animals antibacterial peptides have a greater variation and each peptide 
appears to be produced in several isoforms induced by different bacterial species,
indicating that there seems to be some sort of specific response to different bacterial 
species. The ways in which hemocytes are synthetized have also been studied in detail
in crayfish, and the finding of a family of astakines similar to prokineticins, which are 
involved in hematopoiesis, show that these animals may be well suited for studies on 
hemocytes and their synthesis (Chapter 13).

Recent research has shown that there are great differences in immune responses 
between different invertebrate groups, but of course also that there are many similarities. 
Toll receptors are present in some invertebrate groups but so far the importance of their TT
function has been mainly studied in insects, while sea urchins, which have more than
200 Toll receptors still await further studies in toll receptor function (TT Chapter 14). The 
significance of another group of molecules, the so-called Dscams, which seem to be
restricted to insects and crustaceans and are also present in vertebrates, is difficult to 
define. Their exact role in immunity is unkown at this moment.

To further emphasize the diversity between different invertebrate animal groups, TT
the clotting reaction can serve as a good example and is described in two chapters 
(Chapters 7 and 13). In crustaceans it comprises a transglutaminase and a clotting 
protein, whereas in horse-shoe crabs clotting it is induced by microbial polysaccharides
(LPS and beta-1,3-glucans) so that a proteolytic cascade is activated and terminates with
coagulogen being cleaved by the proclotting enzyme to form the clot (Chapter 7). There 
is no similarity between the clotting proteins of crustaceans and horse-shoe crabs, the
process is totally different. The only similarity is that transglutaminase is involved in 
both groups of animals.

The melanization reaction is an important innate immune response and which is 
present in most invertebrates. It was first noted by Söderhäll and Unestam in 1977
that this process, i.e., activation of prophenolocxidase, was induced in the presence of 
beta-1,3-glucans. Subsequently, this was shown in insects and several other invertebrates.
Recently Lee and colleagues managed to show that the prophenoloxidase activating
system and the induction of the Toll pathway in an insect share the same proteolyticTT
cascade (Chapter 9). Interestingly, melanization is a highly conserved immune response 
which is present in nearly all vertebrates where it provides protection against UV-VV light 
and other stressors. Melanization in vertebrates is catalysed by tyrosinase, which has 
no homology with prophenoloxidase except for the copper binding sites. However, the 
reactions tyrosinase and phenoloxidase catalyze are exactly the same, converting phenols
to quinones and subsequently melanin. Melanization is responsible for skin color in 
humans, and in other animals, and it is also an important component in the brain and eyes.

Another innate immune system which is present in both vertebrates and invertebrates
is the complement system, and to date a complement-like system seems to be operable 
in echinoderms (Chapter 14), horseshoe crabs (Chapter 7) and tunicates (Chapter 15). In 
insects the so-called thiolester-containing proteins are proposed to be complement-like 
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and have been shown to function as opsonic proteins in mosquitoes (Chapter 12). It 
remains to be shown whether true complement proteins are present in other protostome 
groups and not only in horse-shoe crabs.

A growing interest in invertebrate immunity is the study of the link betweenA
physiology and immunity. Surely diet, ageing, reproduction, reproductive behavior, time 
of day, and use of pathogens are all likely to have an effect on immunity and immune 
studies. The time of day for immune and challenge studies are important, and both in 
Drosophila and crayfish it has been shown that the immune system varies in efficiency
during a day. This means that scientists should be aware of these facts when planning 
or making experiments.

In this book I have gathered scientists who are working with different invertebrates, 
and it can be seen that the insects are the still attracting most research and researchers. 
However, an increasing interest is emerging to study new invertebrate groups, especially 
those where the genome is known, as seen in Chapters 1, 5, 14 and 15. Even though 
Drosophila has been and still is an excellent model for immune studies, it is now clear 
that there are great differences between immune responses in Drosophila and that of 
several other invertebrates, which indeed calls for more research on other invertebrates.  

Kenneth Söderhäll 
Department of Comparative Physiology, Uppsala University 

Uppsala, Sweden
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CHAPTER 1R

CNIDARIAN IMMUNITY:

A Tale of Two Barriers

René Augustin and Thomas C.G. Bosch*
Zoological Institute, Christian-Albrechts-University Kiel, Kiel, Germany
*Corresponding Author: Thomas C.G. Bosch—Email: tbosch@zoologie.uni-kiel.de

Abstract: The phylumCnidaria is one of the earliest branches in the animal tree of life providing
crucial insights into the early evolution of immunity. The diversity in cnidarian life
histories and habitats raises several important issues relating to immunity. First, in
��	����	��	�����
	����������	��	����������������������	�	��	����	��	��������
to defend against microbial pathogens. Second, to maintain tissue integrity, colonial
forms have to rely on their capacity of self/nonself discrimination to rapidly detect 
approaching allogeneic cells as foreign and to eliminate them. And third, since
cnidarians are colonized by complex bacterial communities and in many cases
are home to algal symbionts, successful growth means for cnidarians to be able
����������������	��		���	�	�������������������
�����	����������	��{�'�	��������
this chapter is to review the experimental evidence for innate immune reactions in
Cnidaria. We show that in these diploblastic animals consisting of only two cell
layers; the epithelial cells are able to mediate all innate immune responses. The
endodermal epithelium appears as a chemical barrier employing antimicrobial
peptides while the ectodermal epithelium is a physicochemical barrier supported 
by a glycocalix. Microbial recognition is mediated by pattern recognition receptors
such as Toll- and Nod-like receptors. Together, the data support the hypothesis that 
the establishment of epithelial barriers represents an important step in evolution of 
host defense in eumetazoan animals more than 600 million years ago.

INTRODUCTION: CNIDARIA PROVIDE INFORMATION ABOUT THE

EVOLUTION OF IMMUNITY

Cnidarians are among the earliest known phyletic lineages and are sister taxon to the
Bilateria (Fig. 1).1-4 Cnidarians possess most of the gene families found in bilaterians1,5-7 and 
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2 INVERTEBRATE IMMUNITY

have retained many ancestral genes that have been lost in D. melanogaster and r C. elegans.7,8

Since their genome organization and content is remarkably similar to that of morphological 
complex bilaterians, they provide insight into the content of the “genetic tool kit” present 
in the Cnidarian–bilaterian ancestor. The four classes of Cnidaria (Hydrozoa, Scyphozoa,

Figure 1. Phylostratigraphy of all human genes and disease-causing genes. A) The total number of 
������ �	�	�� ������ ��� ����	�	��� 
���� ��� 
���	�� |����	�� ��	}���	�~{� ������������� �	�
	����	�� �����
appearance of evaluated human disease genes in animal phylogeny (N � 1,760 black line—open circle)
|&��	� �� �����	�� ����� 
	��������� ����� �����	������� 	� ��18 ©2008 Oxford University Press). B)
Cnidarians are among the earliest known phyletic lineages and are sister taxon to the Bilateria. The four 
classes of Cnidaria (Hydrozoa, Scyphozoa, Cubozoa, Anthozoa) contain popular model organisms for 
comparative immunology such as the freshwater polyp Hydra or the colonial Hydrozoan Hydractinia.
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Cubozoa, Anthozoa) contain popular model organisms for comparative immunology such
as the freshwater polyp Hydra or the coloniala Hydrozoan Hydractinia (a Fig. 1B).

For analytical purposes, an important technical breakthrough in Cnidarian immunology
������	��	�	�
�	��������������	����
���	���	��������	����	����	�	����������������	���
Hydra9 and Nematostella10 lines by embryo microinjection. The application of morpholino 
techniques in Nematostella embryonic tissue to knock down gene expression offers a 
way to analyse the function of novel immuno-candidate genes during development.11,12

Furthermore, computational approaches have become increasingly powerful and 
sophisticated with each basal metazoan genome that has been completely sequenced1-4,13

and with each advance in the technologies used for genome analysis.14

'�	�������	����������������������������������	����
������	������������	�������
be able to identify the genomic basis for key immunological characteristics appearing in 
our metazoan ancestor. This goal has yet to be reached, but there has been considerable 
progress in this area. For instance, the origin of major regulators of innate and adaptive 
immune response, the interferon regulatory factors family and the Rel/NF�B family, was 
traced back to the appearance of multicellular organisms.15-17 Moreover, rich sequence data
from numerous species of basal metazoans allowed to determine the evolutionary origin
of mutations leading to Mendelian genetic diseases. In a phylostratigraphic analysis18

of about 1700 human genes that have been linked to a heritable genetic disease, their 
	������������������������	�����	������������	�������������	�������	�{�'��������������
showed that other large groups of disease genes emerged more than one billion years 
�������������	�������

	�����	���������	���������������	���������	����	�����������
�����������	�������������������	�������{�$��
���������������������	��	���������	��
gene emerged after the origin of mammals (Fig. 1A). The study suggests that over 90% of 
the disease genes have emerged before the bilaterian radiation. The results are important 
because they show that many diseases have ancient origin and that functional knowledge 
gained about such disease genes from remote model organisms such as Cnidarians is 
�		������������	������������	��	�	�����������{�'�	���	���������������	�	���	�
�����	�
for human diseases affecting biological barriers (e.g., skin or intestinal mucosa) often does 
not in itself provide a clue to etiopathogenesis or therapeutic targets, as the interaction 
���������	�����	�	����������
	������	������������	������������������������	������{
Likewise the involved pathways that ultimately lead to the development of the disease 
phenotype are unclear. Searching for the evolutionary origin of the disease-causing genes 
and characterizing the variation in such genes under known evolutionary pressures may 
provide insights into the development of diseases in humans and identify new targets 
for therapy or prevention. “To understand the context of the biological processes in
which a gene is involved, it may be advisable to use model organisms that represent the 
evolutionary level at which these genes emerged” (cited from ref. 18, pp 2706).

CNIDARIAN IMMUNE RESPONSES ARE PERFORMED BY TWO

EPITHELIAL BARRIERS

Cnidarians are diploblastic consisting of an ectodermal and an endodermal epithelium.
While both layers are separated by an extracellular matrix (mesoglea) a true mesoderm 
is missing. In the freshwater polyp Hydra (Fig. 2A) epithelial cells in both layers (see Fig. 
2B), are multifunctional having both secretory and phagocytic activity.19,20 A combined 
biochemical and transcriptome analysis approach revealed that in Hydra most innate 
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immune responses are mediated by epithelial cells.20,21 Endodermal epithelial cells in Hydra
not only contribute to digestion and uptake of food but also are capable to phagocytose 
and destroy bacteria present in the gastric cavity (Fig. 2C). Within the endodermal 
layer gland cells in addition to epithelial cells contribute to innate immune reactions by 
producing potent antimicrobial serine protease inhibitors.22 There are no motile immune
effector cells or phagocytes in sensu strictu (i.e., specialized cells that engulf and ingest 
other cells or particles) known in Hydra. In the sea fan coral Gorgonia ventalina granular 
amoebocytes were reported23 to increase in number after contact with a fungal pathogen 
(Aspergillus sydowii(( ). Interestingly, at the site of infection a high prophenoloxidase
(melanisation) activity was observed which seems to have its origin in the surrounding 
amoebocytes.23 Thus, this protective strategy seems to protect a whole colony rather than 
the individual polyp. Some cnidarians have a remarkable capability of regeneration. In
Hydra, for example, gross damage to the tissue is quickly repaired due to the presence 
of continuously proliferating stem cells.24 Since cells infected or damaged by pathogens
such as bacteria or fungi are quickly removed by apoptosis19 and replaced by noninfected 
cells, this enormous regeneration capacity may be considered an additional arm of the 
innate immune defense.

Figure 2. Cnidarians are diploblastic animals. A) Live image of Hydra oligactis (photo by S. Fraune). B)
Raster electron micrograph showing the ectodermal (ecto) and endodermal epithelium (endo); which are
separated by an extracellular matrix (mesoglea—dashed line); a true mesoderm is missing. The apical part 
of hydra ectodermal epithelial cells is covered by a glycocalix layer (glycol) (photo by F. Anton-Erxleben). 
C) Transmission electron micrographic of endodermal epithelial cells phagocyte bacteria from the gastric 
��	�{� |&��	� �� �����	�� ����� ������ 	� ��20 ©2010, with permission from Elsevier)
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CNIDARIANS DO NOT LIVE ALONE BUT ARE INTIMATELY

ASSOCIATED WITH SYMBIONTS

The principal function of the immune system is to mediate interactions of the
host with the associated or colonizing microbiota.25 Cnidarian tissue is loaded with 
microbes. Phylogenetic analyses as well as molecular techniques including FISH26

and metagenomic approaches have demonstrated that in Cnidarians such as corals the 
microbial communities are highly complex.27,28 The communities are distinct from
����	� ��� ��	� ���	�� ������� ��	� ����� �
	��	���
	������ ��	� �
������ ���� �	�
����
stable and most likely have multiple roles in the physiological function of the coral
host.26,29-34 Disturbances in the balance between corals and colonizing microbiota
appear to facilitate emergence of coral disease.35 When investigating the microbiotic 
world in the freshwater polyp Hydra, different species were found to be associated 
������
	��	���
	����������������|���{���~{36 Since microbial phylotypes were identical
in polyps taken directly from the wild and polyps cultured under constant laboratory 
��������������	�	
���	����

	�������		�����	����
	��	���
	�����������	�{����	�	��������
disturbing the cellular composition of the epithelium results in rapid changes of the 
associated microbiota.37 The molecular basis of this “interkingdom” host-microbe
communication is currently under investigation. While the site of residence of most 
of the polyp-associated microbes is not yet known, in Hydra oligactis endodermal 
epithelial cells were discovered to contain intracellular symbionts belonging to the 
�-Proteobacteria clade (Fig. 3B).

In addition to being intimately associated with and colonized by microbes, some 
Cnidarian species contain symbiotic algae. In fact, Cnidaria are the phylogenetically 
oldest Eumetazoa phylum known to form symbiotic relationships with unicellular algae. 
In Anthozoans most intracellular symbionts belong to the Zooxanthellae. They are 
coevolved and important for long term survival of the solitary polyp or the coral colony. 
Various forms of stress including increase of temperature38 or infection by pathogens
cause cnidarian polyps to dispel their symbionts.39,40

To understand and ultimately prevent this “coral bleaching”, the cellular and molecular 
interactions underlying this interaction are currently investigated in several coral species 
with particular emphasis on the establishment, maintenance and breakdown of these 
cooperative partnerships.41-44 Most coral species must acquire symbionts anew with each
�	�	�������������	�	���	������	����	����
	���	���������������
	��������
���	��	��
that results in the establishment of a stable symbiosis.

Another model organism for studying the set-up of long-term symbiotic interactions 
is the freshwater polyp Hydra. Hydra viridis forms a stable symbiosis with intracellular 
green algae of the Chlorella group.45 The symbionts are located in endodermal epithelial 
cells (Fig. 3C). Each alga is enclosed by an individual vacuolar membrane resembling a
plastid of eukaryotic origin at an evolutionary early stage of symbiogenesis.46 Proliferation 
of symbiont and host is tightly correlated. The photosynthetic symbionts provide
nutrients to the polyps enabling Hydra to survive extended periods of starvation.45,47

Symbiotic Chlorella is unable to grow outside the host indicating a loss of autonomy 
during establishment of the intimate symbiotic interactions with Hydra. During sexual 
reproduction of the host, Chlorella algae are translocated into the oocyte giving rise to 
a new symbiont population in the hatching embryo.48 How the cnidarian host not only 
tolerates but also supports the continuous presence of eukaryotic symbionts within its 
cells is one most of the fascinating questions in biology.
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Figure 3. ����������� ��	� �������	�� ��������	�� ����� ���������{� �~� ����	���� ���������	�� ��	����	��
from different hydra species. B) Transmission electron micrograph of bacterial endosymbiont in the 
cytoplasm of an ectodermal epithelial cell of Hydra oligactis |&��	��������	�������${������	�	� ��36

©2007, with permission from the National Academy of Sciences, USA). C) Phase contrast micrograph 
of a single mazerated endodermal epithelial cell containing symbiotic algae (s) in the basal part below 
��	� ���	��� |�~� |&��	� �� �����	�� ����� =��	���� 	� �48).
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CNIDARIANS RECOGNIZE MICROBIAL ASSOCIATED MOLECULAR

PATTERNS THROUGH GERM LINE ENCODED PATTERN RECOGNITION

RECEPTORS (PRRs)

Among the most conserved cell surface receptors for microbial associated molecular 
patterns (MAMPs) are the Toll-like receptors (TLRs). While recognition of MAMPs 
by a prototypical TLR is mediated by leucine rich regions (R LRRs) in the extracellular 
part, signal transduction requires the Toll-interleukin-like receptor (TIR) domain in 
the cytosolic region of the receptor. In vertebrates, different TLRs recognize different 
MAMPs.49 Screening of the Hydra transcriptome and genome lead to the unexpected 
������	��� ����� �� ����� ��	� '�?� �	�	� ��� ���� 
�	�	��{15 However, data bank searches
revealed that in Hydra there are two transmembrane proteins with LRRs similar to
LRRs present in vertebrate TLRs. These proteins, HyLRR-1 and HyLRR-2, lack any
intracellular domain and, therefore, also do not contain the typical TIR domain (R Fig. 4A).
The screening approach also uncovered two genes, HyTRR-1 and HyTRR-2, encoding
for transmembrane proteins with a canonical TIR domain but lacking any conspicuousR
extracellular domains. Functional assays involving HEK cells coK -expressing HyTRR-1
and HyLRR-2 receptors indicated that both transmembrane proteins function together 
����	������	�������������	���	�����	�������	�����
��	������	��{20 Thus, in Hydra
the TLR function is present but allocated on two different genes. Since the anthozoanR
Nematostella vectensis contains a prototypical TLR,15 MAMP recognition by TLRs
�		�������	����	������	������	����	{�'���������

���	�������	����������������������������
��	�'�?�������	�����	��	�	
���������'�?��
	����������� ����������������
��	���
such as MyD88 and NF�����	�
�	�	���|���{���~{�'�	�����������
�������'�?��	����	��
innate immune responses are ancient, originating in the common ancestor of bilaterian
������{��	���	�����	�������������	��	�����=�'??���=��??����	�	
�������
	�����
LPS was found to induce innate immune reactions.20 How the LPS signal is transmitted 
into the cell and if the TLR like pathway is involved, is currently under investigation.R

In all organisms there is an elaborate intracellular detection array for internal invasion.
Intracellular MAMP recognition is mediated by Nod-like receptors (NLRs). As summarized 
elsewhere,50 NLR genes encode for cytosolic proteins that comprise a trimodular domainR
structure, characterized by a central NACHT, a N-terminal DEATH-fold-like effector 
binding domain, e.g., a Pyrin domain (PYD), DEATH or caspase recruitment domain
(CARD) and a C-terminal leucine rich repeat region (LRR). Upon ligand sensing via the
C-terminal LRRs, which can be regarded as the intracellular counterpart of the ectodomain
of the TLRs, the molecules have propensity to form self-ff oligomers, thereby recruiting 

����������������	����������
����	��{�'����	�������	���	����������������
�������������
signalling pathways such as NF-���������	�����������������
�����������������
��	�{�=��
do Cnidarians detect microbial invaders inside their cells? As indicated in Figure 4B, a 
typical Hydra HyNLR consists of a DER ATH and a NACHT domain. Interaction with 
other DEATH domain containing proteins such as HyDODE may result in activation of a 
caspase cascade leading to programmed cell death (Fig. 4B). Homologs of the NLRs (e.g., 
R genes) have been discovered throughout the plant and animal kingdoms.R 50 Although the 
Nod-receptor family has many unresolved features, the high evolutionary conservation of 
��	���?�����	���	����	�������������	����������	�	��	{�����������������	��	����	�����������
such as Acropora, Nematostella and Hydra have numerous NLR-related receptors of 
����	�	�����	�����������������{51 Since several NLRs have the ability to activate the
����������	����
	�������	��	����52 in Cnidarians with their enormous regeneration 
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capacity, apoptosis appears to be an important part of innate immunity. Unravelling the 
signaling pathways and exact molecular functions of these ancient NLRs will shed light 
on the primary cellular defense programs directed against invading microbiota.

Interestingly not only MAMPs are able to induce a defence reaction in Cnidarians. 
A much larger group of inducers are “danger associated molecular patterns” (DAMPs). 
These are substances normally buried inside the cell and therefore not detectable by 
neighbouring cells. In case of cell injury and/or cell death, these substances are released 
and suggested danger to other intact cells within the tissue. Two examples for DAMPs 
which are easy to apply in experimental procedures are extracellular nucleic acid and 
monosodium urate. In Hydra, increased concentrations of extracellular nucleic acid as 

Figure 4. Microbial associated molecular pattern recognition in Hydra. Scheme representing the 
molecules responsible for A) extracellular and B) cytosolic recognition and transmission of MAMPs
in Hydra� �~{� '�	� ���&� ���	��� ��� �	�	��	�� ��� =��??��� ���� ���� =�'??��� ���������	�� ����� ��	
cell. The signal is transduced further by conserved TLR-signalling pathway components. B) Cytosolic
MAMP´s are sensed by HyNLR´s and by homotypic interaction of death domain containing proteins 

�������	�� �	� �	���� ��� �������	�� |�����	�� ����� ����	� 	� �51).
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well as monosodium urate stimulate an innate immune response.20 The receptors for these
danger signals in Hydra or other Cnidarians are currently not known.

CNIDARIANS PRODUCE ANTIMICROBIAL PEPTIDES WHICH

ARE EFFECTIVE EVEN AGAINST HUMAN PATHOGENS

Silencing of HyTRR-1 and HyLRR-2 leads to drastic reduction in antimicrobial
activity20 and indicates that in Cnidarians—as in other organisms—activation of MAMP
receptors induces the production of a plethora of different antimicrobial peptides (AMPs). 
A detailed biochemical characterization of the antimicrobial activity in Hydra revealed 
the presence of both conserved AMPs such as Hydramacin-1 (Fig. 5A) and novel or 
�������
	�������&�������������������������&	������������������	���������	�
���������	�
transcriptomes of any other organisms. We proposed elsewhere53 �������	�	��������
	�����
genes, in combination with rewiring of the genetic networks of conserved regulatory 
�	�	��� �����
���� ��	� ���
�������� ��� ����������� ��� ���������� ��������� 	�������
conditions. An intriguing example of such a taxonomically restricted antimicrobial 
peptide is Periculin-1, termed due to its rapid response to a wide variety of bacterial and 
tissue ‘‘danger’’ signals.20 Analysis of the deduced amino acid sequence of Periculin-1
and the charge distribution within the molecule revealed an anionic N-terminal region
and an 8 cysteine residues containing cationic C-terminal region.20 ��� ��	������	
orthologues were found in any sequence database outside the genus Hydra. Periculin-1
has a bactericidal activity and is expressed in the endodermal epithelium as well as in a 
subpopulation of ectodermal interstitial cells. Screening other taxa indicates that each
�������
	��	����������������������������	�������������
������	�	��	��������
��	���
antimicrobial peptides. The novel antimicrobial peptide Aurelin is another examples
of such orphan genes (Fig. 5A) found in Aurelia aurita, one of the most common and 
���	�� �	������	�� ��
	���� "	����� �������	��� ��	� ������� ��� ��	����������������� ����
&������*�	���{54 Aurelin, an antimicrobial peptide with a molecular mass of 4.3 kDa 
was shown to exhibit activity against Gram-positive and Gram-negative bacteria. The 
primary structure of its molecular precursor consists of a canonical signal peptide, anionic 
propiece and a mature cationic part.54

Functional characterization of Hydramacin-1 indicated a novel mode of antimicrobial
action.As shown in Figure 5B, exposure of bacteria to low amounts of Hydramacin-1 caused 
bacteria to aggregate. Soon thereafter bacteria display typical features of programmed cell 
death with cytosolic proteolysis but intact cell membranes (Fig. 5B). Determination of 
the three dimensional structure21 revealed that the molecule possesses two short �-helices 
�����	����	���������������	��	
����	������������	���	���
�|���{���~{�'�	����	�����
region contains two ��������������������
���	�������	�	����	
����	������������	���	
loop. This predicted structure (Fig. 5C) indicates that Hydramacin-1 functions as “glue” 
causing clumping of bacterial cells followed by programmed cell death. Moreover, when
used in liquid growth inhibition assays, recombinant Hydramacin-1 was capable of killing 
a large number of human Gram-negative pathogens, including the extended spectrum 
beta-lactamase (ESBL) strains of E.coli, Klebsiella oxytoca and Klebsiella pneumoniae,
which are resistant to penicillin derivates. Based on the observation of Hydramacin-induced 
clumping of bacteria followed by cell death (Fig. 5B) it is tempting to speculate that 
=��������������������	����	�����&�������	��	������������	���������	����������	�����
Hydra´s pathogenic bacteria.
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Since the last decade has seen the inexorable proliferation of a host of antibiotic-resistant 
bacteria including a particularly pernicious strain of bacteria known as methicillin-resistant 
Staphylococcus aureus (MRSA), we started to screen Hydra tissue systematically for the 
presence of novel antibiotics (Augustin and Bosch, unpubl.). Soon after the discovery of 
novel antimicrobial peptide Arminin 1a55 we have developed the molecule “ARM-C31-N”. 
ARM-C31-N consists of 31 amino acids which are amidated at the C-terminus. The
molecule has a calculated mass of 3896 Da and an isoelectric point of 12.1. When used 
in liquid growth inhibition assays, ARM-C31-N is capable of killing a large number 
of resistant bacteria including methicillin resistant S. aureus and vancomycin resistant 
strains of E. faecalis and E. faecium.55 More generally speaking, antimicrobial peptides
from basal metazoans which are only distantly related to humans may provide interesting 
leading-structures to design a novel generation of antibiotics since human pathogens
share little or no evolutionary history with Cnidarian-associated microbes and, therefore,
appear to be particularly vulnerable by Cnidarian-antimicrobial molecules.

Aurelin, Periculin-1 and Arminin 1a are made as precursors. For their activation
a negatively charged N-terminal part is cleaved to release a highly positively charged 
C-terminal part. In some, but not all AMPs this cationic C-terminal region is rich in
cysteines indicating that this domain requires a distinct three dimensional structure for 
activity. The regulatory mechanisms promoting constitutive and inducible antimicrobial
peptide (AMP) expression in the epithelial barriers are not yet well understood.

Figure 5. ��������� 
�����	� ������ 	����	��� ������������� 
	
���	�{� �~� $��	������ �	
�	�	�������� ���
four antimicrobial peptides from Hydra magnipapillata and Aurelia aurita. All peptides contain a
signal peptide (SP) and a cationic C-terminal active part (note the pI-value). In addition, Arminin 1a,
Periculin-1 and Aurelin are made as precursor peptides, which need to be activated by the cleavage off 
the anionic N-terminal part. B) Transmission electron micrograph of Hydramacin-1 treated Escherichia
coli. (photo by F. Anton-Erxleben) C) Ribbon cartoon representation of the average three dimensional 
structure of Hydramacin-1.
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Cnidarian tissue is not only packed with strong antimicrobial molecules but also
with serine protease inhibitors with strong antimicrobial activity. For example, when 
biochemically analyzing Hydra magnipapillata tissue for antistaphylococcal activity 
we discovered a kazal-type serine protease inhibitor, Kazal-2 produced in endodermal 
gland cells.22 In liquid growth inhibition assays, native Kazal-2 protein has potent 
�������
�������������������������������	�������	������	���������������������	�����
	�����
serine protease.22

Interestingly all peptide or protease inhibitors isolated so far in Hydra,Hydramacin-1,
Arminin 1a, Periculin-1, as well as Kazal 2, are expressed in the endodermal layer.20,22 We,
therefore, assume that they contribute to the chemical defense properties of this layer.

HOW DO CNIDARIA DISTINGUISH SELF FROM NONSELF?

�������	��
	��������������������
��������������	������	�	����
�����
�����
are ancient determinants of self-ff /nonself–recognition.56 Hydractinia is a colonial marine
Cnidarian composed of a limited number of repeating structural units, polyps and 
stolons. Stolons are vascular-type canals which join the asexually proliferating polyps.
Hydractinia maintain self-ff perpetuating stem cell lineages throughout their life history
with the interstitial stem cells giving rise to the germ line and to several other cell types.
���	���	�����
��������	�
������������������	������
��
�������	� Hydractinia colony.
Whenever two or more planulae recruited to the same shell, the colonies may grow
into contact and allorecognition interactions start. Allogeneic contacts have two major 
classes of outcomes: rejection and fusion.57-59 Lange et al have shown that all contacts
follow a similar sequence of events.60 When the leading edge of two asexually expanding 
colonies comes into contact, a large number of nematocysts are transported to the regions
in contact (Fig. 6A). Once a threshold number of nematocysts have accumulated, they 
	���	�����
	��	��������������	��������������	����������	���	����	�	��������	�����	"	������
interactions.60 These allorecognition responses play a fundamental role in maintaining
the genetic and physiological integrity of the colony 61-63 because the germ line is not 
sequestered and because interstitial cells migrate within Hydractinia colonies. Thus, 
depending on the outcomes of allorecognition reactions, there is the risk of losing access to 
the germ line through “somatic cell parasitism”.59,64 More than 50 years ago Hauenschild 
postulated a model in which allorecognition and the ability to fuse between stolons of 
different colonies is under the control of one polymorphic locus.58,65,66 Five decades after 
Hauenschild’s pioneering experiments, an extensive inbreeding program67 demonstrated 
that allorecognition segregate in a single chromosomal region but contains two closely
linked loci, alr1 and alr2 within 1.7 cM.68,69 Individual Hydractinia that share at least 
one allele at both loci undergo fusion. In contrast, if no alleles are shared, a rejection 
process is initiated.

Analysis of the region of the Hydractinia genome corresponding to the alr2 locus led 
Nicotra et al70��	�	���������	���	����������������������	�����	�
���	������$������������
three polymorphic domains in the extracellular region (Fig. 6B). Although a functional
characterization of this receptor is still missing, Nicotra et al70 found that polymorphism
��� ��	� ����� ������� ��� ��$�� ��� ��� ���������� 		�	��� ��� ��������
��������{� '�	�	
���	���������������	���������	����	������	�	������	����������	��������	���������������
basal metazoan. Since this receptor is unrelated to allorecognition receptors in tunicates71

or vertebrates (MHC), this report in addition supports the view that mechanisms used 
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for self/nonself recognition evolved independently in different organisms.72 Intensive
searches for identifying molecules involved in allorecognition in solitary cnidarians 
such as Hydra were unsuccessful up to now.73,74 There is, however, ample evidence for 
xenorecognition based on grafting experiments involving different Cnidarian species.75

Close examination of such xenografts revealed strong histoincompatibility due to the 
inability to establish functional cell-cell contact structures such as septate junctions
(Fig. 6C to E).73

Figure 6. ��������� �����������	� �	��		�� �	�� ���� ����	�{� �~� ������������� ��� �� ������ ��
� ���� �����
����� ����� �	"	����� Hydractinia symbiolongicarpus colonies, showing recruitment of nematocytes
|������	���~� ��� ��	� �������� 
����� |&��	��������	�� ���������	� 	� ��60 ©2010, with permission from 
Elsevier). B) Schematic representation of a transmembrane receptor (CDS7) with three polymorphic
domains (D1-D3) proposed from allorecognition locus alr2 by Nicotra et al.70 C-D) Transmission 
electron micrographs from ectoderm of grafting experiments between two animals of C) Hydra oligatis
(o), D) Hydra vulgaris (v) and E) Hydra vulgaris (v) and Hydra oligatis (o). White arrows point to the 
heterotypic contact with a few irregular septae and spaces between cell membranes (compare septae in 
�~� ���� �~~{� ���	� ��	� �
	��	���
	����� ����	�	��	�� ��� ������	��� ��� ��������� |�~{� ���~� �����	�� �����
Kuznetsov et al.73
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CONCLUSON AND PERSPECTIVE—WHERE— WILL THE TALE LEAD US?

In the absence of an adaptive immune system, Cnidarians employ an elaborate innate
�����	� ����	�� ����	�	��� ����	������	�����	�������� ��	��� �����	� ��	��� ��� 	����	���
defense barriers. In the absence of additional protective structures the endoderm appears to
function as a chemical barrier relying exclusively on the activity of endodermally produced 
antimicrobial substances. In contrast to the endoderm, the ectoderm in Hydra is covered by a a
glycocalix (Fig. 2B,Fig. 6C-E).The fact that in conditions where the glycocalix is destroyed, 
the epithelium is highly vulnerable to pathogenic bacteria and fungi (Augustin and Bosch, 
pers. observation) strongly indicates that the ectoderm may function as a physicochemical
ectodermal barrier protecting against invaders from the environment. In both barriers, 
multifunctional epithelial cells serve for pathogen recognition and defense. Their unique

��
	���	������	����	
���	��������	������	��������
	����������	�������	��������������
the microbiota of each milieu. An important point for understanding the maintenance of 
homeostasis in our ancient multicellular ancestor is that neither barrier functions alone, but 
within the context of an organism and thus, the function of each epithelial barrier is likely 
�������	��	�	�������	�{�����	�	����	����������	����	����������	������	��	�
���	����
�����	��
	�������������������������	���	���	�������������	��	����������������	������
responders to pathogens are often the infected host epithelial or endothelial cells, rather 
than the arsenal of “professional” innate immune cells (macrophages and dendritic cells).76

Thus, strict maintenance of epithelial barriers is certainly an ancestral and essential feature 
of innate immunity.

In future we expect Cnidarians to contribute to at least three different areas of 
comparative immunology. First, the recent accumulation of genomic, phylogenetic and 
functional data on components of innate immunity in Cnidarians will allow to uncover 
the innate immune repertoire in the eumetazoan ancestor. Scientists have traditionally 
devoted considerably more energy to understanding how immune systems work than to
how they have evolved. Devoting energy for unravelling the logic of the immune system 
in Cnidarians, however, seems to be indispensable to understand how it all started at 
the dawn of evolution of multicellular animals and—maybe even more important—to
reveal the evolutionary conserved mechanisms which allows the adaptation of organismal 
defense to environmental conditions. Second, Cnidarians are always associated with a
complex microbiota. Understanding the Cnidarian host—microbe interactions and the
communication molecules involved, will not only contribute to understanding the interactions
of Cnidarian epithelia with microbial communities but will also provide a window into the
	������������	�	��������������	�{���������	�����������������������	��
��������	�
�	���������������������	����	�����������������������	�������������������������	������	�
antimicrobial defense of the animal? What principles govern the assembly and maintenance
of the Cnidarian microbiome? Do antimicrobial peptides not only kill bacteria but are also
involved in keeping the structure of the microbial community in balance? Answers to these 
questions will considerably improve our understanding of the role that tissue-associated 
microbial communities play in health and disease. This type of basic information in 
simple model systems is badly needed in light of the fact that disturbance of host microbe
���	�����������������	���������	�	�	����������������	��	�����������������	��	�{�'�����
in human medicine, the increasing prevalence of antibiotic-resistant microbes requires the
development of new antimicrobial compounds. Antimicrobial peptides of animal origin may
be an effective alternative or additive of conventional antibiotics for therapeutic use. The 
recent characterisation of highly active antimicrobial peptides in Hydra and a Aurelia show a
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that antimicrobial peptides from marine and freshwater cnidarians may represent a largely 
unexploited resource to design new antibiotics with broad-spectrum antimicrobial activity.

Much remains to be learned about the mechanisms of microbe recognition and defence 
in Cnidarians. It is clear that we are only beginning to understand the diversity and details 
of the mechanisms that are used to regulate their interaction with the microbial world, as 
well as the factors involved. Recent technological advances, particular in genomic analysis,
���	�	�������	����������	��	����	���	������	���	������	��	������������	������������
unanticipated discoveries that could rapidly reveal the mysteries of the two barriers.
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CHAPTER 2 

GASTROPOD IMMUNOBIOLOGY

Eric S. Loker
Center for Evolutionary and Theoretical Immunology, Department of Biology, University of New Mexico, 
Albuquerque, New Mexico, USA
Email: esloker@unm.edu

Abstract: Over their 500 million year history, gastropods have radiated into marine, freshwater 
and terrestrial environments and adopted life styles ranging from herbivory to
carnivory to endoparasitism to symbiont-mediated chemoautotrophy. They contend 
with many pathogens, including several lineages of specialized eukaryotic parasites.
Their immunobiology is as yet poorly known, in part because most studies focus
on a very small segment of gastropod diversity. Gastropod genome sequences
are now forthcoming but synthetic overviews of the gastropod immunome are
not yet available. Most immunological studies focus on interactions between
gastropods and the larval stages of digenetic trematodes (digeneans) such as the
medically important schistosomes. Digeneans elicit demonstrable and relevant 
snail defense responses and provide insights, augmented by the recently available
schistosome genome sequences, for how gastropod responses are subverted.
Survival of digeneans in snails depends at least in part on their ability to mimic
host glycotopes, to overcome the immediate attack of reactive oxygen and nitrogen
species produced by host hemocytes, and to induce long-term down-regulation of 
immune functions. Gastropods can mount distinct responses to different categories
of pathogens, and can orchestrate effective elevated secondary responses under 
certain circumstances. Defense responses of at least one gastropod species,
Biomphalaria glabrata�� �����	� �	����
�� 	������ ����� ��	� ���	����	�� ��� ��
����	������
���	��	�����������������������	����������{�$�������	������������	�
played a role in revising our general concept of invertebrate defense to include the

����������������	���
��������	���������	����	���	�
���	���	�������	�
����������
of limited repertoires of invariant pattern recognition molecules. The study of 
gastropod immunobiology is thus of basic interest and has several applied uses
as well, including our need to conserve imperiled gastropod diversity.

Invertebrate Immunity, edited by Kenneth Söderhäll.
©2010 Landes Bioscience and Springer Science+Business Media.
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INTRODUCTION: AN HOMAGE TO GASTROPOD ANTIQUITY

AND DIVERSITY

Any attempt to develop an overview of gastropod immunobiology should be framed 
by a consideration of gastropod antiquity and diversity of life styles. Gastropods were 
unarguably extant by the Upper Cambrian (488-501 mya) and perhaps even earlier, in the 
preCambrian, more than 542 million years ago.1,2 They have since undergone dramatic 
radiations, numbering today between 40,000 and 150,000 living species,3 ranging in size
from less than 1 mm to nearly a meter in length.4 A single New Caledonian coral reef 
lagoon can harbor over 2,000 gastropod species, and for some families, more than 80% of 
the diversity may yet to be recorded.5 Gastropods are the most speciose class of animals
to inhabit marine environments, and have also colonized land and freshwater repeatedly.
Some species have life spans measured in decades6,7 though many are annuals or have
life histories marked by long periods of dormancy.8 Most gastropod species are shelled 
and benthic, but some have abandoned the shell and some have adopted fully pelagic
��	����	�{�$��	���	����	���	�	�������������������������	�����	�����������	��		
��	�{
Most are herbivorous though many are carnivorous, some are kleptoparasites, and some 
��	��	�������	��������	�������������	��	���
������	��������	�������	����	��	����	�{�
Although all gastropods probably depend to some extent on symbionts for their survival,
in some this dependence is extraordinary, such that the gastropod host effectively “farms”
its symbionts on its gills for eventual consumption,9 or the gastropod/symbiont unit 
approaches the status of a photosynthetic10 or chemoautotrophic organism.11

INFECTIOUS CHALLENGES TO GASTROPODS

Another important step in comprehending gastropod immunity is to gain an
appreciation for the rogue’s gallery of pathogens with which they must contend. Like 
any group of organisms, gastropods have viruses12,13 yet the extent of challenge posed 
by viruses, and the nature of the gastropod antiviral response, are almost completely
unknown. Gastropods in marine habitats are confronted with generalized14-16 and specialized 
bacterial pathogens17 which can cause general die-offs, especially in commercially grown
species like abalones, particularly when stressed.18 For most gastropods, natural die-offs
resulting from exposure to viruses or bacteria are very likely to go unnoticed, so the
pathogen burden borne by gastropods may be higher than presently appreciated. The
increased application of culture-free metagenomics methods to the study of gastropod 
microbiology19 will help clarify this issue.

Along with the usual background of viral or bacterial challenge, gastropods face
other pathogens that are unequivocally gastropod specialists, the best known being the
���	�	������	�����	�������������������	�	�����������	��{�'�	�	���	�«�¡������������
species of digeneans, nearly all of which are parasites of molluscs, and most of which are 
obligate gastropod parasites.20����	�	������
�����	�������������	���	�������
	�������
with respect to their molluscan hosts. They undergo a complex developmental program
in their chosen host, one that involves intimate contact with host tissues and extensive
proliferation of larval stages that culminates, often weeks after initial infection, in
production and release of large numbers of cercariae (Fig. 1). Infection often persists
until the death of the host and in long-lived gastropods, infections can last for decades.7

���	�	������	��������
��	������		
����	����������� ��	������ ���
�������������
	�	��
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castrated.21 Digenean infections are known from a broad spectrum of gastropods ranging
from basal limpet species to derived heterobranchs. Some gastropod species play host 
to dozens of digenean species, and simultaneous infection of individual gastropods with
two or more digenean species is not uncommon.

A nonexhaustive list of additional pathogens containing at least some members 
����� �� ����������� �	��		� ��� �
	����������� ��� ������
���� �����	�� �
����
	�����22

microsporidans,23,24 ichthyosporeans,25 nematodes,26 copepods27 and hematophagous mites.28

It must be noted that the vast majority of gastropod species have never been studied in
an immunological context: our current information is based on just a few species, biased 
������������	�����	������������	���������������	�|���{��~{������	����	���	��������	�����
the temptation to assume that all gastropod defense systems are the same. It seems probable, 
especially given the age of the gastropod lineage, that the unique challenges posed by 
different habitats, feeding styles, and levels of commitments to symbiotic associations will 
have selected for diverse kinds of immune systems. For example, species heavily besieged 
by digeneans may have adopted very different immune “portfolios” than species living in
dense colonies where directly-transmitted microparasites may be more of a concern. These
portfolios might feature expansions of different gene families or the emergence of entirely 
novel defense mechanisms to deal with their respective immune challenges. The study of 

Figure 2. An overview of gastropod phylogeny, with emphasis on taxa most relevant to the study 
of gastropod immunobiology. This tree should not be viewed as a formal hypothesis of gastropod 
relationships but as an overview to assist readers in placing the approximate phylogenetic positions 
������������
���� 
�����	������������ ��� �����	�� ��� ������
��� ���������{� ?	��������
�� �����	�� ��
trees presented by Aktipis et al (2008)4 and Klussmann-Kolb et al (2008)137 were used to delineate the 
relationships among the groups singled out for discussion. 
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alternative models of gastropod immunity should be encouraged, and Table 1 highlights 
some of the recent results forthcoming from the study of other than freshwater pulmonates.

GASTROPOD GENOME PROJECTS—AWAITING THE DELUGE

The completion of genome sequencing projects has revolutionized our understanding
of both ecdysozoan29,30 and deuterostome31 invertebrate immunobiology. Recent years
have also seen the initiation of gastropod genome projects, two of which have now been 
���������������
	�	����������������	����	����{�'�	������������
����������������
genome sequence to be obtained is that of the owl limpet Lottia gigantea (a Patellogastropoda,((
Lottiidae). The 359.5 Mbp L. gigantea genome is also the smallest known molluscana
genome, and has been sequenced to 8.87X coverage and both automated and custom 
annotation provided (http://genome.jgi-psf.org/Lotgi1/Lotgi1.home.html). The initial 
shotgun sequence (7X coverage) and assembly of the 1.8Gbp genome of the California
sea hare Aplysia californica (a Opisthobranchia, Aplysiidae) has also been completed (http://AA
www.broadinstitute.org/ science/projects/mammals-models/vertebrates-invertebrates/
aplysia/aplysia-genome-sequencing-project), and sequencing of the 931 Mbp sequence of 
the medically important gastropod Biomphalaria glabrata (Pulmonata, Planorbidae) is wella
underway (http://biology.unm.edu/biomphalaria-genome/index.html.). A genome project 
emphasizing the venoms (venomics) of the cone snail Conus consors (www.conco.eu) is 
also underway. Fortuitously, these genome projects provide representation for diverse parts 
of the gastropod family tree (Fig. 2). As yet there has been no overarching synthetic or 
comparative interpretations for any of these genomes, particularly with respect to elaboration 
of the immunome, though a deluge of new information will be forthcoming in the near future, 
one that will surely also revolutionize our understanding of gastropod immunobiology.

THE DISTINCTIVE ARCHITECTURE OF GASTROPOD IMMUNE

SYSTEMS OFFERS MANY OPPORTUNITIES FOR STUDY

The soft, moist body surface of gastropods is protected by a ciliated, mucus-producing
epithelium that provides an initial physical trap and barrier to colonization by pathogens, 
one that is at present under-studied with respect to its role in defense.32 The isolation of 
achacin from the body mucus of the giant African land snail Achatina fulica suggests
mucus also provides a chemical barrier. Achacin is an L-amino oxidase that generates
H2O2 from oxidative deamination of L-lysine and L-arginine and has antibacterial and 
tumoricidal properties.33 The regular production and shedding of body mucus is also likely
advantageous in cleansing the surface of pathogens like bacteria which are stimulated 
��������������������������������{34 The composition, turnover rates, and dynamics of 
pathogen shedding of snail mucus are all worthy of more study.

Hemocytes—Multifunctional Guardians of the Snail Body

The open circulatory system of gastropods is populated with circulating defense cells
called hemocytes (formerly often called amebocytes) with well appreciated defensive
roles in phagocytosis and encapsulation reactions. These cells wander into tissue spaces
����	{�£�����
��������
���	������	����	�	����	��	���������	�����������������	���
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spaces and trap and/or phagocytose particulate objects.35 Also present are rhogocytes
(also known as pore cells) which are involved in synthesis or processing of respiratory
proteins,36 but have also been implicated in ingestion of small foreign particles.37 The
�	����	�������������������	���	������	�	��	���������	����	������{

In addition to their more familiar roles, hemocytes are also involved in wound 
healing, nerve repair, shell formation and repair, tissue remodeling possibly including
dissolution of gonads after spawning, and metabolite and nutrient movement.38-40 Gastropod 
hemocytes also engage in diapedesis, the movement of ingested foreign materials to 
and across external or gut epithelia.37 '�	�	��	��� �����������������������������	��	�
production of new hemocytes or potentially increases susceptibility to new pathogen
challenges is unknown.

We are far from a comprehensive understanding of where hemocytes are produced, 
how many distinct lineages of hemocytes are produced, their life spans and how
��������������	����	�� ��	����	¥� ��	�	�
����	�	������ ������ �	��������	� ������ ���
vary among different gastropod lineages. A distinct hematopoietic organ, called the 
��	�����	�
�������������������&*�������		����	����	��������	���������	�B. glabrata 
and Lymnaea truncatula.41,42 The APO of B. glabrata, if removed from snails of a strain 
resistant to Schistosoma mansoni infection and implanted into snails of a susceptible 
strain will successfully transfer a degree of resistance.43,44 Others have doubted whether 
��������������	�����
�����	�������	�������	�������	�����	��������	�	����	�����������
have postulated that hemocyte production also occurs in peripheral vascular locations.45

In other pulmonates, both individual circulating and tissue-dwelling hemocytes can 
divide,46 and circulating blast-like cells in Littorina littorea are also capable of division.38

For abalones, a hematopoietic organ has yet to be localized.47

The pathways involved in activating hematopoiesis are poorly known and may 
involve direct stimulation by pathogens or indirect stimulation via mitogenic hemocyte 
cytokines.48 Excretory/secretory products of sporocysts of the digenean Echinostoma
paraensei stimulated enlargement of the APO of B. glabrata,49 and extracts of S. mansoni 
stimulated an increase in mitosis in excised APOs prompting the suggestion that the 
parasite provides a direct mitogenic or nutritive effect on hematopoiesis.48 APOs treated 
with phorbol myristate acetate (PMA), a stimulator of protein kinase C (PKC), showed 
increased mitotic activity.48�?	�	��������	�����	���	����	������ B. glabrata potential 
mitogen-related proteins including TGF-� Type 1 receptors and epidermal growth factor 
(EGF)-related proteins, which are up-regulated early in the course of digenean infection 
and thus are promising candidates as hematopoiesis-promoting factors.50

���������
��������	������	�������	�������������������	����
��������������
���
hemocytes,15,39����������	������������	�	������������
����������
���������������	�����	��
�������������
�	�������
�	�������������	��
��	��������������������	��|���	����	��������
cells, or blast-like cells), whereas the majority of cells typically spread avidly, forming 
����
���������
����������	�
����������	�
���	����������	��	�	�	������	���	������	�
effectors in phagocytosis and encapsulation responses. Such spreading cells have been 
referred to as hyalinocytes or as granulocytes, the difference in terminology relating to the 
numbers of “granules” within the cells, a parameter likely to vary among gastropod taxa
and as a function of hemocyte ontogeny. Round/blast-like cells are frequently considered 
to be of an earlier stage in hemocyte ontogeny, and in L. littorea such cells were shown 
to have incorporated 5-bromo-2’-deoxyuridine indicative of recent cell division and are 
believed to differentiate into mature effector cells.38
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Related subjects awaiting further study are how long gastropod hemocytes live, 
and whether mature effector hemocytes are terminally differentiated, although it has 
been noted hemocytes participating in encapsulation and wound healing responses can 
still divide.46 In comparison to other invertebrates, hemocytes of the small number of 
gastropods so far studied are relatively few in distinctive morphological types, generally
�������	�����	���	���������
������������	�����
���	������������	�����������������	�
an obvious propensity to lyse when removed from the host or presented with an antigenic 
stimulus. Gastropod hemocytes are characteristically sticky and readily form aggregates,
a tendency noted to be more pronounced in marine than freshwater species.38

Hemocyte Signaling Pathways

Hemocytes are responsible for synthesis and release of several defense-related factors
such as reactive oxygen species (ROS),39 	������ ����� ��� �������	���	��	�� 
���	����
(FREPs)51 and antimicrobial peptides (AMPs).52 As compared to many other invertebrates, 
the study of gastropod AMPs is in its infancy. Hemocyte membrane-associated lectins 
have been implicated in detection of intruders. For example, a galectin present on the 
������	����«¦�¬����B. glabrata hemocytes has been characterized, and in recombinant 
form binds to the tegument of S. mansoni sporocysts in a carbohydrate-inhibitable manner, 
suggesting it is a hemocyte-bound pattern recognition molecule.53 It was also suggested 
there may be “counter receptors” on hemocytes, such as integrin-like molecules,54 that 
could be bound by soluble forms of galectin, such that the galectin could also serve in 
cross-bridging hemocytes to a parasite surface.53

Key to understanding hemocyte effector functions are the intracellular signal
transduction pathways likely to be activated by exposure of hemocytes to exotic stimuli. 
PMAstimulation of hemocytes, acting on PKC, results in H2O2 generation in B. glabrata,55

of superoxide anions in L. littorina,56 and of NO in Lymnaea stagnalis.57 PKC activation 
is likely to result in activation via phosphorylation of mitogen activated protein kinases 
(MAPKs) like ERK or p38 because inhibitors of MK APKs also prevent hemocyte spreading 
or H2O2 production.58,59 More natural stimuli such as laminarin also activate PKC and 
H2O2 production in L. stagnalis hemocytes.60 A role for phosphatidylinositol 3-kinase in
controlling phagocytic activity has been shown in L. stagnalis hemocytes,61 and G-protein
coupled membrane receptors have also recently been reported from L. littorea.62 The
notion that components of gastropod signaling pathways such as p38 can be targeted by
pathogens, as they often are with pathogens of plants, has recently been documented in
abalones contending with Vibrio harveyi.63

Toll-like receptors (TLRs) and associated Toll pathway components such as MyD88 
are known from cephalopods64 and bivalves.65,66 Homologs of TLRs are present in the
Lottia genome, a Rel-like NF-kB transcription factor is known from abalones,67 and both
Dorsal-like and Rel-like transcriptional factors occur in B. glabrata (Zhang, personal
communication) so additionalToll pathway homologs are likely to be present in gastropods,
although their functional relevance is as yet unknown. It is somewhat surprising that 
the numerous studies focused on digenean-snail interactions have not as yet turned up
TLRs or transcription factors of canonical Toll-signaling pathways. Acting upstream
of Toll-signaling pathways in other invertebrates are pattern recognition molecules
like PGRPs (peptidoglycan recognition proteins) and GNBP (gram negative binding
protein, or B-1-3 glucan recognition/binding protein or LGBP). Both short and long
form PGRP-encoding genes are present in B. glabrata68 and the latter generates different 
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transcripts via alternative splicing, some of which may have amidase activity. At least 
three different GNBPs are also known from B. glabrata, and two of these group with 
other GNBPs that may preserve glucanase activity.68 Short form PGRP and GNBP were
down-regulated at 6 hours after exposure to 3 types of microbes and neither responded 
early in the course of digenean infection, whereas the former was modestly up-regulated 
after two weeks of digenean infection. Long-form PGRP expression was consistently
����������������	�����	�
����	����������	��������	�	���{68

A Plethora of Immune-Relevant Molecules Awaiting Functional Validation

One of the conceptual cornerstones of gastropod immunobiology is that hemocytes 
interact in concert with several different categories of molecular defense factors, many of 
them circulating in the hemolymph, together more effectively recognizing and disabling 
pathogens.39,56 Among the prominent categories of immune-relevant molecules either 
produced by, or working in concert with, hemocytes are ROS, lectins, AMPs, PGRPs,
GNBPs, proteases, protease inhibitors, and complement-like proteins. Much of the current 
focus of gastropod immunobiology is on revealing and identifying these factors, many of 
which are alluded to in the following sections of this document, and have been recapped in 
recent reviews69,70 and in Table 1 and Figure 3. As just a few recent examples of intriguing 
immune-relevant molecules that have also proven to be responsive to microbial or digenean
stimulation on a B. glabrata oligo-based microarray,71 are a complement C1q-like protein 
with a lectin domain, serpins, several signaling pathway components including an NF-�B 

��������������	�	����?�&������?�������������������	�"����
������������������	��
and EGF domains, and a macrophage migration inhibition-like factor. All await further 
study. Also most worthy of further consideration are the many “unknown” sequences (up 
to 60%) responsive to immune challenge that are often recovered from gene discovery
	������{�$���	���	������������	�������	��
���������������	����������������	��	�
�����	�
unknowns may lead to the most novel future discoveries of gastropod defenses.

Some Additional Comments on Gastropod Internal Defense Systems

Gastropod blood does not obviously coagulate upon removal from the animal or 
���	��	�
����	� ���
�����	��{�=��	�	��� ��������	�������	���������	������		������
microscopy have been found in hemolymph,39,72 and plasma from B. glabrata infected 
with E. paraensei often forms precipitates.51 It has been suggested that matrilin in B. 
glabrata�
�����������
������
��	��������������������	����������������	��	�����		
�
hemocytes from contacting digenean sporocysts in susceptible snails.73 Further study
is thus warranted to determine if gastropods have as yet unappreciated abilities to alter 
their hemolymph in ways that might be easily overlooked and are relevant for defense. 

The albumen gland, well-known for its role in providing nutrients in the perivitelline
������
�����	���������	�����	�	�
����	������������	��������������	�	��	������	�����
attention for its immunological roles. A unique hexameric “H-type” lectin is produced 
by the albumen gland of Helix pomatia and Cepaea hortensis and is believed to protect 
developing embryos from bacteria.74 A recent proteomics study revealed that 16 of 20
��	����	��
��
	
���	�����B. glabrata�	�����������������	����	�	����	���	�����������	�
protease inhibitors, compounds with possible phenoloxidase activity, Cu-Zn superoxide 
dismutase, C-type lectins, GNBP, aplysianin/achacin type proteins, and LBP/BPI or 
lipopolysaccharide binding protein/bacterial permeability increasing protein.75 Defensive
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compounds produced by the albumen gland are probably distributed systemically with 
the plasma to protect the adult snail as well.76,77

One surprising feature of gastropod immunity is the limited extent to which snails so 
far have been shown to rely on phenoloxidase and the eventual production of melanin to 
kill or wall off pathogens, at least in the most commonly studied gastropod models.39, 78

PPO activity is reported from snails,79 ������	�	����������������	��
�����	�80 and it is 
conceivable that particular groups of gastropods, once investigated, will have a greater 
reliance on melanization and associated reactions for defense than seen thus far. A
molluscan hallmark, the ability to produce the stacked, compartmentalized structure
of aragonite crystals to make shell nacre, can also be exploited in defense by encasing
macroscopic pathogens such as trematode metacercariae. The molecular basis of nacre 
formation is being revealed in bivalves81 and homologs should be sought in gastropods.

SNAILS AND DIGENEANS AS MODELS TO STUDY SPECIFIC, INTIMATE

AND LONG-TERM HOST-PARARR SITE SYSTEMS

The recent study of gastropod immunology has been dominated by the use of 
freshwater pulmonate gastropods, especially the planorbid snail B. glabrata, as study 
subjects. This is understandable because such snails serve as the intermediate hosts for 
���	�	��������	���������	�	�����������������	��������� S. mansoni in the case of B. 
glabrata. Digeneans are conveniently available, natural pathogens of gastropods that 
can be used as probes to elicit relevant host immune responses then amenable to study.
Snail-digenean systems are excellent models to study the “give and take” involved in 
intimate, long-term host-parasite associations. The use of digeneans as a means to study 
gastropod defenses is more fruitful now than ever because genome sequences have been 
recently forthcoming for S. mansoni and the related S. japonicum.82,83 These have already 
been of use in illuminating aspects of the intramolluscan biology of digeneans84,85 that 
in turn provide important clues for how the snail response might be orchestrated.86,87

Furthermore, a number of important tools and resources have been developed that not 
only allow further dissection of the outcome of digenean-snail encounters but also enable
exploration of responses to other pathogens, or to environmental perturbations. These 
include the ongoing B. glabrata genome project88 and associated development of BAC
libraries89 and EST databases,90 the development of microarrays for both digenean91 and 
snail,71,92 ��	���	����	���������	����	��������� Echinostoma paraensei or E. caproni
to elicit host responses that can be compared and contrasted with those engendered by
S. mansoni69 and the development of strains of B. glabrata susceptible or resistant to
infection with either S. mansoni or E. caproni (Fig. 3). Recent reviews can be consulted 
for more detail,21,69,70 
��������������� �	�
	��� ��� ��	��
	����� ��	���������������	�����
��������	���	��	����	����	�����������	�������{

Use of both EST datasets and a B. glabrata microarray have shown that the gastropod 
response to different insults—wounding, injection of gram positive or negative bacteria,
or exposure to infection with S. mansoni or E. paraensei}����������	����	��������ii 50, 71

and that snails can discriminate among different kinds of immunological stimuli, a 
phenomenon also noted by others.90,93-95 Wounding alone provoked rather mild responses,
the two kinds of bacteria upregulated only partially overlapping subsets of array features,
and the response to the two digeneans not only were different, but also easily separable
from those elicited by bacteria.71
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������	�
	��������	����	��
	���������	������	��	�	���������������
����������	��		��
digeneans and snails, several recent productive lines of investigation have been developed, 
many scrutinizing differences between schistosome-susceptible and -resistant snails 
(Fig. 3). None of the explanations generated should be ruled out and all may apply to one
extent or the other. With respect to the role of ROS, hemocytes from snails resistant to S. 
mansoni infection produce higher levels of H2O2 than do susceptible snails.70 Hydrogen
peroxide is particularly lethal to S. mansoni sporocysts which have also been shown to
be naturally vulnerable to high oxygen tensions.96 Furthermore, resistant snails possess 
a different allelic form of the enzyme Cu/Zn superoxide dismutase involved in hydrogen 
peroxide production than do susceptible snails,70 though it is unclear if this differences or 
other gene regulatory steps are responsible for the different levels of hydrogen peroxide 
achieved. On the parasite side, proteomic studies of the larval transformation proteins 
(LTPs) of both S. mansoni and E. paraensei sporocysts84,85 reveal molecules involved in
scavenging of ROS to be prominent, highly suggestive of their importance in protection
from hemocyte attack. Also found among the LTPs are intriguing venom-related proteins85

and glycoconjugates,97 many of which bear fucose residues and make excellent candidates
for host-mimicking molecules as host molecules are also known to bear fucose residues.98,99

As noted by Wu et al,85 a veritable “cloud” of parasite produced factors are released, at least 
99 of which have been characterized.85 Among these molecules are highly polymorphic
mucins and it has been speculated that these parasite produced molecules might serve
as a smokescreen to divert attack by humoral factors such as FREPs,86,87 at least some of 
which have a known binding preference for fucose residues.51 Thanks to the availability of 
the S. mansoni genome, we can gain a much better perspective on the kinds of molecules
released by transforming parasites, or by developing daughter sporocysts, and can begin to
formulate hypotheses for how these might confuse or suppress the host defense response.

Although protective and potentially obfuscating parasite molecules are produced, it 
is clear that B. glabrata is nonetheless able to detect the presence of either S. mansoni
or E. paraensei infection within hours of penetration.50,92,100-103 Thus unless subverted, a
growing host response could increasingly jeopardize the developing parasite. A number 
of lines of evidence stemming from the original work of Lie and colleagues104 suggest 
immunosuppression, or “interference” in the parlance of the snail-digenean literature,
is mediated by larval digeneans, and, importantly, that this effect can be implemented 
within one hour after penetration105 and likely persists for the duration of the infection.69

Hemocytes from digenean-infected snails often show diminished ability to adhere to
surfaces, engage in phagocytosis or to encapsulate trematode larvae106,107 effects that 
can be reproduced by exposure of hemocytes to LTP from echinostome sporocysts or 
rediae.108-111 A recent microarray study documenting the responses of B. glabrata from
0.5 to 32 days following exposure to either S. mansoni or E. paraensei revealed that 
both parasites, after a brief early preponderance of upregulated array features, provoked 
a persistent excess of down-regulated features relative to up-regulated features after 2
dpe (Fig. 1).50 Insofar as this study examined whole body extracts from exposed snails 
�������������	������	���������	�����������������������	��������������	��	�	��	���	��
among host cells in the immediate vicinity of developing parasites, in accordance with 
earlier work documenting trematode-mediated interference in B. glabrata.109,112 Also, 
it should be emphasized that although interference has been most associated with 
echinostome development, this recent study, also in agreement with Lie’s classical
studies,112 suggests that schistosomes also engage in a strategy of immunosuppression
though it seems to take somewhat longer to be manifested.50 Indeed, based on results
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obtained from other snail-digenean studies where evidence consistent with interference
has been obtained,111 it seems likely that a strategy of immunosuppression may be a
general requirement for parasites like digeneans with a long developmental program 
and persistent infections.

'�	��
	��������	�	���
�����	�����������	�
�����	�����������������	��	�	��	��������	���
exact mechanisms of action are unknown, but more detailed information regarding the in
vitro larval digenean proteome84,85 provide good starting points for testing candidates, though 
the actual in vivo proteome of larval digeneans may be somewhat different. One likely
possibility is that digeneans produce factors that alter the activity of hemocyte signaling
pathways, likely in more than one way.113,114 Exposure of adherent B. glabrata hemocytes
to LTP of E. paraensei sporocysts or rediae caused both induction of calcium waves and 
rounding, not always both in the same cell, suggestive of at least two distinct effects of 
LTP.113 Following exposure to LTP or to whole S. mansoni sporocysts, ERK-dependent 
signaling was impaired in hemocytes from B. glabrata susceptible to infection, but not in
schistosome-resistant snails. As ERK regulates important hemocyte effector functions, it K
was suggested that disruption of ERK signaling, possibly via carbohydrates expressed onK
parasite surfaces or in LTP, facilitated survival of S. mansoni in susceptible snails.115,116

It was also noted that components in plasma may protect hemocytes from the impact of 
parasite-mediated suppression of hemocyte signaling pathways,115 providing a potential
explanation for why some plasma factors, for instanceFREP4, are persistently upregulated 
in snails that have been successfully infected with digeneans.50,117

In contemplating the study of schistosome-snail interactions, including those studies 
outlined in Figure 3, it should be kept in mind that the relative amount of genetic diversity 
present in both digenean and snail laboratory populations is low, and has been skewed by 
����������		�����{������	����	���������
�
���������������������	����	��	����	�����������
as B. glabrata from South America, or of Biomphalaria pfeifferi from Africa, typically 
do not exhibit wholesale resistance to infection with most or all S. mansoni miracidia. In 
contrast, in more natural settings, the success or failure of a particular schistosome-snail 
encounter depends on the genetic constitution of each participant,118,119 such that some 
combinations are compatible and some are not, e.g., parasite and host phenotypes are
matched or mismatched. Thus the results of laboratory studies must be interpreted 
������������������	������	����������	����	�������	��	�������	�{�'�	����	������������
for phenotype matching remains unknown and building on the intriguing results of Roger 
et al86,87 should be a priority for future study.

ADDRESSING FUNDAMENTAL ISSUES IN IMMUNOLOGY USING

GASTROPOD MODELS

Gastropods and their immune systems can also serve as useful models to consider 
important conceptual issues applicable to all organisms and the problems they confront 
with pathogens. The standard paradigm emphasizes the view that invertebrates elaborate 
a basic set of pathogen pattern recognition receptors coupled to standard responses like 
activation of phagocytosis or production of protective factors such as ROS, lectins or 
AMPs. An emerging challenge to this paradigm, in which studies of gastropods have
����	��
�����	���������	�
�����	���������	����	����
��	�������	��������������	����������
rapid evolvability of pathogens require a greater degree of sophistication from invertebrate
defenses than previously considered.120 It also notes that many invertebrates, including 
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some gastropods live for decades, and must be able to contend with pathogens that could 
��������������	�����	�����������������	�������	��	
	�����	{121,122

Central to this discussion is the issue of the production of molecules with diverse 
recognition capability, such that broader spectra of pathogens, including those that may 
actively alter their own surface molecules or secretions, could be achieved. Lectins play 
an important role in nonself recognition in gastropods.123 Vasta et al124 note that even in the
absence of unusual genetic rearrangements, a substantial degree of recognition diversity
can be achieved because lectins exist in multi-gene families, can engage in alternative
splicing, and the carbohydrate recognition domains of lectins exhibit considerable 
“plasticity” in their interactions with ligands and so might still bind multiple pathogens
with slightly altered surface carbohydrates. A cursory examination of the Lottia genome 
indicates that several C-type lectins are present, and the same is almost certainly true for 
the B. glabrata genome, so these considerations are likely to apply.

$����	������������	���	��	��
���	���������?�&������� B. glabrata���������	�	������
��	����	����������	�
����	�������	�	���������	�	�
�������	������	�
���������_�����	��
al,124 however, they differ in one important regard, namely the presence of an unforeseen 
mechanism of genetic rearrangement. FREPs are circulating hemolymph proteins that 
as presently understood are comprised of either one or two N-terminal immunoglobulin
������������	��	�����������������	��	������	�������������	�������������	��������{117

'�	�� 	����� ��� �� ���	� ������ ���
���	�� ��� ��� ��	������	� ���������	�{� �?�&�� ���	�
calcium-dependent lectin activity, and bind soluble digenean antigens, or to the surfaces 
of digenean sporocysts and bacteria.95 Recent microarray studies suggest they are highly 
responsive to digenean infection, some being up-regulated, and others down-regulated. In 
our experience, the persistent up-regulation of FREP4 is effectively a marker of digenean 
infection in B. glabrata.50

�����������������	�������
	�����������	
�	�	����������?�&����	������	�����	����	����
��	������	��
������������	����	����	�������	��?�&��	����������	��������	����������������
multimers,95�������	
�	�	�����������	���

����������������	��������������������		�����	������
�������	���	��	���	�	��	���	��	�������������	�{125 Additionally, study of the FREP3
������������
��������
�����	��	���	��	����������������	������������	�������������
combination of point mutations and putative gene conversion events acting on a relatively 
small number of source sequences,126 the latter process favored by tandem arrangement 
of FREP3 genes, as has been noted from recent studies of BAC architecture (Adema, 

	�������������������~{����	�	����������������	�����������
���	�������	���	�������		��
noted or is far less prominent for members of other FREP subfamilies such as FREP2 
and 4, which show levels of variation more in line with expectations of normal allelic 
variation or representation from a small number of germline loci. This further suggests 
��	��?�&�����	��������������	��������������������|��	����
	�������������������~{
*�	����	���������
	�������?�&�������������	����������������������
�����	����
��	�����
mechanism to generate diversity among different individual hemocytes117 and raises
the possibility that not all gastropod hemocytes “are created equal”, offering a potential
means to greatly increase the immune recognition repertoire.

'�	��
	����������������������$�������������	���������������		��������������	��
planorbid snails such as Helisoma trivolvis�������	�	��������������	��?�&�����	��		�
reported from Aplysia californica,127 extending their representation to include another 
major lineages within the heterobranch clade. The Lottia genome contains an estimated 
����������	��	���������	�	��95 but they are not believed to be associated with IgSF
domains. In general, gastropod studies have helped draw attention to the importance of 
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��	��������	������������������
�����������	�����������������	�����	��	����	�����
��
as well, frequently being implicated in defense responses.117

Recent studies of S. mansoni miracidia and sporocysts indicate they have a remarkable 
����	�������	�	����������	����	����������	��	���������	��		��	�����������	���������
host, such that each individual miracidium is potentially unique in the spectrum of mucins 
produced.86,87 Heterogeneity in glycotope expression within and among S. mansoni
miracidia has also been noted by Peterson et al.97�'�	�	����������	��	�������	�����	���	

����������	�	���	�������
������	������
�	�	��������������	����	�����	������	�������
���
�	�	��	�����	�{�����������	����������������	����	������������
�	�	����������������
has been speculated they could potentially interact with FREPs, possibly serving as a 
smokescreen to divert host recognition efforts away from the parasite, thus potentially 
���	��������	�
��������������������������	���������
����������	
	���������	��
	����
genetic composition of the schistosome being matched to that of the snail.86,-87 Although
this is an attractive hypothesis, much more work is needed to determine if digenean mucins
and host FREPs actually interact with one another, and how these systems might work 
in the more relevant test bed of naturally occurring snails and schistosomes.

A number of other lines of evidence also indicate that gastropods can produce
���	����	���	�	��	���	��	�{���������	���73 in a study of genes involved in hemocyte
���	�	��	����	�����	�������	����������������B. glabrata found evidence for point 
mutations in six of the genes studied, but only if transcripts originated from hemocytes as 
opposed to whole bodies, and concluded “it raises the question of the existence of a gene 
���	����	�����������
���	����������
��	�
�	�	�	������|���	������	�~�����	�����	�����B. �
glabrata.” Ittiprasert et al102 noted that B. glabrata mucin transcripts were heterogeneous 
and commented they could match the heterogeneity of S. mansoni-produced mucins.
In their study of B. glabrata 	��� ����� ������� =�������� 	�� �75 noted that the most 
abundant protein LBP/BPI existed in variant forms, and at least six similar yet variant 
C-type lectins were present. Zhang et al95 noted the presence of multiple forms of both 
PGRPs and GNBPs from B. glabrata, and in a study of hemocyte-mediate nerve repair 
in L. stagnalis, Hermann et al40 speculated that different integrins may exist in different 
combinations on hemocytes thus creating diverse populations. In a similar vein, recent 
studies of the bivalve Mytilus edulis have revealed that one category of AMPs, myticin 
C, exhibits extraordinary variation within and among individuals, and suggested that 
all the variants were generated from more common sequences by an as yet unknown
mechanism.128 Perhaps the presence of molluscan mobile genetic elements such as
Nimbus129 can help to explain some of the genetic rearrangements these results imply. It 
is important to remain cautious about the real implications of all the studies documenting 
���	���������������	������������
�����������������	�����������		�	����������	�����	
exact mechanisms involved, and to validate their actual relevance in terms of protection
from pathogen challenge.

Gastropods also provide an excellent opportunity to teach us about another fundamental 
aspect of invertebrate defense: by virtue of prior exposure to immunological stimuli,
can defense responses be induced to quantitatively or qualitatively different levels that 
diminish susceptibility to subsequent pathogen challenge in a manner actually relevant 
to the animal? This topic is fraught with controversy among invertebrate immunologists
and caution is required to assure that outcomes attributable to immunological priming
or memory actually have an immunological basis.130 One of the most compelling set of 
studies addressing this general topic was provided by Lie et al131 who showed that by
�����	�
������B. glabrata to irradiated echinostome miracidia, those same snails would 
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subsequently be resistant upon challenge with normal miracidia up to 10 days later. By 
contrast, control snails exposed only to normal snails readily became infected. The study 
��������	����	��	������	����������������	��		�����
	�������¥������������������	��
resistance to one echinostome species had partial resistance to other echinostomes, but 
remained fully susceptible to S. mansoni. Snails sensitized twice and then challenged 
showed an even faster time course of parasite destruction, and a role of humoral factors 
in immobilizing parasites and making them vulnerable to encapsulation was invoked.132

They concluded acquired resistance was “not due to increased numbers of circulating 
amebocytes, but rather to intrinsic changes in the recognition and probably also killing 
capacity of amebocytes”.104 This model system awaits further study and has the potential 
����	
�����	��	���	���������������������
������������	��	����	������	�	������	���
��	
of with respect to priming of their defense systems.

OPPORTUNITIES TO EXPAND THE RELEVANCE OF GASTROPOD

IMMUNITY

The primary focus of this chapter has been on basic gastropod immune mechanisms,
often as revealed by exposure to digenetic trematodes. However, there are several
additional more applied contexts in which an understanding of gastropod immunology
is useful, and that provide additional opportunities to justify studies of this topic. Some 
of these are highlighted and summarized in Table 2.

CONCLUSION

The current state of gastropod immunology is marked by anticipation of the insights 
soon to be forthcoming from genome projects and by—thanks to the development of a
number of new tools and approaches—the possibility of better understanding a backlog of 
interesting immune candidates that await rigorous testing with respect to their functional
����������	{�'�	����������������
��� ��������������	���� ��� ����		������

�����	��
such as RNRR Ai to enable more comprehensive functional testing. RNRR A knockdown can
be achieved in B. glabrata by injection of dsRNRR A of target genes,133 but the degree of 
knockdown needs to be higher so we can draw clearer conclusions from such experiments, 
���� ��	� �������	���� ����� ������ ����������� ���������� ���� �	� ����	�	�� ��
���	�{
Using a different approach based on injection of multiple short dsRNRR As, knockdown of 
FREP2 has again been achieved and is being further investigated (Hanington, personal
communication). RNRR Ai has been reported in L. stagnalis134 and bivalves,81,135 so progress 
can be anticipated on this front.

Except for recent studies documenting viruses in abalones (Table 1), we are almost 
completely ignorant with respect to the diversity and impacts of gastropod viruses and the
nature of the immune response they engender. Availability of the Biomphalaria glabrata 
embryonic (Bge) cell line as a means to search for viruses from natural populations 
���
������������
����������	���������������	�	�������	��������������������	�������
might be potential control agents for medically important snails and to harvest viruses 
which can then be used to probe basic gastropod defense responses. Another need is to 
�	�	�
� ���	� ���
�	�	����	� ��	���	��� ��� ������
��� ��������
������ 
���	��� ������
should be enabled as genome sequences projects are completed. Representation of the 
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transcriptomic repertoires on current snail microarrays is modest. More comprehensive 
arrays can be used to assess responses to different pathogen exposures, and how such
responses might be modulated in snails from natural habitats, including those under 
environmental stress or contending with preexisting infections. Such studies may very 
well also reveal novel immune responses undertaken by components that today we can 
only classify as “unknowns”.

Thanks to the continuing availability of new genome sequences for gastropods 
and other invertebrates, in combination with further studies to assess the importance
����������������	�
���������������������	�����	��������

������������	���������	�
higher order questions pertaining to the evolution of immunity. For example, (1) does 
��	�
�	�	��	����
�����	��� ��	��	��
	�����
�����	��}�����������	�	���� ��������}
drive the development of unique immune capabilities not seen in other host groups?; 
(2) how similar are the immune systems of diverse gastropods, and do the patterns we 
����	��� ������ ��	��� �	�	��	� ����	��� ���	� �������� �	�	��� �� 
����	�	���� ������� ���
do they diverge more as a consequence of their immediate ecological challenges?; (3) 
as previously argued,136 are the internal defense systems of gastropods and bivalves 
fundamentally different, with the former showing narrower recognition diversity than 
��	����	��¢�����������|�~������	������	���
�����	�������"�����	��	����������������	�
phylum level, evolve along similar trajectories, or has selection placed a premium on the
development of novel immune solutions that prevent easy pathogen transfer from one 
group to the next? Exciting times lie ahead, and as noted at the beginning of this chapter, 
we must take care not to overgeneralize the gastropod case for no doubt, embraced within 
this ancient and diverse lineage, are fascinating alternative solutions to the problem of 
achieving effective internal defense.
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Abstract: Bivalves are comprised of animals unclosed in two shell valves, such as mussels,
oysters, scallops and clams. There are about 7,500 bivalve species and some of them
are of commercial importance. Recently, interest in bivalve immunity has increased 
due to the importance in worldwide aquaculture and their role in aquatic environmental
science and their position in phylogenetic research. This chapter provides a short 
review of bivalve immunity, including cellular and humoral immunity and the key
components and the interactions involved in humoral immunity.

INTRODUCTION

The phylum Mollusca is one of the most large, various and important groups in the
animal kingdom. The monophyletic Mollusca is sister to the clade that unites annelids
with nemerteans, phoronids and brachiopods.1 Together with platyhelminthes, they
constitute Lophotrochozoa and further constitute Protostomia with Ecdysozoa (molting 
animals).1 Bivalvia has about 7,500 species and was the second most diverse class of 
molluscs after Gastropoda. Many of them are sources of seafood and are important 
for pearl production and therefore of great commercial importance. In addition, as
�	�	��������	���		�	���������	����������	�����	�����	����������	���
	������	������������
wastes, toxic metals and petroleum derivatives, making them important markers for 
biomonitoring pollution in aquatic ecosystems and ideal species for investigating the
effects of environmental contaminants.2

In the long course of evolution, bivalves have developed an array of effective 
strategies to protect themselves from the attacks of various pathogens and environmental 
stresses. Interest in bivalve immunity has increased continuously in recent years due to 
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serious diseases and mortality problems threatening the healthy development of bivalve

aquaculture. Although pathology information has been accumulating, research on bivalve 
immune systems and the underlying molecular mechanisms are still at an early stage, 
with only some investigations in a comparatively small number of species.3,4

As invertebrates, bivalves rely exclusively on an innate, nonlymphoid system of 
immune reactions.5 The internal defense of bivalve is mediated by both cellular and 
humoral components.The former includes phagocytosis or encapsulation, with subsequent 
pathogen destruction via enzyme activity and oxygen metabolite release, while the
latter includes various reactions mediated by series of molecules.6 Here we review our 
current knowledge of bivalve immunity, mainly focusing on immune recognition, signal
transduction and effector synthesis involved in cellular and humoral immunity.

HEMOCYTES AND PHAGOCYTOSIS

Bivalves have an ‘open’ circulatory system in which the hemolymph, passing out 
of the open ends of arteries, bathes all the organs before returning to the heart by the 
way of sinuses and respiratory structures (gills). Hemocytes, the circulating cells of 
bivalves, are primarily responsible for the defense against pathogens.7 Phagocytosis 
and encapsulation are two major mechanisms for hemocytes to eliminate nonself 
substances and dead cells.8 ���������������������	����	��	��������
������������
	����
hydrolysis and toxic oxygen intermediates found in bivalve hemolymph together 
coordinate immune response.

The assortation of bivalve hemocytes has been controversial for a long time. Based 
on morphology and histochemistry research results from mussels and clams, bivalve
hemocytes are generally categorized into hyalinocytes and granulocytes,9-11 and the latter 
can be further subdivided into eosinophilic granular hemocytes and basophilic granular 
hemocytes.6,11 There are also other hemocyte types in some species. For instance, the 
Type ‘III’ eosinophil, morula-like cells and blast-like cells were found in Cerastoderma
edule, Tridacna derasa and Scrobicularia plana hemolymph, respectively.6,12 Among all 
these cell types, granular hemocytes are the most numerous, rich in a variety of hydrolytic 
enzymes and the major cell, executing the process of phagocytosis.10

Phagocytosis is a process to recognize and ingest nonself molecules and cell debris. 
Bivalve hemocytes can engulf a variety of particles including bacteria, algae, yeast, 
foreign blood cells and latex spheres.7 '�	��������	
����
�����������������	��������	���
of phagocyte to the targeted particle.13 Many studies have revealed that hemocytes of 
many bivalve species exhibit chemotactic as well as chemokinetic reactions, type of 
which is dependent upon the nature of the molecules presented.14 In the mussel Mytilus 
edulis, lipopolysaccharides (LPS) from both Serratia marcescens and Escherichia coli
�������	�� ��	� ���������� ��� �	�{� ��� ����
	��� ���� ����	�� Ostrea edulis, hemocytes 
migrated from circulatory system to connective tissues after Bonamia ostreae infection.15

Hemocytes of Mercenaria mercenaria migrated toward not only peptides or small proteins 
secreted by both Gram-positive and Gram-negative bacteria. After chemotactism, the 

�������	�����	�	����
�����	��������	�����������		��������������������	����������
and destruction of the engulfed target within phagosomes.13 In Mytilus galloprovincialis, 
both hyalinocytes and granulocytes could execute phagocytosis by formation of coated 
vesicles and uncoated endocytic vesicles,10 and cells of different morphology presented 
different levels of phagocytosis towards zymosan, latex beads and bacteria.16
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After the nonself is phagocytosed, the phagosomes and lysosomes fuse together and 
the engulfed target is destroyed within phagosomes by lysosomal enzymes, reactive oxygen
species (ROS), nitric oxide (NO) as well as antimicrobial factors. During phagocytosis,
the release of degradative enzymes for the destruction of foreign material is accomplished 
by a sudden release of ROS within hemocytes, which is referred to as respiratory burst. 
ROS act as killing agents, either alone or in combination with lysosomal enzymes and 
are important in the phagocyte-mediated killing of microorganisms.17 Studies on oyster 
Crassostrea ariakensis revealed that granulocytes were most active in spontaneous ROS 
production12. In clam M. mercenaria, hemocyte oxidative burst was active in response
to the stimulation of zymosan and bacterial extracellular products, accompanied by the
increase of ROS production in hemocytes.18 The internalization of different phagocytic
targets and the production of ROS and NO in M. galloprovincialis were found to be
blocked by inhibition of phosphatidylinositol 3-kinase, protein kinase C and extracellular 
signal-regulated kinase.16 Furthermore, many other hemolymph factors also help
phagocytosis, including agglutinins (e.g., lectins) and various antimicrobial peptides. 
�����	� 	������ ���	� ����	�	��� �����������	��������� �
	�������	�� ���� ��	� �����	�� ���
nonself-ff recognition.19 Antimicrobial peptides are engaged in the destruction of bacteria 
inside the phagocyte before being released into hemolymph to participate in systemic
responses.7 These factors will be further discussed in the following parts.

Another mechanism of invertebrate cellular immune response is encapsulation.13 In
invertebrates, encapsulation is the common immune defense reaction for foreign bodies 
which are too large to be phagocytosed. In general, a capsule of hemocytes encloses 
the foreign body (e.g., multicellular parasites) and cytotoxic products (e.g., degradative
enzymes and free radicals) are released by the hemocytes in an attempt to destroy the 
invader. In the encapsulation response of Crassostrea gigas against copepods Myicola 
ostreae, the copepods were observed on the gill surface of C. gigas engulfed by a massive 
�����	���	�����	�����	���	��	��	�����	��������������	����������������	��	�{20 The
clam Dreissena polymorpha also employed such a defense mechanism when infected 
with trematode Bucephalus polymorphus.21 Studies on C. edule revealed that positively
�����	������	����������	����	����������������	�
���	��������������
	�����		����������
forces and humoral plasma factors have a synergistic role in hemocyte attachment and the
encapsulation response. Phagocytosis and encapsulation are important and complicated 
processes, the involved molecules and the detailed mechanism should be addressed in
future studies.

IMMUNE RECOGNITION

�����	��	���������������	��������	
��������������������	��	�
���	���������
�	���
very important position in the immune system to discriminate nonself from self substances.
The immune responses begin when specialized, soluble or cell-bound Pattern Recognition
Receptors (PRRs) recognize (and bind to) the major targets, called Pathogen-Associated 
Molecular Patterns (PAMPs).22,23 PAMPs are common in microorganisms but rare or 
absent in host animals, such as LPS or peptidoglycan (PGN) in bacterial cell walls and 
�-1,3-glucan on fungal cell walls.24 Invertebrates rely only on innate immunity and develop
����
��������	������	�����&??�{�$	�	������
��������������&??���	���	����	����������	���
including peptidoglycan recognition proteins (PGRPs), Gram-negative binding proteins 
(GNBPs), C-type lectins, galectins, thioester-containing proteins (TEPs), scavenger 
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Peptidoglycan Recognition Protein

&£?&� ��� ���	��	�����&??�� ����� �
	������������ ���&£��� �������	� �	���
component of all virtual bacteria but not present in eukaryotic cells. The knowledge 
of invertebrate PGRPs comes mainly from insects. These PGRPs played a central and 
diverse role in activating immune reactions, such as melanization cascade, phagocytosis 
and activating the Toll or IMD signal transduction pathways for the production of 
antimicrobial products to hydrolyze peptidoglycan and protect host against infection. 
$��	������	�&£?&�����	��		����	����	���������	�&����������	��C. gigas (CgPGRP-S1S, 
-S1L, -S2, -S3 and CgPGRP-L),25 bay scallop Argopecten irradians (AiPGRP(( )26 and 
Zhikong scallop Chlamys farreri (CfPGRP-S1).27 '�	���	����	�������	�&£?&���	�	���
short type with a conserved amidase PGRP domain in their C-terminus. Interestingly, 
there was an additional goose-type (g-type) lysozyme domain in CgPGRP-L, while 
a defensin-like domain was present in both CgPGRP-S1S and CgPGRP-S1L.25 The 
recombinant protein rCfPGRP-S1 from scallop could bind not only with PGN but also
with chitin and LPS moderately. More importantly, rCfPGRP-S1 exhibited strong 
activities to agglutinate Gram-positive bacteria Micrococcus luteus and Bacillus 
subtilis, while slightly with the Gram-negative bacterium E. coli (unpublished data).
The short type PGRP is widely present in various bivalve species and seems to be a 
versatile PRR not limited to the function of recognizing and binding the PAMPs and 
thus an indispensable component in bivalve innate immunity.

Gram-Negative Binding Protein

The GNBP family includes members that bind Gram-negative bacteria, LPS and 
�-1,3-glucan.28 Research on bivalve GNBP is still limited and they have only two related 
reports. The LPS and �-1,3-glucan binding protein (LGBP) is one of the GNBPs with 
various biological functions, including the activation of the prophenoloxidase (pro-PO) 
system, cytolysis, bacterial aggregation and opsonic reaction. The LGBP gene was 
cloned from scallop C. farreri (CfLGBP) with conserved domains of the LPS-binding 
site and glucan-binding site. The initial up-regulation after Vibrio anguillarum challenge 
indicated that CfLGBP was sensitive to bacterial infection.P 27 The recombinant CfLff GBP 
could bind not only LPS and �-glucan, but also PGN and exhibited obvious agglutination 
activity towards Gram-negative bacteria E. coli, Gram-positive bacteria B. subtilis and 
fungi Pichia pastoris in vitro. Additionally, a beta-1,3-glucan binding protein (�GBP)
����
����	���������	�
�������������	�����	�Perna viridis29 with an inherent serine 
protease activity. It agglutinated bakers yeast, bacteria and erythrocytes and enhanced 
proPO activity of the plasma. Although its gene sequence and molecular structure are 
still unknown, �GBP is thought to be a multifunctional molecule and functions as a 
recognition molecule for beta-1,3-glucan on the surface of microbial cell walls.

C-Type Lectin

C-type lectins are a superfamily of diverse proteins with one or more 
carbohydrate-recognition domains (CRDs) of �130 amino acid residues. They recognize
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and bind to terminal sugars on glycoproteins and glycolipids and function in nonself 
recognition and clearance of invaders.30 In bivalves, lectins are undoubtedly involved 
in nonself recognition and also have agglutination or opsonic roles in hemocyte 
phagocytosis. We will quote those lectins in immune recognition of bivalve in the
following and adduce their agglutination or opsonic roles later.

The forepart research on C-type lectins mainly focused on characterizing the features 
or detecting their activities. With the development of molecular biotechnology, much
more attention was paid to their gene structure and recognition mechanism. Recent EST
analysis in scallops, clams and oysters revealed a high content and variety of lectin 
gene homologues.27 Some C-type lectins or proteins with similar activities have been 
characterized from bivalves.31 '�	��?���	�
�	�����������	�	��	�	��������	�������������
up-regulated by bacteria or parasite, especially bacteria of Vibrio genus, suggesting 
that they were involved in the immune response against invading microbes.

Bivalve C-type lectins are diverse in their domain structure and organization.
�	���	�������	���������������	��?�����	�	���	��������		�����������?��������	���
������	���� �����C. farreri, respectively, while most insect C-type lectins contain
tandem CRDs.32 The architecture and phylogenic analysis of these proteins together 
with those from Drosophila and Caenorhabditis elegans suggested that multidomain 
C-type lectins in different lineages did not arise from a common multidomain progenitor 
and these proteins served distinct functions in different animal lineages.

�����	� ����
	� 	������ ���	� ����	�	��� �����������	��������� �
	�������	�� ����
are believed to be a kind of antibodies in nonself-ff recognition. For instance, in clam
Ruditapes philippinarum��������������������	�������	�����
����	����
���
��	������
zoospores of Perkinsus olseni parasite by recognizing and binding the terminal GalNAc/
Gal residues. Meanwhile, the hemo-agglutinating activity of MCL3 could be inhibited 
���£������������	�������	���������	�
�����������	�������	�������'�
	��������
Candida mannan.33 These two lectins, as well as MCL-4, contributed to the phagocytic
ability to eliminate bacteria or parasite via recognition of terminal carbohydrated 
residues on the surface of microbes.34 Chiletin from Ostrea chilensis could agglutinate
sheep red blood cells through binding galactose and mannose.35 The EPN motif in 
the canonical binding sites of Codakine from clam Codakia orbicularis proved to be 
important for calcium-dependence and mannose/GlcNAc-binding activity.36 In some
�
	��	��� ��	� 	������ ����� ������� �����������	��������� �
	�������� ���� ������������
����	�	��� ���������������	�{����� 	���
	�� ��	� �	��������������
	� 	��������	����
��	����� ��	���� ���� ��	���� ���� C. farreri agglutinated E. coli, Staphylococcus
haemolyticus, Pseudomonas stutzeri and P. pastoris, respectively, though they all 

���	��	��������	����������
	�������{

'�	���	�������	���������
	�	��������	����	������������	������	������������������
features and displayed binding and agglutinating activities towards a range of microbes. 
Since there is no antibody-mediated immunity in invertebrates, abundant lectins with
���	��	�	�
�	������
���	�����������������	����������������������������	��	��������
the bivalve immune system.

Galectin

Galectins are a family of �-galactoside-binding lectins and they are probably the 
most conserved and ubiquitous lectin family found in multicellular organisms.22,23,28 The 
�����	���	���������
����	����������������	��Pinctada fucata martensii in the 1980s,
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������	��	�	���	�	����	��������	����	���	�	��������������CvGal from l Crassostrea 
virginica37, CgGal froml C. gigas,31 AiGal1 from A. irradians,38 MCGal from claml
R. philippinarum39 and Pf-galectin from Pinctada fucata. Except for CgGal, which 
contains a single CRD, the other four galectins possess multiple CRDs. AiGal1, CvGal 
and Pf-ff galectin are quadruple-CRD galectins, which are so unique in bivalves that it 
has never been reported in other species. From a phylogenetic point of view, all four 
CRDs of AiGal1, CvGal and Pf-ff galectin form a single clade, suggesting that the bivalve 
galectin CRDs share a common ancient and the four individual CRDs of each galectin 
are originated by repeated duplication of a single galectin gene.

CvGal and MCGal are two major galectins for functional study. CvGal could 
facilitate recognition of a variety of potential microbial pathogens, unicellular algae and 
preferentially Perkinsus marinus trophozoites. Attachment and spreading of hemocytes 
to foreign surfaces induced localization of CvGal to the cell periphery, its secretion and 
binding to the plasma membrane. CvGal subsequently promoted phagocytosis for both 
potential infectious challenges and phytoplankton components.37 Moreover, MCGal had 
��������������������������	���������	�������������	��������������������	�������	
of Perkinsus olseni and agglutinate Vibrio tapetis in vitro.39

Thioester-Containing Protein

TEPs are a family of proteins characterized by the unique intrachain
�-cysteinyl-�-glutamyl thioester bond and a propensity for multiple conformationally
sensitive binding interactions.40 This protein family consists of complement components 
C3, C4, C5, protease inhibitor alpha2-macroglobulin (�2M), CD109 and a set of insect 
TEPs. Among them, the invertebrate C3-like molecules and insect TEPs were thought 
to be involved in the innate immune defense as PRRs.28

'�	������	�'�&���	�	��	�	������	����	���������	���� Ruditapes decussates41

and scallop C. farreri,42 termed as Rd-C3 and CfTEP, respectively. They both contained 
canonical thioester motif GCGEQ, proteolytic cleavage sites and catalytic histidine
residues similar to C3 molecules. However, CfTff EP possessed additional features 
distinguished it from C3 molecules, including: (1) the absence of anaphylatoxin-like
and C345C domains, (2) a distinctive cysteine signature in the C-terminus which
characterized the TEP subfamily apart from complement factors and �2M subfamilies 
and (3) the highly variable central region.42 Due to these structural differences, CfTff EP
was phylogenetically related to the insect TEPs, while Rd-C3 was related to the
invertebrate C3-like molecules. The above results supported the view that TEP and 
complement factors shared a common ancestor but they separated from each other at 
a rather early lineage.43

The genomic organization of CfTEP was similar to human and mouse C3 rather 
than ciona C3-1 and Drosophila dTEP2, indicating a complicated evolutionary history 
of this gene family. It was of great interest that seven different CfTEP transcripts were 
produced by alternative splicing and they displayed different expression patterns in
gonads in response to different bacterial challenges, which suggested an important role
of diverse CfTEP transcripts in the innate immune defense of scallops.44 These results
provided new insights into the role of TEPs in bivalve immune responses, as well
�����	�	����������������������������
�����������	�
�	���������������������	����	��
family of proteins.
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Scavenger Receptor

Scavenger receptors (SRs) are a main type of endocytic receptors with multifunctions to
recognize and engulf various PAMPs.45 In contrast with other PRRs, the information about 
���	��	����	�$?����	���	�	������	�{�'�	�	���	������������	��	����	�$?����	����	������
Drosophila (dSR-CI) and II C. farreri (CfSR, GQ260639.1). CfSR is structurally different R
from all the characterized SRs. It contains six scavenger receptor cysteine-rich (SRCR) 
domains absent in dSR-CI and UPAR-like and ShK toxinK -like domain do not exist in any
other member of SRs. CfSR shares a similar attachment site with anchor protein SgpR -2 and 
��������������	�	��	�������	����	��������	�����	�����	���������������	��	��	��

������
indicating that CfSR was anchored on the outerR -membrane of cells. The recombinant 
��$?����
��	��������������������������������������������������	����	��������	������
sulfate but also with various PAMPs, including LPS, PGN, zymosan particle and mannan.

CfSR is one of the most primitive SR R found so far in invertebrates. It displays uniqueR
structure and broader ligand binding ability. The existence of SR protein in bivalve willR
contribute not only to the origin and evolution of the diverse molecules, but also to the 
understanding of the complex mechanism of immune recognition.

Toll-Like Receptor

TLRs are an ancient family of proteins with the hallmark structure of extracellular 
leucine-rich repeats (LRRs), intracellular Toll/Interleukin-1 receptor (TIR) domains,
which play key roles in detecting various nonself substances and then initiating and 
activating immune system. The reports of TLRs in mollusc are still rare although they
were widely distributed in nearly all animal phyla. Only one TLR gene (R CfToll-1) and 
���		�'�?��$'������	���������		����	����	�����C. farreri, C. virginica46, A. irradians47

and M. mercenaria.48 CfToll-1 shared the same domain architecture with D. melanogaster
Tolls (DmTolls(( ) and Tachypleus tridentatus Toll (tToll). ll The mRNRR A expression of 
CfToll-1 was upregulated byLPS in a dose-dependent manner.49�'�	������������	��	�������
CfToll-1 might be involved in immune response against bacterial invasion. Considering 
their importance in innate immunity, the study of the number, assortation and the roles of 
bivalve TLR in immune recognition and signal transduction (discussed in other section) R
should be addressed in the future.

IMMUNITY SIGNALING PATHWAYS

Innate immune system is under the control of a complex network of evolutionary 
conserved signaling pathways, which are activated depending upon different invasions 
or stimuli. Several signaling pathways, such as TLR, the Janus kinase/signal transducer 
and activator of transcription (JAK-STAT), mitogen-activated protein kinase (MAPK) 
and NF-�B pathways have been extensively studied in recent years for their important 
roles in regulating the immune system in both vertebrates and invertebrates. In bivalves,
effective immune defense systems have been developed during evolution which can
protect them from infection successfully. When bivalves are challenged by a pathogen,
different signaling pathways triggered by PRRs induce the systemic immune response
and produce responding effectors. Although the studies are preliminary, some genes
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�����	���������	��	�����������
�����������	��		����	����	����������	�{� ��� �����
�	��������	�������	�����������	�������������	������������������	�	��������������������
pathways, which may be a crucial step for our understanding about bivalve immune
system.

The Canonical NF-�B Signaling Pathway

NF-�B signaling pathway is an evolutionarily conserved process to activate NF-�B,50

a nuclear factor which has a central role in coordinating the expression of a wide variety 
of genes that control immune responses.51 In resting cells, NF-�B proteins bind to the 
inhibitor of �B (I�B). The NF-�B signaling pathway is activated once I�B is degraded. 
This degradation of I�B is catalyzed by serine kinase I kinase (IKK) which leads to the
translocation of released NF-�B dimers to nucleus. The activated NF-�B proteins then
bind to DNA and activate gene transcription.50

In recent years, the key molecules involved in bivalve NF-�B signaling pathway, 
such as NF-�B, I�����@@��	�	������	��		����	����	������	����	������	�������	������
the existence of NF-�B signaling pathway in bivalves. Now three I�B genes have 
been cloned from scallops C. farreri27 and A. irradians,47 and oyster C. gigas,52 and 
they showed a high level of identity with insect I�B-like proteins and vertebrate I�B 
isoforms. The Cg-Rel�����	�	�	����������	����������B homologue in bivalve, shares the 
structural organization with Rel/NF-�B family members. The C-terminal transactivation 
domain and �B binding sites were indispensable for activation of the expression of 
genes controlled by NF-�B pathway. The NF-�B signaling pathways were well studied 
in pearl oyster P. fucata. Three genes, Pf-Rel,53 Pf-IKK54KK and poI�II B55, were cloned and 
they were constitutively and ubiquitously expressed in tissues of pearl oyster. LPS could 
transiently stimulate I����	��������������������°������	��	���	�	�
�	������	�	����
Pf-IKK. Transfection experimentation in NIH3T3 cells with Pf-ff IKK demonstrated that 
Pf-ff IKK triggered the gene expression by activating NF-�B in an I�B-dependent manner 
just as mammalian counterparts do.54 '�	�������������	������	����	���
���	���������
NF-�B signaling pathway was an ancient scheme of immune gene regulation pathway,
which was conserved in bivalves. Although the complex members and their detailed 
information of NF-�B signaling pathway are not well understood in bivalve, the 
accumulating evidence indicates that it bears considerable similarity with mammalian
NF-�B signaling pathway.

MAPK Pathway

MAPK cascades are one of the most important signaling pathways controlling aK
variety of physiological processes including cell proliferation, growth, differentiation, 
cell death, innate immunity and development.56 Three subfamilies of MAPKs have been 
well-characterized in multicellular organism. They are extracellular signal-regulated 
kinases (ERKs), c-Jun amino-terminal kinases (JNJJ Ks) and p38 MAPKs. The pathway 
represents a characteristic phosphorylation system in which a series of three protein 
kinases phosphorylate and activate one another.57 MAPK pathways were proven to exist K
in bivalve by immunoblot or ELISA techniques.58 The pathways are not only sensitive to 
various environmental stressful stimuli, but also can be activated by growth factor insulin, 
cytokines, hormone substances and bacterial challenge. Several ESTs homologous to the 
MAPK pathway components were screened from cDNK A library of oyster (Cg-MAPKK1, 
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Cg-MAPKK2, Cg-c-jun and Cg-phosphatase, Cg-focal, Cg-FAK) and Manila clamKK
(c-jun).- 59 Further investigations in molecular structure and their functions are needed for 
��	�
�	���	��	�������������	��	�������	�������&@�
���������������	�{

JAK-STAT Pathway

JAK-STAT pathway is one of the important signaling pathways, downstream
cytokine receptors.60 Although JAK-STAT pathway seems to be present throughout 
evolution, there is no such report regarding the existence of JAK or STAT molecule 
in bivalves. Nevertheless, STAT activation has been observed recently in M. 
galloprovincialis under the stimulation of cytokine and bacteria. The microbicidal 
activity against E. coli��������	��	�����	������	��	�����������������	����	�
�	��	���	���
with human recombinant IFN�, while no effect was observed with IFN�. IFN� induced 
a rapid and time dependent increase of phosphorylated STAT1-like protein, evaluated 
���
���������������	���
	�����������	��������	�
���
������	�����	�����$'�'�{58 It 
was suspected that JAK-STAT pathway possibly existed in bivalves. More and more
cytokines and their receptors found in bivalves (details in other section) provided the
clue for further investigation of bivalve JAK-STAT pathway. The roles of JAK-STAT

�������������	����	��������
��������	��	������	����	���������	���������	�	��������
�����	�������	�	�������	�	������	������������	
�������������
�	�	����	����	����������
of bivalve immunity.

The Toll-Like Receptors Signal Pathway

The characterization of TLR and its signaling pathway is one of the greatest propellersR
to acquaint with the immune system in the last decades. The receptors, adaptors and 
transducers in this pathway, such as TLR, myeloid differentiation factor88 (Myd88),
tumor necrosis factor receptor-associated factor 6 (TRAF6) and IL-1 receptor-associated 
kinase (IRAK) displayed striking similarity from Drosophila to mammals, while the
�����������������
��������������	�	����	��		��������������{�'�?�
����������������
is a skillful system that detects invasion of various pathogens and plays a key role in
bridging innate and adaptive immunity. Toll pathway in Drosophila is indispensable 
for both development and antifungal/anti Gram-positive bacteria immunity. It is worth
noting that the absence of Myd88 orthologue and their very low similarity of TRAF and 
IRAK homologues strongly imply the evolutionary ‘loss’ of K Toll signaling pathway in
nematodes.61 Moreover, tol-1 in C. elegans is not involved in immune response but only
in development. More information about TLR pathway in other invertebrates is required R
for better understanding of its function and evolution.

Fortunately, the key components involved in TLR pathway, includingR TLR,49

Myd88,62,63 TRAF6,64 TRAF3,65 and IRAK46����	������		����	����	����������	�{�����
the expressions of CfToll-1,46 CfMyd88,62 CfTRAF664 in scallops were up-regulated by
stimulation of LPS or PGN. Furthermore, when the CfToll-1 was “knock down” by
RNRR Ai technique, the scallop was more susceptable to pathogen and the expression of 
downstream genes was also down-regulated. Undoubtedly, the canonical TLR signalingR
pathway existed in bivalve. Considering scallop is a relatively primitive animal, the
presence of TLR signaling pathway is epochmaking to understanding its origin, evolutionR
and crucial roles in innate immunity.
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Complement Pathway

The complement system is a major component of vertebrate innate immunity and 
also an essential bridge between innate and adaptive immunity. It can be activated mainly
through four separate pathways, referred to as the classical, alternative, lectin66 and 
coagulation67 pathways. Recent investigation on the evolution of complement system
has demonstrated the origins of complement system could be traced to near to the 
beginnings of multi-cellular animal life and the components of complement system should 
have some evolutionary traces in inferior species. However, there are very few reports
on complement system in invertebrates and even less in bivalves. To our knowledge,
only two complementary factors, C3 (Rd-C3) and B factor-like (Rd-Bf-like) molecules 
���	��		����	����	������	
�	�	������	����� ��	���	������	�
���������������
	����	�
clam (Ruditapes decussatus). The Rd-C3 shares distinctive structural characteristics 
with complement proteins (C3/C4/C5). Rd-Bf-ff like is composed of two complement 
control protein modules (CCP domains) and shares about 30% similarity with other 
known Bf proteins.68 Additionally, three complement-like factors, including CfTEP42

(details in other section), CfC1qDC69CC  and AiFREP70 �	�	���	����	�����������
�{�'�&�
reported in scallop suggested that it might be an ancient equivalent component of the 
key factor, C3, and there was likely to be a primitive, simple complement-like system
in bivalves. CfCff 1qDC is a novel C1q-domain-containing protein with LPS binding 
activity and is suspected to be a candidate of classical pathway in scallop. AiFREP, a
�	��	�����
���	���������������	����	�|��£~�������������	����	��������	������	���
�	�������������������������£��������������������������|���¦�¬��

�������	�
with Rattus norvegicus) and other invertebrate FREP proteins. AiFREP, the EST
�����	�����������������������������	���������������	�������������	���������	����	�
high existent probability of lectin pathway. The results place us in a puzzle about the
bivalve complement system and its activation.

IMMUNE EFFECTOR

Innate immunity encompasses a complex array of defense reactions, in which immune
effectors are fundamental molecules and utilized as executor for the incapacitation
and elimination of invaders. The immunity of bivalves relies upon the production of 
immune effectors that are active against a large range of pathogens or sensitive for the
environmental stress. The importance of those molecules is underlined by increasing 
outbreak of a variety of diseases and summer mortalities in bivalve aquaculture. The
following details recent knowledge of immune effectors, such as antimicrobial peptides
(AMPs), cytokines, complement components, antioxidant enzymes, acute phase proteins
and draws their repertoire in bivalve immune response.

Antimicrobial Peptides

AMPs have been characterized as one of the key immune effectors in innate
���������������	����	�
�	������
���������������{�����	���������&����	�������	��
into four structure groups according to their amino acid sequences, secondary structures 
and functional similarities: (1) the linear basic peptides forming amphipathic �-helices 
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conformation and deprived of cysteine residues; (2) peptides containing cysteine 
residues with one to six intra-molecular disulphide bonds; (3) peptides rich in regular 
amino acids like proline with a variable structure; (4) the peptides produced by the 
hydrolysis of large inactive or proteins with little activity. Approximately 20 AMPs
���	��		����	����	������������	����������������M. edulis and M. galloprovincialis, 
which were organized into four distinct groups according to their antimicrobial action 
based on their hydrophobic and cationic properties and the amphipathic structure: MGD 
(defensin), mytilin, myticin and mytimycin.71,72

MGDs (MGD1 and MGD2) characterized from M. galloprovincialis with eight 
cysteines showed high similarities to the arthropod defensin family, which contains 
6 cysteins. They were believed to be the original members of the arthropod defensin
family because of the presence of two extra cysteines.73 MGD1 and MGD2 share 
��������������������������	����������	��	������	��	��������
��������������
�����
residues,72 and they are essentially active against Gram-positive bacteria, including 
���	�
�����	������������	����	��	����	�{�'�	�	���	���	����������������������������
the bivalve mussels. Mytilin A and B were isolated from M. edulis plasma and mytilin
B, C, D and G1 were isolated from M. galloprovincialia hemocytes. Mytilin A, B, C, D 
	������	���������������������	���������������£����
������	�����£�����	�����	����������
while mytilin G1 was only active on Gram-positive bacteria. Mytilin B and D were
���������	�����������	����	�������������Fusarium oxysporum. Mytilin C was tested 
against the protozoan parasite, P. marinus.

����������	�	���	����	��������	�����	��	������
	
���	�{����
�	�	�������		�����	��
of myticin, A, B and C have been reported. Only one isoform has been described for 
myticin A and B and a total of 74 different isoforms have been reported for myticin C
so far.74������������������	�	�
����	���������	��	�����	��������	�����	���������
from the plasma of M. galloprovincialis. The mature peptides of myticin A and B 
���
���	�����	����	��������������������	�����������	������	������������	��	������
in the primary structure different to that of the previously characterized cysteine-rich
AMPs. The two myticins had marked activity against the gram-positive strains, M. luteus, 
Bacillus megaterium and Aerococcus viridans. Myticin B was also active against the
���	��������������F. oxysporum and moderately against the Gram-negative, E. coli
D31. Myticin C had a high variability on the nucleotide sequence. It was a ubiquitous 
peptide expressed early in the development and associated with mussel survival.
Different myticin C isoforms were observed along their life when mussel touched 
with new potential pathogens or nonself molecules in general. Therefore, myticin C
could deal with a huge range of potential pathogens present in the marine ecosystem. 
=��	�	�����	��	�������������	�	���	����	��	��������������������
�������������	������
against pathogens should be further studied.74

'�	�	����������	�������������	����	������ M. edulis75 with molecular weight 
of 6.2 kD. The search in the peptide sequence data bases did not yield any homology
with known peptides. There are twelve cysteines engaged in the formation of six
��������	�����������	������	�{������������������������������������������������{

In addition to the AMPs found in M. galloprovincialis���	�	���������	��		����	����	��
from other bivalves, including Cg-Def, ff Cg-Defh1 and Cg-Defh2 from C. gigas,76 and 
a big defensin (AiBD(( ) from A. irradians.77 ����	������������	������	����	������
hemocyte were almost same and shared around 80% identity with mantle Cg-Def.76

Recombinant Cg-Def was active in vitro against Gram-positive bacteria but displayed 
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no or limited activities against Gram-negative bacteria and fungi. AiBD�������	������
bivalve big defensin gene cloned from bay scallop A. irradians. It consisted of 531 
nucleotides with a canonical polyadenylation signal sequence AATAAA and a poly(A) 
tail, encoding a polypeptide of 122 amino acids. Recombinant AiBD showed activities 
against both Gram-positive and Gram-negative bacteria and some fungi.

As the most important effector in bivalve immunity, more AMPs will be found and 
well characterized, which will provide a better understanding of the immune defense 
mechanisms of bivalve and new insights into health management and disease control 
in aquaculture.

Lysozymes

Lysozyme is a ubiquitous enzyme existing in numerous phylogenetically
diverse organisms such as bacteria, bacteriophages, fungi, plants and animals, which 
catalyzes the hydrolysis of �-1,4-glycosidic linkage between N-NN acetylmuramic acid 
and N-NN acetylglucosamine of PGN and causes bacterial cell lysis.78 It has been widely
accepted that lysozyme functions as a crucial effector molecule in innate immunity. In 
�	�	������	�������	����	�������	�������������
	�����������������	�������������	�	�
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	~�����	��	����	���
	
(i-type), phage, bacterial and plant lysozyme.

Several lysozymes and their activities have been characterized in bivalves. All
previous reported bivalve lysozymes are i-type.79 But recently, two g-type lysozymes
(CFLysG, AILysG~��	�	� ��	����	�� �������
�������������� �����������		���	
���	��
�	���	{�����	��������	�����������
	�������	����������	��	����	��
	��������������������
should precede the divergence of invertebrate and vertebrate.80 Chlamysin from Chlamys 
icelandic,81 lysozymes from Tapes japonica82 and C. virginica83����	��		���	���	�����
i-type lysozymes with remarkable antibacterial activity against both Gram-positive
and Gram-negative bacteria. The g-type lysozyme CFLysG possessed all conserved 
features critical for the fundamental structure and function of g-type lysozymes, such as 
three catalytic residues (Glu 82, Asp 97, Asp 108) and showed more potent inhibitive 
activities against Gram-positive bacteria. The self-ff defense activity of lysozyme have been
�	�	��	�����	�������	����������������������������	����������	��������������	��	�������
Mytilus, Bathymodiolus, Calyptogena and Chlamys. A recent study has demonstrated 
that lysozyme could augment the activity of AMPs through a synergistic mechanism.84

The lysozyme can also serve as a digestive enzyme in the digestive organs,85 which 
�����		�������	���	���	�����������	���������	������	
���
����	�������	�	��������	�{

Lectins

The function of lectins includes not only self/nonself recognition but also engaging 
associated effector mechanisms, such as complement-mediated opsonization and killing
of potential pathogens. Diverse lectins have been reported in oysters,31,35 scallops 
and clams,86,87 and they are involved in the immune response against pathogens. The 
�	���������� ����
	� 	������ ��	����� ��	����� ��	���� ���� ��	���� ����� C. farreri
agglutinated E. coli, S. haemolyticus, P. stutzeri and P. pastoris, respectively. The 
lectin from C. virginica agglutinates a wide variety of bacteria.88 The sialic acid-binding
lectin of horse mussel, Modiolus modiolus, has strong antibacterial activity against 
Vibrio strains.89 A calcium independent lectin isolated from the foot muscle of marine
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bivalve Macoma birmanica, named MBA, could interact with both Gram-positive and 
Gram-negative bacteria.90 There is increasing evidence to support the suggestion that 
the presence of isoforms and diverse roles of lectins provide bivalves with a functional 
diversity to the innate immune response.

Cytokines

Cytokines comprise a large number of regulatory molecules, interleukins (IL), 
IFN, TNF and chemokines and many of them function vitally in the vertebrate immune
system.91 �����	�������	�������������������������	������	������������	���������	�����	
�		��
����	������	���	�	�����  ��{������	������
���������������	���	���	�	�������
to respond to IL-1 and TNF in a manner similar to that of human granulocytes.92

Subsequently, the information about the effect of cytokines on immunity such as cell 
motility, chemotaxis, phagocytosis and cytotoxicity has been accumulating in bivalves.93

However, the previous knowledge about bivalve cytokine is from immunological
experiments with human antibodies, which lacks molecular evidence.94 Recently,
cytokine homologs and their receptors have been validated at molecular level.

'�	��������	����	���������	��������	���������������	�|CgIL-17). Bacteria challenge 
induced a large and rapid elevation of CgIL-17 transcript in oyster.7 91 This is the solely 
�����	����	����������	{������������	���������	����	�����������	���������	�������'���
receptor genes were cloned from Zhikong scallop, which was homologous respectively
with p75 neurotrophin receptor (p75NTR(( ) and osteoprotegerin.95 Another receptor for 
the transforming growth factor beta (TGF�~������		����	����	�����������	��C. gigas.96

The phylogenetic and structural analysis as well as the expression pattern during
early development suggested that Cg-TGF�RI belonged to the TGF�s.s./activin type
I receptor. The existence of different receptors suggested the corresponding cytokines 
should be present in bivalves.

It is exciting that a bivalve TNF (RpTNF) gene was cloned from clam FF R. 
philippinarum. The typical structure indicated that RpRR TNF was a true Type II (i.e., 
intracellular N terminus and extracellular C terminus) transmembrane protein. The
recombinant RpRR TNF induced the death of tumour cells just like its mammalian 
homologs (unpublished data). Considering the broad immune response of cytokines,
a multiplex cytokine-receptor system must exist and mediate bivalve immunity in a
�
	�������������	�	
���������	����������������	���
���������	������	����������	�
bivalve immunity.

Complement Components

The complement system is one of the major effector arms of immune response in 
vertebrates and a necessary complement for antibodies to play a role in cytolytic. Its
effector functions include opsonization leading to enhanced phagocytosis and lysis of 
microbes. In the evolutionary progress, it appears earlier than the acquired immunity.
The previous research on sea urchins, tunicates and horseshoe crabs also revealed a 
simple opsonic complement defense system in invertebrates.97 However, there are few
reports on its role in bivalves.

'�	��	�	�����	��������������������������������	�|�	�����������	���	�����~������
carpet-shell clam provides insight into their conserved characters critical for function.
Three other molecules with the hallmark domain structure of complement factors 
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have also been cloned from scallops (details in other section). A C1qDC protein has
�		����	����	�������C. farreri to have LPS binding activity.69 The CfTEP transcripts
were mainly detected in the tissues of hepatopancreas and gonad and remarkably
up-regulated by microbial challenge.42 Its expression was complicatedly mediated 
by alternative splicing mechanism. Recombinent AiFREP agglutinated chicken and 
human A, B, O-type erythrocytes. The agglutinating activities were calcium-dependent 
and could be inhibited by acetyl group-containing carbohydrates. It also agglutinated 
Gram-negative bacteria E. coli JM109, V. anguillarum and Gram-positive bacteria
M. luteus in the presence of calcium ions. The attractive studies collectively favored 
���������	����
	�	�����������
����������������	���������	������	��	�
���	������
complement system should be an intriguing driver for understanding the characteristic 
of innate immune system in bivalves.

The Antioxidant Enzymes

ROS are free radicals that contain the oxygen atom, constantly generated when the
organism is attacked by invaders or contaminant exposures.98 Low concentrations of ROS, 
such as superoxide anion (O2

–), hydrogen peroxide (H2O2) and hydroxyl radical (OH-) 
�����	��	�	��������	�	�������
	����	����
���	��	�����������������	������������
and defense against micro-organisms. Excessive production of ROS may, however, 
lead to oxidative stress, loss of cell function and ultimately apoptosis or necrosis.99 As
with chemical antioxidants, cells are protected against oxidative stress by an interacting 
network of antioxidant enzymes. In bivalves, a large number of antioxidant enzymes
���	��		����	����	����	����	������	���	��������	����	�
���	���������������	����	��	�
and environmental stress have been studied. The knowledge of superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione-S-transferase
|£$'~������������	�����	������������	�����{

Superoxide Dismutase

SODs are a class of antioxidant enzymes that catalyze the dismutation of superoxide
���������	������������	��
	�����	{����������������	����	�������	����$*�����	�������	��
into four distinct groups: iron SOD (FeSOD), manganese SOD (MnSOD), copper/zinc 
SOD (Cu/ZnSOD) and nickel SOD (NiSOD). However, there were only Cu/ZnSOD and 
��$*����	����	��
�	�	������������	�{100 Most of SODs were constitutive proteins that 
could play a crucial role in bivalve defense. Many studies have indicated the importance
of SODs to the immune response as well as the role in protecting cells against various 
challenges.100�����	���
	����	�$*���	�	�����	��		����	����	�����������
�C. farreri
and Nodipecten subnodosus and a rapid elevation of SOD activities were observed after 
microbe infection.101,102 The SOD activity in gills and mantle of M. galloprovincialis
increased obviously at the toxic chemical pollutants, especially heavy metals.103While 
in Chamelea gallina, the SOD activity decreased in haemocytes with increasing
temperature or exposure to benzo[a]pyrene.104,105 A higher-level of mRNRR A expression 
of MnSOD was detected in gill and mantle of A. irradians after being challenged with 
V. anguillarum and the expression level in gill was even higher, indicating that MnSOD 
was necessary in the immune responses against V. anguillarum infection. The responses 
of bivalve SOD to environmental stress were quite variable depending upon isoforms
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and tissues. When exposed to heavy metals, SOD is predominantly detected in the
cytosolic fractions of gill and digestive gland, with the highest amount in the gill. The 
mitochondrial Mn-SOD activity in the gill and digestive gland is lower than cytosolic 
SOD.106 The whole set of results make them potential target biomarkers aiming at the
given environment factors in monitoring strategy.

Catalase

CAT is one of the central enzymes involved in scavenging the high level of 
ROS. It catalyzes the decomposition of hydrogen peroxide to gaseous oxygen and 
water molecules.107 This enzyme is ubiquitous and present in archaea, prokaryotes
and eukaryotes. In mammals, the functional catalase is a tetramer of four identical
subunits with a molecular weight of approximate 240 kD.108 Recently, more and more
proteins with catalase activities and the genes have been reported in bivalves, such as
M. edulis,109 D. polymorpha,110 C. gigas111 and C. farreri.112 The expression of CAT
from C. farreri increased gradually after-Vibrio infection. M. galloprovincialis CAT
activity was increased 2-3 times at the polluted coastal areas, with high activity in
winter and spring.103 This rise of M. galloprovincialis ������	�������������������������
with temperature, salinity and light duration. The importance of these enzymes in
regulating oxidative stress is recognized. CAT is considered as an important and 
sensitive biomarker of environmental stress, used to reveal the biological effect on the
redox status of bivalve organisms.

Glutathione Peroxidase

GPx is the general name of an enzyme family with peroxidase activity whose
main biological role is to protect the organism from oxidative damage. It reduces lipid 
hydroperoxides to their corresponding alcohols and reduces free hydrogen peroxide to
���	�{�'���������������£&�������		����	����	����		������	
	��	���£&��|$	�£&�~�
and selenium-independent GPx. Se-GPx catalyses the reduction of both organic and 
inorganic peroxides like hydrogen peroxide (H2O2) while selenium-independent GPx 
�	���	�� ���� �������� 
	�����	{� '�	� �	�	������ ��� £&�� ��������� ���� ��	����������� ���
GPx molecules collectively suggest that GPx may respond to bacterial infection and 
hydrogen peroxide exposure and be involved in protection against oxidative stress and 
immune defense in bivalves.2,113-115 To date, the activity of GPx has been detected in
bivalves �������	
������
,113 Pinna nobilis,114 M. galloprovincialis115 and Ruditapes
decussatus.2 There have also been several reports on the GPx genes cloned from bivalves, 
such as D. polymorpha, Unio tumidus and C. gigas.

Glutathione S-Transferase

GSTs are comprised of classes of dimeric enzymatic proteins that catalyse the
conjugation of glutathione to a wide variety of hydrophobic compounds through the 
formation of a thioether bond with their electrophilic centre. Most mammalian GSTs are 
cytosolic enzymes with molecular masses of 23 to 28 kD as homodimers or heterodimers.
'�	� ��������� £$'�� ���	� �		�� ������	�� ����� ��� 	���� ��� ����	�	��� ����	�� ���	�� ��
��	������	������ ����������� �	��	��	�� ��������	� �
	��������� ����������������	��������
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and sensitivity to inhibitors. To date, many novel classes of GST sequences have been 
��	����	������������	����������������������������{����	��£$'�����	��		�������	��
in bivalves, including Atactodea striata, R. decussates, M. edulis, ��������
���  etc.

GSTs are major Phase II detoxication enzymes found mainly in cytosol and function 
as a substrate of antioxidant enzymes to eliminate the reactive oxygen induced by
xenobiotic compounds,116 providing protection against electrophiles and products of 
��������	����	��{������£$'������	����������	�������	�����
��������������®��������	�����
measurement of total GST or different GST isoforms. GST has been used as a biomarker 
in environmental assess in bivalves for a number of years. The level of GST in bivalves 
was responsive, at some extent, to the potential environmental contamination exposure. 
����	�
�
����������	��	����������	��	������	���	���	������	������������������	��
GST activities as a result of an increase in conjugating activities.117 A rapid increase
of GST activities was observed in primary cultured digestive gland acini of Pecten 
maximus treated with Tributyltin, ethylmethane sulfonate and the water-soluble fraction
of crude oil, in a time and dose dependent manner.118

Acute Phase Proteins

In addition to the discription above, there are other effectors, such as acute phase 
proteins, to protect bivalve against the toxic effects of contaminants or bacteria
���	��	{�������������
	����������	�
���	��	�
���	��	��	����������	������	������	
immune response involving physical and molecular barriers and responses that serve
���
�	�	��� ���	������� �	���
��	�����
�����	���� �������	� ������������
���	��	�� ����
contribute to resolution and the healing process. Acute phase proteins, an integral part 
��� ��	�����	�
���	� �	�
���	�����	��		�� ��	����	�� �������������	� �
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these, heat shock protein and metallothioneins (MT) are two families of acute phase
proteins recently studied in bivalves.

Heat shock proteins (HSPs) are ubiquitous and highly conserved stress proteins, not 
only playing important roles in response to potentially deleterious stress conditions, but 
also preventing cell toxicity and cell death to protect cells and tissues against damage. 
More recently, it has also been suggested that HSPs could function as potent activators 
of the innate immune system.119 The principal HSPs range in molecular mass from 15 to
������{���������������
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and most of them were found in bivalves. Recent studies in different species of bivalves
���	�������	����	��		�����
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and multiple stress response.120 The different forms of HSPs might be highly affected 
by temperature and salinity, as well as by a great variety of chemical stressors that 
might be often found in seawater or in the sediment.120,121 Meanwhile, the response of 
some HSPs against bacteria challenge has also been reported in bivalves. After Vibro
stimulation, a clearly time-dependent expression pattern of HSP22, HSP70 and HSP90 
was observed in scallops. HSPs might serve as powerful biomarkers of marine pollution 
and be helpful for health management of bivalve aquaculture.

Metallothionein (MT) is a superfamily of cysteine-rich proteins with low molecular 
�	����������������������������������������	��������������������������	������������
large variety of organisms.122 In the past years, multiple functions have been attributed 
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protecting against ionizing radiation and oxidative stress, the scavenging of free 
radicals and response to estrogenic compounds. Bivalves are known to accumulate 
high concentrations of heavy metals in their tissue and are widely used as bioindicators
for pollution in marine and freshwater environments. There has been considerable 
research dedicated to the diversity of metal-inducibility and expression in different 
MT isoforms from bivalves C. virginica, M. galloprovincialis and D. polymorpha.123,124

The mRNRR A expression of MT from scallop was increased drastically to hundred fold 
postVibrio challenge respectively.125 The sensitivity of MT from scallop to bacteria
challenge offers us a hint of its regulation in scallop immune defense. The progress
opens research perspectives for the use of this marker to assess the effect of various
pollutants in the aquatic environment and a better knowledge of its functional multiplicity 
in the bivalve immune system.

CONCLUSION

Bivalves are always challenged by their environment with high bacterial and viral
������
��������������	�����	�	���	��������
���������	����	����	�	��	������	��	����
defend against microbial attack. In recent years considerable progress has been made in 
our understanding of the bivalve immunity. As described in this chapter, bivalve immune
system is effective, multifaceted and incorporates cellular and humoral components. It 
is well accepted that the immune system in bivalves lacks the components of adaptive 
immunity present in the vertebrates, but there is also a complex mechanism involving 
an array of different molecules and various multi-step cascade processes. Many aspects 
of bivalve immunity are not well understood. Even some of the molecules and immune 
response mechanisms are found to be structurally and functionally similar to that in
vertebrate animals. The research progress about the bivalve immunity has been hampered 
by absence of genome, tools for genetic manipulation and mutants and stable long-term 
cell lines for in vitro studies. Thus, there is no doubt that the collaborative efforts among
immunologists, cell biologists, physiologists and geneticists are necessary for the study 
of bivalve immunity. It is still an essential task for us to fully characterize the molecules,
responses, cascade pathways involved in bivalve immunity. The analysis of the precise
underlying molecular mechanism of bivalve immunity will assist in understanding the
nature and evolution of immune system and the connections between immune defense
in invertebrates and vertebrates.
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Abstract: Earthworms belonging to oligochaete annelids became a model for comparative
immunologists in the early sixties with the publication of results from transplantation
experiments that proved the existence of self/nonself recognition in earthworms.
This initiated extensive studies on the earthworm immune mechanisms that evolved 
to prevent the invasion of pathogens. In the last four decades important cellular and 
humoral pathways were described and numerous biologically active compounds
were characterized and often cloned.

INTRODUCTION

Considering the fact that the majority of the immunologists all over the world are 
focused on the mammalian or particularly human immunology, it may sound surprising 
that invertebrates—and among others earthworms—have been an important experimental
model since the very beginning of immunology. For example, phagocytosis, an important 
and evolutionarily conserved defense mechanism of innate immunity, was discovered 
in the late 1800s by a Nobel Prize winner Elie Mechnikoff while studying the origin of 
��	����	����	�������������	�������������	�����������{1

From the total number of extant animal species, certainly surpassing 2 millions, 95% 
are included in the invertebrate taxa. Invertebrates have evolved for hundreds of millions
of years, often surviving in very hostile environments. Their successful survival strategies
are likely based on short life span combined with numerous offspring. More importantly, 
�� ���	��	����	� �
	��	�� ���	� �	�	�
	�� �� ����	��� ��� �	�	��	� �	��������� 	����	����
recognizing and responding to nonself substances.2,3

In contrast to adaptive immunity, which is a highly sophisticated system based on
�����	���
	�����'��������	��������������	������������������	��	������	��	����	������
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many innate immunity mechanisms are conserved from invertebrates tovertebrates. Cellular 
mechanisms of invertebrate innate immunity include wound repair, clotting and coagulation 
responses, phagocytosis of invading microorganisms and encapsulation reactions. Apart AA
from these cellular mechanisms, invertebrates possess a broad range of antimicrobial factors
such as lysozyme-like proteins, proteases, cytolytic proteins, antimicrobial peptides and 
enzyme activation-base cascades; humoral defense also includes lectin-like and pattern 
recognition molecules that are designed to recognize a few highly conserved structures
present in many different microorganisms. The majority of the above immune responses 
of invertebrates are nonadaptive with no or very limited ability either to “remember” or 
to respond more vigorously and effectively to repeated exposures to the same pathogens.4

BASIC INFORMATION ON EARTHWORM ANATOMY

The earthworms are protostomian animals possessing true coelom of mesenchymal 
������{� '�	� ��	����� ������� ��� �	�� ����� ��	����� ����� ����������� ��		� ����	�����
cells, named coelomocytes, originating in the mesenchymal lining of the cavity. The 
coelomic cavity is metameric and the segments are separated by transversal septa. 
'����
������ ��	 ��	����������������	������	���	��		����	��	��	��������	����	�����
channels. Each segment of the coelomic cavity is opened to the outer environment by a 
pair of nephridia and by a dorsal pore (Fig. 1).

Figure 1. Transverse section of Eisenia fetida stained with hematoxylin-eosin. C—coelom, T—typhlosole, 
DP—dorsal pore, CC—chloragogen cells, E—epidermis, CM—circular muscles, LM—longitudinal 
muscles. Bar 1 mm. Reproduced by courtesy of Dr. Pavel Rossmann, Prague.
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In terms of systematic biology, the earthworm family—Lumbricidae—is the largest 
member of the class Oligochaeta, phylum Annelida. The earthworms are found in leaf 
litter, manure, under stones and logs as well as some arid areas, but most species prefer 
wetter, more heavily vegetated regions. Earthworms range in size from two centimeters 
to over one meter. There are over 3000 described earthworm species known worldwide 
and they have adapted to a wide range of soil habitats as well as freshwater lakes and 
streams (for a review see ref. 5). Immunological research is performed mainly in two 
genera—Lumbricus— and Eisenia.

CELLULAR DEFENSE MECHANISMS

'�	����������
	����������	�����	���������������	���������	�������	���	����	�����{�'�	�
skin consists of the epidermis and a thin cuticle, which contains mucopolysaccharides 
acting as an antimicrobial barrier.6,7 The epidermis is formed by a single layer epithelium
of supporting cells, basal cells and secretory cells. The basal cells play an important 
role in wound healing and graft rejection, often exerting phagocytic activity.8,9 Thus, 
these basal cells are sometimes considered not to be of epidermal origin, but rather 
homologous to coelomocytes.10-12

Each segment of the coelomic cavity communicates with outer environment by
��������
��	¢���	��������	�	���	��������������	����
�	�	�����	��������������������
entering the coelomic cavity. Consequently, the coelomic cavity is not aseptic and always 
contains bacteria, protozoans and fungi from the outer environment. Nevertheless, there 
��	�	����	����	���������������		
���	�����������������������������	��������{13 It was
�	
���	���������	�������������������¦�� 105/ml naturally occurring bacteria while the
number of potentially phagocytic cells is more than ten times higher. These abundant 
phagocytes combined with the presence of various humoral factors can easily prevent 
the microorganisms from outgrowth.

The invading microorganisms can be eliminated by a number of ways. First, they
can be excreted by nephridia14 or engulfed by the cells of nephrostome or middle tube.15

Second, as mentioned above, the microorganisms can be phagocytosed by certain
coelomocytes and phagocytic cells that, when they become exhausted, are expelled 
through dorsal pores. The pores are equipped with muscular sphincters controlling 
intracoelomic pressure and the exchange of material between the outer and inner 
environments.14 Third, large foreign bodies, e.g., agglutinated bacteria or parasites
are eliminated by encapsulation.16,17 This process begins, similarly to phagocytosis, 
by the recognition of foreign material which, however, cannot be engulfed due to its 
���	{����������	�������������	 ���	��������������������	�������		���	������	������
after several days a dense capsule (often called a brown body because of its melanin 
����	��� ��� �� ����	��	��	� ��� ��	� 
��
�	��������	� ������	~� ���
��	�� �� ����	�	��
cells is formed. When the capsule is about 1-2 mm in diameter, its external cells lose
their adhesiveness so that the capsule can migrate towards the posterior segments of 
the coelomic cavity where it is eliminated by autonomy followed by wound.18-21 It was 
documented in Eisenia fetida earthworms that most brown bodies contain tissue wastes,
agglutinated bacteria, gregarines or nematodes.17

��� �	�����	�� ����	�� ��	����� ����� ��������� ����	�	��� ��
	�� �� ��	������	�{�
Their nomenclature is based mainly on morphological and cytochemical criteria (for a
�	��	���		��	��{������~�����������	��	�	��������	�����	�
������	�	����	���
	����������



69EARTHWORM IMMUNITY

��������������	��������	�������������{24 In general, there are three main coelomocyte
types—eleocytes, free chloragogen cells with nutritive and accessory functions and 
either hyaline or granular amoebocytes, both representing effectory immunocytes
involved in a broad range of defense functions including phagocytosis.

Although both types of amoebocytes have phagocytic properties, their activity
differs. In contrast to granular amoebocytes, the cytoplasm of hyaline amoebocytes 
is occasionally full of engulfed material.22 It should be mentioned that amoebocytes
engulf all kinds of material including inert particles, microbial cell wall components 
as well as foreign cells. However, the phagocytosis of eukaryotic cells depends on
the source of the cells. Unlike allologous cells, xenologous cells (both from different 
earthworm species and from noninvertebrate species) are rapidly phagocytosed.14,25

Phagocytosis by coelomocytes, similarly to that of vertebrates, can be modulated 
by humoral components, opsonins, which coat the engulfed particle and thus promote its 
phagocytosis. It was proven that preincubation of both yeast and synthetic copolymer 

�����	������� ��	 ��	���������������������� ����	��	����	���
�����������{26,27 It is 
noteworthy that also mammalian opsonins, IgG immunoglobulin and C3b complement 
fragment, were described to enhance coelomocyte phagocytic activity, in contrast to
IgM and C3d fragment, which did not affect phagocytosis.28

The earthworms are regarded as an important model organism of comparative
immunology since 1960s when transplantation experiments were performed (for a 
review see ref. 29) and cell-mediated short-term memory was observed.30 All these 
experiments proved the existence of self and nonself recognition in earthworms 
and initiated extensive studies of earthworm immune mechanisms. The ability to 
recognize and respond to allografts as well as xenografts and, on the other hand, the 
ability to accept or not to destroy autografts was observed in many annelid species.29

'����
���	����	�������	���	��	������������"���{�'�	��������"��������	��������������
after the healing of wounds is, regardless of the graft origin, the accumulation of 
��	������	���	�����	����������	��������	������������������ ��	 ������{�'�	��	�
���	�
to the xenografts results in complete walling off of the graft and its destruction by
encapsulation reaction.31 The number of invading coelomocytes during the autograft 
transplantation is markedly lower32,33 but the reaction seems to be more rapid. The 
maximum number of coelomocytes surrounding the graft was detected within 24 hours,
returning to the normal level by 72 hours. In contrast, the peak response to xenografts
is on day 3 or 4 and normal levels are not reached before day 7. The destruction of 
xenografts is completed approximately by day 17 after the transplantation. If a second 
graft is transplanted at this time, an accelerated rejection within 6 or 7 days occurs.
Moreover, the number of the invading coelomocytes is 20-30 % higher. The increased 
number of coelomocytes during the retransplantation is probably caused by an increased 
proliferating activity of mesenchymal lining of the coelomic cavity and the septa.
These data suggest the existence of short-term and very limited memory, which is
���	����	������	�������	�������	�����	���	����	���	����������������	����������	��
does not induce any accelerated reaction.30,33

Allo- and xenorecognition mediated by earthworm coelomocytes was evidenced 
in experiments showing cell-mediated cytotoxicity to allogeneic coelomocytes34 and,
more interestingly, capability of earthworm non/phagocytic coelomocytes to kill
	����	�����������	�����	�����������@�¦�{35,36
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HUMORARR L DEFENSE MECHANISMS

'�	���	����������������	����	�	�������	����������������������	���������	������	��
in effective defense mechanisms against invaders. It was documented that it contains 
various antimicrobial factors like lysozyme37,38 and antimicrobial peptides.39-41 Moreover, 
��	���������������������������	���	����������	��	����	�	���������	�����������	��	�����
several hemolytic factors were isolated and described. The majority of proteins with 
hemolytic properties have hemagglutination activity as well and, more interestingly, a 
spectrum of antibacterial and bacteriostatic activities against pathogenic soil bacteria.42-44

�����	����	�� ��� ���� ���	��	�� ����� ��	����� ����� ��	�� 	���������� �	�� ���	�� �����
	���������	������	�������������������	����	�����	�45 and various tumor cell lines.46,47

=	�	�����	���	��� ��������������	���	������������������������	�����	�{
Lysozyme is a bacteriolytic enzyme which catalyzes the hydrolysis of 1,4-�-D-links 

between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in thepeptidoglycan
�������	�����	��������������	����	����
���	���������������	�����������	��
����������
by Gram-positive bacteria. Lysozyme activity was observed in coelomocyte extracts 
����	���� ��� ��	���	���������{37 Later, the active protein was isolated and partially 
sequenced.48 Based on the N-terminal sequence, a novel class of lysozymes including
those of molluscs, echinoderms, nematodes and earthworms was proposed.48 Recently, 
cDNA coding for lysozyme-like molecule of E. andrei earthworms was characterized 
and cloned.38 Earthworm lysozyme exhibited both lysozyme and isopeptidase activity and 
shared homology with other invertebrate lysozymes, with the highest similarity (72 % 
identity) to destabilase I from medicinal leech. Moreover, lysozyme expression can be 
up-regulated after a challenge with Gram-positive as well as Gram-negative bacteria.

Antimicrobial peptides are an abundant and diverse group of molecules that are 
produced by many cell types in invertebrates, vertebrates and plants. To date, only a 
limited number of bioactive peptides have been described in annelids. An antimicrobial 

	
���	����	������������ ������ ��	����	�� ���Lumbricus rubellus.39 Lumbricin I is a
proline-rich antimicrobial peptide which is constitutively expressed in adult animals
and is not induced by bacterial infection. A Lumbricin I analog named PP-1 was found 
in the Asian earthworm Pheretima tschiliensis, is synthesized in the body wall only and 
its localization in the mucus of the epidermis suggests its role in the mucosal defense.40

Furthermore, an antimicrobial short peptide OEP3121 of only 5 amino acids was found 
in Eisenia fetida earthworms.41

'�	���	�������������Eisenia earthworms was described to exhibit strong hemolytic
activity that is tightly connected with bacteriostatic and antibacterial properties against 

�����	������������	���{�'�	�������	�������
���	�����	�	��	�����	��������&�����	��
and Duprat49 and later on they were named EFAF (F Eisenia fetida andrei factors) and 
characterized as two glycoproteins secreted by chloragocytes and eleocytes.42,50,51 The 
45-kDa protein is encoded by a single nonpolymorphic gene and has a pI of 6.0, while 
the 40-kDa protein is encoded by a gene having four alleles, each representing one of 
isoforms with pI of 6.3, 6.2, 5.95 and 5.9. Each individual earthworm possesses the 45-kDa
protein and 1 or 2 isoforms of the 40-kDa protein.42,52 In addition to EFAFs hemolytic
activity, these proteins were found to agglutinate red blood cells53 and to participate in
��	�������������������������	���	���������{45 Moreover, they exhibit antibacterial activity 
against both Gram-positive and Gram-negative bacteria,43,54,55 particularly against strains
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that are pathogenic for earthworms.44,52,56 In addition to their bacteriolytic activity, they
may also mediate opsonization57�����
������
��	������	��������������	���	���������{58

It was documented, that upon binding to sphingomyelin, a major lipid constituent of 
plasma membranes of most mammalian cells, these proteins polymerize and form 10-nm 
channels through the lipid bilayer.50,59

Later, EFAFs were characterized at the molecular level and were named fetidins. A
gene for the 40-kDa protein was cloned60,61 and it was found that its putative amino acid 
sequence comprises an N-glycosylation site and a peroxidase motif. This is in accordance
�������	�������������������	����������	�
	�������	���������{

Independently, a 41-kDa hemolytic protein, which is produced by coelomocytes
and causes contraction of rat vascular smooth muscles, was characterized and named 
lysenin.62 Simultaneously, two 42-kDa lysenin-related proteins with weak contractive 
����������	�	���	����	�{63 More recently, a new member of this lysenin-like multi-gene
family has been cloned and provisionally called lysenin-related protein 3.64 Lysenin 
has a high amino acid sequence homology with fetidin (89% identity, 95% positivity), 
with lysenin-related protein 1 (76% identity, 89% positivity) and lysenin-related protein
3 (81% identity, 90% positivity). Amino acid sequence of lysenin-related protein 2 
corresponds to that of fetidin. All these data suggest a close relationship between these 
lytic molecules. Individual sequence analyses have revealed that fetidin and lysenin are
encoded by two distinct highly homologous genes but their expression level differs in 
individual earthworms.65

The hemolytic activity of lysenin is dependent on the presence of sphingolipids 
in the membrane.66 Moreover, the presence of cholesterol in the membrane facilitates 
hemolysis. Upon binding to the sphingomyelin, lysenin forms oligomers and subsequently
pores 3 nm in diameter in the target membranes.66,67 Oligomerization does not occur on
bacterial membranes since they are devoid of sphingomyelin. Therefore the mechanism
of antibacterial activity must be different from its cytolytic activity.64

As sphingomyelin is crucial for the cytolytic activity of lysenin, it has been proposed 
to use lysenin as a valuable probe for sphingomyelin detection in sphingomyelin storage 
diseases, particularly in the cells of Niemann-Pick A patients,66 although the multiplicity 
of hemolysins in the natural source and the cytolytic activity appeared to be a major 
obstacle.

Independently on fetidin and lysenin, eiseniapore and hemolysins H1, H2, H3, CL39

and CL41 were described.68-71 Nevertheless, their more detailed analyses revealed close 
relationships with fetidin, lysenin or lysenin-related proteins.

Coelomic Cytolytic Factor as a Pattern Recognition Molecule

'�	���	������������	������ ����	� 	���	�� ��	� ����� ��� ��	� ��	������	����� ���	��
earthworm species or of the hemocytes of mollusks, nematodes and protozoans. However, 
������������	��	���������	�������������E. fetida lyses a broad spectrum of various 
�	���
	����������������	�����������������	��
���
�����
�����	���	������	������
insect hemocytes.45���
���	����	����	
	��	������������	��	��������	���	��������������
observed in experiments with TNF-sensitive tumor L929 cell line. Subsequent isolation
��������
���	����	���� ��	 ��	�����������������������
���	�����������������	����	�����
cytolytic factor—CCF.46

CCF acts in earthworm defense as a pattern-recognition molecule. Upon
binding microbial pathogen-associated molecular patterns, namely O-antigen of LPS 
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of Gram-negative bacteria, muramyl dipeptide and muramic acid of peptidoglycan from 
the cell walls of Gram-positive bacteria and �-1,3-glucans and N,NN ��-diacetylchitobiose of 
yeast, CCF triggers the activation of the prophenoloxidase cascade, which results in the 
formation of cytotoxic and antimicrobial compounds and thus represents an important 
invertebrate defense mechanism.72-75 '�	��������
	������������������
�����	����������	��
molecular patterns results from the presence of two spatially distinct pattern recognition 
lectin-like domains. One domain, which shows homology with the polysaccharide and 
glucanase motifs of �-1,3-glucanases and invertebrate defense molecules, is located in the 
central part of CCF molecule and interacts with LPS and �-1,3-glucans. The C-terminal
tryptophan-rich domain mediates interactions of CCF with N,NN ��-diacetylchitobiose,
muramyl dipeptide and muramic acid (Fig. 2).74

The binding activity of C-terminal domain of CCF is rather unique for Eisenia 
fetida earthworms. Comparative analysis of CCF-like pattern-recognition proteins in 
seven other lumbricid species (Aporrectodea caliginosa, A. icterica, A. longa, A. rosea, ((
Dendrobaena veneta, Lumbricus rubellus and L. terrestris) revealed high homology 
in polysaccharide-binding and glucanase motifs while C-terminal part was more
heterogeneous.76 This is in a good agreement with the absence of cytolytic activity and 
binding capacity for N,NN ��-diacetylchitobiose and peptidoglycan components. E. fetida
is an epigeic earthworm living in decaying organic matter, in compost and mold, where

Figure 2. The role of CCF as a pattern-recognition molecule. CCF encompasses two distinct domains:
the central part with polysaccharide recognition (black box) and glucanase (grey box) motifs interacts 
with LPS of Gram-negative bacteria and �-1.3-glucan of yeast while C-terminal tryptophan-rich domain 
interacts with peptidoglycan constituents of Gram-positive bacteria and N-acetylglucosamine-linked 
polysaccharides on trypanosomes or mammalian cells. Upon binding of pathogen-associated molecular 
patterns CCF activates proteolytic enzymes that cleave inactive prophenoloxidase to active phenoloxidase.
Phenoloxidase then catalyzes hydroxylation and oxidation of monophenols and diphenols that leads to
melanin production. Melanin exhibits antimicrobial and cytotoxic activities and potentiates other defense
functions (phagocytosis, encapsulation).
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the diversity as well as quantity of microorganisms is substantially higher as compared 
to other soil layers. It is therefore obvious that E. fetida appears to be best equipped to 
�	����������������������	�	��	�������	������	������
���	����	�����������	
	�����	{

As indicated above, CCF displays amino acid sequence homology with bacterial and 
animal �-1,3-glucanases but it does not exhibit their enzymatic activity.77-79 Moreover,
CCF shows homology with the � subunit of the �-1,3-glucan sensitive factor G from 
the horseshoe crab Tachypleus tridentatus,80 with the Gram-negative bacteria-binding 
proteins of various insects81-84 and �-1,3-glucan recognition protein of arthropods.85,86 All
these invertebrate homologs have been suggested to play a role in invertebrate innate 
immunity by acting as pattern recognition molecules.

Further, it was shown that CCF agglutinates both Gram-positive and Gram-negative
bacteria72 �������������	�� ��� ��	��
���������
��
	���	���� ��	���	����������� ��	�	���

������������	����	����	������������
������������ �� 	����������	�	��	��	�������{46

CCF is also involved in the cell-mediated cytotoxic reactions and potentiates the lytic 
����������� ��	�������������������	��������	����������������
	��	�{34

More interestingly, CCF shares functional analogies with mammalian tumor necrosis 
������{�'�	�������������	���	���������������	�'����	������	��������	���	�� � ��������	��
by CCF. This activity is not inhibited by anti-TNF neutralizing monoclonal antibodies, 
suggesting that the structure of TNF and CCF as well as the mechanism of Tf NF and 
CCF mediated lysis differ. In addition to this TNF-like lytic activity, CCF exhibits other 
similarities with this cytokine. CCF is secreted by phagocytic coelomocytes upon LPS 
stimulation (Fig. 3), while TNF is produced by LPS-activated macrophages.34,87 TNF
and CCF have opsonizing properties46,88 bind �-1,3-glucans and N,NN ��-diacetylchitobiose
via lectin-like interactions.72,89 In addition, monoclonal antibodies elicited against the 
lectin-like TIP domain of Tf NF cross-react with CCF and, conversely, monoclonal
antibody against CCF reacts with TNF without impairing the interaction of TNF with its 
�
	������	�	
���{90,91 However, the activity of CCF is not inhibited by anti-TNF antibody 
suggesting different mechanisms of TNF- and CCF-mediated lysis.

The lectin-like domain of TNF was shown to be involved in the killing of African 
and American trypanosomes.90-92 Hence, in view of the similar lectin-like activity of CCF
and TNF, the possible trypanolytic activity of CCF was investigated.73 The coelomic
������� E. fetida ����	����
����	�������	�	��	�����	��������	���
��	������
�������
activity that can be inhibited not only by anti-CCF monoclonal antibodies but also by 
N,NN ��-diacetylchitobiose and anti-TNF antibodies. The possible target for both CCF and 
TNF on the trypanosome surface is the N-linked N,NN ��-diacetylchitobiose core of the 
���������
	���������
���	���|_$£~����������������
���	����	�����{�'������	�������������
supported by the fact that CCF and TNF are able to lyse only bloodstream forms 
of parasites expressing VSG but not insect-stage procyclic forms expressing procyclin 
as a surface protein.

It was documented that TNF increases the membrane conductance in mammalian 
cells, interacting with ion-channels or ion-channel-coupled molecules through a lectin-like
domain.93,94 Similarly, when endothelial cells or macrophages were activated with CCF,
an increase in membrane conductance occurred.95 As observed with TNF, the ion-gating
effect of CCF appeared when cells from TNF-receptor I and TNF-receptor II knockout 
mice were used. Moreover, this effect is blocked by N,NN N’-diacetylchitobiose and 
amiloride—an epithelial sodium channel inhibitor—suggesting that the effect is mediated 
by the lectin-like domain of CCF. In macrophages, CCF-induced depolarization results
in the release of TNF, IL-6 and nitric oxide via NF-�B signaling. This pathway based 
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Figure 3. Up-regulated tissue expression of CCF in chloragogen tissue after LPS challenge (a) as
compared to nonstimulated controls (b) followed by in situ hybridization. Reproduced by courtesy of 
Dr. Ellen Kauschke, Giessen.
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on an interaction of lectin domain with saccharide moiety of ion channel may represent 
an evolutionary ancient mechanism of cell activation.96

Surprisingly, despite the functional analogies of CCF and TNF and cross-reactivity 
of anti-CCF and anti-TNF antibodies, these molecules do not show any gene or amino 
acid sequence homology, indicating a lack of common evolutionary origin.73

CONCLUSION

������������	����������	��	�	��	��	����������������	�������	���������������������	�
hostile environment. The choice of earthworms for comparative immunology studies was 
pertinent since they represent an inexpensive, appropriate and noncontroversial model for 
experimentation. Described defense mechanisms and molecules help to better understand 
more sophisticated immunity in vertebrates. Moreover, earthworms were found useful 
in monitoring environmental pollution. The Organization for Economic Cooperation 
and Development (OECD Guidelines for testing of Chemicals 1984) and the American 
��������	���� &���	������ ��	���� ���	
�	�� ������� 
�������� ��������� ���		����� ���
earthworm immunological parameters as markers/indicators of impaired environmental 
conditions.97,98 Furthermore, earthworms might be considered as a source of biologically
active compounds with potential industrial or medical use. Actually, earthworm powder 
has been used as a traditional medicine in some South Asia countries for years to treat 
various diseases. Currently, the therapeutic effect of earthworm active factors is being
	�����	����������	������	�������

�����{�$��	� ��	��
	���������������������������
enzymes from Lumbricus rubellus and Eisenia fetida earthworms99-102 are already
����	������������	������

�����������������������������������	������	����������
thus prevent or treat cardiac and cerebrovascular diseases (Boluoke® (lumbrokinase), 
Canada RNRR A Biochemical Inc.).
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Abstract: In the present chapter, we will emphasize the immune response in two compartments
(Central nervous system and peripheral system) in two blood sucking leeches i.e.,
the medicinal leech and the bird leech Theromyzon tessulatum. In the medicinal
leech, the neuroimmune response has been described in the context of septic
trauma at the cellular and humoral levels through microglia, Toll-like, cannabinoids
and chemoattractant factors activation and modulation. In the bird leech, the
antimicrobial responses have been dissected at the cellular and molecular levels.
Altogether, this chapter presents a complete integrate immune response from the
brain and the systemic compartments with high similarity to the vertebrates one.
These points that the neuroimmune and immune responses evolved sooner than
can be expected.

INTRODUCTION

Leeches are derived from their cousin’s earthworm in the class of annelids
called hirudinea. Leeches evolved during the Cambrian Explosion, a time of rapid 
biological development 540 million years ago.1-6 There are now approximately 700 
species of leeches distributed throughout freshwater, marine and terrestrial ecosystems 
worldwide. Phylogenetic studies assess that the common leech ancestor was probably
a bloodsucking leech with a proboscis rather than an unspecialized ectocommensal.7

During the course of leech evolution, a reduction of the proboscis could have taken
place in predatory arhynchobdellid ancestors to enable swallowing of larger prey. A
second gain of sanguivory by the jawed Hirudiniforms could have been facilitated 
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by pre-adaptations to ectoparasitic blood feeding.7 Recently, leech EST data from the
jaw leech hirudo medicinalis have been obtained8 and it can be seen high sequence 
homologies between the medicinal leech and mammals8 suggesting a co-evolution
between the parasite and the host. Thus, taking into account such evolutive data, we
will present in this manuscript, data obtained from two haematophageous leeches, the
jawed leech Hirudo medicinalis and the gut leech Theromyzon tessulatum focused on
the immune responses angle. Due to their anatomic differences, Hirudo medicinalis
appears as a good model for studying the immune response of the nervous system 
�������� ��	� 	���� ���	��� ��� ��	� ����� ������ ��� Theromyzon tessulatum makes this
animal interesting for understanding the systemic response. Taken together, we will
try to show that immune response from these blood sucking animals evolve closely
to their vertebrate host, pointing the fact that their use currently in hospital never 
trigger patient immune responses. Host immune tolerance is due to co-evolution and 
molecular mimicry.9

THE MEDICINAL LEECH AS A MODEL FOR STUDYING

THE IMMUNE RESPONSE OF THE CNS

'�	� �	����� �	������ ����	�� |��$~� ��� ��	� 		��� ���� �� ��	�� ����	�� ��� ����	���
neuromeres, 32. The 4 anterior-most neuromeres fuse to form the sub-esophageal ganglion 
and the 7 posterior-most fuse to form the tail ganglion; single bilateral neuromeres 
comprise the individual ganglia found in each of the corresponding body segments. A
supra-esophageal ring of nonsegmental origin, together with the sub-esophageal ganglion, 
comprises the head ganglion. The central ganglia are connected to each other by a bilateral 
pair of nerves (the lateral “connectives”) and a single small medial nerve (Faivre’s) and 
to the periphery by two bilateral pairs of nerves (the “roots”) that branch in a stereotypic

���	���������������	���	��������������������	���
��������������	������	�	�������������	��
in some cases (Fig. 1). In hirudinid leeches, each segmental ganglionic primordium 
gives rise to about 400 neurons.10 Most of these are bilateral pairs (�180-190 pairs), but 
perhaps 5-8% are unpaired, with at least some becoming unpaired through cell death.10,11

Thus, understanding how a leech segmental ganglion functions requires, in principle, 
detailed knowledge of the function and connectivity of only �200-220 individual neurons.
Moreover, since each segmental ganglion is a variation on a theme (with the exception
of the “sex” ganglia of body segments 5 and 6, which have additional complements of 
neurosecretory cells), the leech has one of the most accessible nervous systems from a
systems analysis point of view.

An important property of leeches is their capacity to regenerate neurites and synaptic
connections in the adult CNS. Neurites that have been damaged or severed can sprout, 
	���������	����������������	������	��	��������	����	����
	����������������������	��{12

Early stages of leech CNS regeneration following a mechanical lesion are characterized 
by two events that appear to be crucial for successful repair: one is the increased activity 
of epithelial nitric oxide synthase (NOS) in the area of the lesion and the generation 
and diffusion of nitric oxide (NO) and the second is the induced migration of microglia 
towards and their accumulation at, the injury site.13,14 Microglial cells are considered as
the brain immune cells.
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NO and Cannabinoids in Leech Microglia Chemotaxis Involvement

To assay directly for a role of NO on microglial accumulation at the injury site, Chen 
et al15 modulated NO levels in several ways. As demonstrated by NOS immunoreactivity, 
a large increase in NOS occurs at the crush site within 5 min of injury and this high level
persists for at least 24 hrs. Microglial accumulation at the lesion, however, is not detectable 
at 5 min but is quite strong after a few hours and peaks at �24 hrs. Inhibition of NO synthesis 
by the prior application of the NOS inhibitor L-NAME effectively blocks microglial
accumulation, while the presence of its inactive enantiomer D-NAME has little or no effect.
Interestingly, increasing NO levels with the NOdonor spermine NOate (SPNO) also inhibits
accumulation of microglia at the crush, but not in the presence of the NO scavenger cPTIO
(2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-l-oxyl-3-oxide).Examination of 
microglial kinetics in living nerve cords shows that the effect of SPNO application occurs 
by the reduction of average microglial migratory speeds, even to no movement. Thus, 
NO is clearly implicated as a modulator of microglial movement and indeed appears to 
function as a stop signal at high levels, leading to the higher density of these cells at the 
��"�������	{����	��	����	��	�	�����������������	��*����	������	�
���	������	���"��	��		��
brain is partially under the control of endocannabinoids, namely, anandamide (AEA) and 
2-arachidonylglycerol (2AG), which affect the NO time-course through their modulation of 
cannabinoid-like receptors.16 AEA blocked microglial cell accumulation before their arrival 
to the lesion site in a concentration dependent-manner and this effect of AEA on microglial 
cell recruitment was also demonstrated in vitro. Moreover, stimulation with a concentration 
��������	�	����	��	�	��	�	����|�������������	����	���	���
�������������������	���������®
���	����������|������'*�®'*��~������
	�����	���17 enhanced the release of NO at the
lesion site of the harmed connective. This NO release may be related to the AEA-activated 
CB1-like receptor carried by neurons of the leech present in the injury site. This same report 
suggested that this pathway leads to a microglia stop signal. In a complementary mode of 
action, the second most described endocannabinoid 2AG has been shown to enhance and 
drive the chemotaxis of microglial cells in a dose-dependent manner. Moreover, a better 
result in chemotaxis was obtained using a concentration of 2AG detected 30 min after 
injury of the leech nerve cords.17 This result is reinforced by Cabral et al who suggested 
that 2AG could act through the autocrine/paracrine system to chemoattract microglial cells
after brain insult.18 In leech brain, AEA level declines17 and in contrast the 2AG climbs 
���������	��������������������	����������	�		�����${16

Knowing that these two endocannabinoids are able to act as chemoattractant factors KK
on leech microglia in a dose-dependent manner in combination with NO release, the 
role of their receptors in the control of NO release and chemotaxis towards the lesion 
site has been investigated.16�����������	�������	��	�	
���������	�		�����������
	�����
antagonist of the mammalian CB1 receptor (AM-251) failed to block the accumulation
of microglial cells at a distance from the lesion site. This latter result underscores the 
role of the CB1-like receptor in microglial chemotaxis. On the other hand, blocking the
������	��	�	
���������	�		����������	��
	�������������������¦������
	�	��������	��
the recruitment of microglial cells at the lesion site and costimulation of a crush with
2AG and AM-630 failed to reverse the accumulation of microglia as compared to the
2AG treatment alone.16 This latter result suggests that the CB2-like receptor in the 
leech is triggered by 2AG in order to promote chemotaxis and the direct recruitment of 
microglial cells to the site of injury. In parallel, the treatment of injured connectives with 
a physiological concentration of 2AG released upon CNS injury in the leech provoked a 
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�
	������	�
���	�����*�
���������������	�	��������	�"�������	����	�����������{16 Blockade 
of the CB2-like receptor by AM-630 revealed an inhibition of NO secretion and the 
���	������	�����*�
���������������������������	��	��������
��������������	��������
condition. In this way, the whole of these data demonstrated that at least part of the NO
produced by the injured leech was related to the 2AG-activated CB2-like receptor, as 
was described in experiments using Guinea pig mast cells.19

Even if 2AG and AEA are both able to produce NO during a lesion of the leech brain, 
only 2AG seems to play a major role in the chemotaxis of microglia and its capacity to
do so is closely related to a putative functional CB2-like receptor expressed by activated 
microglia. Previous pharmacological studies have named the CB2 receptor as playing a
���������	������	�	����������������
���	������	�	�����
�������������������������
���	��
as well in mammals. The CB2 receptor is expressed very early in the different activation
steps of microglia, thus describing a “window” of functional relevance for the expression of 
the CB2 receptor in microglial cells.20 The delayed time of the initiation of microglial cell 
activation is linked to changes of their morphology from resting to responsive and allows
them to acquire CB2 receptors in correlation with chemotaxis and phagocytosis. The next 
steps of activation, named “primed” and “responsive,” were discarded from the initial step
of CB2 receptor expression. As a diffusible molecule, NO has been demonstrated to take
part in the migration of microglia and their accumulation at lesions of the leech CNS in a
dose-dependent manner.The mechanisms by which the resting microglia becomes responsive
are not yet fully understood. However, we hypothesize that the NO immediately released 
by the damaged neurons might stimulate the resting microglial cells present at the lesion 
site and allow them to be responsive for CB2-like receptor expression.

Thus, the cannabinoid system becomes activated at the lesion site and produces 
the two major endocannabinoids (AEA and 2AG) from membrane precursors in an
opposite concentration time-course of,17 consistent with our previous work where the 
2AG concentration was found to progressively increase in opposition with the AEA
concentration after the lesion. It has been hypothesized that when the diffusible lipid 2AG
increases, the microglia become responsive and start to accumulate at the lesion site via
changes in cell morphology related to the activation of the CB2-like receptor expressed 
in the lamellipodia of responsive microglia.21 This hypothesis is reinforced by our ex vivo
results regarding the stimulation of crushed connectives with 2AG (30 	M) 1 h after the 
lesion.16 In comparison with the connectives simultaneously crushed and treated with 
30 	M 2AG, the same stimulation 1h after the crush is stimulated NO production more 
rapidly. This observation suggests that microglial cells are more responsive to 2AG 1h
after the lesion than at the instant of the lesion, at which time microglia might be resting. 
During the responsive step, the leech microglia might express functional CB2 receptors
at the cell surface and when these receptors are activated by the endocannabinoid 2AG,
NO might be produced and participate in cell recruitment as a chemical gradient from the 
lesion site towards the periphery. On the other hand, the AEA released at the lesion site
decreased in concentration after the lesion and it can activate NO release by targeting the
CB1-like receptor and inhibiting the accumulation of microglia at the lesion site. This
pathway has been described as leading to a microglia stop signal.22 The dual activity of 
these two endocannabinoids working in apparent opposition might be a means of controlling
microglial cell recruitment to the lesion site.However, both molecules control the long-term 
release of NO, as shown in our time-course measurements of NO after stimulation of 
injured connectives with cannabinoids.16 This can be explained by the immunosuppressive 
response of microglial cells described both in vertebrate23 and invertebrate models.22



85LEECH IMMUNITY: FROM BRAIN TO PERIPHERAL RESPONSES

Bacterial Infection and Leech Brain Regeneration

Differential display proteomic analyses using 2D gel electrophoresis (Fig. 2), coupled 
to mass spectrometry, yielded evidence that the leech CNS responds to bacterial infection 
by modulating the expression of at least sixteen proteins. These proteins appear between 1 
and 24h after bacterial challenge and have been assigned to the immune response because 
they are not induced by exposure to control sterile medium. These immune-response 
induced proteins include cytoskeletal and metabolic proteins, foldases, calcium sensors, 
�����	�������	����	�	����������	�	�������
	�����������		����	������	�	�������	�����
�	�������������	���������������������®���
�����������������	������	��������������
synaptic activity. Interestingly, several of these up-regulated proteins, such as gliarin24

and neurohemerythrin25���	�	�
�	��	���
	����������������������������	�������	������
a key role for these cells in the immune response of the leech nervous system, similar to
what has been observed in vertebrates.26 Gliarin up-regulation, in particular, could thus
serve as a new marker of proliferation and maturation of leech glial cells, it’s up-regulation
�	�	������ ���� ����������� ��� �	�
���	� ��� ��	� �����	� ���	��	{� '�	� �����
������

Figure 2. 2D gel between control and immune challenged leech nervous systems. Differentially represented 
spots are highlighted by arrows and depends on the variation times (variations at 1 h, 6 h, 12 h and 24 
h) with permission from Vergote D et al. Proteomics 2006;6(17): 4817-25.26
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cytoskeletal rearrangements might result from morphological changes associated with 
phagocytosis or with the migration of cells. Indeed, it has been shown that leech microglial
cells are able to migrate within the ganglionic chain to the site of a lesion and that they 
can play a phagocytic role.27 By contrast, the expected properties of neurohemerythrin
have led to the proposal of several putative functions for this protein in the responses of 
leech nervous tissue: (i) a role as an oxygen supplier for metabolism, (ii) a role as a trap 
for reactive oxygen species and NO, protecting cells from cell death and (iii) a role as 
an antibacterial factor depriving bacteria of iron.28

The data from these initial studies of the effects of bacterial toxins show that the 
leech CNS is able to respond in an intrinsic manner to a septic stimulus, mounting a 
��	��������	���	�
���	{����	������������
��	�������	�������	���	����	��
���	�������
be essential to fully understand the mechanisms involved, but some candidates can be

��
��	�������	������������	�
���	������	����	����������������|�	�{��¦~¥�|�~�������		���
rearrangements potentially responsible for morphological changes, cell migration, 
�	���������������������®���
�������������|��~������������������
��������������|���~�������
signalling and (iv) unfolded protein response controlling the functionality of proteins 
affected by the stress generated by the sepsis. The involvement in innate immunity of 
���	�
���	�������
���	��������	���	���	����	���	�	����
�	��������		���	�����	�����
transcriptomic studies, but at the peripheral level and not within the nervous system.29,30

Moreover, the protein families involved in the immune response of the medicinal leech 
nervous system appear to also be involved in nerve regeneration, as shown by Blackshaw 
et al, also in the medicinal leech31 (discussed above) and by Perlson et al in l Lymnaea
stagnalis32 (Table 1).

These observations suggest certain parallelism between CNS defence mechanisms 
������$��	�	�	�������	��������	�
���������������	������	�	�������	��������������
��������
�	���	������		��	�{���������������	������������������	�����������		�����
be necessary but highly regulated in the CNS during regeneration through cannabinoids 
as we previously demonstrated.22,33-36 Interestingly, evidences that microbial infection 
triggers the leech brain regeneration (Fig. 3) has led us to perform some biochemical
studies focused on antimicrobial peptides present in the leechCNS and expressed in course 
of infection or trauma. Two novel antimicrobial peptides, Hm-lumbricin and neuromacin
have been fully characterized.37 Neuromacin and Hm-lumbricin exert bactericidal activities
against Gram positive bacteria without any haemolytic properties.37 We have observed 
that in addition to exert antimicrobial activities, Hm-lumbricin and neuromacin have
regenerative effects on the leech CNS.37 The capacity of both peptides to promote the 
regeneration of the leech nerve cord was tested ex vivo by adding the neuromacin and/or 
Hm-lumbricin antibody(ies) to axotomized nerve cords in presence of killed bacteria.37

Due to the presence of bacteria, the reconnection process should have started two days 
post-axotomy. It appeared that the presence of antibodies in the culture medium blocked the
regeneration process since no reconnection was observed even seven days post-axotomy.37

These observations were corroborated by the data obtained by adding native neuromacin to 
axotomized nerve cords under aseptic conditions. Nerve repair was evident sooner in the 
presence of neuromacin, reconnection starting in less than one day instead of four without 
an exogenous contribution in neuromacin.The participation of endogenous neuromacin 
and Hm-lumbricin in the neural repair is sustained by the accumulation of both peptides 
at the lesion site upon bacterial challenge of injured nerve cords.37 Further investigations
based on single cell RT-PCR analysis and on immunohistochemical analysis of a model,R
developed by our group, of leechCNS almost completely devoid of microglial cells allowed 
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Table 1. Similarities between proteins involved in innate immunity within invertebrates
and those involved in central nervous system regeneration within Lophotrochozoaria, 
����	����	�����
���	����������������
�������

�����	�

Immunity Leech CNS
Leech  

Periphery
Insect  

Periphery

Cytosk. ��������	����
IF

Tropomyosin TT
gliarin

TropomyosinTT -2 
Actin-2

Myosin II reg. 
light-chain 
Actin 5C

Calcium Calcium sensor NCS-2/Neurocalcin Calmodulin, 
sarc. CaBP1

Metabolism AA/nt me-
tabolism Energy 
Others

AA dehydrogenase 
ATP synthase 
� subunit Acetyl 
transferase

Aldehyde 
dehydr.

Aldehyde 
dehydr. 
ATP synth. 
� subunit

Hsp and  
chaperones

Cyclophilin/PPI 
PDI

Cyclophilin PDI PPI FK506-BP-PPI, 
Cyclophylin 
PDI (ERp60), 
CaBP1-PDI

Metal- 
oxidation

Resp. molecule 
Others

Neurohemerythrin Hemocyanin 
Thioredox., 
Transf., ferritinTT

Regeneration Leech CNS Mollusc CNS

Cytosk. ��������	����
IF
Microtubules

Protein 4.1 
Synapsin 
�- and �-tubulin

TropomyosinTT
���	��	����	����	���
TubulinTT

Calcium Calcium sensor 
Others

Calmodulin-like Calmodulin, Calbindin
Calpain

Metabolism AA/nt metabo-
lism Energy ATPase inhibitor

Glutamine Synthase
ATP Synthase

Hsp
and 
chaperones

Cyclophilin/PPI
PDI
Others Hsp90

Cyclophilin
PDI
Hsp60, 14-3-3

Metal-
oxidation

Resp. molecule
Others

Myohemerythrin
COX I

Peroxiredoxin, Ferritin

AA, aminoacyl; ATP synth., ATP synthase; calcin., calcineurin; CNS, central nervous system; COX 
�����������	���	��¢�����
�{������
����¢��	����{���	������	���	¢��������	��	����	����	���¢����
neurotransmitters; phosph., phosphatase; PK, protein kinase; PPI, peptidyl-prolyl cis-trans isomer-
ase; sarc., sarcoplasmic; reg, regulatory; resp. molecule, respiratory molecule; Transf, transferring.TT
Used with permission from Vergote D et al. Proteomics 2006;6(17): 4817-25.
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Figure 3. Effects on nerve regeneration of exposure of excised leech CNS to live or heat-killed bacteria
(A) Diagram of the leech CNS in culture preparation. Neuron cell bodies (N) within ganglia (Gg) project 
axons into connectives (co) towards adjacent ganglia. V indicates the location of the cut of one of the 
two connectives linking two segmental ganglia. Microglial cells, evenly distributed in the nerve cord, are
�	
�	�	��	���������{�'�	��	����������	�����
���	��	����������������
��	�|��~{����~�$	��	�������������
����
taken 24 hr apart, from one (J1) to eight days (J8) post-axotomy, documenting the regeneration of the
severed connective nerve. B) Preparation in sterile culture medium, (C) incubated with live bacteria and 
(D) incubated with killed bacteria. Used with permission from Schiskorski et al. J. Immol 2008;181(2):
1083-95. ©2008. The American Association of Immunologists, Inc.
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us to conclude that the presence of both Hm-lumbricin and neuromacin at the axotomized 
site implicates peptide production by neurons and by the microglial cells recruited at the 
lesion site.37 However silencing studies have not allowed connecting such antimicrobial 
peptides with HmTLR1 receptor. Moreover, although bacteria cocktail enhance leech
brain regeneration, Muramyl DiPeptide (MDP) blocks microglia migration (Fig. 4) which
is line with the data obtained on macrophages migration, also inhibited by MDP.38,39

'��	�����	��	�����	�	���������������	������	���	������	�		������������������	�

�	�	��	�����
	������	�������	�	
���������	�	��	�{�'�	��	�����	
������	��������	���������
of these receptors and effectors contained in leech brain. For this purpose, we started by 
in silico analyses through medicinal leech adult EST obtained by a consortium between 
Professsor E. Macagno, Professor Terry Gaasterland and Professor Michel Salzet. 91,233 
transcripts were obtained from Genoscope (France) and JGI (USA) before annotated and 
31,232 sequences were obtained.8

Figure 4. Effects on the recruitment of microglial cells of exposure of injured leech CNS to Muramyl
DiPeptide (MDP). A) without addition of MDP to the medium culture, an accumulation of microglial
cells is observed by nuclear staining at the injured site of both lesioned lateral (B) and interganglionary 
connective (C). (A
, B
, C
) This cell accumulation is not visible anymore post treatment with MDP.
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Leech Brain Immune Receptors and Effectors

Medicinal Leech Toll-Like Receptors (HmTLRs)

Five medicinal leech Toll-like receptors (TLRs) have been detected, one has already been 
�����������	���	������������������	����	����	����	���	�����{�'�	������HmTLRcharacterized R
is presented in Figure 5.40 TLRs in general, share similarities in their extracellular Leucine 
Rich Repeat (LRR) and their intracellular R Toll/IL-1Receptor (TIR) domains. R The TIR domainR
plays a central role in TLR signaling. R All TLRs contain a cytoplasmic TIR domain, which, R
upon activation, acts as a scaffold to recruit adaptor proteins. It is well established that the
����	�	������	������	���������
��������'�?��
�����	��������������������������
	��������

Figure 5. Structure comparison of HmTLR1 and Protostomian and Deurterostomian TLRs.40 SMARTTM

sequence analysis of the Nterminal part of HmTLR1 revealed the presence of one LRRNRR T followed by
six LRRs. HmTLR1 presents the originality to exhibit an array of LRRs capped by one LRRNRR T only. By
�����������������'�?���	�����	��������	��	����	�������	��	����	���
	��	�������??�'����������	�	���	����	��
from the analysis of the ectodomain of HmTLR1. Blastp analysis was realized on the entire amino acid 
sequence of HmTLR1. Data reveal great homologies mainly with TLR13s characterized in vertebrate species
such as the mouse Mus musculus and the opossum Monodelphis domestica and in a lesser extent with 
'�?�� ��� ������� ������ ��� ��	�����	�� ����� ��� ��	� �	���� ���� Danio rerio�� ��	� ������ Carassius auratus,
the salmon Salmo salar or again the rainbow trout r Oncorhynchus mykiss. No homology with molecules
��	����	�� ��� ���	�� �
������������ ���� �����	�{� �� �	����� ��	
�� ����
� �������� ��� ��	� �??� ���� ��	� '�?�
domains of HmTLR1 were performed separately, in order to get information on the function and the
signalling pathway associated with this receptor respectively. The LRR domain of R Hm'�?�� ������������
(e-values � e-12) matches with the sequences of LRRs implicated in (i) pathogen recognition such as the 
LRR domain of theR TLR3 and those of some Variable Lymphocyte Receptors (VLRs) and (ii) with the
LRRs of vasorin, decorin and netrin known to participate in tissue remodelling and/or axonal guidance in
vertebrates. Thus, both regenerative and immune functions could be attributable to this receptor. Concerning 
the TIR domain of R HmTLR1, Blastp analyses evidence a great percentage of homology with the TLR13. 
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to the TLR-signalling pathways. Among these adapter proteins MyD88 and TRIF are 
now considered as the signalling ones and hence the TLR pathways can be categorized R
as MyD88-dependent and TRIF-dependent. The LRR domain is an extracellular domain R
implicated in the detection of pathogens. Based on the organization of the extracellular LRR
array, two types of TLRs have been described. Vertebrate TLRs have an array of LRRs
capped by cysteine-rich domains located at the N- and C-terminal LRR domains (R LRRNRR T
and LRRCT, respectively). By contrast, most of invertebrate TLRs also contain LRRNRR T and 
LRRCT domains, but instead of capping the LRR array, these are located within the array R
in a tandem orientation. Interestingly, leech HmTLR1 presents the originality to exhibit an 
array of LRRs capped by one LRRNRR T only sharing sequence similarity with mouse TLR3. 
Based on EST medicinal leech sequence and Helobdella genome, four other HmTLR hasR
been detected and their complete characterization is now in progress.

Figure 6. Co-appearance of Hmp43/EM// APII (Green) and HmTLR1 (Red) in the injured CNS incubated 
or not for 6 h with killed bacteria. Double staining of injured nerve cords was performed at t � 0 and t 
� ¦���
������������������ ��	�����	��	������	�����	�=�	���������¡� |����� ���� �~����������� ��	������
��®
EMAPII (A, D and G) and the anti-HmTLR1 (B, E and H) polyclonal Ab. Immunodetection was performed 
using green-labelled anti-EMAPII and red labeled anti-HmTLR1 secondary Ab. The results demonstrate an 
accumulation of Hm-EMAPII (G, g) and HmTLR1 (H, h) at the lesion site 6 h after axotomy in the presence
of bacteria from reference 40. Used with permission from Schiskorski et al. J. Immol 2009;183(11): 7119-28. 
·��� {� '�	� ��	������ ������������ ��� �������������� ���{� �� ����� �	������ ��� ����� ����	� ��� ������	� ���
www.landesbioscience.com/curie.
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We recently demonstrate that HmTLR140 is localized in both neurons and microglia 
and expressed upon septic trauma (Fig. 6). HmTLR1 is co-expressed with a cytokine 
related to the Endothelial Monocyte Activating Polypeptide (Hm(( EMAPII) sharing
��	�����������	����������|���{�¦~{�'�	����
	�	�������	����������������
���
�����	��
���	��	����������	����	����	��������������	�����������������������	��		� HmTLR1 
and mammalian TLR3.

HmTLR1 and the Leech Cytokine (EMAPII)

Functional studies using silencing studies have not allowed connecting such
antimicrobial peptides with HmTLR1 receptor. By contrast, a cytokine sharing microglia 
chemoattactant activity recently characterized by our group in the medecinal leech e.g., 
HmEMAPII,40 shown based on RNRR Ai silencing qPCR, western blot experiments (Fig. 7)
and biological tests an association to HmTLR1.40 HmEMAPII is processed from Hmp43 
like mammals EMAP II. We hypothesized that HmEMAPII could exert a chemoattractant 
effect on microglial cells as mammalian EMAPII does on monocytes. The chemoattractive 
effect of HmEMAPII is blocked when an antihuman EMAPII antibody underscoring for 
��	���������	���	��������������&������	�	�����	���������	��	��������������������	��
through CXCR3.40 Leech CXCR3-related receptor cloning is on the way. These data 
points out that Hm'�?��������	�����		������&����������	��������	���������	���������	�
function to a TLR in a nonecdysozoan model R i.e.,in an invertebrate model different from 
Caenorhabditis elegans and Drosophila melanogaster.

�� ���	��	��� ��	�	�������	�	��� ����� ��	��	������� 		���	�
�	�� HmTLR related to R
���������'�?{�'�	�������	�	
�����������	���	������	�����������	�������������������
HmTLR1 is linked to the cytokine related to EMAPII which exerts chemottractive effect 
���	�������������������
���
�����	�����	��	{�����	�	�������������������	���������	���	�
presence of a complete TLR-signalling-Cytokine pathway implicated in immune response
����	�������		����	����������	�{�$�������
	���������
�	�	��������������	�	�����
again a co-evolution between the medicinal leech and its host mammals. It has also to be
noted that such mechanism conservation is in line with a common origin of nervous system 
centralization between annelids and vertebrates as shown in the polychaete, Platylnereis
dumeriliis.41-43 Thus, the data presented above indicate that major players in innate immune 
response like danger sensing receptors coupling to cytokines or antimicrobial peptides and 
microglia are present in leech and strongly resemble that in vertebrates.

THEROMYZON TESSULATUM AS A MODEL FOR STUDYING

THE PERIPHERARR L IMMUNE RESPONSE

T. tessulatum is an ectoparasite of aquatic birds. Its life cycle was arbitrarily subdivided 
��� ����	�� |��	�	� ��	����� ����� ����	�~��	��	����� �������� ��� ������������ ��	� ���		������
meals. The third stage which corresponds to the gametogenesis phase is characterized by 
�����
����������	���
���	����������	���	�����������	�����������	����|���{�¡~{����������
reason, T. tessulatum constitutes a convenient model for studying the antimicrobial response
���������	��
��	������	�����	����	�	������	���������{44 As a comparison, the medicinal 
leech has a parenchymatous body, coelomic cavities are reduced and the botryoidally tissue
������	��	�����������	����	������	{�'�������	����	���	�����������	�������������
�����	{
The antimicrobial response of T. tessulatum was investigated at the molecular level by 
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Figure 7. Impact of the HmTLR1 gene silencing on induction of the HmP43/EMAPII gene in the
		�����$� �������	�����������	���{��~�'�	�	����	������� ��	�����������������������	������	�������
the level of HmTLR1 expression in nerve cords incubated with or without dsRNA. Data are expressed 
as relative levels comparatively to the basal level of expression measured in nerve cords processed 
immediately after sampling (0 h). HmTLR��	�
�	�����������������	�����	��¦ ����������	�������������	���
(6 h) or with a mix of heat-killed Gram� and Gram- bacteria (6 h � bact), revealing an induction of 
HmTLR1 gene under septic conditions. The bacterial induction of HmTLR�� ��� ������������ �	���	��
when the CNS is incubated for 4 days with HmTLR1-dsRNRR A (B) Western blot analyses of HmTLR1
protein level in the same conditions as for Figure 1. Best protein extinction is observed at 4 days (4d) 
��� ����������� ����� �
	����� ��?��� ���������� ��	� 	����	���� ��� ��	� ������ ����� ���� ��	� �
	�������� ���
the anti HmTLR1 antibody. d, day (C) HmTLR1 gene silencing abolished the bacterial gene induction 
of HmEMAPII observed in the control (without dsRNA HmTLR1), indicating a role of the HmTLR1 in
the gene regulation of this cytokine in the leech CNS under septic conditions.40
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��������������	��������������
	
���	��|��&�~��		��	�������	���	�������������������	
cellular level by determining the immune functions of the coelomocytes.

AMPs of T. tessulatum

Three antimicrobial peptides (AMPs) were isolated and fully characterized from 
��	��������������T. tessulatum. These are theromacin, a cysteine rich AMP exhibiting 
bactericidal activities, theromyzin an anionic peptide with bacteriostatic properties44 and 
peptide B an anionic peptide matured from a neuropeptide precursor, proenkephalin A
(PEA).45 They all present an activity directed against Gram positive bacteria. Recently,
a cDNA encoding a peptide presenting high percentage homologies with lumbricin-1,
�����&��������������	���	�� ����� ��	�	�������� Lumbricus rubellus was cloned in
T. tessulatum (Fig. 9).

Theromacin belongs to the cysteine rich AMP family. In invertebrates, most of 
��	������	���	�������	������������	����	��®������
����	�	����{46 In addition to having
ten cysteine residues instead of six, theromacin does not harbor this consensus sequence.
Theromacin by contrast with neuromacin (see before) has never been evidenced in other 
lophotrochozoan models or in ecdysozoan and thus seems to be restricted to leeches.

�����������������	���
	
���	�������������
���������������������������{������	
majority of AMPs described in the literature, theromacin and lumbricin possess a global
positive charge presumably allowing their interaction with the negatively charged 
bacterial membrane (Fig. 10).

Theromyzin and peptide B, in contrast to theromacin and lumbricin, are anionic
molecules. The mode of action of anionic AMPs is still unknown even if several
hypotheses have been advanced. In vertebrates, AMPs with anionic properties were
evidenced in the human and the sheep lung47 AMPs are anionic because of homopolymeric 
regions of aspartate and require zinc as a cofactor for bactericidal activity.48 Histatins, 

Figure 8. Life cycle of Theromyzon tessulatum from reference 61.
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a family of histidin rich AMPs found in human saliva, also need the presence of zinc 
ions for bactericidal activities. Circular dichroism studies showed that the antimicrobial
activities of histatin-5 require a conformational change that results from the interaction 
of the peptide with both zinc ions and negatively charged membranes.49 The abundance 
of histidine residues at the N-terminal part of theromyzin could argue in favor of some 
common structures between the leech antibacterial peptide and histatins.

Figure 9. A) Nucleotide sequence of Theromyzon tessulatum lumbricin cDNA. The deduced amino acid 
sequence of the open reading frame is presented under the nucleotide sequence. B) Alignment of the 
Tt lumbricin (t Lum T.t.) with the lumbricins characterized from the earthworm Lumbricus rubellus (Lum
L.r.) and from the medicinal leech Hirudo medicinalis (Lum H.m.). 

Figure 10. AMPs characterized in T. tessulatum from the coelomic liquid.57
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Consequently, it clearly appears that leeches present a relatively large variety of AMPs.
It is interesting to remark that at present no defensins have been isolated from leeches 
and from annelids in general. Defensins which are considered as the most widespread 
family of invertebrate AMPs have not been found neither in the genomes of the leech
Helobdella robusta ant the polychaeta Capitella nor in the EST libraries of the earthworm 
Lumbricus terrestris, Eiseinia fetida and Hirudo medicinalis. Reciprocally most AMPs 
described in annelids have not been found in the genomes of ecdysozoan invertebrate 
such as C. elegans and Drosophila melanogaster.

Expression Site and Regulation of the AMPs Synthesis in T. tessulatum

Theromacin, theromyzin and Tt lumbricin genes are preferentially expressed in 
large fat cells (LFC) evenly distributed in the leech and in contact with the coelomic 
�������������������	���&���	�	�
����	�{�'�	�����������
������	�	����	�����	�����	��
bacteria challenge evidencing a regulation of the leech AMPs similar to that of the insect 
�������������
	
���	���	�	�{����		��������	������������	�	��	�������������������
	
���	�
are rapidly induced following a septic injury.50 The similarity between the antibacterial
response of the leech and those of holometabol insects is also supported by the functional
resemblance between the leech LFC and the insect fat body which possess the common
capacity to produce egg-yolk proteins.51

���	��	������	�����������������	�������������������	�	��	�����	�	�	�
�	�������������	��	��
after Gram positive or Gram negative injection suggesting that the antibacterial response
of Theromyzon������
	����{�'��������
	�����������������		�������	�����Drosophila until a
the work of Lemaitre et al demonstrated that the humoral antimicrobial response of the l
��������������������	���	��		��������������	����������������������������������	�
���	�
that is adapted to the infection.52 That suggested that in a more natural mode of infection
��	�		���������������
��������������������	�
���	������������	�	����������	���������
annelid models by using bacteria living in the environment of the leech.37

The peptide sequences deduced from the theromacin and theromyzin genes contain
putative signal peptides, indicating that mature peptides correspond to secreted molecules. 
As for the lumbricin like characterized in the medicinal leech, the Tt lumbricin precursor t
lacks the typical signal peptide. We assume that Tt lumbricin as demonstrated int Hirudo
could be secreted through a nonconventional mechanism already observed but still 
unexplained for several molecules in mammals also.

Peptide B is not produced by the LFC although it was also isolated from the body 
����������	�		��{�����
�	��������&���������������	�	��	��������������������	������	�
suggesting that peptide B could be released from these cells. In contrast to the other leech 
AMPs, the production of peptide B seems to be more regulated at the translational level 
by the enzymes implicated in the PEA processing than at the transcriptional level. Of
	������
������	������	�������������	��	
��������������	��������	��	
������|��~�����
peptide B are simultaneously released from PEA. Invertebrate and vertebrate immunocytes
contain delta 2 opioid receptors that appear to mediate activation of these cells. In this 
regard, ME can be envisioned to activate immunocytes and provide a chemotactic signal
to further stimulate cell recruitment.

However, since this process may take many minutes to accomplish, the bactericidal
peptide B may cover this activation latency period. In this scenario, peptide B is broken 
down with time, it could release during this time, the heptapeptide MERF. Since we 
demonstrated that this peptide was able to interact with delta 2 opioid receptors, MERF
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could keep the rate of immunocyte activity.45 This hypothesis is supported by previous
studies demonstrating an immune activating role for MERF in human and invertebrate
immunocytes. MERF as well as ME was shown to induce rounded invertebrate immunocytes
to become mobile and amoeboid as well as to initiate chemotaxis. (Fig. 11).

Whatever the mode of regulation is, the accumulation of AMPs into the coelomic 
��������	���	
������"��������	�����������	�	�
	
���	��
�����	������������������������	��
through a systemic action. Moreover the presence of theromacin and theromyzin in
the intestinal epithelial cells and at the epidermis level also evokes participation in
epithelial defense and/or in the control of the symbionts. The localization of antibiotic 
molecules in gastrointestinal tract has also been reported in insects and in vertebrates 
where they provide a rapid local immune response against exogenous pathogens brought 
in during feeding.53 Theromacin, lumbricin and theromyzin were detected in the mucous
covering the animal. That reminds the local defensive response reported in frogs in 
which antibacterial peptides secreted in the mucous prevent bacteria colonization and/
or subsequent infection.54

As for lumbricin-1 in L. rubellus, physiological events occurring during
gametogenesis phase appeared to be inducers of the AMPs gene expression in T.
tessulatum. These data suggest that several hormonal factors implicated in sexual
maturation may participate in the induction of genes encoded AMPs in annelids as 
described in Drosophila by Meister et al.55 Interestingly, leech AMPs were detected 

Figure 11. Illustration for the involvement of PEA derived peptides in the immune response of 
T. tessulatum. Upon an initial stimulus, i.e., bacterial challenge, smaller bioactive peptides Met enkephalin 
|��~�����
	
���	���
���	��	���������	�	���	����	��¸&�����&��������	��		��	���������	���	����������
of the leech. Peptide B plays its antibacterial role and is cleaved in a second time into Met enkephalin
arg phe (MERF) which as ME does, can recruit coelomocytes.
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�����	�	�������������
	�����	��������������	�	�����	���������
����	�	�������
��	��
by RT-PCR (Fig. 12).

These results suggest a vertical transmission of the PAMs which could exert a 
protective role against bacteria during eggs development. AMPs may accumulate into 
��	�	��������	������
���	���������	�������������� ��	�����	�� ���������
�����������
mechanism before laying as described for egg yolks proteins and/or from the mucous 
covering the eggs after laying. A mass corresponding to ovohemerythrin, an egg yolk 

���	�������������
�	�	���������	�		������������������	�	��	�����������
	�����	���
�����������	����	����������

���������	��������
���	������������	����������	��	�����
one since AMPs were also detected in the mucous covering the leech. The study of 
the gene expression in course of the post-embryonic development demonstrated that 
T. tessulatum starts to synthesize its own AMPs from the Stage 1 of its life cycle and 
that a bacterial challenge is necessary for observing this synthesis. Indeed, a basal level 
of transcripts encoding theromacin and theromyzin was detected in unchallenged Stage
3 leeches only. We presume that AMPs are expressed at a basal level in adults for 
providing an immune protection to the eggs by a vertical transmission of the antibiotic
molecules. By contrast, a bacterially inducible response is observable from the Stage 
1 to the Stage 3 suggesting that leeches acquire the ability to establish an immune 
�	�
���	����	����	��������������	��|���{���~{

Consequently, T. tessulatum is an original invertebrate model which has developed 
�������	����������������	������������&�¥�|�~�������	������������	����
	
���	��	���	��

Figure 13. A) Table presenting the detection of transcripts coding for theromacin and theromyzin in 
leeches pricked or not with a mix of bacteria, at different stages of their life cycle. B) Northern blot 
showing that the theromacin gene expression is inducible upon bacteria challenge in Stage 2 leeches
and after the last blood meal which marks the transition between the Stage 2 and 3.
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�����&��������		��	���� ��	�
	
���	� ����� ��	���	�������������	�� �����	����	��	�
(ii) induction after septic injury of gene coding for more classical AMPs, mainly in LFC
������
����		��	��������	����������������	������������
	
���	�{��������	��	�����������
group (unpublished) suggest that the same AMPs participate to the systemic antimicrobial
response of the medicinal leech, Hirudo medicinalis. Interestingly, the PEA processing 
appeared to be very well conserved in course of evolution since we have demonstrated 
that the same mechanism is observable during surgery in human patients undergoing 
cardiopulmonary bypass.56,45

The Cellular Immune Response

Annelids are primitive coelomates known to possess specially developed cellular 
immunity against microorganisms including phagocytosis, encapsulation and spontaneous
cytotoxicity against allogenic or xenogenic cells.57,58 In leeches, our group has characterized 
three distinct populations of coelomocytes in T. tessulatum (Fig. 14).

Figure 14. Coelomocytes of T. tessulatum. A) Large coelomocytes present large electron-dense 
granules (white arrow) and electron-lucent vesicles (black stars). B) Intermediate size coelomocytes
show long cytoplasmic pseudopods (black arrow) and large electron-dense granules (white arrow). 
C) Small circulating cells are rich in endoplasmic reticulum and small granules. D-E) Animals were 
injected with FITC-labelled bacteria (killed M.luteus or E. coli). After 24 hours of incubation, bacteria
are still observed near chloragocytes (D, white arrow) but phagocytosed bacteria are observed in granular 
amoebocytes only (E, white arrow).
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These are constituted by chloragocytes, granular amoebocytes and small
coelomocytes.30 Leech chloragocytes are the only cells expressing both the Tt cathepsin t
L and the Tt cystatin B. Granular amoebocytes present an immunoreactivity to the anti t
Tt cathepsin t L antibody (Ab) although the small coelomocytes are not recognized by 
neither the anti Tt cathepsint L Ab nor the anti Tt cystatin Bt Ab. The immune functions 
were investigated by essentially focusing on the phagocytic activity and the migrating 
property of these circulating cells. As resumed in the Figure 14, the granular amoebocytes 
are able to migrate to the injection site of microorganisms and to phagocyte without any
apparent distinction both killed Gram positive and Gram negative bacteria. The molecular 
mechanism of recruitment may imply enkephalin peptides derived from the PEA maturation
process, such as ME or MERF. By contrast, leech chloragocytes are not able to phagocyte 
bacteria. However, while no phagocytosis was detected, confocal microscopy analysis 
evidenced chloragocytes-bacteria interaction suggesting the presence of recognition 
molecule expressed at the surface of these cells (Fig. 14D). Leech chloragocytes may 
also be implicated in encapsulation reactions as described in oligochaeta annelids. The 
third type represented by the small coelomocytes presents the morphology of invertebrate 
hyaline cells i.e., a cytoplasm deprived of granules. However the leech cells have been 
considered not to be hyaline cells due to their incapacity to phagocytose killed bacteria. 
Interestingly, our group has very recently observed that the use of live bacteria was a 
prerogative for inducing the phagocytosis process in a population of leech blood cells. 
Thus, the small coelomocytes should be incubated with live bacteria to determinate 
whether they could be assimilated to hyaline cells or not.

This heterogeneous population of coelomocytes reminds the population described 
in other annelids. Numerous studies performed in oligochætes as Lumbricus sp. and 
Eisenia sp59 used optical and electron microscopy. Although monoclonal antibodies 
were carried out against various invertebrate taxa, the majority of the studies related 
to insect hæmocytes. De Eguileor et al���	����	�����		���	������	�
�
����������{	{�l
macrophage-like, NK-like and granular cells, using human monoclonal antibodies in the 
hirudinea Glossiphonia complanata.58 Engelmann et al produced monoclonal antibodiesl
against coelomic cells inEisenia fetidaearthworm.60 While anti-EFCC1 antibody (Eisenia((
fetida coelomocyte differentiation cluster) is able to recognize antigenic motifs on various
tissues, three other antibodies named anti-EFCC2, anti-EFCC3 and anti-EFCC4 allowed to
respectively discriminate chloragocytes, hyaline amoebocytes and granular amoebocytes.60

Because oligochætes and leeches are closed relatives, it should be interesting to test these 
anti-EFCC antibodies for discriminating our coelomic cells and possibly identify the 
presence of phagocytic hyaline cells in T. tessulatum.

Unlike other invertebrates, one of the particularities of annelids is to possess a 
closed circulatory system separated from the coelomic cavity. Our group is investigating 
the immune function of the circulating blood cells of the medicinal leech. Most of the 
reported data being focused on coelomic cells, the obtained results will constitute the 
������	����
����������	���������������	�������	�����������	��{����	��	������	���	�		���
central nervous system permanently baths into the blood, these data may open up new 
avenues for discovering the impact of the immune response on the neural repair of the 
medicinal leech.
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CONCLUSION AND PERSPECTIVES

The observations we have reviewed in this chapter attest to the broad range of inquiry, 
from structure to function, and to the breadth of the techniques currently employed to study
the defence, repair and maintenance of the leech nervous and immune systems. Clearly, 
the increasing application of biochemical and molecular genetic tools is beginning to yield 
insights into the nature of the molecular mechanisms responsible for these phenomena.  
But, while progress is being made, it is also clear that there is a strong need to accelerate 
the implementation and application of genomic, transcriptomic and proteomic tools to 
the leech. The leech model has many important advantages, perhaps the most important 
being the ability to bridge from the immune response to neural repair, in the context of 
having, or the possibility of having, detailed knowledge about all the neurons in the CNS 
and thus an unparalleled level of completeness. Most other invertebrate systems, as well as
all vertebrate systems, under current study, can only afford partial, because many or most 
of their neurons are inaccessible and only population properties are attainable. However, 
other systems, including C. elegans, Drosophila���	���������������	����	�������	���
�	�	����������	�
�����������������������������	�	��������	��������	���	
��������	����	��
(particularly in comparison to Hirudo, not as much with respect to small leeches like
Helobdella), and the availability of the complete sequence of their genomes. Nonetheless, 
the ability to conduct systems level functional studies, and the possibility of relating the 
physiological programs to genetic programs that encode the underlying circuitry and its 
properties, the capacity of the system to defend itself,  regenerate and repair, and the
availability of reverse genetic tools to study gene expression and regulation, all strongly 
justify continuing and enhancing our efforts to understand neuroimmune responses in 
the leech.

ACKNOWLEDGMENTS

'���� ����� ���� ��

���	�� ��� ��	� �	���	� �������� �	� �� ?	��	���	� $��	������	�
(CNRS), the Ministère de l’Enseignement, de la Recherche et des Technologies (MERT) 
and the Genoscope.

REFERENCES

1. Bely AE, Weisblat DA. Lessons from leeches: a call for DNA barcoding in the lab. Evol Dev 2006; 
8(6):491-501.

2. Borda E, Siddall ME. Arhynchobdellida (Annelida: Oligochaeta: Hirudinida): phylogenetic relationships 
and evolution. Mol Phylogenet Evol 2004; 30(1):213-225.

3. Kaigorodova IA, Shcherbakov D. [Molecular phylogenetic study of the systematic position of Baikalian 
oligochaetes in the system Clitellata]. Genetika 2006; 42(12):1647-1655.

4. McDougall C, Hui JH, Monteiro A et al. Annelids in evolutionary developmental biology and comparative 
genomics. Parasite 2008; 15(3):321-328.

5. Pfeiffer I, Brenig B, Kutschera KK U. Molecular phylogeny of selected predaceous leeches with reference to 
the evolution of body size and terrestrialism. Theory Biosci 2005; 124(1):55-64.

6. Utevsky SY, Trontelj P. A new species of the medicinal leech (Oligochaeta, Hirudinida, Hirudo) from 
'����������������������	������������	��������	��	����=�����{�&��������?	������¢� ¡|�~¥¦��¦¦{

7. Trontelj P, Utevsky SY. Celebrity with a neglected taxonomy: molecular systematics of the medicinal leech
(genus Hirudo). Mol Phylogenet Evol 2005; 34(3):616-624.



103LEECH IMMUNITY: FROM BRAIN TO PERIPHERAL RESPONSES

8. Macagno ERGTE L, Bafna V, Soares MB et al. Construction of a medicinal leech transcriptome database
���������

�������������	���	��������������		���������������	�������������	������	��	�	�{����
Genomics 2010; In press.

9. Salzet M, Capron A, Stefano GB. Molecular crosstalk in host-parasite relationships: schistosome- and 
leech-host interactions. Parasitol Today 2000; 16(12):536-540.

10. Macagno ER. Number and distribution of neurons in leech segmental ganglia. J Comp Neurol 1980;
190(2):283-302.

11. Sawyer RT. Leech biology and behaviour. Clarendon Press, Oxford, England 1986; I, II, III.
��{��������ª£��=	�����	��#£{�£��������������
�	����������������	����	��		����	����	����������	¥����	��	�{

Q J Exp Physiol 1989; 74(7):965-973.
13. McGlade-McCulloh E, Morrissey AM, Norona F et al. Individual microglia move rapidly and directly

to nerve lesions in the leech central nervous system. Proc Natl Acad Sci USA 1989; 86(3):1093-1097.
14. Shafer OT, Chen A, Kumar SM etKK al. Injury-induced expression of endothelial nitric oxide synthase by

glial and microglial cells in the leech central nervous system within minutes after injury. Proc Biol Sci
1998; 265(1411):2171-2175.

��{���	�����@�����$���$��	�����	� �{������������	�����	��	����"���������	�������������������������
accumulation in the leech CNS. J Neurosci 2000; 20(3):1036-1043.

16. Arafah K, Desmons A, Vizioli J et al. Crosstalk between the CB2-like receptor and nitric oxide systems in
the injured leech brain: involvement of the endocannabinoid 2AG in microglia recruitment at the injured 
site. J Neurosci 2010; Submitted.

17. Lipitz JB, Arafah K, Zhou X et al. Cannabinoid control of microglia migration to lesions in the leech CNS.
J Neurosci 2010; Submitted.

18. Raborn ES, Marciano-Cabral F, Buckley NE et al. The cannabinoid delta-9-tetrahydrocannabinol mediates
inhibition of macrophage chemotaxis to RANAA TES/CCL5: linkage to the CB2 receptor. J Neuroimmune
Pharmacol 2008; 3(2):117-129.

19. Vannacci A, Giannini L, Passani MB et al. The endocannabinoid 2-arachidonylglycerol decreases the 
immunological activation of Guinea pig mast cells: involvement of nitric oxide and eicosanoids. 
J Pharmacol Exp Ther 2004; 311(1):256-264.

20. Cabral GA, Marciano-Cabral F. Cannabinoid receptors in microglia of the central nervous system: immune 
functional relevance. J Leukoc Biol 2005; 78(6):1192-1197.

21. Walter L, Neumann H. Role of microglia in neuronal degeneration and regeneration. Semin Immunopathol 
2009; 31(4):513-525.

22. Salzet M, Breton C, Bisogno T et al. Comparative biology of the endocannabinoid system possible role in 
the immune response. Eur J Biochem 2000; 267(16):4917-4927.

23. Ehrhart J, Obregon D, Mori T et al. Stimulation of cannabinoid receptor 2 (CB2) suppresses microglial 
����������{�ª��	�������������������¢��¥� {

��{�¯��¤�����������¨�
�	����	� �{�£��������������������������	����	��	����	����	���
���	�����
	�������
expressed in sets and subsets of glial cells in leech central nervous system. J Neurobiol 1999; 
40(2):244-253.

25. Vergote D, Sautiere PE, Vandenbulcke F et al. Up-regulation of neurohemerythrin expression in the central 
nervous system of the medicinal leech, Hirudo medicinalis, following septic injury. J Biol Chem 2004; 
279(42):43828-43837.

�¦{�_	����	�������������?��$��	����	� �{�&���	��	�������������������	��	�������		����	����������	��
under bacterial challenge. Proteomics 2006; 6(17):4817-4825.

27. Morgese VJ, Elliott EJ, Muller KJ. Microglial movement to sites of nerve lesion in the leech CNS. Brain
Res 1983; 272(1):166-170.

28. Deloffre L, Salzet B, Vieau D et al. Antibacterial properties of hemerythrin of the sand worm Nereis
diversicolor. Neuro Endocrinol Lett 2003; 24(1-2):39-45.

29. Lefebvre C, Salzet M. Annelid neuroimmune system. Curr Pharm Des 2003; 9(2):149-158.
30. Lefebvre C, Vandenbulcke F, Bocquet B et al. Cathepsin L and cystatin B gene expression discriminates

immune coelomic cells in the leech Theromyzon tessulatum. Dev Comp Immunol 2008; 32(7):795-807.
31. Blackshaw SE, Babington EJ, Emes RD et al. Identifying genes for neuron survival and axon outgrowth 

in Hirudo medicinalis. J Anat 2004; 204(1):13-24.
32. Perlson E, Medzihradszky KF, Darula Z et al. Differential proteomics reveals multiple components in

retrogradely transported axoplasm after nerve injury. Mol Cell Proteomics 2004; 3(5):510-520.
33. Matias I, Bisogno T, Melck D et al. Evidence for an endocannabinoid system in the central nervous system 

of the leech Hirudo medicinalis. Brain Res Mol Brain Res 2001; 87(2):145-159.
34. Stefano GB,RialasCM, Deutsch DG et al.Anandamide amidase inhibition enhances anandamide-stimulated 

nitric oxide release in invertebrate neural tissues. Brain Res 1998; 793(1-2):341-345.
35. Stefano GB, Salzet B, Rialas CM et al. Morphine- and anandamide-stimulated nitric oxide production

inhibits presynaptic dopamine release. Brain Res 1997; 763(1):63-68.



104 INVERTEBRATE IMMUNITY

�¦{�$�	�����£���$��	�����$��	���{���	����������������������	��������������	�		�����$��������������	�	
���¥
coupling to nitric oxide release. Brain Res 1997; 753(2):219-224.

37. Schikorski D, Cuvillier-Hot V, Leippe M et al. Microbial challenge promotes the regenerative process
of the injured central nervous system of the medicinal leech by inducing the synthesis of antimicrobial 
peptides in neurons and microglia. J Immunol 2008; 181(2):1083-1095.

38. Nagao S, Tanaka A, Onozaki K etK al. Differences between macrophage migration inhibitions by lymphokines 
and muramyl dipeptide (MDP) or lipopolysaccharide (LPS): migration enhancement by lymphokines. 
Cell Immunol 1982; 71(1):1-11.

39. Fukuyama R, Takeda H, Fushiki S et al. Muramyl dipeptide injected into crushed sciatic nerve, activates 
macrophages and promotes recovery of walking locomotion in rats. Restor Neurol Neurosci 1998; 
13(3-4):213-219.

40. Schikorski D, Cuvillier-Hot V, Boidin-Wichlacz C et al. Deciphering the immune function and regulation 
by a TLR of the cytokine EMR APII in the lesioned central nervous system using a leech model. J Immunol 
2009; 183(11):7119-7128.

41. Denes AS, Jekely G, Steinmetz PR etR al. Molecular architecture of annelid nerve cord supports common 
origin of nervous system centralization in bilateria. Cell 2007; 129(2):277-288.

42. Hui JH, Raible F, Korchagina N et al. Features of the ancestral bilaterian inferred from Platynereis dumerilii 
ParaHox genes. BMC Biol 2009; 7:43.

43. Raible F, Tessmar-Raible K, Osoegawa K etK al. Vertebrate-type intron-rich genes in the marine annelid 
Platynereis dumerilii. Science 2005; 310(5752):1325-1326.

44. Tasiemski A, Vandenbulcke F, Mitta G et al. Molecular characterization of two novel antibacterial peptides 
inducible upon bacterial challenge in an annelid, the leech Theromyzon tessulatum. J Biol Chem 2004;
279(30):30973-30982.

45. Tasiemski A, Verger-Bocquet M, Cadet M et al. Proenkephalin A-derived peptides in invertebrate innate 
immune processes. Brain Res Mol Brain Res 2000; 76(2):237-252.

46. Levy F, Bulet P, Ehret-Sabatier L. Proteomic analysis of the systemic immune response of Drosophila.
Mol Cell Proteomics 2004; 3(2):156-166.

47. Brogden KA,Ackermann M,Huttner KM. Detection of anionic antimicrobial peptides in ovine bronchoalveolar KK
����	�����������	�
��������	
���	���{����	����������  ¡¢�¦¦|��~¥� �¡�� ��{

�¡{��	����$��?�����$��$	��	���	� �{�¨�|��) ions selectively induce antimicrobial salivary peptide histatin-5
������	��	�����	�������	���	���	�{���	����������������������	���������������������������������
�	�	���
in the functional domain. Biochemistry 1999; 38(30):9626-9633.

49. Brewer D, Lajoie G. Evaluation of the metal binding properties of the histidine-rich antimicrobial peptides 
histatin 3 and 5 by electrospray ionization mass spectrometry. Rapid Commun Mass Spectrom 2000;
14(19):1736-1745.

50. Hoffmann JA. The immune response of Drosophila. Nature 2003; 426(6962):33-38.
��{���	���ª�������	����$�����������	��{�¤���
���	������		��{���	������������
����������������������	��������

of vitellin and vitellogenin. Eur J Biochem 1991; 201(1):191-198.
52. Lemaitre B, Reichhart JM, Hoffmann JA. Drosophila host defense: differential induction of antimicrobial

peptide genes after infection by various classes of microorganisms. Proc Natl Acad Sci USA 1997;
94(26):14614-14619.

53. Zasloff M. Antimicrobial peptides of multicellular organisms. Nature 2002; 415(6870):389-395.
54. Zasloff M. Antibiotic peptides as mediators of innate immunity. Curr Opin Immunol 1992; 4(1):3-7.
55. Meister M, Richards G. Ecdysone and insect immunity: the maturation of the inducibility of the diptericin 

gene in Drosophila larvae. Insect Biochem Mol Biol 1996; 26(2):155-160.
56. Tasiemski A, Salzet M, Benson H et al. The presence of antibacterial and opioid peptides in human plasma

during coronary artery bypass surgery. J Neuroimmunol 2000; 109(2):228-235.
57. Salzet M, Tasiemski A, Cooper E. Innate immunity in lophotrochozoans: the annelids. Curr Pharm Des

2006; 12(24):3043-3050.
58. Tettamanti G, Malagoli D, Benelli R etR al. Growth factors and chemokines: a comparative functional

approach between invertebrates and vertebrates. Curr Med Chem 2006; 13(23):2737-2850
59. Linthicum DS, Stein EA, Marks DH et al. Electron-microscopic observations of normal coelomocytes from

the earthworm, Lumbricus terrestris. Cell Tissue Res 1977; 185(3):315-330.
¦�{����	�����&��&��ª���	����'�	� �{�����������	������	���	�������������	�	�����������������	���
	����

monoclonal antibodies. Zoology (Jena) 2002; 105(3):257-265.
¦�{�_	��	�������	���������	�����$��	����	� �{��������������	�������	��������������
	
���	������	�����

in compartment 4 of the supraœsophageal ganglion of the leech Theromyzon tessulatum (O.F.M). Can
J Zool 1993; 70:856-865.



105

CHAPTER 6R

INNATE IMMUNITY IN C. ELEGANS

Ilka Engelmann and Nathalie Pujol*
Centre d’Immunologie de Marseille-Luminy, Université de la Méditerranée, Marseille, France 
*Corresponding Author: Nathalie Pujol—Email: pujol@ciml.univ-mrs.fr

Abstract: The nematodeCaenorhabditis elegans is proving to be a powerful invertebrate model
to study host-pathogen interactions. In common with other invertebrates, C. elegans
relies solely on its innate immune system to defend itself against pathogens. Studiesof 
the nematode response to infection with various fungal and bacterial pathogens have
revealed that the innate immune system of C. elegans employs evolutionary conserved 
signalling pathways. They regulate the expression of various effectors molecules,
some of which are also conserved. Here, we summarize the current knowledge of the
pathways and effector molecules involved in the nematode immune response, with
a particular focus on the antifungal immune response of the C. elegans epidermis.

INTRODUCTION

C. elegans is a free-living soil nematode that feeds on bacteria and is therefore
constantly exposed to potential pathogens.1 Like other invertebrates, C. elegans lacks an 
adaptive immune system. In contrast to many invertebrate species, however, C. elegans
does not appear to have specialized immune cells. For example, while Drosophila has 
macrophage-like hemocytes, which engulf invading microbes, the only cells in the 
nematode body cavity, the 6 coelomocytes, do not seem to be capable of phagocytosis
but function as scavenger cells with a high endocytic capacity.2

C. elegans possesses three major mechanisms of defences against microbial attacks:1

Avoidance behaviour: It has been demonstrated that worms are able to distinguish between 
different bacteria. Whereas most bacteria attract C. elegans, some repel the nematode
��������	������������	��	�������{�$���������	����	��	�
���	������	��
	����������	��	��
against the pathogenic strains of a bacterial species (reviewed in ref. 3). Olfactory neurons, 
G protein coupled receptors and the only Toll-like receptor (TLR) in C. elegans, TOL-1, 
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are involved in triggering the avoidance behaviour to pathogenic Serratia marcescens.4,5

Worms can “remember” odours6 and can even learn to avoid bacteria that are recognized as
noxious.7 This discrimination relies in part on pairs of asymmetric chemosensory neurons.8

Their correct development requires a signalling cassette that includes an intracellular 
TIR-domain adapter protein (TIR-1) acting upstream of a p38 MAPK cascade.K 9 This
cassette, which will be described in more detail below, appears also to play a direct 
behavioural role as it has been found to be involved in the neuroendocrine regulation
of serotonin-dependent aversion to Pseudomonas aeruginosa.10,2 The second axis of 
protection against pathogen invasion is a strong cuticle, made of collagen and chitin and 
constituting the exoskeleton of the worm. It acts as a physical barrier that is relatively 
resistant to puncturing. As a complement, the pharyngeal grinder destroys pathogens 
that are taken up during feeding. It prevents live pathogens from reaching the intestine
and establishing an infection. Indeed, mutants with defective grinder function are more
susceptible to infection.11,12,3 The third line of defence involves inducible mechanisms.
These will be the main focus of this chapter. C. elegans possesses a complex inducible 
defence system involving multiple signalling cascades that regulate the production of 
�������������
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ROUTES OF INFECTION

Most of the known pathogens of C. elegans use two main routes of infection,
through the pharynx or the epidermis (Fig. 1). Many Gram-positive and Gram-negative 
bacteria as well as yeast, infect worms upon oral up-take during feeding and establish 
an intestinal infection. They must survive the passage through the grinder to reach the 
intestine, proliferate and establish an infection. In some cases, it has been shown that the 
pathogen destroys the grinder,13 in others it appears that the infectious particles, such as 
the spores of Bacillus thuringensis are resistant to the mechanical action of the grinder.14

Almost all characterised intestinal pathogens of C. elegans remain extracellular, apart 
from Salmonella typhimurium and the microsporidium Nematocida parisii, that have 
been shown to establish intracellular infection in the intestinal cells.15,16

Some pathogenic bacteria and fungi can adhere to the cuticle and infect the C. elegans
epidermis. For example, Microbacterium nematophilum adheres to the anal region of the 
nematode and induces hindgut swelling17 and Leucobacter chromiireducens is capable 
of causing lethal uterine infections18 (Fig. 1). Different fungi that are pathogenic for 
nematodes, including Drechmeria coniospora and species of Haptocillium, produce 
spores that adhere and then penetrate the cuticle and grow into the epidermis (Figs. 1
and 2).19,20 Although some pathogens, such as certain strains of P. aeruginosa, produce 
fast-acting toxins,21 against which C.elegans appears defenceless, in many cases, infection 
provokes an immune response.

PATHOGEN RECOGNITION

'�	��������	
��������������	��	�	��	������	��	���������������	�
�����	�{�����	��	��
structures on pathogens that are not present in the host and thus recognized as foreign,
so called microbe-associated molecular patterns (MAMPs), bind to pattern recognition



107INNATE IMMUNITY IN C. ELEGANS

receptors (PRRs) in many organisms.22 PRRs include peptidoglycan recognition proteins 
(PGRP), Gram negative binding proteins (GNBP), nucleotide-binding oligomerization 
domain (NOD) and NACHT domain proteins.23 Genes encoding proteins of these families
are absent from the C. elegans genome.

One prominent class of PRRs, in vertebrates the TLRs, can sense outer membrane 
components of the bacteria, RNRR A or DNA.22 As mentioned above, the single worm TLR,
TOL-1, is involved in behavioural avoidance of some pathogenic bacteria,4,5 but does 
not seem to play a role in the resistance to several pathogens,5 nor in the regulation of 
certain immune effectors.24 One study showed that tol-1 mutants are more susceptible 
to S. typhimurium infection,25 but it is unclear whether this is due to an involvement 
of tol-1 in a protective immune response or rather due to a defect in cell adherence in
the pharynx of the tol-1 mutant leading to a defect in a physical barrier thus favouring 
pathogen invasion.

TLRs, as well as a number of other PRR families, in both plants and animals, 
share a common domain, the leucine rich repeat (LRR) domain. In a recent study, the
role in host defences of each of the 14 predicted transmembrane proteins with LRR
domains encoded in the C. elegans genome, was assayed. Loss-of-ff function mutants 
in one gene, fshr-1, which encodes a glycopeptide hormone receptor homologue,
were found to be more susceptible to infection by Gram positive and Gram negative 
bacteria. It has yet to be determined if FSHR-1, which is expressed in the intestine, 
acts as a pathogen receptor or rather functions as a positive modulator of the nematode
immune response.26

C-type lectins are carbohydrate-binding proteins that can exhibit very narrow ligand 
�
	�������{� �����������������	���������
	� 	���������	�	�������	�� ��	�� ��� �����	�
immunity. For example, Dectin-1 is highly expressed on macrophages and recognizes 
beta-glucan, a component of the fungal cell wall and thereby acts as a PRR.23 C. elegans
possesses 278 genes encoding C-type lectins, but it is currently unclear as to whether any
of them function as PRRs or rather as effector molecules (see below).

While there is no clear Dectin-1 orthologue in C. elegans, there are a number of 
potential scavenger receptors (SR), another class of protein known to be involved in
pathogen recognition in other species.27 Indeed, there are six proteins homologous to 
CD36 and Croquemort, members of the SR-B family and one well-characterised SCARF
orthologue CED-1. Because of its expression in the intestine throughout development,
one of these, C03F11.3, was suggested a number of years ago to be potentially involved 
in the recognition of microbial molecules.28 A study published last year supports such
an idea, as CED-1/SCARF and C03F11.3/CD36 appear to function in host resistance to
Candida albicans and Cryptococcus neoformans in C. elegans.29 Whether in the nematode
these proteins in fact recognize yeast cell wall beta-glucans and act as PRRs has not been
formally demonstrated.Alternatively, given CED-1’s known function in recognizing dying 
cells during programmed cell death, it might instead recognize damaged host material
and then induce the unfolded protein response (UPR, see below) in an attempt to contain
this damage. So we still do not know whether the worm responds through the detection
����
	��������&��������	��	�	���������	��	���������	��������	�������	�������	
pathogen (so-called danger theory30~��������{��	�	���		������	�������������C. elegans
shows distinct immune responses to different pathogens that infect via the same route and 
have similar levels of virulence,31,32 clearly supports a model of C. elegans �
	������
recognizing pathogens.
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Figure 1. Pathogens of C. elegans and their route of infection. Most known pathogens of C. elegans
are ingested and establish an infection in the intestinal lumen. Certain bacteria produce toxins (*) that 
can kill the nematode. The fungus D. coniospora and the bacteria M. nematophilum adhere to the 
cuticle and infect the nematode via the epidermis. Not all known pathogens of C. elegans are shown.

Figure 2. Fungal infection of C. elegans. (A and B) D. coniospora, (C and D) Haptocillium. (A and 
C) adhesion of the spores to the cuticle after few hours, (B and D) after 2 days fungal hyphae grow 
out of the worm. Scale bars are 10 	m (A), 100 	m (B) and 50 	m (C and D).
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SIGNALLING PATHWAYS INVOLVED IN THE IMMUNE RESPONSE

Even if the manner in which the immune response in C. elegans is initiated has not 
been fully elucidated, several signalling cascades have been described that are activated 
�
	�����������	������
�����	���|'��	��~�����	��������	�
�������������	��	�������	��	�
which have the potential to destroy pathogens.

Table 1. Summary of the major signalling pathways in the C. elegans Immune System 
(updated from ref. 86)

Pathway Tissue Components Homologues References

p38 MAPK Epidermis GPA-PP 12, RACK-1 G protein subunits 82
EGL-8, PLC-3 Phospholipase C 82
NIPI-3 Tribbles kinaseTT 35

Epidermis and TPA-PP 1 Protein kinase C 82,87
intestine TIR-1 SARM 24,34,88

NSY-YY 1, SEK-1, 
PMK-1

MAP kinases 12,35

FSHR-1 Intestine FSHR-1 G protein coupled 
receptor

26

ZIP-2 Intestine ZIP-2 b-zip transcription 
factor

65

Insulin Nervous system INS-7 Insulin-like peptide 76
signalling Intestine DAF-2 Insulin receptor 42

AGE-1 PI3 kinase 42
AKT-1, AKT-2 Akt kinase 43
DAF-16 FOXO transcription 

factor
42

TGF-� Nervous system DBL-1 TGF-� 54,55
epidermis SMA-6 TGF-�receptor 55

SMA-3 SMAD protein 55
Wnt/Hox Intestine/ BAR-1 �-catenin 61

Hindgut EGL-5 Hox transcription
factor

61,64

ERK
MAPK

Hindgut LIN-45, MEK-2,
MPK-1

ERK MK AP kinase 39

EGL-8 Phospholipase C 89
SUR-2 Mediator component 39

UPR1 Intestine XBP-1
HSP-4

X box protein
Heat shock protein

50,52

Pharynx CED-1, C03F11.3 Scavenger receptor 51
Autophagy Intestine BEC-1, LGG-1 ATG proteins 16

1The recent results of Richardson et al suggest that the primary function of the UPR is to protect against R
ER stress arising from the increase secretory response. Whether this is the case for Bt toxinR 50 and for 
the noncanonical UPR51 remains to be seen.



110 INVERTEBRATE IMMUNITY

Mitogen-Activated Protein Kinase (MAPK) Pathways

Mitogen-activated protein kinase (MAPK) pathways are considered to be the most 
ancient signal transduction cascades in immunity, found in both animals and plants. Three 
MAPKcascades are implicated in K C. elegans immunity.Arole for the p38 MAPK pathway K
in C. elegans �	�	��	�����������	�	�	��������	�	�������		����������������
	��	������	����
infection by Pseudomonas aeruginosa.12 Since then, the p38 MAPK cascade has beenK
shown to protect the worm against other Gram negative and positive bacteria and also
fungi and seems to be one of the main signal transduction cascades in the worm’s innate 
immune response.33-38

A second MAPK cascade implicated in K C. elegans immunity is the extracellular 
signal-regulated kinase (ERK) pathway that is involved in the resistance of C. elegans
to infection by the Gram positive bacterium M. nematophilum.39 Thirdly, the MAPK
kinase protein MEK-1 of the c-Jun N-terminal kinase (JNJJ K) pathway is required for 
full activation of the p38 MAPK PMK K-1, revealing an interaction between the different 
MAPK pathways.K 40

DAF-2/Insulin-Like Receptor (ILR) Pathway

The DAF-2/insulin-like receptor (ILR) pathway, which involves the Foxo family 
transcription factor DAF-16, is also clearly important for the immune response of 
C. elegans, but its precise role is less clear. Active DAF-2 retains DAF-16/FOXO in the 
cytoplasm. In daf-2 mutants, DAF-16 is predominantly in the nucleus. This results in an
increase in DAF-16-dependent gene expression.41 DAF-2 is well known to be important 
for the control of lifespan. In addition to being long-lived, daf-2 mutants show increased 
resistance to infection by several bacteria.42 Genetic evidence suggests, however, that the
role of DAF-2 in immune signalling is distinct from its role in ageing. Downstream of 
DAF-2, four known serine threonine kinases, PDK-1, SGK-1, AKT-1 and AKT-2, regulate
lifespan in at least 3 independent pathways. Mutants in these four kinases are long-lived, 
but only akt-1 and akt-2 mutants are more resistant to infection by P. aeruginosa.43

It has been postulated that increased resistance of daf-2 mutants may be linked to 
changes in expression for multiple antimicrobial genes.44 But a direct comparison of the 
genes transcriptionally regulated by DAF-16/FOXO and the genes regulated after infection
reveals a surprisingly limited overlap. Indeed most of the pathogen-induced immunity genes
downstream of the PMK-1/p38 pathway are repressed by DAF-16/FOXO.45,46 Further, in 
contrast to what is seen upon exposure of C. elegans to several different abiotic stresses,
nuclear translocation of DAF-16/FO// XO has never been detected after infection. Additionally, 
it has been shown that DAF-16 transcriptionally regulates many genes involved in stress 
responses.44,47 It is therefore more probable that the DAF-2/DAF-16 pathway is part of 
�� �	�	��� ���	��� �	�
���	� ����	�� ����� �� �
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be mentioned that the DAF-2/DAF-16 pathway controls multiple aspects of C. elegans
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��������

	�����������	��	���	�
worm’s pathogen avoidance behaviour, by an as yet undetermined mechanism.48

The Unfolded Protein Response

In vertebrates, the endoplasmic reticulum (ER) unfolded protein response (UPR) is 
particularly important for the development and survival of highly secretory cells such 
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as plasma cells and exocrine gland acinar cells, which secrete immunoglobulins and 
digestive enzymes, respectively, as well as in dendritic cells and other antigen presenting 
cells.49 In C. elegans, the UPR has been shown to be protective against R B. thuringiensis.
As detailed more fully below, it is activated by the poreforming toxins through the p38
MAPK pathway.K 50 The UPR is also involved in the immune response toR S. typhimurium
and it appears that the scavenger receptor CED-1 is required for the activation of the 
UPR pathway.R 51

Very recently, the IRE-1-XBP-1 branch of the UPR was shown to be involved in R
defences against P. aeruginosa. Abrogation of xbp-1 blocks part of the UPR and leads R
to a disruption of ER morphology. R This has no major detrimental effect when worms are 
cultured under normal conditions, but if they are raised on P. aeruginosa, they are unable 
to complete their development and arrest as larvae. The developmental requirement for 
XBP-1 is bypassed in mutants of the p38/PMK-1 pathway, such that xbp-1; pmk-1 double 
mutants can grow on P. aeruginosa. This led the authors to suggest that the production of 
antimicrobial proteins and peptides places a stress on the ER, which needs to be balanced 
by the activation of the UPR. In other words, the UPR may protect the host from the R
potentially damaging effect of its own innate immune against microbes.52

TGF-�

Acomparison of known targets of the developmentally important transforming growth 
factor � (TGF-�)/DBL-1 pathway53 with those upregulated in adults upon infection with
S. marcescens revealed a number of genes in common, including some encoding lectins 
and lysozymes.54 More recently, TGF-� has been shown to be necessary for the regulation 
of AMP expression after a fungal infection (see below, ref. 55).

Autophagy, Apoptosis and Necrosis

A transcriptome analysis comparing the host genes affected by different bacterial 
infections revealed that among the genes induced by multiple bacteria were ones required 
for necrotic cell death. One might interpret this as indicating that necrosis could be a 
protective host defence mechanism. But when necrosis-defective mutants were tested, 
they were found to be more resistant to a bacterial infection than wild type.32 Similarly,
a recent study has shown that a loss-of-ff function mutation in ced-3 that encodes a caspase 
involved in apoptosis, also protects the worm against infection with S. typhimurium.16

This could be consistent with a deliberate triggering of necrotic cell death or apoptosis 
by pathogenic bacteria, as a strategy to increase their effective virulence.

Conversely, autophagy appears to be protective against the intracellular pathogen
S. typhimurium. Thus bec-1 or lgg-1 mutants that are autophagy-defective show an
increased susceptibility to infection, with an accumulation of Salmonella containing 
vacuoles (SCV) in the intestinal cell compared to wild type worms. Interestingly, 
these autophagy-defective mutants suppress the enhanced resistance to S. typhimurium
infection of daf-2/Insulin receptor mutants and of a strain overexpressing Dr AF-16/
FOXO,16 while at the same time increasing normal life span.56 This suggests that 
increased intestinal epithelial cell autophagic activity may partially underlie the 
resistance of daf-2 mutants to intracellular pathogens.16 It will be interesting to establish 
whether intestinal cell autophagy also contributes to the resistance of C. elegans to
extracellular pathogens.
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TRARR NSCRIPTION FACTORS INVOLVED IN THE IMMUNE RESPONSE

The transcription factor NF-kB links the reception and transmission of an infection 
signal to the expression of effector proteins in vertebrates and insects. Therefore, 
its absence from the nematode genome is remarkable and opens the possibility of 
studying alternative mechanisms of transcriptional regulation potentially conserved 
in other species. For example, having shown that most of the effectors induced by P. 
aeruginosa infection in the intestine of C. elegans are under the control of the GATA
transcription factor ELT-2, Tan and colleagues were able to show that ELT-2 increases
host resistance to intestinal infection with bacterial45 and this was subsequently also 
shown to be the case for intestinal fungal pathogens.57 Another GATA transcription 
factor ELT-3 contributes to the proper expression in the epidermis of AMP genes. But 
it was also shown to be required for the expression in the epidermis of genes important 
for osmoregulation, not directly related to innate immunity. This led to the suggestion 
that this GATA TF acts as a more generic transcription factor in the epidermis.58 This
latter conclusion is in line with a study published this year showing that ELT-3 in the 
	
��	����������������'��������	����	����	����	�	��	��������������	��
	����������������
of osmosensitive gene expression and promote survival under osmotically stressful 
conditions.59

Just as the response to infection and osmotic adaptation may be controlled via 
�	������������������ �����	��
	�����£�'�� ��������
����� ��������� ��� ���� ��� ��	�	��
link between innate immunity and temperature adaptation. A mild heat shock has been 
shown to increase the resistance of C. elegans to infection with Gram positive and Gram 
negative bacteria. This resistance is independent of the p38 MAPK/PMK-1 pathway and 
requires the heat shock factor HSF-1 and heat shock proteins. The forkhead transcription
factor DAF-16 is positively regulated by heat shock and is required for the induction 
of HSF-1 thus linking the heat shock pathway to the DAF-2/ILR pathway.60

The transcriptional cofactor BAR-1/�-catenin and the homeobox gene egl-5 have
been shown to play a role in C. elegans intestinal epithelial immunity and resistance to
S. aureus,61 in addition to its established role in cell fate decision during development.62

EGL-5 is also necessary in the hindgut to induce swelling upon M. nematophilum
infection.63,64 Interestingly, the human homologues of EGL-5, HOXA9 and HOXA10 
dampen NFkB-dependent TLR2 signalling, suggesting a conserved role in innate
immune defence.61

Further insights into the complexity of innate immune signalling were obtained in
���������������	�����	�	��
	������������	���������	�� P. aeruginosa strains called 
“infection response gene 1” (irg-1). It was chosen as its expression is independent of 
the PMK-1/p38 pathway. Several candidates required for the full induction of irg-1
�	�	���	����	������������		��������	������������������
�����������������	�����?��
interference. Among them, most interest was focused on the bZIP transcription factor 
zip-2. It was shown to be required for the induction not only of irg-1 but of several 
putative effector genes, in all cases independent of the PMK-1/p38 pathway and also
of FSHR-1. Certain target genes, such as irg-3, were demonstrated to be regulated by
yet another pathway, involving neither zip-2, nor p38, nor FSHR-1, suggesting that 
at least 4 independent pathways contribute to pathogen resistance in the C. elegans
intestine upon P. aeruginosa infection.65
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EFFECTOR MOLECULES INVOLVED IN THE IMMUNE RESPONSE

Antimicrobial Peptides

C. elegans possesses different types of antimicrobial proteins and several classes of 
AMP. Among them are the mollusc defensin/mycitin-like peptides (ABF-1 to ABF-6). 
One of them, ABF-2 has demonstrated antimicrobial activity.66 It is strongly upregulated 
upon prolonged exposure to S. typhimurium.67 Additionally, there are the neuropeptide-like
proteins (NLPs) and the caenacins (CNC),24,55,58 that are rapidly and strongly induced by
fungal infection and that will be discussed in detail below.

Caenopores

Caenopores is the name given to a number of C. elegans proteins that contain the
saposin domain, common to mammalian NK-lysin and granulysin and the protozoan
amoebapores.68��	��	������������������	�	������ ��	����	�����	���������	���	������
when two among them, SPP-1 and SPP-5, were shown to have a bactericidal function.69

SPP-5 is constitutively expressed and kills bacteria by permeabilising their membrane. 
Interestingly, another member of this family, SPP-3, is expressed both upon starvation 
and contact with certain bacteria, thus suggesting a potential link between nutrition and 
immunity.68

Lysozymes

Lysozymes are another class of molecules known to be involved in immune defence 
in many species. In contrast to arthropods, C. elegans does not have C-type lysozymes,
but possesses a repertoire of 15 genes, falling into 3 classes, two related to protist 
������	��������	��
	�����������	��	����	�{70 Certain lysozymes, including lys-7, are 
induced upon bacterial challenge and their inactivation has been shown to render worms 
more susceptible to M. nematophilum and P. aeruginosa.54,71,72 The expression of other 
lysozymes, mainly from the invertebrate class, has been reported to be repressed upon
infection. Although the exact function of these latter genes still remains to be determined,
��	���
��������������	�������	�����������	�	���
�������������	��	�����	�������	���
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	����	�����������������������	����������{70

Lectins

Lectins are also involved in innate defences in many species and can be involved in
pathogen recognition but also in immune effector functions. In C. elegans, there are a very 
large number of lectin genes, including 11 galectins, in the lec gene class and 265 C-type 
lectins in the clec gene class. The expression of some lec and clec genes is up-regulated 
����	�	���
�����	��¢��������	�����	��������������
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This differential upregulation has led to the suggestion that they might be an element 
����	�������
	�������������	������	��	�
���	����C. elegans.31,32,54,72 In some cases, they 
have demonstrable role in host defence. Inactivation of some lectins, for example, renders 
worms more susceptible to M. nematophilum.72 Unfortunately, there is currently little
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direct functional information about most of the large number of lectins. One exception
is the glycolipid-binding galectin LEC-8 that has been shown recently to play a role in
host defence against B. thuringiensis infection by competitively inhibiting the binding 
of the toxin Cry5B to its host glycolipid receptor.73

Reactive Oxygen Species

In addition to its arsenal of antimicrobial proteins, C. elegans also has the capacity to 
produce bactericidal reactive oxygen species (ROS) in response to exposure to pathogens.
This has been best characterised in the case of infection with the Gram-positive pathogen 
Enterococcus faecalis, which provokes ROS production via the action of the dual oxidase 
�����{�?*$���	��	����	�����
	����������	�����
�������������	�{�'�	�����	������������
micro-organisms, but can also damage host tissues. As a result, increased levels of 
ROS triggers a protective stress response in the host. This involves up-regulation of the 
superoxide dismutase SOD-3 and the catalase CTL-2, which sequential detoxify the 
ROS. Both enzymes are targets of DAF-16. Indeed, their combined action is part of the 
mechanism underlying the increased resistance to infection of daf-2 mutants. Consistent 
with a protective role for oxidative stress, the addition of compounds that scavenge ROS 
increase the sensitivity of C. elegans to infection with E. faecalis.74,75

MODULATION OF THE IMMUNE RESPONSE BY THE NERVOUS SYSTEM

?*$���������������	����	�����
	���������	����	�����������	�������	����	���������
direct contact with a pathogen. Several recent papers attempt to provide evidence for 
���	��	��	������	�������������	��������������	�����������������	��	�
���	����
C. elegans to infection. These examples involve the nervous system. Kawli and Tan
demonstrated that the release of dense core vesicles (DCVs) from neurons suppresses the
intestinal immune response of C. elegans to P. aeruginosa and that this neuronal control 
mechanisms is mediated in the intestine by the DAF-2/ILR pathway.R The insulin-like 
peptide INS-7 has been proposed to provide the link between DCV release in neurons 
and the DAF-2/ILR pathway in the intestine.R 76 In a second study, Stryer et al reported that 
NPR-1, a G-protein-coupled receptor related to mammalian neuropeptide Y receptors, 
functions to suppress innate immunity to P. aeruginosa, by acting upstream of the p38 
MAPK signalling cascade.K 77 It should be noted, however, that the reported changes in
gene expression seen in the npr-1 mutant are minimal compared to those seen upon 
infection by P. aeruginosa. Further, the results of Stryer et al have been contradicted 
by a more recent study showing that the difference in susceptibility in the npr-1 mutant 
strain is due to its well-characterised behaviour of clumping, a behaviour which is linked 
to sensing oxygen concentration.78 ���������	���
	������	�����	������	������	�����	��
more fully below, the expression of cnc AMP genes appears to involve regulation by
neuronally-derived TGF-�.55

IMMUNE RESPONSE TO PORE-FORMING TOXINS

Some bacteria, such as B. thuringiensis, are able to produce multiple toxins that target 
host cells. These pore-forming toxins (PFTs) make holes in membranes and alone can 
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cause the death of C. elegans. Not surprisingly, the nematode has evolved mechanisms to 
protect itself from the nefarious effects of PFTs. It has been demonstrated that the toxin 
directly binds glycolipids and that the major mechanism for PFT resistance in C. elegans
entails a loss of glycolipid carbohydrates.79 Moreover, in the case of the B. thuringensis
Cry5B toxin, this response involves the PMK-1/p38 and cJunN-terminal kinase-like 

�������{�'�	��	�������������������������
��	��������
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are also transcriptionally upregulated by Cry5B.38 Activation of the p38 MAPK pathway K
by Cry5B activates the IRE-1 UPR pathway. IR RE-1 induces an alternative splicing of 
the transcription factor xbp-1{�'�	��	����������	�������
	�������������
����	������	����	�
expression of a number of target genes which protect against the effects of the PFT.50

There is some cross-talk between the mechanisms involved in the response to PFTs and 
those required to tolerate conditions of low oxygen. Indeed, activation of the hypoxia 
pathway also increases resistance against PFTs. Resistance to hypoxia also involves 
the UPR and in common with the response to PR FTs, it is mediated by the transcription
factor HIF-1.80

EPIDERMAL IMMUNE RESPONSE TO THE FUNGUS

DRECHMERIA CONIOSPORA

Most of the bacterial or fungal pathogens described in the previous sections infect 
the worm through the intestinal lumen, which is primarily programmed for destroying 
microbes as part of normal feeding and digestion. In some instances, this can blur the 
distinction between an immune response and the consequence of a change of diet. Other 
pathogens infect worms via the cuticle. Among them, Drechmeria coniospora is a natural 
fungal pathogen of nematodes, includingC. elegans (M.AFelix, personal communication). 
D. coniospora�
�	��	����	�����°�������	�����������
��	�
����	���	�����������	�	
��	������
then throughout the organism. This provokes a complex transcriptional response involving, 
among others, the upregulation of AMP genes.24,58 These include members of two 
phylogenetically-related families, the nlp and cnc genes, which are present in clusters in
the genome. Phylogenetic analysis shows that these AMP genes, arose through recent 
��
���������������	���������������	��		�����	���		����	�
�	����	��������	������������
are thus likely to be important in nature for the survival of C. elegans.58

As this fungal infection involves breaching the cuticle and epidermis, the question
of whether C. elegans epidermis responds to physical injury was addressed. Needle 
pricking or laser wounding not only provokes an up-regulation of AMP genes, but also 
triggers a cellular wound-healing and scarring mechanism.35 These two processes appears 
to be independent, but are normally kept in check by a common negative regulator, the
nematode Death-associated protein kinase (DAPK).81 While infection and injury induces
the expression of both nlp and cnc family genes, the molecular mechanisms that regulate 
each class appear to be strikingly different.

Cell-Autonomous Regulation of nlp Gene Expression

Through direct genetic screens, proteomics and a candidate gene approach, two
signalling pathways required for the regulation of nlp gene expression in the epidermis
���	� �		�� �	�����	�{� *�	� ��� �
	����� ���� ���	������� ��	� �	����� ��� ���� �������	�� ��
wounding. Both pathways converge on a protein kinase C, TPA-1, which, in turn, acts
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upstream of the PMK-1/p38 pathway (Fig. 3). The proximal elements of the pathways 
are, however, distinct. The former requires the conserved protein kinase Tribbles, NIPI-3, 
while the latter involves heterotrimeric G proteins acting upstream of a phospholipase 
C. All of the characterised components act in a cell-autonomous manner to control nlp
gene expression in the epidermis.35,82

For the time being, the identity of the putative G-protein coupled receptor (GPCR) that 
activates the heterotrimeric G proteins is unknown, nor is it known how NIPI-3 is activated.
There are, nonetheless, marked similarities between the molecular architecture underlying
these pathways and the organisation of the signalling pathways that regulate the innate 
immune response both in Drosophila and in vertebrates. These led to the speculation that 
the innate immune response to D. coniospora arose from a GPCR-dependent mechanism

Figure 3. Schematic representation of the different signalling pathways and their components involved 
in the induction of antimicrobial peptides expression upon D. coniospora infection. Expression of the 
nlp genes is controlled by a PKC/SARM/p38 MAPK pathway and expression of cnc genes is controlled 
by a TGF-� pathway.
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used to detect cellular damage, which was subsequently ameliorated by the addition of 
��
�����	���
	������	�	�������	�������{

Paracrine Regulation of cnc Gene Expression

Surprisingly, the cnc gene family is regulated in an entirely different fashion, as 
it is largely independent of the PMK-1/p38 pathway. Induction of the cnc genes after 
infection requires the ligand DBL-1/TGF-�, produced by certain neuronal cells, which 
acts via its normal receptor SMA-6/DAF-4 expressed on epidermal cells (Fig. 3). The 
resultant signal is transduced by a noncanonical TGF-� pathway that does not involve 
all three SMAD proteins, hitherto considered to be indispensable for TGF-� signalling 
in C. elegans{�������������	�������	�	�	����	�
�	�����������	�'£��� modulated the 
strength of cnc induction after infection but did not affect the basal level of cnc gene 
expression, suggesting that infection triggers the conversion of an inactive precursor into 
an active TGF-�. This is reminiscent of the proteolytic activation of Spaetzle required for 
triggering the Toll pathway during the immune response in Drosophila. As the canonical
TGF-�pathway undoubtedly existed before the appearance of the cnc genes, this is another 
clear example of the co-option and adaptation of a pre-existing signalling pathway for 
use by the innate immune system.55

CONCLUSION

In the last 10 years, our knowledge of the way C. elegans defends itself against 
������	��������	����	�
���	�{�'�	�������	�����������
	����������	��	�
���	�����
pathogens and their toxins. The signalling processes and effector molecules involved 
in this response have been elucidated to some extent. Interestingly, the main signalling 
pathways involved in the C. elegans immune response are conserved in other species, 
in part because they also play important developmental roles.

On the other hand, much remains to be learnt about the way the nematode recognizes 
pathogens and the receptors involved in this process, as well as the temporal and 
spatial dynamics of the downstream signalling processes. For the latter, techniques to 
visualise proteins and transcripts at the single molecule level within living cells must 
be improved.

It is important to note how deeply the defence mechanisms are embedded in 
the physiology of the organism. We described how important are several aspects of 
behaviour, digestion or stress resistance to defence. Other studies have shown connections
with reproduction, where sterile mutants are more resistant to bacterial infection in a 
DAF-16/FOXO dependent manner.83 The same is true for osmotic stress since several
osmotic mutants are more resistant to fungal infection and some immune effectors genes
are induced upon osmotic stress although apparently regulated by a dedicated pathway.58,84

Lastly, lipid synthesis has been shown to be required for the basal activity of the PMK-1/

�¡�
����������������	��	���	�������	���������P. aeruginosa.71 Unbiased forward genetics
screens combined with global functional genomic approaches will help to unravel the
complex and intricate biology that underlies successful host defences in C. elegans.

Another powerful approach to understand more fully how the innate immune system
������ ��� ��� ���	� ��������	� ��� ��	� ����� ����� 
�����	��� ���� �
	������� ���	��	�	� ����
the defence mechanisms of the host. For the moment there are only a few examples in 
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C. elegans, such as the down-regulation of several intestinal immune effectors through 
activation of DAF-2 by P. aeruginosa which requires bacterial virulence factors controlled 
by the signalling molecule GacA.85 The study of these interactions will also teach us more
about innate immune defence and the virulence strategies that pathogens have developed 
to escape host immunity.
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Abstract: Horseshoe crab hemocyte selectively responds to bacterial lipopolysaccharides (LPS),
which depends critically on the proteolytic activity of the LPS-responsive serine
protease zymogen factor C. In response to stimulation by LPS, the hemocyte secretes
several kinds of immunocompetent proteins. The coagulation cascade triggered 
by LPS or ���������������|��£~��	����������	���������������������������������
are subsequently stabilized by transglutaminase (TGase)-dependent cross-linking.
Invading pathogens are recognized and agglutinated by lectins and then killed by
antimicrobial peptides. Moreover, LPS-triggered hemocyte exocytosis is enhanced 
by a feedback mechanism in which the antimicrobial peptides serve as endogenous
mediators. Factor C also acts as an LPS-sensitive complement C3 convertase. In 
addition, a sub-cuticular epidermis-derived protein forms a TGase-stabilized mesh
at sites of injury. Horseshoe crabs have a sophisticated innate immune response
network that coordinately effects pathogen recognition and killing, prophenoloxidase
activation, complement activation and TGase-dependent wound healing.

INTRODUCTION AND HISTORICAL BACKGROUND

Extant horseshoe crabs comprise four species—Limulus polyphemus— , Tachypleus 
tridentatus, T. gigas and Carcinoscorpius rotundicauda—each having a distinct 
geographic distribution. L. polyphemus is distributed along the east coast of North 
America and the other three species are distributed throughout Southeast Asia. In
Japan, T. tridentatus inhabits coastal areas of the northern part of Kyushu Island as 
well as the Inland Sea. T. tridentatus is relatively long-lived; the embryo molts four 
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times within the fertilized eggs and after hatching it molts every year for 15 years to 
become a mature adult.1

'�	�������	
��������	����
������������������	��L. polyphemus and was made by 
Howell in 18852 The early studies on hemolymph coagulation and granular hemocytes
were performed by Loeb and granular hemocytes were named as amebocytes after their 
amoeboid ovement.3,4 In 1903, Hideyo Noguchi—who later gained fame for his studies
on snake venoms and syphilology—injected horse red blood cells into L. polyphemus and 
reported strong hemagglutinating activity in hemolymph plasma.2 In 1956, Bang published 
a landmark study on hemolymph coagulation and reported that intravascular clotting is
induced by an injection of a ubiquitous marine pathogen, Vibrio.5 In 1964, Levin and 
Bang made the important observation that coagulation occurs when exposed to endotoxin
(LPS).6,7 Moreover, they found that procoagulant activity and a clottable protein are located 
in granular hemocytes, not in hemolymph plasma.8 They immediately recognized the high 
sensitivity of LPS-mediated hemolymph coagulation and its applicability to hemocyte 
lysate, Limulus amoebocyte lysate (LAL), for assaying LPS.

In 1972, evidence for the proteolytic mediation of hemolymph coagulation was presented;
LAL was fractionated, with one fraction containing the clottable protein and the other 
containing a coagulation accelerator with properties of proteolytic enzyme properties.9 The 
clottable protein was designated coagulogen by virtue of its functional similarity to mammalian
�������	�{10 In 1977, Tai et al reported the mechanism underlying proteolytic conversion of 
coagulogen by the proclotting enzyme and they presented preliminary evidence for the activity
of TGase in LAL as an unpublished observation.11 Tai and Liu further demonstrated that the
activation of the proclotting enzyme depends on the presence of Ca2aa � and LPS and that the 
proclotting enzyme contains �-carboxyglutamic acids, as does bovine prothrombin.12 Later, 
Muta et al clearly indicated that the proclotting enzyme requires no Ca2aa � in the proteolytic
cascade and that it contains no �-carboxyglutamic acid in the sequence.13 Iwanaga et al
�	�	�
	���������	�������������	������������	������
���	��	�������	������	����
��
�	������������	������������	��������
���	������������	��	����	������&$�������£{14-16

���� ¡�����
	���������	����	�����	����	����
������������	���	���������	������	�
granular hemocyte of L. polyphemus, showing that the hemocyte contains two types of 
granules: large ones and dense ones.17 The immunocytochemical analysis of hemocytes 
showed that the large granules contain coagulogen and factor C, whereas the dense (or 
small) granules contain only an antimicrobial peptide, tachyplesin.18 Moreover, the two 
types of granules were separated by ultracentrifugation and their protein components
�	�	�
����	������	�	��	�
���	������
	��������	������������������
��{19

Here we review the current knowledge of horseshoe crab innate immunity at the 
molecular level with an emphasis on the importance of immunocompetent proteins derived 
from hemocytes, hemolymph plasma and sub-cuticular epidermis.

THE MOLECULAR MECHANISM UNDERLYING LPS-TRIGGERED

HEMOCYTE EXOCYTOSIS

In horseshoe crabs, granular hemocytes constitute 99% of all hemocytes.18 The hemocyte 
responds selectively to LPS but not to other pathogen-associated molecular patterns
(PAMPs), such as BDG and peptidoglycans.20 A variety of defense molecules are stored 
in the secretory granules of the hemocyte; large granules contain serine protease zymogens 
including factor C, factor G, factor B and the proclotting enzyme, the clottable protein 
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coagulogen, serine protease inhibitors (serpins), lectins and substrates for TGase, whereas
dense granules contain antimicrobial peptides.21 In response to stimulation by LPS, these
immunocompetent molecules are rapidly secreted by the hemocyte. Factor C is a unique
LPS-responsive serine protease zymogen. A part of factor C is located on the hemocyte 
surface and acts as an LPS sensor to potentiate hemocyte exocytosis, which is localized in a
punctate distribution on the hemocyte surface.22,23Factor Cinteracts with acidic phospholipids, 
and it also shows tight interaction with cholesterol.20 The interaction between factor C
and LPS is competitively inhibited by the addition of acidic phospholipids.20 In contrast, 
cholesterol does not inhibit this interaction, suggesting that factor Cinteracts with cholesterol
through a binding site that is distinct from that for LPS and raising the possibility that 
factor C may be localized on cholesterol-rich microdomains or lipid rafts on the hemocyte
membrane.20 Upon activation by UU LPS, activated factor C initiates hemocyte exocytosis via 
a G-protein-dependent exocytic pathway that is also dependent on the proteolytic activity
of activated factor C. In this respect, LPS-triggered hemocyte exocytosis is analogous to
the thrombin-thrombin receptor (the protease-activated G protein-coupled receptor, PAR)
signaling axis in mammalian platelets. Hemocyte exocytosis requires 50 mM Mg2� and 
10 mM Ca2� ions, equivalent to the concentrations of these cations in hemolymph plasma. 
Exclusion of these cations from the assay buffer inhibits hemocyte exocytosis even at high
concentrations of LPS. Moreover, in the absence of LPS, hemocyte exocytosis can be 
triggered by synthetic hexapeptides corresponding to the tethered ligands of mammalian
PARs, supporting the notion of a PAR-like receptor on the hemocyte surface (Fig. 1).

Factor C is a mosaic protein that contains a Cys-rich region, an epidermal growth
���������	�����������	�$�������������|�����	������	��������
	�	����������
���	���
modules or short consensus repeats) and a C-type lectin domain, in addition to a typical serine 
protease domain at the COOH-terminus21. Factor C interacts with LPS via the N-terminal 
Cys-rich domain (K(( dKK � 7.6 � 1010 M).20,23�'���������������������	�����������������	�������	�
factor C ortholog from C. rotundicauda���������	��	�����	������������	�����	����������������
as important for LPS binding, using the truncated recombinant fragments, namely, sushi 
123, sushi 1 and sushi 3 domains or their synthetic peptides.24 However, these recombinant 
�����	������� ��	�
	
���	�����������	�
��
	������	��������	��������	������	�{�'�	�
���	���	�����������	��������������	����������	���	�������	����
	
���	���	�������������
unphysiological dimer, is practically indispensable for its interaction with LPS.25

ENDOGENOUS AMPLIFICATION SYSTEM FOR HEMOCYTE

EXOCYTOSIS

The binding parameter between factor Cand LPS could not explain the extraordinarily
high sensitivity of horseshoe crab hemolymph for LPS as low as �1013 g/ml (�1014 M).
We found that the hemocyte has an endogenous feedback mechanism for LPS-triggered 
hemocyte exocytosis.26 The hemolymph normally contains hemocytes at �106 cells/ml.
LPS-triggered hemocyte exocytosis is highly dependent on cell density, namely, an increase 
in cell density (cells/ml) from 0.05 � 106 to 0.8 � 106 results in a 106-fold change in the
apparent LPS sensitivity (from 107 to 1013 g/ml of LPS). Interestingly, an antimicrobial 
�����
	���������	�	�������	������������������	���������	��	������	����	�	��������������
enhancing the sensitivity of the hemocyte to LPS. Tachyplesin has structural properties 
in common with mastoparan, a basic tetradecapeptide from wasp venom. Mastoparan 
interacts directly with G proteins without direct stimulation of the upstream receptor and 
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induces exocytosis in the mast cell.27��������	����������	�	���������������
����������	�
to induce hemocyte exocytosis in T. tridentatus.20 Moreover, because tachyplesin binds 
to bovine G protein (K(( dKK � 8.8 � 107 M), tachyplesin may interact with G-proteins in 
the hemocyte in a manner similar to that of mastoparan.26 In addition, tachyplesin binds
to hemocyanin (K(( dKK � 3.4 � 106 M), the major protein in the hemolymph plasma; this
suggests that hemocyanin may serve as a sink for tachyplesin, thereby spatially restricting
its hemocyte-stimulating effect to the site of infection (Fig. 1).28

FUNCTION OF A TOLL-LIKE RECEPTOR ON THE HEMOCYTE

Insects and mammals conserve a signaling pathway of the innate immune system
through cell-surface receptors called Tolls and Toll-like receptors.29,30 The toll-like receptor 
of T. tridentatus is closely related to the Drosophila Toll in both domain architecture and 
overall length.31,32�=���	���	������'���������
	�������	�
�	��	������������	��	�����	���
suggesting that it does not act as an LPS receptor on granular hemocytes.32 On the other hand, 
NF-�B and I�B homologues (CrNF-�B and CrI��~����	��		����	����	�����C. rotundicauda.33

Gram-negative bacteria infection causes degradation of CrI�B and nuclear translocation
of CrNF-�B, leading to upregulation of immune-related gene expression, including nitric
oxide synthase and factor C, indicating that the NF-�B/I�B signaling cascade remains well
conserved from horseshoe crabs to mammals. Although they must play a fundamental role
in regulating the expression of critical immune defense molecules, further investigations
are essential to reveal the physiological function of horseshoe crab Toll and its signaling.

THE COAGULATION CASCADE TRIGGERED BY LPS AND BDG

Factor C is autocatalytically activated in the presence of LPS and the resulting activated 
factor C activates coagulation factor B, which in turn converts the proclotting enzyme 
into the clotting enzyme. The clotting enzyme then promotes the proteolytic conversion 
of coagulogen to coagulin, which spontaneously forms an insoluble polymer (Fig. 1).
Alternatively, activated factor G in the presence of BDG triggers the activation of the 
proclotting enzyme to the clotting enzyme. The mammalian coagulation system acts locally
on the phospholipid surface in cooperation with Ca2� ions at the site of vascular injury. In
an analogous fashion, the horseshoe crab coagulation system is restricted to the surfaces of 
invading pathogens, such as Gram-negative bacteria and fungi. However, the coagulation
cascade of horseshoe crabs does not have a common evolutionary origin with that of 
������{�����������������	���������	�������	�����	���	������������	�����������������
act as nonself-ff recognizing proteins rather than as target proteins of the coagulation cascade.34

������������	��������������������������������	������������	��	��	�������������	�{35

A protease cascade in Drosophila has been well characterized as the morphogenetic 
cascade for determining embryonic dorsal-ventral polarity, leading to the production of 
the Toll ligand spätzle.36 The Drosophila Toll pathway also controls resistance to fungal 
and Gram-positive bacteria infections.37 Spätzle belongs to the nerve growth factor family
and is homologous to coagulogen.38,39������������������
���	��������|�����������	����	��
�����	�
����������	����	������������	������	��������~������	�������	����	�������	����
�����������������������������	�
����������	����	�������		����	����	�������	�
���	���
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snake and easter of the Drosophila Toll pathway.13,40 Therefore, the two functionally 
distinct cascades may have a common evolutionary origin.41,42

The coagulation cascade is regulated by three types of serpins that form stable 1:1 
covalent complexes with target coagulation proteases: serpins-1, -2 and -3 inhibit activated 
factor C, the clotting enzyme and activated factor G, respectively.43-45 These serpins are 
more closely related to mammalian serpins than they are to insect serpins: serpin-1 shows
higher sequence identities to human plasminogen activator inhibitor (40%) than to an 
elastase inhibitor from Manduca sexta (29%) or silkworm antichymotrypsin (27%).43 All 
three serpins are secreted upon hemocyte exocytosis in response to stimulation by LPS. 
These serpins appear to prevent diffusion of the activated forms of coagulation factors 
that escape into the hemolymph from the surfaces of microbes at the site of injury and 
thereby prevent unnecessary clot formation.

BDG RECOGNITION BY FACTOR G

In crustaceans and insects, the recognition of BDG triggers a serine protease cascade,
leading to the activation of prophenoloxidase, a key enzyme in the melanization of pathogens
and damaged tissues.46,47 In mammals, the recognition of BDG by dectin-1, a C-type lectin
family member, potentiates the production of cytokines and antifungal reactive oxygen
species by dendritic cells and macrophages.48 Factor G is another pattern-recognition
protein in the coagulation cascade that acts as a sensitive sensor for BDG. Factor G is
a heterodimeric serine protease zymogen composed of two noncovalently associated 
subunits, � and �.49 The � subunit contains a serine protease domain, whereas the �
subunit acts as a pattern-recognition subunit: it comprises three types of noncatalytic 
glycosidase-like modules, including a single �-1,3-D-glucanase A1-like module, three
tandem xylanase A-like modules and two tandem xylanase Z-like modules, Z1 and Z2. 
Of these three types, the C-terminal Z1 and Z2 modules act as independent binding sites
for BDG.50 This observation, taken together with the high degree of sequence identity 
between Z1 and Z2 (91%), suggests that duplicated binding sites for BDG may increase 
�������������������	������
	������	������������������{

The Z1 or Z2 module shows the highest sequence similarity to a carbohydrate-binding 
module of endoglucanase 5A from the aerobic soil bacterium Cellvibrio mixtus (45% 
sequence identity). Endoglucanase 5A contains an N-terminal catalytic domain and two 
tandem repeats of noncatalytic family 6 carbohydrate-binding modules, CmCBM6-1 
and CmCBM6-2.51 Our recent structural studies of the recombinant Z2 module by NMR
spectroscopy clearly indicate that the ligand-binding site in the Z2 module is located in a
cleft on a �-sheet in a predicted �-sandwich structure, which is superimposed onto cleft 
B in CmCBM6-2.52 Pattern recognition for BDG by factor G may be accomplished by a
carbohydrate-binding cleft that is evolutionarily conserved between the horseshoe crab
and the bacterium. In contrast, a crystal structure of the extracellular domain of mouse
dectin-1 exhibits no structural similarity to the structure of the Z2 module.53
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PATHOGEN RECOGNITION BY HEMOCYTE- AND PLASMA-DERIVED

LECTINS

�������
	�����	���������	��		����	����	������	�����	�¥������	�������������	��������
tachylectin-3 and tachylectin-4.54-57 Tachylectin-1 interacts with 2-keto-3-deoxyoctonate
on Gram-negative bacteria, whereas tachylectin-2 binds to GlcNAc or GalNAc and 
recognized lipoteichoic acids of Gram-positive bacteria. In contrast, tachylectin-3 
�
	��������	������	�����	���������������	������*������	������$���
	��&${�'����	������
also recognizes the O-antigen of E. coli� *���¥��� ���� ������ ������ �
	�������� ����
������	�|���	�����������	~{���������������������	���������	��������	�������������
��������	��		����	����	������	����
��
����������	�������
��	����������	�����{34

Tachylectin-5A possesses extraordinarily strong hemagglutinating activity against all 
types of human erythrocytes (minimum agglutinating concentration �0.004 	g/ml). The 
concentration of tachylectin-5A in the plasma was �10 	g/ml, suggesting that it plays 
an important role in the recognition of invading pathogens.

Hemolymph plasma also contains several lectins, such as isoforms of 
tachylectin-158,59 and three types of C-reactive proteins (CRPs) with functional and 
structural diversity.60 Horseshoe crab CRP is a predominant LPS-binding protein and is
upregulated at transcript levels by Pseudomonas infection, suggesting the importance 
of horseshoe crab CRP as a conserved molecule for pathogen recognition.61 CRP 
from L. polyphemus�������	��	��	�����������������	�������	���
����	��
����	����
the presence of Ca2+� ions.62 Although tachylectin-P, an isoprotein of tachylectin-1,
is present in the perivitelline space of the egg, its physiological function in innate 
immunity remains unknown.63

The crystal structural analyses of tachylectin-2 and tachylectin-5A point out the
��
������	����������	������������	�����������
	������������������������{�'����	�������
�����������	�����	������	
	�����������
�������	����	� ��
��
		����������	��������	�
equivalent GlcNAc/GalNAc-binding sites.64 Each propeller blade has an independent 
�����������	�������	������{�'�	��
	������	������������������	�����������	������	����
the short distance between the individual binding sites, according to the pentagonal 
geometry. The crystal structure of tachylectin-5A is readily superimposed onto that of 
the C-terminal polymerization domain of the ������������������	�{65 The polymerization 
pocket within the �-chain structurally corresponds to the acetyl group binding site of 
�����	�����������������������������������	�	���������������	�������	��		���	���������
and nonself recognition. Tachylectin-5A is present in oligomer in hemolymph plasma 
and its propeller like arrangement is evident by electron microscopy.34 Given that 
tachylectins -2 and -5 exhibit virtually no side- or main-chain conformational changes 
upon ligand binding, it is likely that the polyvalent nature of these lectins underlies 
��	�����������������������	������	������	��
	������	�����	���������	���������������
pathogen surfaces.

STERILIZATION BY ANTIMICROBIAL PEPTIDES

Antimicrobial peptides are widely recognized to be important for innate immunity
against invasive microbes. Several kinds of cysteine-rich peptides with antimicrobial 
activity are stored in the dense granules, including big defensin, tachycitin and 
tachystatins.66-69 The NMR structural analyses have determined the solution structuresR
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of these antimicrobial peptides.70-73 For example, the N-terminal domain of big defensin 
possesses a more potent antimicrobial activity against Gram-positive bacteria than the
C-terminal domain.66 In contrast, the C-terminal domain homologous to mammalian
�-defensins displays more potent antimicrobial activity than the N-terminal domain
against Gram-negative bacteria. The structure of big defensin reveals a new class within
the defensin family; the C-terminal domain adopts a �-defensin structure, whereas the 
N-terminal domain forms a unique globular conformation. The hydrophobic N-terminal 
domain, but not the C-terminal domain, undergoes a conformational change in micelle
solution, possibly associated with the antimicrobial activity against Gram-positive 
bacteria. Interestingly, the antimicrobial activity of an antimicrobial peptide (tachycitin) 
is synergistically enhanced when another antimicrobial peptide (big defensin) is present.67

=���	���	�������������������
	
���	��������
	����������������������������������������
play an important role in innate immunity.66-69

CONVERSION OF HEMOCYANIN TO PHENOLOXIDASE

BY ANTIMICROBIAL PEPTIDES AND COAGULATION FACTORS

In crustaceans and insects, the prophenoloxidase activation system is an important 
part of innate immunity, where it acts to detect and kill invading pathogens as well as 
to synthesize melanin for wound healing and encapsulation of pathogens.46,47 However,

��
�	��������	����������		����	����	���������	���	������{������
��
�	��������	�����
hemocyanin contain two functional copper-binding sites capable of reversibly binding 
an oxygen molecule.74 Horseshoe crab hemocyanin is present at high concentrations 
in hemolymph plasma (�70 mg/ml) and acts as an oxygen carrier under physiological
conditions. Arthropod prophenoloxidases are known to be nonenzymatically activated 
by treatment with detergents, lipids, or organic solvents.75 In horseshoe crab as well, the
induction of phenoloxidase activity is evident upon similar treatment.76 Amphiphilic
substances such as SDS and phosphatidylethanolamine convert horseshoe crab hemocyanin 
to phenoloxidase. Moreover, consistent with the amphiphilic nature of antimicrobial
peptides, tachyplesin interacts with hemocyanin and induces its intrinsic phenoloxidase
activity.28 This tachyplesin-induced activity is inhibited by phenylthiourea, a typical 
�������������
�	��������	{���	�������������������������
	�������'�
������'���¡�����
'������������������
���������	��������������������������������	����	���������������������	��
��������������
������������	��������������	������������
����������	������
���������	�
of tachyplesin in the functional conversion of hemocyanin to phenoloxidase. Although 
tachyplesin is the most effective activator of hemocyanin, other antimicrobial peptides, 
������������������������������������������������������	�����
�	��������	���������{

On the other hand, the proclotting enzyme or coagulation factor B also converts 
hemocyanin to phenoloxidase and the resulting phenoloxidase activity reaches a plateau 
at a 1:1 molar ratio, whereas factor C, factor G, or trypsin does not convert hemocyanin.77

The proteolytic cleavage of hemocyanin is not required for the functional conversion and 
the zymogen forms are effective activators. The clip domain of the proclotting enzyme 
or coagulation factor B may promote the interaction of these factors with hemocyanin 
to effect its functional conversion to an active phenoloxidase.

The origin of arthropod hemocyanins appears to be an ancient prophenoloxidase-like 
protein.78 Under physiological conditions, arthropod prophenoloxidases require proteolytic 
�	����	� ���� ����������� ��� �� �
	����� 
���	��	{79 Tarantula hemocyanin expresses



130 INVERTEBRATE IMMUNITY

phenoloxidase activity after limited proteolysis with trypsin or chymotrypsin.80 In the
������� Pacifastacus leniusculus, the antibacterial peptide astacidin 1 is released from
the C-terminal part of hemocyanin by a cysteine-like protease and is upregulated by
LPS or BDG injection.81 Horseshoe crab hemocyanin and human hemoglobin are also
activated by microbial proteases, resulting in the production of reactive oxygen species
as an antimicrobial strategy.82

TGase-DEPENDENT CROSS-LINKING IN THE IMMUNE SYSTEM

In crustaceans, hemolymph coagulation depends directly on intermolecular 
�-(�-glutamyl)lysine cross-linking of a vitellogenin-related protein byTGase without prior 
proteolytic cleavage.83,84 Recently, in Drosophila��'£��	����������	����	��		����	����	��
as being involved in larval hemolymph coagulation.85 In horseshoe crabs, the coagulation
cascade triggered by LPS or BDG promotes the conversion of coagulogen to coagulin, 
resulting in noncovalent polymerization of coagulins in a head-to-tail manner.86 TGase 
of T. tridentatus is not present in hemolymph plasma and is restricted to cytoplasm of 
the hemocyte.87,88 Coagulogen is not a substrate for TGase and coagulin is cross-linked 
to other hemocyte-derived proteins, such as the cysteine-rich protein stablin and the 

����	������ 
���	��� 
������� �	������� ��� �������� ������ ����� 	�����	�� ��������{89,90

Stablin interacts with LPS and lipoteichoic acids and exhibits bacterial agglutinating
activity against both Gram-negative and Gram-positive bacteria. Consequently, stablin 
�������	����������������������������	����������	�������
�������	��	����	�����

���
bacteria. In addition, stablin binds to chitin, a major component of the arthropod cuticle. 
&���������������������
�����	�����������	����������������	�����	�������������������
also the immobilization of invading microbes at sites of injury. Horseshoe crab cuticular 

���	������������������������������������	��		����	����	�������������	������'£��	{91 One 
of these, caraxin-1 (carapace-derived chitin-binding protein for protein cross-linking) is 
�
	������������	�������	��������������	
��	����{92 Recombinant caraxin-1 exists as 
�20-mer in solution and these oligomers are cross-linked by TGase to form an elaborate
mesh of honeycomb structures that is distinguishable, by electron microscopy, from the
clotting mesh triggered by LPS.

Horseshoe crab hemocytes are actively motile and one of the principal functions
of these hemocytes is to seal scars in the cuticle.93 According to observations on the
wound repair process of L. polyphemus, a coagulation plug is formed within 10 min
������	��������������	���������	������	�����	�������������	����
��������������{94

The sub-cuticular epithelial cells begin to migrate into the wound after 15 days; the 
epithelial cells span the wound between the cut ends of the exoskeleton by day 30 and 
then probably secrete cuticular components to complete the wound repair process. At the 
�����������	����������������	
����
���	����������	�����������	�����'£��	������	��	��	�	��
from hemocytes recruited to the site of injury and may then be immediately activated by 
Ca2� ions in hemolymph plasma. At the same time, caraxin-1 may be secreted from the
�������������	
��	����{�'�	��	����������������	�����������������������������	������
function to seal the wound to stop bleeding, serve as a barrier to the entry of pathogens
into the interior of the animal via the wound and operate as a transient extracellular matrix
for the migration of epithelial cells that facilitate wound healing (Fig. 2).
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PATHOGEN RECOGNITION BY THE COMPLEMENT SYSTEM

A complement-related protein, �2�������������������		��
�	���������	����	����
horseshoe crabs,95��������������������
	�	������
��	�����������		����	����	���� C.
rotundicauda (CrC3)96 and T. tridentatus (TtC3),97 indicating the presence of a complement 
system capable of promoting the phagocytosis of invading microbes in protostomes. CrC3
or TtC3 consists of 1,716 residues, with an overall domain structure that is identical to
that of mammalian C3, including �2-macroglobulin domains, complement-urchin-bone 
domains, a thioester-containing domain, an anaphylatoxin domain and a C345C domain. 
The sequence identity between TtC3 and CrC3 (98%) is considerably higher than that 
between coagulogens from the two species (90%).98 Horseshoe crab C3 is present as
��������	����	�����		���������������	�����	����
��
����������	�������������
which is present in a two-chain form.97

The horseshoe crab complement system promotes the deposition of C3b on the 
surface of Gram-negative or Gram-positive bacteria. In TtC3, LPS, but not zymosan, 
peptidoglycan, or laminarin, strongly induces the proteolytic conversion of TtC3 to TtC3b,
highlighting the selective response of the complement system to LPS stimulation. An 
antifactor C antibody inhibits both the proteolytic conversion of TtC3 and the deposition 

Figure 2. A hypothetical scheme for TGase-dependent cross-linking of caraxins at injured sites. In 
response to stimulation by LPS, TGase is secreted from the recruited hemocytes at injured sites and 
immediately activated by Ca2+ in plasma, which leads to the crosslinking of caraxins localized in the 
�������������	
���	����	�{���������������	��	����
�����	����	��	����	��	������������������
�����	��
at injured sites in cooperation with the clotting mesh.
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of TtC3b on the surface of Gram-negative bacteria. Moreover, activated factor C present 
on the surface of Gram-negative bacteria directly catalyzes the proteolytic conversion of 
TtC3, thereby promoting TtC3b deposition (Fig. 3). TtC3 interacts with factor C (K(( dKK �
4.9 � 108M) and TtC3 is present at a concentration of at least 300 	g/ml in hemolymph
plasma, whereas the amount of factor C in hemolymph plasma is very low (�10 	g/ml).97

'�	��	����	�����������	������������'�����������������������������������������	��������
factor C exists in a complex with TtC3 in hemolymph plasma and that the formation of this 
complex is a prerequisite for the immediate activation of TtC3 by factor C on the surface 
of Gram-negative bacteria. In the alternative pathway of the mammalian complement 
system, the interaction between C3b and Bb is essential to form C3 convertase (C3bBb). 
���������������
	�	�����������		����	����	���� C. rotundicauda.96 Although the 
physiological function of the Bf homolog in the horseshoe crab complement system
remains unknown, it is likely that it may be responsible for the formation of the second 
C3 convertase (Fig. 3).

CONCLUSION AND FUTURE PROSPECTS IN THE HORSESHOE CRABRR

INNATE IMMUNE SYSTEM

In response to stimulation by LPS, hemocyte secretes several kinds of 
immunocompetent molecules, such as coagulation factors, lectins, antimicrobial peptides,
protein substrates for TGase and also cytoplasm-derived TGase. The hemocyte possesses 
a feedback mechanism in which the antimicrobial peptides serve as endogenous mediators.
'�	������������������	��	����������	�����������������������������������	�����	��	����

Figure 3. A proposed mechanism for the activation of horseshoe crab complement C3 by factor C
localized on the surface of Gram-negative bacteria in the initial phase of the complement system.
��������� �	������	���&$����£�����	�����	�����	�������� �	�������'������� ��	����������	��		�� ��	� ���
proteins. The resulting activated factor C converts TtC3 to TtC3b, which is deposited on the surface
of bacteria. Whether the activated factor C can convert horseshoe crab Bf leading to the formation of 
a vertebrate like C3 convertase (C3bBb) remains to be examined.
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stabilized by TGase-dependent cross-linking of proxin and stablin. A sub-cuticular 
epidermis-derived caraxin forms a TGase-stabilized mesh at sites of injury. Invading 
pathogens are agglutinated by both hemocyte- and plasma-derived lectins. In addition, 
coagulation factors and tachyplesin convert hemocyanin to phenoloxidase. In the plasma, 
factor C acts as an LPS-sensitive complement C3 convertase. In this manner, horseshoe 
crabs have a sophisticated innate immune response network that coordinately effects 
pathogen recognition and killing, prophenoloxidase activation, complement activation 
and TGase-dependent wound healing.

Interestingly, the antifactor C antibody exhibits no effect on the deposition of TtC3b 
on Staphylococcus aureus, suggesting the presence of a factor C-independent pathway
to initiate the opsonization of Gram-positive bacteria.97 Complement factors required 
for the deposition of TtC3b on Gram-positive bacteria remain to be examined. Factor 
C and complement Bf from C. rotundicauda interact with plasma-derived lectins, such
as galactose-binding protein, carcinolectin-5 and CRP.99 Therefore, the protease-lectin 
complexes on the surface of Gram-positive bacteria may enhance the deposition of C3b. 
Although the complement-dependent clearance system of invading pathogens in horseshoe
crabs remains to be examined, phagocytosis of Gram-positive bacteria by hemocytes 
both in vivo and in vitro is inhibited by protease inhibitors, raising the possibility that the 
proteolytic dependence of opsonization byC3b may underlie phagocytosis by hemocytes.96
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Abstract: Ticks are blood feeding parasites transmitting a wide variety of pathogens to their 
vertebrate hosts. The vector competence of ticks is tightly linked with their immune
system. Despite its importance, our knowledge of tick innate immunity is still
����	����	�������	�����	������	�����������	�����������	���	�������	���	��	�
and cellular reactions are dispersed across numerous tick species. The phagocytosis
of microbes by tick hemocytes seems to be coupled with a primitive complement-like
����	��� ������ 
������� �����	�� �	�®����	�� �	���������� ��� �������	���	��	��
lectins and the action of thioester-containing proteins. Ticks do not seem to possess
a pro-phenoloxidase system leading to melanization and also coagulation of tick 
hemolymph has not been experimentally proven. They are capable of defending
themselves against microbial infection with a variety of antimicrobial peptides
comprising lysozymes, defensins and molecules not found in other invertebrates.
Virtually nothing is known about the signaling cascades involved in the regulation
of tick antimicrobial immune responses. Midgut immunity is apparently the decisive
factor of tick vector competence.The gut content is a hostile environment for ingested 
microbes, which is mainly due to the antimicrobial activity of hemoglobin fragments
generated by the digestion of the host blood as well as other antimicrobial peptides.
Reactive oxygen species possibly also play an important role in the tick-pathogen
interaction. The recent release of the Ixodes scapularis genome and the feasibility
of RNRR A interference in ticks promise imminent and substantial progress in tick 
innate immunity research.

Invertebrate Immunity, edited by Kenneth Söderhäll.
©2010 Landes Bioscience and Springer Science+Business Media.
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INTRODUCTION

Ticks (Acari: Ixodida) are parasitic mites that suck blood from their vertebrate hosts. 
Systematically, they belong to the Phylum Arthropoda, Class Arachnida, Subclass Acari, 
Order Parasitoformes and Suborder Ixodida.1 To date, more than 900 tick species have
been described and divided into two major families—Ixodidae (generally referred to as
hard ticks) and Argasidae (also known as soft ticks).2 As this common nomenclature
implies, the hard ticks possess a sclerotized dorsal body surface plate (scutum), whereas
the soft ticks have only a leathery cuticle.3 This most conspicuous morphological feature
of Ixodidae and Argasidae is just one hallmark for the other numerous biological,
physiological and ecological differences between these two families,3 out of which we 
mention just the most relevant to the topics of this chapter. Soft ticks, represented e.g., 
by the genera Argas or Ornithodoros, are multi-host parasites, having several nymphal 
stages (2-8) that all feed rapidly on their hosts (within minutes to hours). The adult ticks 
can feed repeatedly and the females, which mate away from the host, deposit just a limited 
number of eggs (few hundreds) after each feeding. The life span of Argasidae is quite 
long (up to several years) and they are capable to live without food for months between 
individual blood meals as nymphs or adults. In contrast, hard ticks possess only three 
developmental stages—larvae, nymphs and adults. Most Ixodidae (e.g., genera Ixodes, 
Amblyomma, Dermacentor, Haemaphysalis) are three-host ticks, where each stage can 
feed on a different host. The hard ticks feed slowly for several days, depending on the 
stage and species. The adult females mate usually on the host and after full engorgement 
they drop off. The blood meal is digested within several weeks and the female oviposits 
thousands of eggs and dies. Few, veterinary important species, such as the cattle tick 
Rhipicephalus (formerly Boophilus) microplus, are one-host ticks where larvae, nymphs 
and adults remain and feed on the same bovine host.The obvious differences in physiology
and feeding strategy strongly support the theory that adaptation to blood-feeding in hard 
and soft ticks has evolved independently.4

Ticks do harm to their hosts as obligatory ectoparasites, sometimes causing severe 
blood loss. More importantly, the main danger ticks present to their hosts is the enormous 
variety of pathogens they can transmit, including viruses, bacteria and protozoa.5 A
comprehensive survey of tick-borne pathogens causing serious diseases to humans or 
domestic animals was reviewed recently.6 It demonstrates that the most recognized human 
illnesses (e.g., Lyme disease, tick-borne encephalitis, granular anaplasmosis) or animal
diseases (e.g., anaplasmosis, babesiosis, theileriosis, African swine fever) represent just 
the tip of the iceberg of the entire problem of ticks as disease vectors.6

The success of pathogen transmission by ticks is due to the long period of co-evolution
�	��		�� 
�����	�� ���� �	����� ���� ���� �	����	� ��� �
	����� ��
	���� ��� ����� ������{�
&�����	��� ���	� ��������	� ��� ��	� ���������� ��� ����� ��	���������� ������������ ����
immune responses mediated by the inexhaustible pharmacology of molecules present in 
tick saliva.7 Moreover, ingested microbes are not exposed to immediate proteolytic attack 
by digestive enzymes within the gut lumen, since ticks digest blood intracellularly in 
digestive lysosomal vesicles.3 On the other hand, it is obvious that ticks have to possess
	����	����	�	��	��	������������	������	�������������	��������������	��������������	����
to a level tolerable for the vector. Despite its importance, we still know very little about 
how transmitted pathogens can evade or withstand the innate immune responses of ticks
since, the vector-pathogen interface is the least understood site of the pathogen-tick-host 
interaction triangle.
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Invertebrate animals lack an adaptive immune system and their defense against 
potential pathogens has to rely on a network of cellular immune reactions (e.g., 
phagocytosis, encapsulation and nodulation) and humoral factors involved in pathogen 
recognition and elimination (pattern recognition receptors, lectins, complement-like 
system, pro-phenoloxidase activation, hemolymph coagulation, antimicrobial peptides, 
reactive oxygen species, etc.). During the past two decades, our knowledge of innate 
immunity in invertebrates has developed rapidly thanks to the considerable body of work 
carried out on the model insect Drosophila melanogaster, other arthropods, such as the 
����	���	���������	�����	��������������
���������	������������������|�����	��	����		�
ref. 8 and this book). The detailed model of innate immune system based on that from 
Drosophila9 provided a solid basis for further investigation of immune responses and 
parasite transmission in insect disease vectors, such as mosquitoes10������	���	���	�{11

In contrast to the model invertebrates and blood-sucking insects, our understanding 
of innate immunity in ticks is still inadequate. Only a limited number of described cellular 
�����	��	������������������	�����������	���	�������	���	��	��|�		���	���	���	�����
Table 1 and refs. 12, 13 for the recent reviews) allow extrapolation to the immune system 
of other model arthropods, especially the horseshoe crab, which is phylogenetically the 
closest relative of ticks within the subphylum Chelicerata. A few years ago, it seemed that 
research on tick immune system would probably remain forever at a purely descriptive 
level. However, several recent advances reversed this pessimistic outlook. The availability
��� ���	� ���	� �$'� ����� �	��� ��� ����	�	��� ����� �
	��	��� ��������� ��	� ����� �	������ ���
the American deer tick Ixodes scapularis genome, released in December 2008,14 the 
feasibility of RNRR A interference (RNRR Ai) in ticks15 and the establishment of several tick in 
vitro cell culture lines as valuable models for analyzing the immunological interactions 
with tick-borne pathogens16 opened the gate to the postgenomic era in tick-host-pathogen
interaction research.

In this chapter, we review the current knowledge on tick cellular events and molecules
involved in defense against ingested and transmitted microbes. We also highlight further 
perspectives in the research of tick innate immunity relying mainly on the recently
implemented reverse genetics and functional genomics approaches.

DEFENSE MECHANISMS IN THE TICK HAEMOCOEL

Cellular Immune Responses

Similar to other arthropods, ticks possess an open circulatory system surrounding
their internal organs.3 It was demonstrated in the tick Dermacentor andersoni that during 
feeding the hemolymph volume increases linearly from about to 2-3 	l in unfed to almost 
150 	l in fully engorged females. However, the ratio of hemolymph content to the total
body weight remains constant at about 23%.17

Based on morphological and physiological studies of hemolymph cells in different tick 
species, several hemocyte types have been described.3,18-20 Most reports are consistent in the
description of three basic classes of tick hemocytes, namelyplasmatocytes,granulocytesI

and granulocytes II. Phagocytic activity is mainly attributed to plasmatocytes and 
granulocytes I, whereas granulocytes II are nonphagocytic cells. In some tick species,
another hemocyte type resembling insect spherulocytes has been described.3,20 The
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hemocytes are believed to differentiate from stem cells called prohemocytes, which are 
only rarely detected in the hemolymph.20

Phagocytosis of foreign material and microbes by tick hemocytes has been studied 
both in vivo and in vitro in several tick species. Fluorescent polystyrene beads inoculated 
into the haemocoel of Ornithodoros moubata were phagocytosed by plasmatocytes twice 
as much as by granulocytes.19 Hemocytes of O. moubata were also reported to phagocytose 
the yeast Candida haemulonii21 or the yellow pigmented Gram bacteria Chryseobacterium
indologenes.22 Despite the active cellular response against these microbes, infection
with these pathogens caused high mortality rates of these soft ticks.21,22 Recent RNRR Ai
experiments revealed that phagocytosis of C. indologenes by hemocytes of the hard tick 
Ixodes ricinus is mediated by a plasma �2-macroglobulin23 and possibly also by other 
thioester-containing proteins24 (see also the later section on complement-related molecules).
Pereira et al25 investigated the phagocytic activity of the R. microplus hemocytes upon 
injection of the yeast Saccharomyces cerevisiae. They demonstrated that plasmatocytes 
is the major cell type involved in phagocytosis of the yeast. Moreover, they were able to 
show in an in vitro assay that an oxidative burst in the phagocytic hemocytes occurred 
through the production of the reactive oxygen species superoxide and H2O2.

The process of hemocytic encapsulation was examined using small pieces of 
Epon-Araldite implanted under the cuticle of the American dog tick, Dermacentor 
variabilis.26 This study showed the successive involvement of Type I and Type II
granulocytes as well as plasmatocytes in the gradual forming of a multiple cell layer 
capsule around the implant. In addition, the authors observed Epon-Araldite particles
��������	������������������������������	�����	�
�	�	������	����
������������{�*�
the other hand, they did not observe any sign of melanin formation on the surface of the
implant. Another report on nodulation in ticks was also demonstrated in D. variabilis.27

The challenge of ticks by direct inoculation of Escherichia coli into the haemocoel 
	�������	����	����	��	�����	��������	�����������	��	����
�{������	�������	��	��	�
assay revealed that a rapid formation of bacterial clumps surrounded by aggregated and 
disintegrated hemocytes is responsible for this phenomenon. The aggregated bacteria 
were not viable, possibly because of the involvement of other immune mechanisms, e.g., 
bacteriolysis or phagocytosis.27

Thus far, no cell line originating from tick hemocytes has been available. However, 
some tick cell lines derived from embryonic cells16 display remarkable phagocytic activity
and have been used as useful models for deeper insight into tick cell-pathogen interaction.28,29

An elegant example of this approach was provided in a recent work showing how cell 
lines derived from I. scapularis (IDE12) and Amblyomma americanum (AAE2) respond 
to infection by the entomopathogenic fungi Metarhizium anisoplae.30

Certainly, much attention has been given to the response of tick cells against 
the human pathogen Borrelia burgdorferi, the causative agent of Lyme disease. The
hemocytes from I. ricinus were shown to use the mechanism of “coiling” phagocytosis
to engulf B. burgdorferi spirochetes, as performed by vertebrate phagocytic cells.31

Coleman et al demonstrated that B. burgdorferi overcome the midgut barrier of 
the tick I. scapularis via a surface bound plasmin, originating from the host blood,
which facilitates spirochete dissemination into the tick hemolymph and migration
towards the salivary glands.32 At least some of the spirochetes were phagocytosed 
and the process of their internalization by tick hemocytes was examined by confocal
microscopy.32 The differences in the immune responses to the cultivated B. burgdorferi
upon direct injection into the haemocoel were compared using the natural vector,
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I. scapularis and D. variabilis, which is unable to transmit the pathogen.33 The authors
found that the spirochetes were rapidly cleared from the hemolymph of D. variabilis
in contrast to I. scapularis, which appeared to provide a benign environment for the
pathogen. The immunocompetent D. variabils displayed a faster phagocytic response 
and a higher increase in hemocytic cells following challenge with the B. burgdorferi,
as well as a much higher borreliacidal activity in the plasma, as compared to the
immunotolerant I. scapularis.33,34 These results are also in accordance with the 
study of B. burgdorferi phagocytosis by cell lines from I. scapularis (IDE12) and 
D. andersoni (DAE15).28

Lectins—The Potential Recognition Molecules

Research on tick lectins/hemagglutinins has been the subject of constant attention
����	���	��
	�����
���	��������������	����	������������	�	�	������	����	��������	�������
self/nonself recognition and how the transmitted pathogens evade tick immune responses. 
The hemagglutination activity, conferring the ability to agglutinate mammalian red blood 
cells, has been reported for a variety of tick species mainly in the hemolymph, gut and 
�������������{�'�	����������
	����������������	�������	�	����������	��	����������
N-acetyl-D-hexosamines, sialic acid and glycoconjugates like fetuin (see ref. 35 for a
�	�	����	��	�~{�'�	�����������	�����������	���	�������	������	�	��	����������������
����
����	���������	�
����������	�����������O. moubata (Table 1).36 Dorin M is mainly
expressed in tick hemocytes and salivary glands and its C-terminal domain is highly 
homologous to the ������������	��	����	��������	��������������	���	��	��
���	���
|�?�&�~�������������������������{37 #���	������������������������	����	������
collagen-like domain. This feature is shared by the closely related tachylectins 5A
and 5B from the horseshoe crab Tachypleus tridentatus,38 which function as pattern 
recognition molecules.39 Another FREP has been cloned from O. moubata (OMFREP) 
|'��	��~�����������������	�����������	��	��	�����	�
�	������
���	�����������{40

������������������?�&����	����	�������	���������� I. ricinus, namely the Ixoderin A
and B, are phylogenetically more distinct and differ also in their tissue expression

���	{� ����	���� �� �	�	� 	�
�	������ ���� ������ ��� �	�����	��� �������� ������ ����
����������	�	�������	�����������
	�������	�
�	��	�������	���������������|'��	
1).40 Our search through the I. scapularis genome revealed that at least three isoforms
�������	������������	���	����	�������
	�|�14) isoforms of Ixoderin B and a still 
uncharacterized type named Ixoderin C which was predicted to be intracellular protein 
(Hajdušek, unpublished results).

The gene coding for a protein related to galectins has been isolated from the whole 
body homogenate of O. moubata 4th instar nymphs and was named OmGalec (Table 1).41

Its gene was found to be expressed in all developmental stages, including eggs and 
in variety of tissues. The protein is likely to be present intracellularly and it lacks a
transmembrane domain. OmGalec sequence contains tandem-repeated carbohydrate
�	�����������������{�'�	����������������
	������������	����������*�£�	�������	��	��
�������������
	��������������������������������	����������������������������
���
����	�{�������������
���	�����	�
����������	��	�	����	����	�������	���	�����������
	{�{���
	���������������������	���	������������	�{�'�	����������
	����	������*�£�	�
may have multiple functions, including in innate immunity.41
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Complement-Related Molecules

Two �2-macroglobulins (�2M) described in the soft tick O. moubata and the hard 
tick I. ricinus designated TAM and IrAM, respectively (Table 1),23,42,43 ��	���	�����������
representatives of the evolutionary oldest and best conserved family of thioester-containing
proteins (�2M superfamily), which have an important role in both invertebrate and 
vertebrate innate immunity. This superfamily comprises in invertebrates three main, 
phylogenetically distinct groups (i) �2-macroglobulins—the universal macromolecular 
protease inhibitors; (ii) the components C3/C4/C5 of the complement system; (iii) insect 
thioester proteins (TEPs).44 TAM and IrAM share high sequence homology, in addition 
��� ������	� �����	� ���� ������������ 
���	���{� =��	�	��� �	�	��� ���������� �	����	��
differentiate them from the majority of vertebrate and invertebrate �2Ms: the absence of 
������	������	������	��������������	�������������
���������������
���	�����������	���
precursors resembling cleavage events typical for C3 and C4 complement components
and variability within their bait regions (site of protease attack) generated by alternative
splicing.23,43 A recent functional study based on RNRR Ai-silencing linked with an in vitro
phagocytic assay revealed that IrAM is involved in phagocytosis of the tick pathogen
C. indologenes by I. ricinus hemocytes. The phagocytosis activity was dependent on an
active metalloprotease secreted by the bacteria, indicating that interaction of tick �2M 
with a protease from an invading pathogen is linked with a cellular immune response.23

Interestingly, phagocytosis of the Lyme disease agent B. burgorferi was not affected 
either by IrAM silencing or methylamine treatment indicating that engulfment of the 
spirochetes is mediated by a different mechanism independent on thioester-containing
proteins.23 We searched for other thioester-containing proteins in the I. scapularis genome 
and found nine different molecules belonging to the�2M-superfamily (tentatively named 
as IsAM1-9).24 The phylogenetic analysis (Fig. 1) revealed that three IsAMs are related 
to �2Ms, three are of the C3-complement type, one is related to insect TEPs and two 
IsAMs belong to a fourth branch recently renamed macroglobulin complement related 
(MCR) proteins.45 Hence, the tick I. scapularis is so far the only organism within the 
animal kingdom known to us to possess representatives of all major groups of invertebrate 
thioester-containing proteins.24

�����������	���
���������	���	�
���	����	��������	�����	��		����	����	������
D. variabilis (Dv FacD-L) and also from the D. andersoni DEA100 cell line (Da FacD-L) 
(Table 1).46 The serine residue of the catalytic triad is substituted with a glycine as in 
the closely related Limulus factor D, having a microbial activity,47 or other arthropod 
clip-domain serine protease homologues playing various roles in immune response.46 Dv
����������	�
�	��	�����������������	�����	�����������?���	�	�����	��	�������������
upon intrahaemocoelic inoculation of E. coli. A clear ortholog of Dv(a) FacD-L is also
present in the I. scapularis genome. A better understanding of the role of the immune–
responsive FacD-L in tick immunity, as well as other molecules potentially related to a
tick complement-like system, awaits appropriate functional genomic studies.

Do Ticks Have a Coagulation or Pro-Phenoloxidase Cascade?

Although some authors admit that tick hemolymph is capable to clotting or 
melanization,3,12,13 there are actually only a few reports dealing with this aspect of tick innate 
immunity. As mentioned previously, a process resembling hemolymph coagulation has
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Figure 1. Phylogenetic tree of tick and selected invertebrate and vertebrate thioester-containing proteins
(�2-macroglobulin superfamily). The tree was constructed by the neighbour-joining method using -
������ ����� �	��	��	� ��� «���� �	����	�� �
������� ������� ��	� ����	��	�� �2-M superfamily and thioester 
domains. Numbers at the branches display bootsrap support. IsAM(1-9): thioester proteins found in 
the Ixodes scapularis genome; Ir: Ixodes ricinus (hard tick); Om: Ornithodoros moubata (soft tick);
Li: Limulus polyphemus (horseshoe crab); Cr: Carcinoscorpius rotundicauda (horseshoe crab); Dm:
Drosophila melanogaster; Ag: ;��+��	��� 9
��
�0 Carp: Cyprinus carpio; Hu: human, Mo: mouse;
The circlets indicate the absent thioester bond. MCR stands for macroglobulin-complement-related. 
Adapted from Burešová.24
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been observed in the form of a mass around Epon-Araldite particles implanted under the
D. variabilis �����	��������������������	�����������������������	���	��	�������	�{26 In
�����������	��	�	�������	�������������	�	��	��	��	���	�������	�����	���	�������������	�
or crustacean clotting protein.8 On the other hand, the I. scapularisgenome contains putative
transglutaminases.Therefore, a possibility of hemolymph coagulation based on crosslinking 
of other hemolymph proteins (e.g., the abundant heme lipoproteins48,49) can not completely 
be ruled out. Considering melanization, there are controversial data about the PPO activity
in the hemolymph of ticks. It has been shown no PPO activity in the hemolymph of the hard 
ticks A. americanum, D. variabilis and I. scapularis,50 while such activity was detected in 
the hemolymph of the soft tick O. moubata.51 Since neither PPO nor hemocyanin, which
displays PPO activity in the horseshoe crab,52 seem to be present in the tick genome, it 
would be essential to characterize the molecule responsible for this activity.

Antimicrobial Peptides in the Tick Hemolymph

The existence of a potent antimicrobial activity against various Gram�, Grambacteria
and rickettsiae has been described by Russian researchers in the early 1990s for a relativeRR
large set of ticks representing both theArgasidae and Ixodidae families.53 The antibacterial 
activities were mainly attributed to the c-type lysozymes�������	�	�
����	������
������
characterized.53,54 Later, two c-type lysozyme orthologues were cloned and sequenced 
from D. variabilis hemocytes and the D. andersoni DAE100 cell line (Table 1) and their 
gene expression was shown to be upregulated upon E. coli challenge.55

The greatest part of literature on tick antimicrobial peptides (AMPs) deals with 
defensins. This family of small cationic peptides is synthesized as prepropeptides of about 
8 kDa, from which approximately 4 kDa mature peptides are cleaved C-terminally via a 
conserved furin cleavage motif (RVRR). Tick defensins (often having several isoforms) 
�	�	����������	����	������	������	������������������������
	��	�{12,56-58 In addition to the 
hemolymph, tick defensins were also reported to be expressed in the midgut and other 
tissues, including salivary glands and fat body (see below and the Table 1). Typical 
tick defensins with the furin cleavage site and conserved pattern of six paired cysteines
���������	������	������	�
	
���	������	�	�	�
��	���� varisin from D. variabilis. Varisin 
����
����	������	�	��	�
���	������
	��������	������������
���|?&�=&��~��������	
hemolymph of D. variabilis females challenged with B. burgdorferi and was shown 
to be active against the Gram� Bacillus subtilis.59,60 This defensin or chicken lysozyme
alone have low activity against cultured borrelia spirochetes. However, their combination
����������������	��	������	��������������������������������������	��������	��	��������	�	
��	��	�� ���	��	������� 	����	��� 
������������ |�	�����	�� ����	~� ��� �����	�� ��� ��	�
immediate clearance of spirochetes from the D. variabilis hemolymph.33,59 The role of 
varisin in D. variabilis innate imunity was also studied by RNRR Ai. Although varisin was
shown to be depleted from the hemolymph of the varisin-KD ticks, the activity against 
the Gram� Micrococcus luteus was only reduced by 50%. This result indicates that varisin 
���������	����������������������	������	�������	���	������������������������������	�
D. variabilis hemolymph.61 A study of the effect of varisin silencing on the transmission 
of a relevant pathogen, the rickettsiaAnaplasma marginale��
�	�	��	�������
�������������{
In opposite to authors’ expectations, the A. marginale ���	�����������������������	���	��
in the varisin-KD ticks for yet unknown reasons.62
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Two anionicdefensin-like peptides (ADP1 and ADP2), sharing the conserved cysteine
�	����	�������
�����	�	�������������������	���
�����������	����	���������	�	���	����	����
transcripts in a substractive cDNAlibrary originating from the syngaglion (central nervous 
system) dissected from fed vs unfed female Amblyoma hebraeum ticks (Table 1).63 The 
������������		�	�������	�
����������������&�������������	����
��������?&�=&�������
demonstrated its antimicrobial activity against both Gram� and Gram bacteria but not 
against fungi. The same fed vs unfed A. hebraeum syngaglion subtraction cDNA library 
������	�������	���	�������������������	���
	�����������������
	
���	�����	��hebraein

(Table 1).64 It consists of 102 amino acids, including six cysteins. However, its pattern 
���������	������	������������������	�������	����������������	������
�	������ �-helices 
clearly differentiate this AMP from arthropod defensins. The most striking feature of 
hebraein is its C-terminal histidine-rich domain. Isolated as well as recombinant hebraein
were active against Gram� as well as Gram bacteria (Staphylococcus aureus and E. coli)
and against the yeast Candida glabrato, but not against C. albicans. The antibacterial
������������ ��	���������	��	���	�������������� ������������ �	���	��	�
	�������������
C. glabrato. The authors also demonstrated that C-terminal histidine-rich fragment alone 
does not display any intrinsic antimicrobial activity.64 At about the same time, a similarly
histidine-rich molecule called microplusin�|'��	��~�����
����	�����?&�=&����������	�
hemolymph of R. microplus.65 Recently, the molecular structure of microplusin has been
solved using NMR, leading to a model of its mode of action.66 In addition to M. luteus
and other Gram������	����������
�����������������������	��	���	����	��������������	
���	������ ������ ��	 Aspergillus niger� �����	��� �
	������������� ��	��	����r Candida 
neoformans but not against C. albicans.66 In contrast to defensins, microplusin does not 
affect the permeability of the microbial membrane. Instead, microplusin was found to
chelate copper ions by binding them most probably to the histidine residues located at both
N-terminal (H2) and C-terminal (H74) ends of the molecule (Fig. 2). The bacteriostatic
effect of microplusin against M. luteus seems to be due to its capacity to sequester copper 
ions needed for bacterial respiration, a cooper-dependent process. The growth of M. luteus
could be restored by supplementing the medium with copper.66

Besides defensin and microplusin,65 a third cystein-rich antimicrobial peptide, 
designated ixodidin (Table 1), has been isolated by RP-HPLC from an acidic extract of 
R. microplus hemocytes.67������	����������
���	��	���	������	��������������	����	���
������	������	�{67 The ixodidin activity against M. luteus was in the submicromolar 
����	�������	����	��	���	����	�����������E. coli. The sequence of ixodidin displayed a
���������������������������	�	����	���	�
���	��	���������������������	�	������	��	����	�
and accordingly the peptide exerted inhibitory activity against elastase and chymotrypsin. 
Whether the antibacterial activity of ixodidin is due to the proteinase inhibition or to a
direct effect on the bacterial membrane remains an unresolved issue.67

IMMUNITY IN THE TICK GUT

The tick gut is the primary interface of the tick-pathogen interaction. Thus, the ability
of a pathogen to survive in the gut lumen, penetrate the gut epithelia and eventually 
multiply before reaching the haemocoel are intuitively considered as the determinants
of the tick vector competence. Ticks differ from other hematophagous arthropods in that 
they digest blood intracellularly and the protein-rich nutrients are only gradually absorbed 
by the gut epithelium.3 Since tick feeding is hardly an aseptic process, there has to be
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��������	�����	����	����	�	��	��	��������
�	�	����������	����������������	����������
lumen. The failure of such a mechanism may lead to high mortality, such as reported for 
the laboratory colony of the soft tick O. moubata accidentally infected via membrane 
feeding with C. indologenes.22 By contrast, the hard tick I. ricinus was quite resistant 
to the per os infection with this bacterium, suggesting that the families Argasidae and 
Ixodidae may differ also in midgut defense strategies.22

The pivotal and constitutive role in microbial control in the tick gut of both families 
is apparently played by the antimicrobial activity of the host hemoglobin fragments. 
Fogaca et al68 �	�	���	�����������	��������	�����������������������	��������	������	
���	��������
����	���������	���������	�������R. microplus is responsible for activity
against several Gram� ����	�������������{����������
������������

��������������������
activity against S. aureus or M. luteus��	�������	���	����������������������	�����	�������
fragments in the gut lumen of the soft tick O. moubata69 and the hard tick D. variabilis,70

respectively. The structural analysis of the bovine �-hemoglobin fragment (Hb 33-61) 
made it possible to explain how the N- and C-terminus of the molecule contribute to 
the disruption of the M. luteus71 and C. albicans72 membrane. The large hemoglobin
fragments are generated in the initial phase of hemoglobin digestion, mainly by the action
of an aspartic peptidase of the cathepsin D type.73 However, the mechanism of their 
secretion from the digestive vesicles to the gut contents remains obscure. Interestingly, 
the hemoglobin-derived antimicrobial fragments seem to have a conserved and universal
role in innate immunity since they have been also reported as defense molecules in the 
human placenta.74

Apart from the antimicrobial peptides of host origin, several types of endogenous 
molecules demonstrably or presumably contributing to immunity within the tick gut have 

Figure 2. Ribbon representation of the microplusin structure obtained by solution NMR (PDB ID 2knj).R 66

�����
����� ��������� ��� ��	� �-helices, having histidine residues located at both N-terminal (H2) and 
C-terminal (H74) ends of the molecule as putative binding site for Cu2� ions.
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been described. A c-type lysozyme�����
����	���������	���������	���������	�����������
O.moubata showing activity against M. luteus (Table 1).75 The sequence of the O.moubata
gut lysozyme shared some motives with lysozymes found in the digestive tract of insects
or stomachs of ruminants and its expression was strongly up-regulated by blood meals.76

The lysozyme of the hard tick D. variabilis�������������	����	������	�����	��55 was later 
found to be also markedly expressed in the midgut of this species.77 In contrast to the 
O. moubata gene, the expression D. variabilis lysozyme mRNRR A did not increase upon
feeding but seemed to be up-regulated in ticks infected per os with the causative agent 
of spotted fever, Rickettsia montanensis, by capillary feeding.77

Four isoforms of typical cationic defensin-A, B, C, D (Table 1) that became
up-regulated after blood feeding were described in O. moubata ticks by Nakajima 
et al78,79 Isoforms A, B and C were preferentially expressed in the midgut and isoform D
�����	���������{�'�	�������������		�	�����
������������	�	��������������	���������	����
by RP-HPLC and demonstrated its activity against S. aureus.79 The antibacterial assays 
performed with syntheticO. moubata��	�	�������������	����������	������������������������
a panel of Gram� but not Gram bacteria. The mode of action of defensin A peptide was
demonstrated by the permeabilization of the bacterial membrane.80

Of special interest is a report on a defensin-related molecule termed longicin (Table1), 
expressed mainly in the midgut of the babesial vector Haemaphysalis longicornis.81

Although longicin possesses the typical furin cleavage motif, the authors have shown 
that the mature protein also contains the N-terminal part of typical tick pro-defensins.
Recombinant longicin was active against a variety of fungi, Gram� and Gram bacteria,
including multidrug-resistant strains. Most strikingly, the recombinant protein exerted 
babesiacidal activity in vitro. In an in vivo experiment, the inoculation of longicin
�������������	���	��
������	����������	����	��	������Babesia microti.RNRR Ai experiments 
performed in this work further supported the role of longicin in Babesia transmission and 
regulation of H. longicornis vectorial capacity. Since this work points to an exceptional 
activity of a defensin-related molecule against a protozoan apicomplexan parasite, which is
�	��	�������	���������	���	������������������������
������	��������	�����	�����������{

Another typical tick-defensin named Hl-gut defensin (Table 1) was found to be
�
	������� 	�
�	��	�� ��� ��	 H. longicornis midgut and strongly up-regulated upon
intrahaemocoelic injection of LPS.82 Defensins predominantly expressed in the midgut 
tissue were also reported for the genera Ixodes (Table 1), namely I. ricinus,83 I. scapularis84

and I. persulcatus.56 The most recent comparison of the antibacterial activity of synthetic
peptides corresponding to the I. ricinus defensin, O. moubata defensin D and the above
mentioned longicin from H. longicornis, revealed that all defensins were active against 
Gram� S. aureus. On the other hand, the Lyme disease spirochete Borrelia garinii and 
the symbiotic bacteria Stenotrophomonas maltophila isolated from I. persulcatus were 
resistant to the tick defensins, suggesting an adaptation of these microbes to the tick 
antimicrobial response.85

In contrast to the soft ticks, neither defensins nor lysozymes have been unambiguously
proven to be secreted from the midgut epithelium into the gut lumen of hard ticks. An
attempt to detect these immune molecules, next to the hemoglobin antimicrobial fragments 
in the D. varibilis gut contents, was not successful.70 Defensin and lysozyme transcripts 
were surprisingly absent in the D. variabilis midgut transcriptome.86 These antibacterial 

	
���	���	�	�������������������������������
���	������	����	��������	�	���	��	����	�
proteomic analysis of the midgut from partially fed R. microplus females.87 Given these 
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data, the ultimate evidence that defensins and/or lysozymes really contribute to the control 
������������������������	����������������������������������	��	�
	���	�����	���������{

Protease inhibitors may play a role in tick midgut immunity via the inhibition of 
������	��
	�����
���	��	�{�̈ ����	� ���	
���	���������	�	�
�	���������������	��	�
���	��	�
inhibitor of the cystatin type (Hlcyst-2) (Table 1) in the midgut of H. longicornis was 
increased in response to blood feeding, LPS injection and experimental infection with 
Babesia gibsoni. They have further shown that recombinant cystatin partially limited the 
growth of Babesia bovis in culture.88 Another example was provided for a KunitzKK -type
serine protease inhibitor from D. variabilis, referred to as KPI.89 In contrast to the majority 
of related tick KunitzKK -type serine protease inhibitors expressed in the salivary glands 
to control homeostasis in the host, KPI was highly expressed in the midgut in response
to feeding and its mRNRR A level was also induced after per os infection with rickettsia. 
Beside a trypsin inhibitory activity and possible role as an anticoagulant of the imbibed 
blood, the authors demonstrated that D. variabilis KPI limits rickettsial colonization of 
����	����������{89

The paradigm that Drosophila��������	
���	������������	����	���������
	������
�������� ���	������������	�� ��� ��	���	����	���	�	������� ���� 	������������� �	�����	�
oxygen species (see refs. 90, 91) raises the question as to whether redox homeostasis

contributes to tick midgut immunity as well.Ticks defend themselves against the oxidative 
stress caused by an enormous amount of heme liberated from the digested hemoglobin 
������
	���	�	��	�������������	���������|�		��	�{� ���������	��	�~{�'������	���������
the heme mainly by its aggregation into hemosomes–special organelles of digestive cells 
that are subsequently released to the gut lumen.93 A small portion of heme binds to a
heme-binding protein named HeLp,53 which serves both as heme transporter and antioxidant 
enzyme in the hemolymph (Table 1).48,94 Citteli et al demonstrated that catalase, an enzyme
responsible for H2O2��	�������������
���������
���������	�����	�������������������	����	��
in the R. microplus midgut.95 Analysis of the D. variabilis midgut transcriptome revealed 
other putative antioxidant enzymes and radical scavengers, such as superoxide dismutase,
glutathione peroxidase, thioredoxin, glutathion S-transferase (GST), selenoprotein M
and others.86 Interestingly, several of these antioxidant enzymes were reported to be 
up-regulated in different tick species in response to infection with relevant pathogens. 
In the hard tick I. ricinus, GST and thioredoxin peroxidase were found by the method of 
subtractive hybridization among the genes induced after B. burgdorferi-infected blood 
meal.83�£$'�����������	����	������	��������������
��	����	�������	��������D. variabilis
males fed on calf infected with A. marginale. RNRR Ai experiments suggested that GST is
�����	�������	��������
���	��������������	����������
������������������������������	
pathogen and its multiplication in the tick salivary glands.96 Another study on two midgut 
�
	���� D. variabilis GSTs demonstrated that expression of these enzymes in the tick 
gut did not respond to E. coli haemocoelic injection but was primarily up-regulated by
blood feeding.97 Several putative antioxidant enzymes have been cloned and partially 
characterized in different tick species, but their function in tick redox balance or immune 
response has not yet been demonstrated (Table 1).98-102 The acquisition of B. burgdorferi
by I. scapularis was reported to be facilitated in part by Salp25D, a protein homologous
������������	�
	�������	��|
	�����	������~��������	�������
	�����������������{103 The 
�������� �	�	� ��	� ��� 
	������ �� �����	��
	����� ��	������ ��� $�
����� ������ ���	��
them to demonstrate that Salp25D from salivary glands but not the midgut is important 
for successful entry of the pathogen into the midgut. Furthermore, they showed that 
spirochetes exploit the salivary Salp25D to protect themselves against reactive oxygen
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intermediates generated by the mammalian neutrophils at the vector-host interface.103

This study elegantly illustrates the complexity of the molecular interplay between the 
host, vector and pathogen.

IMMUNE MOLECULES IN OTHER TICK TISSUES

Beside defensin and microplusin transcripts,104 only three antibacterial peptides have
�		�������������	����	����������	����	�������	��	���	��	�	�����������������������
(Table 1). Two short peptides of different sequence, designated as Ixosin and Ixosin B
were isolated from the salivary glands of the hard tick Ixodes sinensis.105,106 Both mature
Ixosins lack cysteine residues and display a similar antimicrobial activity mainly against 
S. aureus and the yeast C. albicans and to a lesser extent against E. coli. Recently, a
novel salivary antimicrobial peptide named IsAMP has been isolated from the saliva
of I. scapularis.107 Interestingly, it was found to belong to a family of secreted 5.3 kDa

���	����
�	���������	����	������	��
	��������
��	����	���� B. burgdorferi-infected 
nymphs.108 The mature IsAMP is composed of 47 amino acid residues including six
cysteine residues. IsAMP is active against Gram� and Gram bacteria. In addition to 
salivary glands, IsAMP is expressed in hemocytes and the fat body but not in the midgut.107

Esteves et al. detected several antimicrobial activities in the egg homogenate and 
surface material from the tick R. microplus.109�*�	������	��������������
	
���	����	����	��
in the egg homogenates was attributed to the previously described microplusin.65 Moreover, 
the regulation of microplusin mRNRR A transcription seems to be stage-dependent, during 
ovary and egg development. The authors suggest that microplusin acts as a protective 
factor of both the female reproductive tract and embryo.109 In contrast, the compound(s)
�	�
�����	��������������������������������	�	���������	��	���������	���	����	�{����	�	��	
role is possibly played also by two subtilisin inhibitors named as BmSI-7 and BmSI-6
|'��	��~�
����	���������	 R. microplus eggs since they strongly inhibit Pr1 protease 
from the entomopathogenic fungus Metarhizium anisopliae.110

$	�	�����������
�������	�	��
������	�������	����������	��	�
���	��	�	���	����	��
in phagocytic cell line BME26, derived from R. microplus embryos.111 They comprise 
e.g., microplusin, hebraein, �2-macroglobulin, factor D-like protein, GST, peroxidase and 
NADPH oxidase. This result suggests that this cell line has the potential to be a valuable 
tool for further studies on the interaction of tick cells with relevant pathogens, as recently 
demonstrated for the A. marginale.112

Regulation of Immune Response in Ticks

Although several of the above mentioned immune molecules are induced by microbial 
challenge, there is virtually nothing known about the regulation of the immune response 
in ticks. The I. scapularis genome contains a number of genes automatically annotated 
as putative components of the immune sensing and signaling pathway(s),9 comprising 
e.g., putative Toll-like receptors with leucine-rich repeats domains, a nuclear factor �B 
(NF-�B) related to Dorsal and also an ankyrin-repeat containing protein resembling
Cactus, a NF-��� ���������{� '���� ������� ����	���� ����� ��	� '�� ��������� 
������� ���
present in ticks. Several components putatively related to the Drosophila Imd pathway, 
such as Caspar and Relish, are also found in the I. scapularis genome, but an ortholog 
of Imd itself seems to be missing.
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'�	�����������	�����������	���	���������	��	������
��������	�����	�����������
immune gene transcription is subolesin (Table 1).113 This molecule (originally named 
4D8) was discovered in I. scapularis as a tick protective antigen, since immunization with 
recombinant subolesin effectively protected hosts against infestation and had a deleterious 
effect on tick survival and further development.114 Recently, it was demonstrated that 
tick subolesin is an ortholog of insect and vertebrate akirin,115 a highly conserved nuclear 
protein involved in the transcription of immune genes associated with NF-�B.116

CONCLUSION

Research on tick innate immunity and the molecular interplay at the tick-pathogen
interface is just entering its postgenomic era. Reverse genetics and functional genomics 
based on RNRR Ai will continue to substantially extend our knowledge that can potentially 
be exploited to combat tick-borne pathogens. In addition, the introduction of these 
techniques may make ticks to an additional model for the study of innate immunity, 
at least for the class Arachnida. Certainly, the main effort will be always targeted to 
understand how the transmitted pathogens evade the tick immune response. Data from 
���	�����	��	����	����	�������	���	�������������
������	������������������	����������
genomes or EST databases and ultimately verify their immune functions. We believe 
that ticks will prove to be a suitable model system for discovering molecules involved 
in pathogen recognition, the action of the primordial complement system and regulation 
of antimicrobial responses, among other aspects of innate immunity. Further research on 
tick midgut immunity and its relation to blood digestion and/or redox homeostasis may 
�	����	�����	����	��������������������������������	�
�����	��{
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CHAPTER 9R

BEETLE IMMUNITY
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Abstract: Genetic studies have elegantly characterized the innate immune response in
Drosophila melanogaster. However, these studies have a limited ability to reveal
the biochemical mechanisms underlying the innate immune response. To investigate
the biochemical basis of how insects recognize invading microbes and how these
recognition signals activate the innate immune response, it is necessary to use insects,
from which larger amounts of hemolymph can be extracted. Using the larvae from
two species of beetle, Tenebrio molitor and r Holotrichia diomphalia, we elucidated 
the mechanisms underlying pathogenic microbe recognition. In addition, we studied 
��	��	�����������������	�	��	���	��	���
��������{����
�����������	���	����	��
several pattern recognition proteins, serine proteases, serpins and antimicrobial
peptides and examined how these molecules affect innate immunity.

INTRODUCTION

�		�	�� |��	�
�	��~� ����������	��	��������������	���		�	��� ��	���	���� ��	������
	������������ ����	��	���	������� �����	�� ��� ���	���{�'�	� �	��������		�	� Tribolium 
castaneum (Coleoptera, Tenebrionidae), is a common model organism used for 
developmental, evolution, comparative genomics and pest science. In addition, Tribolium
has been the subject of studies investigating host interactions with a variety of pathogenic
bacteria, sporozoa, cestoda, nematoda, mites and hymenopterous parasites.1 The Tribolium
genome sequence has recently been determined by the Human Genome Sequencing Center, 
Baylor College of Medicine.2 This information has made Tribolium an excellent model for 
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studying insect immunity. Tenebrio molitor (mealworm) and r Holotrichia diomphalia area
from the same family as Tribolium and are larger than Tribolium (Fig. 1). These insects
reproduce rapidly and up to 500 	l of hemolymph (insect blood) can be extracted from a
single larva. Because the Tenebrio and Holotrichia larvae elicit a high antimicrobial activitya
when challenged with pathogenic microbes, we used Tenebrio and Holotrichia larvae as aa
model system to elucidate the biochemical mechanisms underlying the host defense system.

BIOCHEMICAL CHARARR CTERIZATION OF PATTERN RECOGNITION

PROTEINS IN BEETLES

The innate immune response is a crucial host defense system to defend against microbial
infection.3 The ability of a host to distinguish between self and nonself remains a central
hallmark of innate immunity.4 The pathogenic microbes possess distinct pathogen-associated 
molecular patterns (PAMPs), such as lipopolysaccharides (LPSs) of Gram-negative
bacteria, peptidoglycans (PGs) of Gram-positive bacteria and �-1,3-glucans of fungi.5 The 
recognition of PAMPs is achieved by a group of germ line-encoded receptors and soluble
proteins.6 The Drosophila Toll receptor signaling pathway is responsible for the defense 
��������£����
������	�����	������������������	���	������	��	���	����|���~�
����������
activated primarily in response to Gram-negative bacteria. Both of these pathways lead to the
expression of antimicrobial peptides (AMPs) via the activation of NF-�B-like transcription 
factors.7-10 In insects, bacterial lysine (Lys)-type PGs are recognized by the PG recognition 
protein-SA (PGRPRR -SA) and Gram-negative-binding protein 1 (GNBP1).11-13 These proteins
are believed to mediate the activation of a serine protease (SP) cascade and ultimately, the
cleavage of Spätzle pro-protein. Upon cleavage, Spätzle serves as a ligand for theUU Toll
receptor and increases the production of AMPs.10,14 GNBP3 is required for the detection 
of fungal cell wall components.15�'�	�	��	�������������������	���
��	������	����
��
by a proteolytic SP cascade; this protein cascade is conserved in the vertebrate system.10,16

'�	���
��������������	�	��	������������������	�����������	����	���������	�	��	������	���
in insects, which are devoid of an acquired immune system.

The prophenoloxidase (proPO) activation pathway, similar to the vertebrate 
complement system, is a proteolytic molecular cascade comprised of pattern recognition 

Figure 1. The pictures of beetles. (A) Tenebrio molitor; (B) Holotrichia diomphalia; (C) Tribolium
castaneum. To image the real sizes of beetles, measures are inserted. Reproduced with permission from
Iwanaga S, Lee BL. J Biochem Mol Biol 2005; 38:128-50, ©2005.36
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proteins and several SPs and their inhibitors. The cascade terminates with the zymogen, 
proPO.17,18 Microbial carbohydrates, such as LPS, PG and �-1,3-glucan, are initially 
recognized by pattern recognition proteins and induce SP-dependent activation of the 
proPO system. The proPO-activating enzyme (PPAE) and proPO-activating factor (PPAF), 
which are similar to the Drosophila Easter-type SP, cleave proPO to generate the active 
enzyme, phenoloxidase (PO).19-22 This enzyme produces compounds that are toxic to 
microorganisms by the oxidation of phenols and the subsequent formation of melanin. In 
addition, this enzyme participates in the sclerotization of cuticles, a process that is vital
for the survival of insects.23 Numerous reports have been published about invertebrate
proPO and its activation mechanism.18 A key question regarding the proPO system is: how 
do pattern recognition molecules activate this system in response to microbial infection?

Although information about the function of distinct PAMP recognition proteins, such
as PGRP-SA and GNBP3, from genetic studies in Drosophila gives insight into the Toll
cascade, the activation mechanism of the extracellular SP cascade in the Toll pathway has
not been clearly elucidated in Drosophila. Because Tenebrio and Holotrichia larvae have 
a high antimicrobial activity against bacteria and fungi,24-28 we sought to biochemically
determine the molecular activation mechanism of the Toll cascade in beetles. Initially,
�	�
����	���������	��£��&�29 from Tenebrio hemolymph using a 1,3-����������������
�����{�'�	�
����	��
���	�������������-1,3-glucan but not to bacterial PG. Subsequent 
molecular cloning revealed that GNBP3 contains a region with a sequence similar to
bacterial glucanases.29 Interestingly, two catalytically important residues in the glucanases 
had been replaced with nonhomologous amino acids in Tenebrio GNBP3, suggesting 
that GNBP3 had evolved from an ancestral glucanase gene but retained only the ability 
to recognize �����������{��	�����	�
����	���������	����	�&£?&�
���	����30,31 termed 
Holotrichia PGRP-SA30 and Tenebrio PGRP-SA.31 '�	�
����	��������������������
Holotrichia proteins (referred to as PGRP-1 and PGRP-2, respectively) had a high
sequence identity to Drosophila&£?&�$�{��	�
����	��Tenebrio PGRP-SAusing a novel
synthetic Lys-type PG peptide [(GlcNAc-Mur-NAc-L-Ala-D-isoGln-L-Lys-D-Ala)2]. 
This synthetic Lys-type PG fragment is a competitive inhibitor of PG-dependent proPO
������	��������������������������	���	�
��&*�����	�{�'�	�
����	��Tenebrio PGRP-SA
recognized both Lys-type PG and diaminopimel:c(DAP)-type PG. In vitro reconstitution 
experiments demonstrated that Tenebrio PGRP-SA is a common recognition molecule
of Lys-PG- and DAP-PG-dependent proPO cascades.31

�	�
����	�������	���������&$��	����������
���	�����	��	���&$��	����������
���	���
(LRP), from the cell-free plasma of H. diomphalia larvae.32 LRP exhibited agglutinating
activity in Escherichia coli, but not in Staphylococcus aureus and Candida albicans. The
E. coli agglutinating activity was preferentially inhibited by the rough-type LPS, which
contains an oligosaccharide core. The LRP consisted of 317 amino acid residues and six
repeats of an epidermal growth factor (EGF)-like domain. Recombinant LRP also had 
E. coli agglutination activity in vitro and was able to neutralize LPS by the inhibition
of LPS-induced interleukin 6 (IL-6) production in mouse bone marrow mast cells. 
Furthermore, the E. coli ����	���������	�
����	���?&��	�	��	��	�����	���
���������	
Holotrichia larvae than in the noncoated E. coli, indicating that this protein participates
in the clearance of E. coli. Three N-terminal EGF-like domains of LRP, but not the three
C-terminal EGF-like domains, were involved in the LPS-binding activity. In conclusion,
the data suggest that LRP is a pattern recognition protein for LPS and is a protein central
to the innate immune response.
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SERINE PROTEASE ZYMOGENS REGULATE THE proPO CASCADE

IN BEETLES

����������	���	����	���������	������
��&*����������������������	��	��&&���������
PPAF-II. These proteins directly activate proPO in the Holotrichia hemolymph.19,33,34 The
overall structure of PPAF-I is very similar to that of the Drosophila Easter SP (42.9%
identity),35 an essential SP zymogen in pattern formation during embryonic development.
'�	� ������������������	� �����	�� ��� ��	�
���	��	������&&�������	�������� ��� ����	�
of the proclotting enzyme from Tachypleus.36 Furthermore, [3H]diisopropylphosphate
(iPr2P)-labeled PPAF-I was produced in the crude preparation of the PPAF-I zymogen
when incubated with LPS or ����-glucan. However, [3H]iPr2P-labeled PPAF-I was not 
produced under the same conditions in the absence of these microbial polysaccharides.
These results indicate that microbial polysaccharide-dependent activation of the proPO
system inHolotrichia larvae activates the PPAF-I zymogen. The structure of the PPAF-II is 
similar to that of the masquerade protein,37 a SP homologue expressed during embryogenesis 
and Drosophila larval and pupal development. The 45-kDa PPAF-II protein contained 
a trypsin-like SP domain at the C-terminus. PPAF-II differs from trypsin in that there is
a substitution of a serine residue in the active site triad to a glycine and this protein has a
������	������	����
�������������	����	������{�#���������������	�������������	�
	���	����
we demonstrated that PPAF-II, active PPAF-I and proPO were necessary for showing 
PO activity in the Holotrichia proPO system, suggesting that PPAF-II and PPAF-I are 
essential factors in the Holotrichia proPO cascade.

The crystal structure of PPAF-II (Fig. 2) revealed that the clip domain adopts a novel 
fold containing a central cleft, which is distinct from the structures of defensins that have
a similar arrangement of cysteine residues.38 The PPAF-II forms a homo-oligomer upon
cleavage by the upstream SP and the central cleft in the clip domain of PPAF-II functions as 
a module for binding PO. Similarly, the clip domain in the catalytically active Easter-type
SP plays an essential role in the rapid activation of the protease domain.38 In addition, we 

Figure 2. Overall structure of Holotrichia PPAF-II. A ribbon representation of PPAF-II structure. The
��
������������ ��	�&&������ �������
	��������	������ �	��	��� ��	� ������ �����	{�������������� ��
in black. The disordered regions are shown in dashed lines. A color version of this image is available 
at www.landesbioscience.com/curie.
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previously reported that the crystal structure of the SP domain of the Easter-type SP is 
structurally similar to PPAF-I. This analysis revealed several important structural features 
including a Ca2���������� �	������������������� ��
�����������	�������	� �����	�����
canyon-like deep active site and an exposed activation loop.39 We subsequently elucidated 
the function of the bound Ca2� and discovered that the activation loop is susceptible to 
proteolytic degradation, which did not involve the clip domain.

�	�
����	���������	����	��������&&���������������
��&*���������	�
��������
Holotrichia larvae.40 The PPAF-III gene encoded an EasterI -type SP zymogen with a 
��������������{�'�	������	�����������	��������&&��������
	��������	��	�����������
proPPAF-II in a Ca2�-independent manner to generate a 45-kDa PPAF-II. Furthermore, 
Holotrichia proPO-I and proPO-II have been characterized and the activation-dependent 
structural changes were examined using in vitro reconstitution experiments. When the
proPOs were incubated with PPAF-I, the 79-kDa proPOs were converted to 76-kDa 
proPOs, which did not exhibit any PO activity. However, when the proPOs were 
incubated simultaneously with PPAF-I, proPPAF-II and PPAF-III in the presence of 
Ca2�, a 60-kDa protein (PO-1) with PO activity was detected in addition to the 76-kDa
proPO-II protein. These results indicate that the conversion of Holotrichia proPOs
to enzymatically active PO was accomplished by PPAF-I, PPAF-II and PPAF-III
through a two-step Ca2���	
	��	���
���	������
���	��{���������	�
����	���������	��
the Tenebrio SP homologue-1 (SPH1) and proPO41 from the Tenebrio hemolymph.42

Using an in vitro reconstitution experiment, we demonstrated that the cleavage of the 
�������$&=�������	������������	����	��$&������	�	����������&*�������������������
SPH1 functioned as a PPAF.42

A MODULAR SERINE PROTEASE IS THE IMMEDIATE DOWNSTREAM

PROTEASE OF THE PGRP-SA/GNBP1 COMPLEX

Drosophila genetic studies suggest that PGRP-SA and GNBP1 form a complex that 
recruits SPs and activates the Toll signaling cascade.43�=��	�	�����	���	����������������	
SPs immediately downstream of the PGRP-SA/GNBP1 complex is not easily performed 
in Drosophila due to protein redundancy. Since we observed a high antimicrobial
activity against a challenge with Gram-positive bacteria or fungi in Tenebrio larvae, we
hypothesized that Tenebrio has the essential components necessary for the activation of 
��	�'�����������������	{�'�	�	���	���	�
����	����	����	����	��������	���$&������	�
PGRP-SA/GNBP1 complex in Tenebrio using a biochemical approach.13

We hypothesize that GNBP1 and an SP would be recruited to the PG/PGRP-SA
complex when the soluble Lys-type PG/Tenebrio PGRP-SA complex was incubated 
with PGRP-SA-depleted Tenebriohemolymph. Indeed, theTenebrio PGRP-SA/Lys-type
PG complex enriched a 50-kDa protein and a 35-kDa protein. The sequencing of the 
���	�������	����	����	����	����	��������
���	����� Tenebrio GNBP1 and the 35-kDa 
protein as Tenebrio modular serine protease (MSP). However, these proteins do not 
contain a clip domain, which is commonly found in proteases upstream of the Toll and 
proPO cascades.38 GNBP1 physically interacts with PGRP-SA and activates the Toll 
pathway in Drosophila.43 However, an interaction between GNBP1 and PGRP-SA has 
not been observed in vitro. Our observation suggests that the binding of PGRP-SA to PG 
enhanced the interaction between PGRP-SA and GNBP1 and the active form of MSP 
was recruited to the Lys-type PG/PGRP-SA/GNBP1 complex. Subsequent cDNAcloning 
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demonstrated that Tenebrio MSP contains four low-density lipoprotein receptor A repeat 
(LDL) domains, one complement control protein (CCP) domain and a trypsin-like SP 
domain.44 We demonstrated that the Lys-type PG/PGRP-SA complex recruited GNBP1
and MSP and proposed that this Lys-type PG/PGRP-SA/GNBP1/MSP complex initiates
the SP cascade in the Toll and proPO pathways in beetles.

Manduca sexta hemolymph protease 14 (Ms-HP-14), which contains a domain 
arrangement similar to that of the Tenebrio MSP, initiates the activation of the proPO
system.45,46 In addition, Lemaitre et al47 reported that the Drosophila MSP plays an 
essential role in the activation of the Toll pathway by Gram-positive bacteria and fungi 
in Drosophila. Their analysis showed that the MSP integrates signals that originate
from the circulating recognition molecules, GNBP3 and PGRP-SA and relays them to 
the Grass-Spätzle processing enzyme (SPE) extracellular pathway, which is upstream 
SPs of the Toll receptor.

THREE SERINE PROTEASE ZYMOGENS ARE INVOLVED IN LYS-TYPE

PG-DEPENDENT ACTIVATION OF THE TOLL SIGNALING CASCADE

Although we found that MSP is recruited into the Lys-type PG recognition complex, 
the lack of information regarding the identity of the immediate downstream factor(s) of 
MSP limits our knowledge of the molecular details of PG recognition and the involvement 
���$&�� ��� ��	�'�����������
������{�'�	�	���	�� ��	� ��	����������������	�	���������
of the biological functions of SPs involved in the Tenebrio Toll signaling pathway are
essential to the elucidation of the host defense system. SPE, a terminal SP that converts 
Spätzle pro-protein into a processed form capable of binding to the Toll receptor, was 
��	����	���� Drosophila.48 �	�
����	����	����	����	���������	���$&�����Tenebrio
MSP and Tenebrio SPE in order to obtain biochemical information regarding the Lys-type 
PG recognition signal-dependent activation of the Toll cascade.

�	�
����	�����		�$&���TenebrioMSP and a 41-kDa and 44-kDa protein, to homogeneity 
by column chromatography and cloned their cDNAs (Fig. 3).44 We sought to identify the SPE 
molecule in Tenebrio. Because the 44-kDa zymogen protein is similar to Drosophila SPE a
and Easter, we initially studied the active form of the 44-kDa protease. Since the cDNAs
of Tenebrio Spätzle and the Toll proteins have not been determined, we expressed the 
Tribolium Spätzle pro-protein and the Toll ectodomain in a baculovirus system (Fig. 3). To
����	�����	��	����	�
����	�������	��������
���	��	��	��	� Tribolium Spätzle pro-protein
in vitro, we incubated the Spätzle pro-protein with trypsin, the active forms of Tenebrio
MSP and the 41-kDa and 44-kDa proteases. Only the active 44-kDa protease cleaved the
Spätzle pro-protein. Under the same conditions, trypsin cleaved the Spätzle pro-protein 
����
	�������������	������	����������TenebrioMSP and the 41-kDa protease did not cleave 
the Spätzle pro-protein. In addition, we determined the N-terminal amino acid sequence of 
the cleaved 24-kDa Spätzle pro-protein to be: Phe-Asn-Thr-Asp-Glu-Met-Ser-Leu. This 
sequence is identical to residues 125-132 of the Tribolium Spätzle protein. Therefore, we 
named the 44-kDa protease as Tenebrio SPE.

We next tried to identify the upstream activator of Tenebrio SPE. Because TenebrioSPE 
has a trypsin cleavage site, we hypothesized that the upstream SP is a trypsin-like SP. As
�	�����	������	����	��$&�������	�������������	����	�	���	����	�������������
������	�
and trypsin-like SPs, respectively, suggesting that the active form of the 41-kDa protease 
may cleave the SPE zymogen. To test this hypothesis, we incubated the active form of 
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�������
���	�������� ��	�
����	��$&�������	�{����	�
	��	��� ��	�$&�������	������
hydrolyzed into a 35-kDa SP domain and a 15-kDa clip domain. The 35-kDa band was 
��	����	�������	�$&�����������$&�{�'�	�	���	���	��	������	����	��������
���	��	����
Tenebrio SPE-activating enzyme (SAE).

Because the sequence of the cleavage site in the SAE zymogen is Leu-124-Ile-125, 
the upstream SP of SAE is probably similar to chymotrypsin. This result suggests that 
the SAE zymogen is cleaved by the MSP. Therefore, activated MSP was incubated with 
the recombinant SAE zymogen. The SAE zymogen was hydrolyzed into a 35-kDa SP 
domain and an 11-kDa clip domain. The N-terminal amino acid sequence of the 35-kDa 
band was Ile-Val-Gly-Gly-Thr-Asn. This sequence is identical to the amino acid sequence 
of the SAE zymogen from Ile-125 to Asn-130, demonstrating that the MSP induced a
limited proteolytic cleavage between the clip domain and the catalytic SP domain of the 
SAE zymogen. Thus, the SAE protease is an immediate downstream target of MSP.

������� ��� ������� ��	��	�� ��	� $
Á��	� 
���
���	��� ��� �	��	��� ������
	�&£��
PGRP-SA, GNBP1, zymogens of MSP, SAE, SPE and pro-Spätzle were incubated 
together in the presence of Ca2+ and the cleavage of pro-Spätzle was detected by 
western blot analysis. As predicted, a 14-kDa band corresponding to cleaved Spätzle 
was observed (Fig. 4, column 9). However, if any one of the components was omitted 
from the incubation mixture, no cleavage of the pro-Spätzle occurred (columns 2-8). In 
conclusion, these experiments demonstrated that the PGRPRR -SA/GNBP1-mediated Lys-type
PG recognition signal is transferred by three different SPs; the initiating enzyme is the
82-kDa chymotrypsin-like MSP and the other two enzymes are the 41-kDa SAE and 
44-kDa SPE clip domain-containing trypsin-like SPs.

Figure 3. The domain organizations based on deduced amino acid sequences of cDNAs of T. 
molitor-MSP (Tm-MSP), Tm-41 kDa SP (Tm-SAE), Tm-44 kDa SP (Tm-SPE) and T. castaneum-Spätzle
(TC-SPZ) and Tc-ecotodomain Toll. Rabbit ears, half-double circle and rectangular symbols indicate 
the domains of LDL, CCP and SP domains of MSP, SAE and SPE, respectively. Moon symbols 
indicate the clip domain of SPs. Arrows represent the cleavage sites of SP zymogens during activation.
The red and d blue residues in the boxes indicate the specificity-related residue and catalytic triad Ser 
residue, respectively. Reproduced from Kim CH et al. J Biol Chem 2008; 283:7599-07,44 ©2008, with 
permission from the American Society for Bioschemistry and Molecular Biology. A color version of 
this image is available at www.landesbioscience.com/curie.
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IDENTIFICATION OF THE ESSENTIAL COMPONENTS REGULATING

THE �-1,3-GLUCAN-DEPENDENT TOLL SIGNALING CASCADE

�	� ��	����	�� ���		� $&�� ����� ��	� �����	�� ��� ��	� ������
	� &£��	
	��	��� '�
signaling pathway. Because the activation mechanism of Toll pathway by �-1,3-glucan
is not clearly characterized in insects, we aimed to identify the downstream SPs of 
GNBP3, a receptor for �-1,3-glucan from fungi, and their order of activation.49 To
identify the immediate downstream molecule(s) that is recruited by the �-1,3-glucan/
GNBP3 complex, the insoluble ������������������	�
����	� Tenebrio GNBP3 complex
were incubated with the hemolymph fraction. A 35-kDa band was enriched from the
GNBP3/insoluble�-1,3-glucan complex but not from the insoluble �-1,3-glucan lacking
GNBP3. The N-terminal amino acid sequence of the 35-kDa protein was identical to
the catalytic SP domain of Tenebrio MSP, suggesting that the MSP was recruited to
the �-1,3-glucan/GNBP3 complex. Tenebrio MSP is an apical SP that is activated 
downstream of PGRP-SA/GNBP1 in response to Lys-type PG treatment.13

'�� ������� ����� ��	� ������� ����� ���� �	�	���	�� �� Tenebrio pro-MSP in the 
presence of �-1,3-glucan, we performed western blot analysis using an MSP antibody 

Figure 4. In vitro reconstitution experiments for the activation of pro-Spätzle by �-1,3-glucan and Lys-type 
PG. The mixture of Tenebrio pro-MSP, GNBP3, pro-MSP, pro-SAE, pro-SPE and Tribolium pro-Spätzle 
in the presence of �-1,3-glucan and Ca2+ was incubated for 60 min and analyzed by Western blotting 
����������������
����	�������$
Á��	����������|lane 1). The 30-kDa pro-Spätzle and the 12-kDa-processed 
Spätzle are indicated with arrows. As a control, when eight components, such as Lys-type PG/PGRP-SA/
GNBP1/MSP/SAE/SPE/Spätzle were incubated together, the cleaved 12-kDa Spätzle was generated (lane
9). In the absence of any one of these components, pro-Spätzle was not converted to the processed 
Spätzle (lanes 2-8). Reproduced from Roh KB et al. J Biol Chem 2009; 284:19474-81,49 ©2009, with 
permission from the American Society for Biochemistry and Molecular Biology.
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on hemolymph that was incubated with �-1,3-glucan and GNBP3. Tenebrio pro-MSP
in the hemolymph was not activated by GNBP3 but was processed to the 35-kDa active
form of MSP when both GNBP3 and �-1,3-glucan were added to the hemolymph. 
These results suggest that the pro-MSP is processed into its active 35-kDa form in the 
presence of GNBP3 and that �-1,3-glucan and MSP binds to the �-1,3-glucan/GNBP3
complex. These data indicate that MSP is an apical SP that is immediately downstream
of the �-1,3-glucan/GNBP3 complex.

Because the Tenebrio MSP zymogen is activated in the presence of the�-1,3-glucan/
GNBP3 complex and the Lys-type PGN/PGRP-SA/GNBP1 complex, we hypothesized 
that the SPs downstream of the �-1,3-glucan/GNBP3 complex are identical to Tenebrio
SAE and SPE, which are activated in response to Lys-type PG treatment.44 To address 
�������
���	������	�
	�����	���������������	�������������	�
	���	�����������	�
����	��
proteins: GNBP3, pro-MSP, pro-SAE, pro-SPE and pro-Spätzle. A western blot 
���������	�	�	���������	�
���	��	��$
Á��	������	�	���	���
�������������������	���	
proteins with �-1,3-glucan and Ca2+ (Fig. 4, column 1). The elimination of any of the
components resulted in the loss of pro-Spätzle cleavage (columns 2-8). Processing
of pro-Spätzle to the processed Spätzle was also observed when PGRP-SA, GNBP1, 
MSP, SAE, SPE and Spätzle were incubated with Lys-type PG and Ca2�. These
results clearly demonstrate that GNBP3, in the presence of �-1,3-glucan, activates a
three-step proteolytic cascade involving MSP, SAE and SPE. The cascade activation
results in the formation of processed Spätzle, which functions as a ligand for the Toll
receptor. In addition, our data demonstrate that the �-1,3-glucan and Lys-type PG
recognition signals share a three-step proteolytic cascade that relays their signals to 
the Toll receptor (Fig. 5).

Although we have provided biochemical evidence elucidating the mechanism by 
which the�-1,3-glucan recognition signal is transferred to the Toll receptor, we have not 
demonstrated whether this SP cascade is present in vivo. We hypothesized that if this 
cascade is present in vivo, the same AMP(s) will be produced in the insect hemolymph
when the pathway molecules are injected into the Tenebrio larvae. Furthermore, we 
anticipate that AMP(s) expression will increase upon injection of Lys-type PG. To
address this hypothesis, we injected four molecules, �-1,3-glucan, Lys-type PG, activated 
SAE and processed Spätzle, into the Tenebrio larvae. The hemolymph samples had 
high antimicrobial activities against S. aureus, E. coli and S. cerevisiae{��	�
����	��
two AMPs, tenecin 1 and tenecin 2, by column chromatography from four hemolymph 
samples. Tenecin 1 had a bactericidal activity against Gram-positive bacteria and 
����
�	���������	����	�������������
{25 The amino acid sequence of tenecin 1 and 
����������	������������	�	�����	�������������	��	�	�����
���	������� Drosophila.50

Tenecin 2 is highly homologous to the antimicrobial peptide, coleoptericin,51 which was 

����	���������	���	�
�	�������	��� Zophobas atratus. Tenecin 2 has a high sequence 
identity with coleoptericin and holotricin 2 (65% and 36%, respectively).24 Holotricin
��� 
�	������� ��	����	�������������
�� ��� ��� �������	� ��������	���� 
	
���	�
����	��
from the Holotrichia larvae. Tenecin 2 had a bactericidal activity against E. coli and 
S. cerevisiae. These results demonstrated that tenecin 1 and tenecin 2 are induced by
treatment with �-1,3-glucan, Lys-type PG, SAE and Spätzle. These results support the 
notion that �-1,3-glucan and Lys-type PG activate Toll receptors by the same three-step
proteolytic cascade, which results in the production of tenecin 1 and 2 (Fig. 5).
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THREE PROTEASE-SERPIN COMPLEXES COOPERARR TIVELY REGULATE

THE INNATE IMMUNE RESPONSES IN BEETLES

The serpins belong to a superfamily of SP inhibitors and act as suicide substrates 
by binding covalently to their target proteases.52 Serpins are known to regulate various 
physiological processes and molecular defense systems in mammals.53 To date, the four 
Drosophila serpins involved in innate immunity, SPN43Ac, SPN27A, SPN77Ba and 
SPN28D, have been extensively analyzed using a genetic approach. SPN43Ac ���������	�
accumulate cleaved Spätzle, resulting in the constitutive activation of the Toll pathway
and expression of AMPs.14 SPN27A and SPN28D are known to regulate the Toll pathway 
during early development54-56 and are involved in melanin biosynthesis.57,58 Another 
serpin, SPN77Ba��������	����	��������	�����	��	�����������	���������������	��	�
��������
system (the trachea) in Drosophila.59�$����	�
�������	��		����	����	���� M. sexta and 
characterized as negative regulators of the proPO cascade.60 These serpins are thought 
to regulate the Toll and proPO cascades. However, the molecular identity of the serpin 
target SPs and the biochemical regulatory mechanisms of these serpins in relation to the
'������
��&*�������	����	������	�������	������{��	����	��	����	���	������	����	��
three SPs that directly activate the Tenebrio Toll cascade, we used the Tenebrio model
����	�������	�����������������	���	���	����	��	�
�������	��{�?	�	������	���	����	�����		�
novel serpin-protease pairs that negatively regulate the Toll and proPO cascades.61

A hallmark of serpin-dependent SP inhibition is the formation of a covalently bonded 
SP-serpin complex that is visualized as a high-molecular-weight band by SDS-PAGE.62

'�	���	����������������������	�����������	������	��	���������������������$&���������	�{63

Recently, we obtained the active forms of three Tenebrio Toll cascade-activating SPs 
and raised polyclonal antibodies to these proteins.44 These tools were used to monitor the
generation of SP-serpin complexes and to purify the serpins. Three novel serpins with
a molecular mass of 40 kDa, 55 kDa and 48 kDa (termed Tenebrio SPN40, SPN55 and 
$&��¡���	�
	����	�~��	�	�
����	����������	�����
	�	��������$&��$�������$&��
�	�
	����	�{�'��	�����	���	��
	�����������	�����	�
�����������
���	��	�����	�����������
�	��������	��	����
����	���	�
����������	�$&������
	�����	�����	��	��������������
(Fig. 6). As expected, SPN40 formed a complex with the MSP (lane 2 in Fig. 6B); it did 
not form a complex with SAE or SPE (lanes 3 and 4). In addition, SPN55 and SPN48
formed complexes with SAE and SPE, respectively (lanes 7 and 12). As a control, 

����	���	����������Tenebrio SPN1, which has a high sequence identity (37%) with
Drosophila SPN1,64 was incubated with the proteases under the same conditions. SPN1 
������������������	�$&��|��	������¦~{�'�	�	��	���������	����������	����		�
����	���	�
����
������
	������������	�'��������	������������$&�{��	���	�����	����	��	�
����	�	��
and expressed the recombinant serpins with Tenebrio SPN1 in E. coli. Tenebrio SPN40, 
SPN55, SPN48 and SPN1 consisted of 392, 461, 389 and 394 amino acid residues, 
respectively. A sequence comparison of the four serpins determined that these proteins 
share a reactive center loop (RCL) domain that acts as bait for trapping the target SP.
This RCL domain contains a putative cleavage site (between the P1 and P1’ residues) 
that is targeted by the proteases during complex formation (Fig. 7).

SAE and SPE cleave after Arg residues in the SPE zymogen (Arg199-Ile200) 
and pro-Spätzle (Arg124-Phe125) during the activation of the Tenebrio Toll cascade, 
respectively.44 Therefore, we hypothesized that SPN55 and SPN48 might have an Arg 
residue in their P1 position. However, SPN55 was cleaved between the putative P2 Tyr 
and P1 Met residues by SAE; the cleavage site of SPN48, which is targeted by SPE, 
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�����	��		����	�
������	�&��£������&���	���	����	�{�'�����������&���
	�������������	�
Arg-targeting SPs is similar to several mammalian serpins.52,65,66 For example, kallistatin,
a serpin that inhibits tissue kallikrein, has a P1 Phe residue, despite the fact that kallikrein
����	��������
	�������������	�{66 In addition, the protein Z-dependent protease inhibitor, 
������������&��'����	����	��������
	��������������������	��	�����	��������������¯��
��������
	�����$&{52�'�	�	���	�
	��	����������
�����	����	�	���	��	���

���������	
�
	�������������������	�������������	�'��������	�����	�
����������	���{�'�	�	�
���	���
colocalize with various digestive SPs in the insect circulatory system. The combined 
activity of the three serpins described in our study results in the enhancement of the Toll

Figure 6. Three Tenebrio� �	�
���� ����	�� �
	����� ���
	�	�� ����� ��	��� ����	�� $&�{� |�~� '�	� �
	����
SP-�	�
��� ���
	�	�� �	�	� ���	��	�� ������ $�$�&�£�{� '�	� 
����	�� �������	�� '�� ������	�����������
SPs (500 ng, lanes 1, 4 and 7~� ���� 
����	�� �	�
���� |� 	g, lanes 2, 5 and 8) were incubated for 1 h
at 30°C and then analyzed by SDS-PAGE under reducing conditions. The gels were stained with a
solution containing 0.1% Coomassie Brilliant Blue (CBB) R-250. Arrows in lanes 3, 6 and6 9 indicate
the SP-serpin complex. Star and r arrowheads indicate the N-terminal domain of MSP and the C-terminal
catalytic SP domains, respectively. Triangles� �������	� �	��	�� $&���� ���� $&���{� |�~� ����� 
����	��
serpin (20 pmol), including SPN40 (lanes 1-4), SPN55 (lanes 5-8), SPN48 (lanes 9-12) and SPN1 as
a control (lanes 13-16), was incubated with a Toll cascade-activating SP (5 pmol), MSP, SAE, or SPE, 
under the same conditions as in A. The reaction mixtures were analyzed by immunoblotting to visualize 
the SP-serpin complexes. Reproduced from Jiang R et al. J Biol Chem 2009; 284:35652-58,61 ©2009,
with permission from the American Society for Biochemistry and Molecular Biology.
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���������������	�������
	�������������������	����	������	�{�*�������������
�����	��
novel insights into the regulation of pathogen recognition mechanisms by the innate 
immune response.

When invading pathogens are recognized by the soluble pattern recognition proteins 
in the hemolymph, SP zymogens, which are positioned upstream of the Toll cascade, are 
sequentially activated and amplify the pathogen recognition signals.6,44,49 We hypothesized 
that serpins, which are present in low abundance in un-stimulated conditions, may act 
as a negative feedback inhibitor coincident with Toll cascade activation. To address this 
hypothesis, we injected �-1,3-glucan, pro-Spätzle or processed Spätzle, a ligand of the
Toll receptor, into the Tenebrio larvae and determined serpin expression by western blot 
analysis (Fig. 8). As expected, the levels of SPN40 and SPN55, but not SPN48 or SPN1,
were dramatically increased 24 h after injection of �-1,3-glucan and processed Spätzle. 
These results support the hypothesis; the induction of SPN40 and SPN55 expression may
decrease MSP and SAE activation in order to regulate the Toll cascade.

A balance between activation and inhibition of the SP-mediated innate immune
response must be maintained to avoid damage to the host.67����������������	���	����	��
three serpins that target three Toll cascade-activating SPs, which act as negative 
�	�����������'����������������	����������	���{�'���������	���������������������������	
SP-serpin pairs, which directly regulate the pattern recognition protein-dependent Toll 
signaling cascade. Surprisingly, each protease in the proteolytic cascade is selectively
regulated by a serpin inhibitor. It had previously been hypothesized that these cascades 
were regulated by a single “bottleneck” protease. There is increasing evidence, in
both mammals and Drosophila, that the control of proteolytic signaling cascades is

Figure 7. $	��	��	� �����	��� ��� ��	� 
������	� ���� 	�
	���	����� �	�	����	�� �	����	� ���	�� |&��&�Ã~�
in the serpins RCL domains. Blue boxes indicate the hinge region (P15-P9) of the RCL domains.
Blue highlighted residues are the putative P1 sites cleaved by target SPs. Red arrows indicate the
experimentally determined cleavage sites of Dm-SPN4,70 Ms-SPN6,71 human antithrombin,72 and C1
inhibitor73 by their target SPs. Tm-, Dm- and Ms- are abbreviations for T. molitor, D. melanogaster
and M. sexta, respectively. Reproduced from Jiang R et al. J Biol Chem 2009; 284:35652-58,61 ©2009, 
with permission from the American Society for Biochemistry and Molecular Biology. A color version 
of this image is available at www.landesbioscience.com/curie.
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precisely regulated. Our data indicate that each protease in a cascade may be regulated 
������
	������	�
��{������	����	���	����	������������$&��������$&����������������
inducible negative feedback regulators in vivo. This study, in combination with our other 
reports,44,49,68 supports a model in which the Lys-type PG- and �-1,3-glucan-dependent 
Toll signaling and proPO cascades are negatively regulated by three serpins (Fig. 9). 
Furthermore, our study highlights the elaborate regulatory mechanism of invertebrate
molecular defense systems.

CONCLUSION

During last 15 years, wehave used two beetles for biochemical studies of invertebrate’s
innate immunity. The main reason to use beetles as a model system is because they 
can be used for biochemical studies since fairly large amounts of hemolymph can be 
obtained. A weak point is that the genomic sequence information of beetles except for T. 
castaneum��������������	���������{���	���	�
����	���	��
���	�����������	������	����
innate immune responses, their putative biological functions have been predicted based 
���������������	��	��	����
��������	��		��
������������������	��	��	������	�
����	��
beetles’ proteins and amino acid sequences obtained from Tribolium and Drosophila
genomic sequence. Furthermore, in order to determine the exact biological functions 
of these proteins, we have spent long time to obtain their cDNAs and to express the 
recombinant proteins. Therefore, the determination of the whole genomic sequences of 
Tenebrio�����	���������������	�	��	���������	����	������������	�����	�������������
invertebrate’s innate immune reactions. Finally, a greater understanding of molecular 

Figure 8. The amounts of SPN40 and SPN55 in the hemolymph increased after injection of �-1,3-glucan 
or processed Spätzle into Tenebrio larvae. Four microliters of insect saline (lane 2), 50 ng of �-1,3-glucan 
(lane 3), 60 ng of pro-Spätzle (lane 4) and 60 ng of processed Spätzle (lane 5) were injected into 
10 Tenebrio larvae and hemolymph was collected after 24 h. A portion of each sample (40 	g) was
�����	�� ��� �������������� ������ ��������
����	�� �����	�
��� ��������	�{� ?	
�����	�� ����� ª����� ?�
et al. J Biol Chem 2009; 284:35652-58,61 ©2009, with permission from the American Society for 
Biochemistry and Molecular Biology.



177BEETLE IMMUNITY

pathogen recognition mechanisms and their signaling pathways of proteolytic cascade 
reactions will also facilitate the development of novel kits to rapidly and sensitively
detect bacterial PG or �-1,3-glucan in blood and food products.
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Abstract: Lepidopteran insects provide important model systems for innate immunity of 
insects, particularly for cell biology of hemocytes and biochemical analyses of 
plasma proteins. Caterpillars are also among the most serious agricultural pests,
�������	������������� ��	��� �����	�����	�������
��	�����
������������������	{
An early response to infection in lepidopteran larvae is the activation of hemocyte
adhesion, leading to phagocytosis, nodule formation, or encapsulation. Plasmatocytes
and granular cells are the hemocyte types involved in these responses. Infectious
microorganisms are recognized by binding of hemolymph plasma proteins to
microbial surface components. This “pattern recognition” triggers phagocytosis
and nodule formation, activation of prophenoloxidase and melanization and the
synthesis of antimicrobial proteins that are secreted into the hemolymph. Many
hemolymph proteins that function in such innate immune responses of insects were
�����������	�	�����	
���
�	����{����������
���	����	���������	����������		��	��
from lysed host cells may also activate lepidopteran immune responses. Hemolymph
antimicrobial peptides and proteins can reach high concentrations and may have
��������������������������
	����������������������������������������������������
clearing of infections. Serine proteinase cascade pathways triggered by microbial
components interacting with pattern recognition proteins stimulate activation of the
cytokine Spätzle, which initiates the Toll pathway for expression of antimicrobial
peptides. A proteinase cascade also results in proteolytic activation of phenoloxidase
and production of melanin coatings that trap and kill parasites and pathogens. The

���	����	������	����
����	��	����	������
	���������������������������	��	��
of the serpin superfamily. New developments in lepidopteran functional genomics
should lead to much more complete understanding of the immune systems of this
insect group.

Invertebrate Immunity, edited by Kenneth Söderhäll.
©2010 Landes Bioscience and Springer Science+Business Media.
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INTRODUCTION

Moth larvae have proven to be extremely useful for experiments providing insights 
on the innate immune systems of insects. Many hemolymph proteins with immune
�����������	�	�����������	��������	�
�������������	������	�����{1-11 Lepidopteran larvae
have also been important for experiments aimed at characterizing immune functions of 
insect hemocytes.12 Much of the research on lepidopteran immunity has made use of 
large moth species, including the tobacco hornworm, Manduca sexta and wild silkmoths
such as Hyalophora cecropia. The domestic silkmoth, Bombyx mori has also provided 
�����������������	��	�������������������������������������	���������	�������	��	��	��
genome,13 it continues to serve as an important model organism. The wax moth, Galleria
mellonella, was one of the earliest species used for research in insect immunity14,15 and 
is the subject of much current research. In addition to these laboratory model species,
research on immunity is also underway to investigate the immune systems of moths
whose larvae are among the most destructive agricultural pests worldwide, particularly
including species in the family Noctuidae. In comparison, there has been relatively little
�	�	������������������������	���	���
	���
���	����	���	�������	����	�������������	���
or due to lower agricultural impact.

In this chapter, we describe selected developments in research on innate immunity 
in lepidopteran insects, with an emphasis on aspects discovered through biochemical and 
cell biological approaches and potential new insights that may be gained from functional
genomics methods. Several recent reviews with a focus on lepidopteran immunity are
available.16-23

HEMOCYTES

With a large hemolymph volume in many lepidopteran larvae and pupae, it is 
possible to collect 104-106 hemocytes from a single individual, making feasible the use 
����	�����������	������	�������������������	���������	�����������������	�������	��
mammalian immunology. The most abundant hemocyte types typically described in
Lepidopteran larvae are granular cells and plasmatocytes, which are capable of adhesion
and phagocytosis.12 Nonadherant hemocyte types include oenocytoids, which synthesize
prophenoloxidase (proPO), and spherule cells, whose functions are poorly understood.
Monoclonal antibodies are very useful reagents for distinguishing lepidopteran hemocyte
populations based on antigenicity rather than morphology,24-26 which can vary considerably, 
especially for plasmatocytes.Two subpopulations of plasmatocytes have been distinguished 
based on monoclonal antibody markers in Pseudoplusia includens26 and in M. sexta,27

which may indicate different stages in differentiation or functional specialization. The 
composition of hemocyte populations varies through larval development.28,29 Hematopoesis
in lepidopteran larvae28,31 and the embryonic origin granular cells and plasmatocytes30

have been described.
Granular cells and plasmatocytes function in immunity through responses that involve 

adherence of cells to foreign surfaces or to other hemocytes.22,32 Both granular cells and 
plasmatocytes can be phagocytic and in different lepidopteran species either cell type 
may be the predominant contributor to phagocytosis as a defense.12 A hyperphagocytic 
cell type, very large cells capable of phagocytosing 500 bacteria, has been described in
M. sexta.33 These cells are morphologically similar to a neuroglian-positive subpopulation
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of plasmatocytes, which can act as a focus for attachment of hemocytes to foreign surfaces34

and perhaps are the same hemocyte type.
Adhesion of granular cells and plasmatocytes leads to two related responses to infection:

nodule formation, in which hemocytes cluster to entrap aggregated microorganisms, and 
encapsulation, in which hemocytes form a multi-layered cellular capsule around a larger 
eukaryotic parasite.12 Adhesion of hemocytes to injured body wall also probably helps to 
seal wounds to prevent bleeding.32��������	�����	��		����	����	�����	
���
�	�����������
promote these hemocyte functions. A hemocyte chemotactic peptide from Pseudaletia 
separata stimulates directed movement and aggregation of hemocytes.35 This peptide is
structurally similar to lepidopteran cytokines called ENF peptides, which have multiple 
biological activities, including the stimulation of plasmatocyte adhesion and spreading,
reduced bleeding and the stimulation of oenocytoid lysis to release proPO.36-40 RNRR Ai 
results indicate that the M. sexta plasmatocyte spreading peptide from this family 
promotes hemocyte nodule formation as a protective response to bacterial infection.41

The active ENF peptides are produced by proteolytic processing of a larger protein 
present in hemolymph.36,37 In M. sexta hemolymph, a serine proteinase with trypsin-like
�
	������������	�
�����	�����������������������������������	���		����	����	����	�������
instability (Kanost et al, unpublished results). Eicosanoids such as prostaglandins can
also simulate hemocytes to aggregate to form nodules.42,43 Prostaglandins can also elicit 
the lysis of oenocytoids, releasing proPO into the plasma.44 ProPO is activated by plasma
proteinases and participates in formation of melanin, which coats nodules and encapsulated 
objects. This response is discussed in more detail below.

Hemocyte attachment during encapsulation and nodulation is mediated by cell surface 
adhesion proteins. Lepidopteran hemocytes have cell surface integrins, which function 
as adhesion molecules.45-50 Plasmatocytes of M. sexta�	�
�	������
	��������	�������������
�	����	������	����	���	���
�������{47,50�'�	����	���	�
��
	���	�����������	�����	��
	�����
integrin derive at least in part from binding to neuroglian and a tetraspanin on neighboring 
hemocytes.49,51

RECOGNITION OF MICROORGANISMS

Plasma proteins that bind to components on the surface of microorganisms are a key 
component of the innate immune system of insects. Such proteins stimulate responses 
including phagocytosis and activation of proteinase signaling cascades. Some of these 
�
���	��� �	����������� 
���	���� �	�	� ����� ������	�	�� ��� ��������� ���� ��	�� ������ ���
occur in immune systems of other insect groups, whereas others appear to be unique to 
lepidopterans.

=	�����������¡ ����
�����
���	����������	����	�����Hyalophora cecropia52,53 and 
Manduca sexta.54,55 Hemolin is composed of four I-set immunoglobulin (Ig) domains
commonly found in cell adhesion proteins of vertebrates and invertebrates. Hemolin 
also exists in other lepidopteran species including B. mori, Hyphantria cunea, Lymantria 
dispar, Antheraea pernyi, Antheraea mylitta, Plutella xylostella, Samia cynthia.13,56-61

=	��������������		����	����	��������	����������������	�����	�������	������������������
have evolved after the split of the Lepidoptera from other insect groups. Hemolin shares
structural features with neuroglian,62 a transmembrane Ig-domain protein located on the
surface of Manduca glial and neuronal cells63 and the developing embryonic prothoracic 
gland,64 as well as a subpopulation of M. sexta plasmatocytes.34,51 Hemolin expression
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is induced by bacteria or their surface components injected into the hemocoel. In H. 
cecropia, this transcriptional activation is controlled via an intronic enhancer that 
contains a �B motif.65 Developmental and hormonal signals (e.g., 20-hydroxyecdysone) 
also affect hemolin production.58,66,67 It has been speculated that hemolin may have
an antiviral function.68 Baculovirus exposure up-regulates hemolin transcription in A. 
pernyi,69 but not in B. mori, Helicoverpa zea, or Heliothis virescens.13,70 A possible role 
for hemolin in antiviral responses remains to be established. On the other hand, several 
lines of evidence support the idea that hemolin functions in immune responses to bacterial 
infection.Hemolinbinds to bacterial lipopolysaccharide (LPS) and lipoteichoic acid71,72 and 
associates with hemocytes.55,73,74 The horseshoe-shape structure of hemolin suggests that 
one or more of its Ig domains may interact through domain swapping with Ig domains of 
cell adhesion molecules such as neuroglian on hemocyte surfaces.75 Interaction of hemolin 
with molecules on the surface of bacteria and with hemocyte membranes suggests that 
it may bring microorganisms to hemocyte surfaces, promoting phagocytosis or nodule
formation. RNRR Ai knockdown of hemolin expression in M. sexta ����	� �����������
reduced phagocytosis and nodulation of E. coli.76

Peptidoglycan recognition proteins (PGRPs) associate with bacterial peptidoglycans
through a conserved domain homologous to T4 bacteriophage lysozyme.77 PGRPs were
�����������	�	�����	
���
�	����{ B. mori PGRP-S1 was isolated from plasma of silkworm 
larvae as a 19 kDa protein that binds to Micrococcus luteus peptidoglycan and triggers the
proPOactivation system.8 Molecular cloning of PGRPs from Trichoplusia ni,10 B.mori,13,78

M. sexta,79-81 G. mellonella,82 S. cynthia,83,84 P. xylostella,60 and Ostrinia nubilalis85

suggests that multiple PGRPs are present in every lepidopteran species. In addition to 
binding to peptidoglycan, these proteins may hydrolyze peptidoglycan if the residues for 
Zn2�-binding and amidase activity are present.86 The B. mori genome has six short (S) 
and six long (L) PGRP genes: S3 through S6 are putative amidases; L1 and L4 possess 
a transmembrane region; L6 is likely cytosolic.13 Constitutive expression of PGRP-S1 is 
up-regulated in larvae after injection of Enterobacter cloacae.78 E. coli or Bacillus subtilis
treatment increases the mRNRR A levels for PGRP-S1, -S2 and -S5, whereas Staphylococcus
aureus injection enhances transcription of B. mori PGRP-S1, -S5, -L1, but not -S2.13

Microbe-induced transcription of PGRPs also occurs in other lepidopteran species.10,79,82,84

The T. ni, S. cynthia and M. sexta PGRPs bind to Bacillus meso-diaminopimelic acid-type 
peptidoglycans and M. luteus Lys-type peptidoglycans.10,83,87 This M. sexta PGRP can
stimulate proPO activation.88 Knockdown of KK M. sexta PGRP1 synthesis increased 
larval susceptibility to infection by Photorhabdus luminescens.89,90 So far, the level of 
����	��	� ��� ��������	�� ���� ���������� ��� ����� &£?&�� ��� ������������ 	��� ����� ����
Drosophila PGRPs.91,92 Furthermore, molecular details of how peptidoglycan binding
by PGRPs promotes the activation of serine proteinases involved in proPO and spätzle 
activation are unknown.

Insect �-1,3-glucan recognition proteins (�GRPs) and Gram-negative bacteria binding 
proteins (GNBPs) are a family of �55 kDa plasma proteins with an amino-terminal 
glucan-binding domain and a carboxyl-terminal region similar to �-1,3-glucanases.
B. mori �GRP1, M. sexta �GRP1 and �GRP2 and Plodia interpunctella �GRP bind 
to �-1,3-glucans and to bacteria and stimulate the proPO activation cascade.9,93-97 The 
amino-terminal domain of B. mori �GRP1 adopts an Ig-like �-sandwich fold and residues 
���	��		����	����	�����������������������������������	{98 M. sexta �GRP1 and �GRP2
gene expression in fat body is differentially regulated:�GRP1 is constitutively expressed, 
whereas �GRP2 transcripts become highly abundant in the early wandering stage prior 
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to pupation or after an immune challenge.94,95 M. sexta �GRP2 is also present in cuticle
of wandering stage larvae.95 Binding of �GRP1 or �GRP2 to curdlan and M. sexta
hemolymph proteinase-14 precursor (proHP14) stimulates autoactivation of HP14 to 
initiate an immune proteinase cascade leading to proPO activation.99,100 B. mori GNBP 
binds to E. cloacae but not Bacillus licheniformis or curdlan.101 An orthologous M. sexta
GNBP recognizes LPS and laminarin (a �-1,3-glucan with �-1,6 branches) and initiates
melanization (Y. Wang and H. Jiang, unpublished results). An active glucanase related in
sequence to the GRPs was isolated from midgut extract of Helicoverpa armigera larvae.
It hydrolyzes �-1,3-glucan but not �-1,4-glucan or glucans with mixed �-1,3 and �-1,4 
linkages102 and probably functions as a digestive enzyme.

C-type lectins (CTLs) from animals are a large group of carbohydrate-recognition 
molecules that bind ligands in a calcium-dependent manner.103 B. mori LPS-binding
protein (LBP or CTL20),104,105 Hyphantria cunea Hdd15,106 and M. sexta immulectin-1107

�	�	���������	����������
	�	��������	����	�����
��������	
���
�	��������	{�'�	����
contain two carbohydrate-recognition domains. CTLs with this dual-domain structure also 
include: M. sexta immulectins-2, -3 and -4,108-110 B. mori MBP (CTL10),111 immulectin
(CTL11),112 LEL-1 and -2,113 CTL19, CTL21,13 and H. armigera Ha-lectin.114 GenBank 
currently contains more than 30 additional similar CTL cDNA sequences from eleven 
���	��	
���
�	�����
	��	�������	������	�{�'�	��������	��������������'����	����	����
any other insect species is TcCTL3115 from a beetle, Tribolium castaneum. Hence, such 
tandem domain CTL genes appear to be fairly unique to Lepidoptera and their emergence 
and expansion may have occurred early in evolution of this insect group. Expression of 
at least some of these CTL genes is induced microbial infection.106,108-110,114

Many of the lepidopteran CTLs bind to bacterial LPS and some to lipoteichoic 
acid.105,106,108-110 They can cause agglutination of bacteria and yeast,107,109-111 presumably 
due to each of the molecule’s two carbohydrate-binding domains binding to carbohydrates
on the surface of adjacent microbial cells. This activity most often requires the presence
���������{�$��������	����������������������������	����������	�	����	����	�����	����
pathogens by hemocytes through nodule formation.105 Experiments have demonstrated that 
M. sexta immulectin-2 enhances clearance of Serratia marcesens,116 and suppression of 
immulectin-2 expression by RNRR A interference reduced larval survival of a Photorhabdus
infection.90 In addition, the immulectins can promote proPO activation and melanin
deposition at the surface of objects encapsulated by hemocytes,107,108,110,117,118 which may 
also promote killing of pathogens and parasites.

Lipophorins are insect hemolymph proteins that transport lipids between tissues.119 The 
lipophorin particle contains two protein subunits, apolipophorin-I and apophorin-II. When 
the neutral lipid load is high, an exchangeable plasma protein, apolipophorin-III (apoLpIII) 
also associates with low density lipophorin to cover hydrophobic surfaces. In lepidopterans, 
apoLpIII concentration in hemolymph is generally much lower in larvae than in adults, 
��	�	����������������������
��������
�������������������������������	���������
�����	��
�����{���
�
������������
��
�������	��		����
����	������	�	����	�	��	��	��������{32

Lipophorin appears to be involved in hemolymph clotting in at least some species,20 and 
may in this way participate in physical trapping of invading microorganisms. There may 
also be an association of proteins from the melanization cascade with lipophorin or other 
clotting components, which could contribute to defense.120-122 '�	�������������
�
������
and apoLpIII for hydrophobic ligands is consistent with their reported binding of bacterial
LPS and lipoteichoic acids,123-128 and the partitioning of these microbial membrane lipids
into complexes with lipophorin or apoLpIII may contribute to reducing their toxicity to
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insect hosts. Lipophorin and apoLpIII have been reported to stimulate other humoral or 
cellular immune responses in G. mellonella,129-133 and research toward understanding
molecular mechanisms underlying such observations is needed.

Pathogenic bacteria and fungi produce proteinases to utilize lepidopteran host 
proteins as a source of nutrients and to degrade immunity-related defense molecules
such as antimicrobial peptides. Thermolysin-like metalloproteinases associated with
entomopathogenic bacteria and fungi are essential virulence factors.134-137 However, the 
presence of microbial proteinases may also be recognized as a signal of infection and 
stimulate immune defenses in the host. Evidence for sensing of microbial proteinases and 
their regulation during innate immune responses has been reported from G. mellonella.138

Thermolysin is a potent activator of the serine proteinase cascade that controls proPO
activation leading to melanization. Thus, this virulence factor also directly triggers an 
immune response. In addition, the activity of microbial metalloproteinases within the 
body of G. mellonella generates peptide fragments that strongly elicit the synthesis of 
antimicrobial peptides.139�'�	������	������������
	
���	���	�	���	����	���������	���_
fragments containing theRGD/RGE motif, which bind to integrins of immune-compentent 
hemocytes.140 The stimulation of two innate immune responses, proPO activation and 
antimicrobial peptide synthesis, in response to microbial metalloproteinases provides
evidence that lepidopteran innate immune responses include reaction to danger-associated 
molecules produced by microbial virulence factors.141 Furthermore, G. mellonella
�	����
���������������������	��	���
���	����	�����������|��&�~����	������
	�����
peptidic inhibitor of thermolysin-like metalloproteinases reported to date from any animal.142

The IMPI gene encodes two distinct metalloproteinase inhibitors that putatively contribute 
to the regulation of metalloproteinases associated with invading pathogens.143,144

Nucleic acids released from damaged or necrotic cells form another danger signal 
to enhance insect immune responses. Injection of synthetic oligonucleotides induced 
attacin expression in B. mori larvae.145������"	���������
����	����������	�������������
heat-inactivated P. luminescens into G. mellonella larvae synergistically elevated the
level of antimicrobial activity, reduced the total number of hemocytes (a consequence
of the attachment of immune-competent cells to tissues during cellular responses) and 
prolonged the survival of insects infected by P. luminescens.146 DNA and RNRR A released 
from damaged cells may interact with lipophorin to trigger clot formation and entrap
invading pathogens in hemolymph. In Pseudaletia separata, nucleic acids as well as
cytoplasmic proteins (e.g., proPO) are released from oenocytoids through cell lysis 
induced by the growth-blocking peptide.40

ANTIMICROBIAL PEPTIDES AND PROTEINS

��������	����������������
�����
���	�����	�	��������	����	�����������	�������
lepidopteran hemolymph. Expression of antimicrobial peptides and proteins is often 
induced by microbial infection, with strongest expression usually occurring in fat body, 
although hemocytes also contribute to the pool of antimicrobial peptides secreted into 
hemolymph plasma.147 Antimicrobial peptides are also expressed in the midgut of 
lepidopteran prepupae and secreted into the lumen, perhaps as a prophylaxis against 
infection during metamorphosis.148 Antimicrobial peptides can also be expressed in 
extraembryonic tissues of lepidopteran eggs, providing protection against infection for 
the developing embryo.149
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�������	����	�������������������
���	����	
���	����������	�����������	����	�����	�
than forty years ago in G. mellonella150 and, like other insect lysozymes, shares structural
similarity with C-type (chicken) lysozyme.151 Its activity against Gram-positive bacteria
has been attributed to its ability to degrade cell wall peptidoglycan by hydrolysis of 
the �-1,4 linkages between N-acetylglucosamine and N-acetylmuramic acid residues.2

Besides moderate activity against Gram-negative bacteria,152-154 lepidopteran lysozyme
also exhibits antifungal activity.155 Lyozyme also appears to negatively regulate activation
of proPO in M. sexta.156

Insects produce a variety of amphipathic peptides with antimicrobial activity attributed 
�����	������������������	��	��	�����	�����
�����	��{�'�	�������������������
	
���	������
insects, isolated from the hemolymph of the silkmoth H. cecropia, was named cecropin.4

Families of cecropin genes have now been found in many lepidopteran (and dipteran) 
�
	��	�{�'����		���	���
����	�	���	�	���	����	�������	�B. mori genome.13 Cecropins are 
typically �4 kDa basic peptides, which have an amphipathic �-helical structure. The
moricins constitute another group of amphipathic �-helical antimicrobial peptides,157,158

�����������	�	���� B. mori.159 Nine moricin genes are present in the B. mori genome.13

������������������������	����	�����G. mellonella have activity against Gram-negative 
����£����
������	�����	���������	�������������	�����������	�����������{160

Lepidoptera possess glycine-rich AMPs (attacins and gloverins) and proline-rich 
AMPs (lebocins). H. cecropia has two 20 kDa attacin isoforms, an acidic and a basic
attacin, with 80% sequence identity.5,161 The B. mori genome also contains two attacin
genes,13 and attacin cDNAs have now been cloned from many lepidopteran species. 
Treatment of E. coli with H. cecropia attacins leads to an increase in outer-membrane 
permeability, preceding any increase in inner-membrane permeability by at least one 
generation time. Inhibition of outer-membrane protein synthesis is achieved on the 
transcriptional level and triggered by binding of attacin to the cell surface without entering
the inner membrane or the cytoplasm. Primary binding occurs on LPS, explaining why 
basic attacin is more active against E. coli than the acidic form. Another family of 
proline-rich AMPs, the gloverins, appears to exert a similar mechanism of inhibition of 
outer-membrane protein synthesis.162 Expression and evolution of four B. mori gloverin 
genes have been investigated,163,164 and gloverins have been studied in several other 
lepidopteran species,16,165-168�������������������	��		����	����	��������	�������	���������
other orders. A family of proline-rich AMPs called lebocins has been characterized in 
lepidopterans.16,147,169-173 A somewhat puzzling aspect of this family is that the 3.5 kDa
active lebocin peptide is processed from a larger precursor and in some members of the
family, the amino-terminal pro-region of the protein is conserved in sequence, but the
carboxyl-terminal sequence corresponding to the original antimicrobial peptide is not,
suggesting that the pro-region may have a function not yet discovered.

��&���������	������������	�����������	���������	����	�����������	��������	���{
'���	���������		���������������	���������	����������	�	��	�����������	����	�	������
because of overall structural similarities to mammalian � and � defensins.174 Insect 
defensins can be grouped into peptides with an �-helix/�-sheet mixed structure and peptides 
forming triple-stranded antiparallel �-sheets. Defensin-like AMPs with antibacterial and 
antifungal activities from several lepidopteran species have been investigated.175-180 Two
cysteine-rich defensin-like peptides from G. mellonella� �
	������� ������������������
���	�����������{179,180 ������
�������
�����	�	�������	�
	
���	����	����������	����	��
in G. mellonella and two Spodoptera species is characterized by imperfectly conserved 
tandem repeats of cysteine-stabilized �� motifs, the structural scaffold characteristic of 
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invertebrate defensins and scorpion toxins.181-183 They are induced upon activation of the 
immune system but lack detectable antimicrobial activity, suggesting that they may have 
an immune function yet to be discovered.

EXTRARR CELLUAR AND INTRARR CELLULAR SIGNAL TRARR NSDUCTION 

STIMULATING ANTIMICROBIAL PEPTIDE SYNTHESIS

Genetic investigations in Drosophila have revealed three major immune signaling 
pathways (Toll, Imd-JNJJ K and K JAK-STAT) that are conserved in mammals.184 Genomic
analyses suggest similar pathways exist in other holometabolous insects, including
B. mori.13 Additional bioinformatic and experimental evidence described below supports
the existence of functional Toll and Imd pathways in lepidopterans.

There are fourteen Toll-like receptor genes in the silkworm genome: six in group A
with Drosophila Toll and eight in group B with Drosophila 18-wheeler.13 BmToll and l
BmToll2 are group B genes highly expressed in ovary and their transcripts become more 
abundant in fat body after injection of microorganisms,185 suggesting possible involvement 
in embryonic development and immune response. BmToll3, BmToll4, BmToll9 and 
BmToll10 mRNRR A levels in fat body also increase after injection of some microbes. In 
M. sexta, a Toll-like receptor is present in hemocytes, fat body, epidermis, midgut and 
Malpighian tubules.186. Its mRNRR A level increased in hemocytes, but not in fat body, after 
injection of microorganisms.

$
Á��	�� ��	� ������ ������ �������	�� '��� ���� �		�� ��	����	�� ���� ����������
characterized in B. mori and M. sexta.187,188 Spätzle is synthesized as an inactive precursor, 

��$
Á��	������������	��	�	�������������	����	���������	���������	��	����
������
requires proteolytic processing to form the active Toll ligand. Expression of proSpätzle 
�����������������	��	�����M. sexta hemocytes than in fat body.188 In B. mori, expression
was detected primarily in fat body and midgut, but hemocytes were not tested.187 B. mori
and M. sexta proSpätzle proteins are only �20% identical to Drosophila proSpätzle, 
but have slightly greater similarity (�26% identity) in the carboxyl-terminal 108
residues corresponding to the active form of Drosophila Spätzle known to bind to Toll.
Recombinant B. mori and M. sexta Spätzle were active when injected into larvae, inducing
fat body expression of attacins, cecropins, gloverin, moricin and lebocin in B. mori187 and 
attacin, cecropin, moricin and hemolin in M. sexta, with corresponding strong induction
of plasma antimicrobial activity.188 Howevever, injection of proSpätzle had little effect,
indicating the need for proteolytic activation of this cytokine in response to infection.

Hemolymph proteinase-8 (HP8) is a clip-domain proteinase demonstrated to activate
proSpätzle in M. sexta�����
	������	����	����
�����	���	����������	��������¡��	����	
�����	���������������	����	���������	�{188 The Drosophila proteinases most similar 
to HP8 are Easter and Spätzle processing enzyme, both of which function to activate
proSpätzle.189 Injection of active HP8 into larvae stimulates expression of attacin, 
cecropin, gloverin and moricin and elevates plasma antibacterial activity, consistent with 
a role for HP8 as an activator of proSpätzle.189 HP8 is present in plasma as a zymogen, 
proHP8 and is activated by another clip-domain proteinase, HP6, an apparent ortholog 
of Drosophila Persephone. Injection of recombinant HP6 also promoted expression of 
antimicrobial peptides in larvae.189 ProHP6 is activated in plasma exposed to bacteria 
or the �-1,3-glucan curdlan, but a hemolymph proteinase responsible for activation 
���=&¦����������		����	����	���	�{��������

��	���������	����������������������
���	��
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molecules triggers activation of a proteinase cascade to generate the cytokine Spätzle,
leading to expression of a suite of antimicrobial peptides as an innate immune response 
in this moth (Fig. 1).

Two rel-family transcription factors participate in immunity-related gene expression 
in B. mori.190-192 BmRel encodes, via alternative splicing, l RelA and RelB, which are
orthologous to Drosophila Dorsal. BmRelish also encodes two splicing isoforms, 
Relish1 and Relish2. RelA activates the lebocin-4 gene strongly and an attacin gene 
weakly.190�?	������������	����������	����	�����?	����������	����	����������	�	��������
and other genes to a lesser extent. The Rel homology domain in RelA and RelB binds
�
	�����������B sites in attacin and lebocin-4 genes. In transgenic silkworms whose
BmRel expression is knocked down, expression of antibacterial peptide genes fails to bel
induced byM.luteus. Knockdown of KK BmRelishff  expression abolishes antimicrobial peptide 
production elicited by E. coli.191 Intact Relish1 and Relish2 do not activate promoters 
of B. mori attacin, cecropin B1, lebocin-3 and lebocin-4 genes. Removal of the ankyrin
repeats in Relish1 is necessary for its transcriptional activation of antibacterial peptide 
genes. However, Relish2, which lacks the repeats and the transactivation domain, serves 
as a dominant negative factor to suppress the function of active Relish1. Relish1 binds 
to the �B sites in attacin and cecropin B1 genes, while the sites for activating lebocin-4 
promotor differ between Relish1 active form and RelA. Meso-diaminopimelic acid- and 
Lys-type peptidoglycans can stimulate differential expression of antimicrobial peptide 
�	�	�������	����������������������	��	�������	�	�	��������������������������������������
activity of Relishes and Rels.192 Relish1 is inhibited by its own ankyrin repeats and 
RelA and RelB are negatively regulated by B. mori Cactus.193 Cactus interacts with the 
DNA-binding domain in the Rels but not with Relish1 or Relish2. Taken together, these 
data strongly suggest that the Toll and Imd pathways are functional in the silkworm to 
regulate immunity-related gene expression.

Figure 1. A current model of the hemolymph proteinase system in M. sexta larvae. An initiation proteinase
precursor, proHP14, is autoactivated in response to Gram-positive bacterial or fungal infection. HP14
activates proHP21; HP21 activates proPAP2 or proPAP3; PAP2 or PAP3 then cleaves proPO to form 
active PO in the presence of SPH1 and SPH2. Activation of proPO can also be catalyzed by PAP1
when the high MrMM  SPH complex is present simultaneously. PAP1 also activates proSPH2 directly and 
can indirectly lead to proHP6 activation. HP6, whose direct activator is unknown, cleaves proPAP1 and 
proHP8. PAP1 and HP6 form a positive feedback loop, in which PAP1 indirectly stimulates activation of 
HP6. HP8 activates Spätzle to induce antimicrobial peptide synthesis via Toll receptor. Active proteins,
including HPs, PAPs, SPHs, PO, Spätzle and plasmatocyte-spreading peptide (PSP), are labeled “*” 
and unknown HPs are marked with “?”.
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PROPHENOLOXIDASE ACTIVATION SYSTEM

PO-catalyzed quinone and melanin formation is a universal response in arthropods 
for killing and entrapping pathogens or parasites.194,195 PO in insect hemolymph has 
tyrosinase-like activities, including o-hydroxylation of monophenols and oxidation 
of o-diphenols to quinones.18 Tyrosine, DOPA and dopamine are substrates in insect 
hemolymph that contribute to PO-catalyzed quinone formation and subsequent melanin 
synthesis. Tyrosine hydroxylase and dopa decarboxylase are upregulated in fat body after 
injection of bacteria and probably contribute to provision of hemolymph dopamine for 
the innate immune response.80,196-198 Oxidation of dopamine by PO leads to production of 
5,6-dihydroxyindole, which has antimicrobial activity toward bacteria and fungi.199 PO
���
�����	������������	��������	����	�����
	�����
���	�������	����	�����������������{
This regulatory mechanism protects the host insect from potentially harmful effects of 
the reactive chemicals produced by PO, as the enzyme is activated only when elicited 
by wounding or infection. Understanding of insect PO and its activation was pioneered 
through detailed biochemical investigations with B. mori,11 and the M. sexta model system
is providing new insights into lepidopteran PO function and regulation.17,19

ProPO from B. mori and M. sexta exists in plasma as a heterodimer of two related 
subunits, each �80kDa.200,201 Insect proPOsequences are related to arthropod hemocyanins, 
and copper-binding motifs in the two groups of proteins are conserved.202 ProPO is
synthesized constitutively by oenocytoids.197,201,203 ProPOs lack secretion signal peptides
and are released from oenocytoids by lysis of the cells.40,44 Activation of the proPO
zymogen requires cleavage of a conserved Arg-Phe bond about 50 residues from the 
amino-terminus.11,18 The crystal structure of the M. sexta proPO heterodimer suggests that 
the proteolysis between Arg51 and Phe52 induces a conformational change to dislodge a
�
	�����&�	��	����	����	�����������������
	���
���	������	����	�������������	��������{204

The active site contains a canonical Type-3 di-nuclear copper center, with each copper ion 
coordinated by three conserved His residues. Glu395 of the subunit-2 may act as a general 
base to deprotonate monophenols, a key step in the o-hydroxylation of tyrosine by PO.

Extracellular serine proteinase pathways have evolved in animals to stimulate rapid 
responses to tissue damage, pathogen invasion, or physiological cues.205 A few eliciting 
��	��	��������
	������	��������������������	���
����������	�������	��	�����
���	������
activation of a large number of pathway components within minutes.This type of proteinase 
pathway results in activation of proPO in response to infection. Many of the proteinases
that function in such cascade pathways in arthropods contain a carboxyl-terminal serine
proteinase domain similar trypsin or chymotrypsin and one or two amino-terminal clip
domains, which have likely regulatory functions.206 The proteinases from lepidopterans
known to activate proPO and most of the proteinases upstream in the activation pathway
��	���
��������
���	����	�{�����		����
��������
���	����	��	�	���	�	���	����	�������	
B. mori genome,13 and fourteen such enzymes are expressed in fat body or hemocytes 
of M. sexta.207

In lepidopterans, proPO activating proteinases (PAPs) have been well characterized 
in M. sexta208-211 and B. mori.212 They are present in hemolymph as zymogens at low
concentration in naïve larvae, and their expression in fat body is upregulated in response
to injection of bacteria. M. sexta PAP1 contains a single clip domain, whereas PAP2 and 
PAP3 and B. mori proPO activating enzyme each contain two clip domains. The solution
structure of the region of PAP2 containing the dual clip domains suggests a potential
proPO-binding site, a bacteria-interacting region and a surface for activator/adaptor 
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docking in each domain.213 &����	��M. sexta�&�&���&�&������&�&���������	����	���
�	�	���	������	�&*�����������	�	�����	�������������������������
��&*�����	��	�����������
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�����	����	������	���	�
���	����	
homologs (SPHs). SPHs also contain clip domains but lack proteinase activity due to 
substitution of the active site Ser residue with Gly.214,215 M. sexta SPH1 and SPH2 also
require proteolytic processing to gain function, which leads to their assembly into the 
active, high MrMM cofactor required in the reaction with proPr O and PAP to generate high
levels of PO activity.215,216 This interesting interaction, which does not seem to be required 
for the silkworm proPO activating enzyme,212 is not well understood and requires further 
investigation.

The M. sexta proPO activation system includes at least four other serine proteinases 
|���{��~{�����������������	����
��
���	����	�|=&��~������������	�����	�������
�
���	���
receptor class A repeats, one Sushi domain, one Wonton domain and one proteinase
catalytic domain.217 Adding recombinant proHP14 to larval plasma greatly enhances 
proPO activation in response to M. luteus{�'�	�=&���
��	����	�����������������������
truncated, was isolated from plasma of larvae injected with bacteria.99 After incubation
with �-1,3-glucan and �GRP1 or �GRP2, the proHP14 was converted to a two-chain 
�����	�������������������������	�����	��
�����
��&*�����������{�'�	���������������
proHP14 results from an autoactivation cleavage after Leu387, occurring when proHP14
interacts with �-1,3-glucan and �GRP. Characterization of individual domains and 
truncation mutants of HP14 showed that the amino-terminal regulatory region of HP14

������
��	�������	��
	�������������������������
�����������	�������GRP1.100 Proteins
orthologous to M. sexta HP14 also function at the top of proteinase cascades in immune
responses of Drosophila and a beetle, Tenebrio molitor.218,219

HP14 activates a clip domain proteinase HP21, which can then activate proPAP2 and 
proPAP3,220,221 resulting in activation of proPO. ProPAP1, which differs from proPAP2 
and proPAP3 in having only one clip domain, is activated by HP6.189 HP6 also functions
in the proSpätzle activation pathway,188,189 providing cross-talk between these two immune
cascades in M. sexta. Addition of active PAP1 to hemolymph stimulates the proteolytic 
activation of HP6, HP8, SPH1 and SPH2.222 PAP1 directly activates proSPH2, but 
processing of the other precursors is probably indirect, depending on other plasma factors.
Consequently, a minute amount of PAP1 added to plasma from naïve larvae stimulates
a remarkably high level of PO activity in a short period of time, as a result of a positive 
�		��������
�|���{��~{�$��	���
����������
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clear which HP generates active HP6, leading to both PAP1-mediated melanization and 
HP8-mediated Toll pathway activation. The proteinase which activates SPH1 has not 
�		����	����	��������	�
�����	������	�	������=&�����£�����	�����	�����	���������	��
defense responses is not yet well understood.

INHIBITORY REGULATION OF HEMOLYMPH PROTEINASES

BY SERPINS

Immune responses can produce molecules that are harmful to the host. Serine
proteinases and the molecules they activate have potentially toxic effects. Proteinase 
inhibitors of different families can exist constitutively at relatively high levels in plasma
of naïve insects and may also be produced in response to physiological or pathological
stimuli.223 Serpins are �50 kDa proteins, many of which are irreversible inhibitors and 
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key modulators of immune proteinase pathways.224 Serpins occur as plasma proteins in 
�	��	����	���������	��	����	�{�'�	�����	��		��
����	�����������	�������	������������
from lepidopteran insects including B. mori,225,226 M. sexta,7,227-232 H. cunea,56 Mythimna
unipuncta,233 and �
����
�����9��
�
�234 The B. mori genome contains 34 serpin genes,
which have been analyzed with regard to molecular evolution of this gene family.13,235

Serpin biochemical and physiological functions in lepidopterans have been characterized 
most extensively in M. sexta.17,236

The M. sexta serpin-1gene encodes twelve protein isoforms, each having the same
amino-terminal 336 residues and a variable region consisting of the carboxyl-terminal �40 
residues, including the reactive center loop that interacts with a serine proteinase during 
an inhibition reaction. The variable region is produced by mutually exclusive alternative 
splicing of twelve different versions of the ninth exon of the gene,237,238 resulting in a 
group of serpin proteins with diverse inhibitory selectivity.227 Serpin genes that employ 
alternative splicing at the same position to generate multiple serpin isoforms have been 
studied in other moth species. These include B. mori serpin genes 1 (3 isoforms) and 28 
(4 isoforms),235 �������9��
�
 serpin-1 (9 isoforms),239 and Choristoneura fumiferana
serpin-1 (at least 4 isoforms).240 This mechanism for expanding serpin functional diversity, 
�����������	�	������	
���
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&����������� ���������� ���	� �		�� ��	����	�� ���� �� �	�� ��� ��	� M. sexta serpin-1
isoforms. Serpin-1A, -1E and -1J can inhibit HP8, and serpin-1J appears to be a 
physiologically relevant regulator of HP8 activity during immune responses87 (An,
Ragan, Kanost, unpublished results). Serpin-1J also inhibits all three PAPs to regulate
proPO activation210,216 (Jiang, unpublished data). Serpin-1I can inhibit HP14.99 Serpin-1K
������	����	������	����
����������
	������������������������
����87 suggesting a 
potential role for serpin-1 proteins in protection from digestive proteinases that escape 
into the hemocoel.

A putative orthologous group of serpins including M. sexta serpin-3,229 B. mori
serpin-3,235 and an H. cuneaserpina 56 are synthesized in response to infection and form a clade
with Drosophila serpin-27A and Anopheles gambiae and Aedes aegypti serpin-2, which 
have immune regulatory functions.235 M. sexta serpin-3 contains a reactive site sequence 
(Asn-Lys-Phe-Gly) highly similar to the proteolytic activation site (Asn-Arg-Phe-Gly) in 
�����
��&*���������{����������������	�	����������������	����	�
����������������	����	���
inhibitor of all three PAPs.229 M. sexta serpin-4 and serpin-5230 are closely related to each 
other and form a clade with B. mori serpins 4, 5, 7, 8, 14, 31 and 32.235 Serpin-4 suppresses 
proPO activation by inhibiting HPs upstream of the PAPs, such as HP1, HP6 and HP21, 
while serpin-5 forms complexes with HP1 and HP6.231 M. sexta and B. mori serpin-6 are
apparent orthologs. M. sexta serpin-6 can inhibit PAP3 to block proPO activation and it 
also inhibits HP8 to potentially regulate the Toll pathway.242

LEPIDOPTERARR N IMMUNE RESPONSES TO DIFFERENT TYPES

OF INFECTION

Herbivorous lepidopteran caterpillars consume enormous amounts of plant diet and are
capable of increasing their body weight up to 20% per day. Plant leaves harbor microbial 
communities, which enter the alimentary canal with the ingested food. The midgut of 
caterpillars can sense bacterial contamination of the diet and trigger immune responses, 
which are accompanied with life history tradeoffs.243,244 Bacteria can also naturally
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enter and infect lepidopterans through wounds. Phagocytosis by granular hemocytes or 
plasmatocytes, depending on the species is probably the earliest response,245 and when
����	����������	������	��	����	����������	����	�����	������	�������
���������������
bacteria of low virulence. Larger numbers of bacteria lead to hemocyte aggregation and 
formation of hemocyte nodules, probably aided by plasma pattern recognition proteins that 
agglutinate bacteria. Activation of lepidopteran hemocytes to become adhesive involves
cytokines from the ENF family245 and eicosanoid signaling.42 Hemocyte nodules often 
become melanized, as products of PO polymerize to form a melanin coat around the 
aggregated hemocytes and bacteria. This response also generates quinones and reactive
oxygen species that may help to kill the entrapped bacteria. The humoral response, synthesis 
of antibacterial peptides, occurs more slowly than the initial hemocyte response, requiring 
�	�	����������	���	����������������	����������������������������	��	����������	{
This broad-spectrum antibacterial activity, comprised of a mixture of different antibacterial 
peptides, is an effective protective response that can last up to a few days.

Entomopathogenic fungi can invade insect hosts directly via their sclerotized chitinous 
integument. Penetration and lateral growth within the inner part of the integument 
is achieved by joint action of physical pressure and secreted enzymes among which 
proteinases play a predominant role.246 Most, if not all, entomopathogenic fungi develop in
the hemocoel as cells known as protoplasts or hyphal bodies, which lack a fully developed 
cell wall. The absence of typical fungal cell wall components such as �-1,3-glucan may 
allow these fungi to evade the host immune surveillance. However, hyphal bodies of 
the entomopathogenic fungus Metarhizium anisopliae are ingested by plasmatocytes in 
G. mellonella during an early phase of infection,247 even though they lack �-1,3-glucan
on their surface. Ingested hyphal bodies are not killed, but propagate and grow within
phagocytic vacuoles of the plasmatocytes, which are likely occupied as a vehicle for 
dispersal within the hemocoel. Survival of hyphal bodies within the hemocytes as well 
as overcoming of multicellular encapsulation have been attributed to fungal secondary
metabolites (toxins), such as destruxins and cyclosporins which suppress cellular and 
humoral responses within the infected hosts.248,249 Similar to bacteria, fungal cells are
recognized, phagocytosed or, if too large or too numerous, encapasulated by hemocytes in
the hemcoel of Lepidoptera.250 Eicosanoids have been implicated as mediators in cellular 
antifungal defense.251 The lepidopteran antifungal response also encompasses proPO
activation, production of reactive oxygen species,252 and synthesis of potent antifungal
peptides including cecropins253 and gallerimycin.254 However, the humoral responses upon 
infection with parasitic fungi such as Beauveria bassiana is different from that observed 
after challenge with bacteria.255

Larger eukaryotic parasites such as nematodes and parasitic wasps provoke hemocytic
encapsulation and melanization,245 but little is understood about molecular mechanisms for 
recognizing such parasites as foreign.256 Successful parasites are able to disrupt or suppress
the host insect’s immune response. Entomopathogenic nematodes have a mutualistic
relationship with virulent bacterial pathogens of insects, in which the bacteria produce
virulence factors that disable cellular and humoral immune responses of their insect 
host.257 Parasitoid wasps that use lepidopteran larvae as hosts inject venom and accessory
��������
��	��������������
����	�����������	�����	�{���������������������	�������
parasitoid wasps, this adaptation includes the injection of polydnaviruses, which infect 
host hemocytes and express immunity-disrupting proteins, but do not replicate.258 Among 
these are gene products which cause apoptosis of hemocytes, disrupt signal transduction 
pathways in the humoral immune response and block melanization.259-261
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Some aspects of immunity to viral infection in lepidopterans are now becoming 
understood.262 Baculoviruses are the most commonly studied viral pathogens of these
���	���{�'�	�	������	��	��	����	�����������������	��������	�����	
���	����	�{����	�
���	
that can protect caterpillars from these infections is apoptosis of infected midgut cells.
Infected cells die before viral replication can be completed, thus preventing spread of the
virus to other cells or tissues.263 Baculoviruses encode gene products that inhibit caspases
responsible for initiating apoptosis, allowing the infection cycle to proceed.263 Hemocytic 
encapsulation of infected tracheal cells is another immune response to baculoviruses that 
has been observed in lepidopterans.262 In addition, hemolymph PO is correlated with 
virucidal activity toward baculoviruses,264 and thus, the proPO activation cascade may
help protect against baculoviral infection.

CONCLUSION

Lepidopteran insects have some important advantages as model systems for 
immunological research, including a depth of knowledge developed so far and the 
availability of large hemolymph samples from individual insects for studies of hemocytes
and plasma proteins. With the recent exception of B. mori, studies on moths and 
����	���	�����	��		�����
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experimental study. This situation is likely to change dramatically in the next few years,
as it is anticipated that genome sequences for several additional lepidopteran species will 
soon become available. Transgenic technology for silkworms is now well developed and 
may yield new fundamental information on immunity and perhaps strains with improved 
disease resistance. Furthermore, more complete understanding of lepidopteran immune
responses could lead to future developments of enhanced strategies for regulating insect 
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Abstract: Despite the lack of adaptive immunity based on gene rearrangement such as that in
����	���	��	����	�����	����	���	�����	�	�����	��	�	������������	����������
�����	���
using multiple innate immune responses whose molecular mechanisms are strikingly
similar to those of the innate immune responses of other multicellular organisms,
including humans. Invading pathogens passing through the epithelial barriers, the
�������	�����	���	�	��	����	��	�	��	�����
���	����	�����������	�	
������������	������
pathogen-associated molecular patterns in the hemolymph or on the immune cell
surface and are eliminated by humoral and cellular responses. Some pathogens escape
recognition and elimination in the hemolymph by invading the host cell cytoplasm. Some
of these intracellular pathogens, however, such asListeria monocytogenes����	���	����	��
by pattern recognition receptors in the cytoplasm and are eliminated by intracellular 
responses, including autophagy, an intracellular degradation system. Although some
of these pattern recognition receptors are encoded in the germ-line as protein families,
�����	����
	�����	�	
���������	����������������
	����������	��	����	�����	����	��
by alternative splicing in somatic immune cells in Drosophila.

INTRODUCTION

Diseases of the silkworm, Bombyx mori, were already described in the classical Chinese
literature “Guanzi” by Master Guan in the 7th century BCE and honeybee diseases were
described in Greek mythology as early as the 6th century BCE. The analysis of insect 
immune responses, however, did not begin until the 19th century. In 1870, Louis Pasteur 
pioneered the study of insect immune responses in Bombyx.1 His work was followed in 
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1892 by Elie Metchnikoff ’s investigations on cellular immunity in insects.2 Some of their 
observations on insect immune responses have been driven further and in some cases the
molecular mechanisms explaining their observations have been elucidated.3 Studies of 
�����	�������������	��������� Drosophila melanogaster, have greatly contributed to a 
deeper understanding of the detailed molecular mechanisms of innate immune responses
due to the powerful genetic tools available for this organism and these investigations 
have revealed fundamental conservation between insect immunity and innate immunity
of other multicellular organisms, including humans.

'�	��������	�������������	�	��	���	���	�	
���	��������	�������������	�	
��	������
gut and trachea, which act not only as mechanical barriers but also produce defense 
molecules such as lysozymes, antimicrobial peptides and reactive oxygen species.4

�	����	� ��	�� ���	� �
	�� �������� ����	���� 
�����	��� 
������� �������� ��	� 	
���	���
barrier encounter cellular and humoral defense responses in the hemolymph.5 As a cellular 
response, immune cells called hemocytes phagocytose and encapsulate pathogens in the
hemolymph. Humoral reactions are induced by the activation of cascades of constitutive
proteins present in the hemolymph, such as the prophenoloxidase (proPO) cascade and the
coagulation cascade and the activation of intracellular signaling pathways that produce 
defense proteins such as antimicrobial peptides in immune-responsive tissues and cells, 
such as hemocytes and the fat body, the functional equivalent of the vertebrate liver.
'�������
�	���	�����	����	���	������	��������������������	��	�
���	�����������	
invading pathogen-recognition mechanisms in the hemolymph and in the cytoplasm of 
Drosophila �����	��	�{�'�	������	��	�
���	����	��������	�������
	������	���������
of pathogen-associated molecular patterns by germ-line encoding pattern recognition
receptor families6 such as the peptidoglycan recognition protein (PGRP) family.

PRIMARY HUMORARR L RESPONSES: ACTIVATION OF CONSTITUTIVE

PROTEIN CASCADES IN THE HEMOLYMPH

In his study of Bombyx disease, Pasteur observed melanization of the insect cuticle 
caused by the protozoan pathogen, Nosema bombysis.1 Melanization of the hemolymph of 
the wax moth larvae Galleria mellonella has been reported by several authors, including 
Serge Metalnikov in 1927,7 who speculated that the dark pigment was formed by the
action of a special enzyme on a chromogenic substrate in the insect hemolymph, which
is now supported by molecular level studies. The enzyme is phenoloxidase and the
chromogenic substrates in the insect hemolymph are tyrosine and dopa. Phenoloxidase
is a copper-containing enzyme that catalyzes two types of reactions: the oxidation of 
monophenols to orthodiphenols and the oxidation of orthodiphenols to orthoquinones,
which are key reactions required for melanin formation.8 Melanization has an important 
role in arthropod immune reactions such as wound healing, surrounding invading pathogens 
and production of intermediates toxic to invading microorganisms.9 Detailed biochemical
mechanisms of the proPO cascade in moth, beetle and crustacean are discussed in chapters
by Kanost, Lee, and Cerenius.

&�	��������	�����
����	��������	�	���������
��������������Bombyx mori and 
is synthesized as inactive zymogens called proPO.10,11 Drosophila has three genes that 
encode proPO, Black cells/Dox-A1// , Dox-A3 and CG8193.12,13 Activation of proPO in the 
hemolymph is mediated by the proPO cascade, which consists of some serine proteases 
and some pattern-recognition receptors that recognize invading microorganisms.8 As 
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pattern recognition receptors, PGRP and �-1,3-glucan binding protein (�GRP) were 
�����
����	�������Bombyx hemolymph by Masaaki Ashida and his colleagues.14,15 PGRP
and �£?&��
	���������������
	
���������������-1,3-glucans, cell-wall components
of bacteria and fungi, respectively and activate the proPO cascade in vitro. cDNA
cloning of these proteins revealed that these proteins are evolutionarily conserved; e.g.,
there are 13 PGRP family members in Drosophila, 7 in Anopheles and 4 in both mouse 
and humans.16-21 The PGRP family has a PGRP-domain in the C-terminal region that 
has some amino acid sequence similarity to peptidoglycan-degrading enzymes with 
N-NN acetylmuramyl-alanine amidase activity, such as bacteriophage lysozymes. �GRP has 
sequence similarity with bacterial �-1,3-glucanase in the C-terminal region, which is also
���£�����	�����	���������
���	���|£��&~���	����	�������Bombyx hemolymph.22,23 In
Drosophila, one PGRP family member, PGRP-LE, which recognizes diaminopimelic
acid (DAP)-containing peptidoglycans, is involved in activation of the proPO cascade 
upstream of a serine protease called prophenoloxidase activating enzyme (PPAE), which 
is regulated by a serine protease inhibitor, Serpin 27A.24-26 Two Clip domain-containing
serine proteases,27 melanization protease (MP)1 and serine protease (Sp) 7/MP2/PAE1,
activate the proPO cascade upstream of PPAE and are also regulated by Serpin 27A.28-30

MP1 is required to activate the proPO cascade in response to both bacterial and fungal 
infections, whereas Sp7 is mainly involved in response to fungal infections.29 Coagulation
to initiate wound healing and limit hemolymph loss is also induced at the site of injury in
a proPO cascade-independent manner.31,32 In Drosophila, a hemocyte expressing protein, 
=	��	����� ���� ��� ��������� �	����
�� 
���	���� �����	�� ��	� �	����	�� ���� 	����	���
coagulation.33-35 Transglutaminase acts in coagulation.36 Hemolectin has similarity with 
the human von Willebrand factor, which is defective in some coagulation diseases in
������������	������������	��	������������������	�����������������{37

SECONDARY HUMORARR L RESPONSES: INDUCTION OF SELF-DEFENSE

MOLECULES

In 1906, Metalnikov observed bacteriolysis of Mycobacterium tuberculosis in the 
hemolymph of Galleria,38 which was followed by studies on insect bacteriolysins by 
Andre Paillot.39 We now know that bacteriolysis is explained by the activity of lysozymes
and antimicrobial peptides. A lysozyme is an enzyme that catalyzes the cleavage of the 
�-1,4-glycoside bonds in the peptidoglycans of the bacterial cell wall, which is the main
antibacterial factor in insects as well as in vertebrates. Since 1981 when antimicrobial

	
���	���	�	��������	����	�������	��	���
���������Hyalophora cecropia, by Hans Boman
and coworkers,40 several hundreds of antimicrobial peptides have been isolated from 
various invertebrates, plants and mammals, including humans.41 Drosophila mutants that 
fail to produce antimicrobial peptides are susceptible to bacterial and fungal infections, 
������������������	���������������������������
	
���	����������������������	�	��	������{42

$���"�����������������������	��������	���	�	����������������
	
���	���������	��	���
�� Sarcophaga peregrina, which is ideally suited for biochemical analysis. In response 
to infection or injury, four different types of antibacterial peptides are synthesized in the 
fat body and secreted into the hemolymph.43 These are the Sarcotoxin I, II, III families
and the Sapecin family. The Sarcotoxin I family has potent bactericidal activity against 
mainly Gram-negative bacteria.44-46 '�	�$���������������������
���	����	������
	���	���
��������������� �����������������������������	������������	�	�������	���
	�������	�{47
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Many insect antimicrobial peptide families have several subtypes, suggesting that 
���	���������	��������������
	
���	������������
	�����������	�	�������	���
	�������	��
to eliminate various microbes (Table 1). Sarcotoxin IA consists of two amphiphilic
alpha-helical regions with a hinge region.48 The amphiphilic helical segments are 
important for the expression of the antibacterial activity, suggesting that Sarcotoxin IA
acts primarily on the bacterial membrane.49 Cholesterol-containing liposomes are less 
sensitive to Sarcotoxin IA, explaining the selective toxicity of Sarcotoxin IA to bacteria 
because the membranes of the host cells contain cholesterol whereas those of bacteria 
do not. Although the Sarcotoxin II and III families also act on Gram-negative bacteria, 
$���������������	�����	�����	�	�������	���
	�������	�{�'�	�$�������������������������������
Cecropin, initially discovered in the hemolymph of bacteria-challenged diapausing pupae 
of Hyalophora.40 The Sarcotoxin II and III families are similar to Drosophila Attacin 
and Diptericin, respectively (Table 1). In contrast to the Sarcotoxin families, Sapecin
acts mainly on Gram-positive bacteria, including methicillin-resistant Staphylococcus
aureus.50 Sapecin has similarity to Drosophila Defensin. Sapecin comprises 40 amino
��������������		����	����������	������	����������������������������������
������������
a major phospholipid of S. aureus. A mutant of Escherichia coli defective in cardiolipin 
synthesis is more resistant to Sapecin than wild-type E. coli, suggesting that cardiolipin
is a target of Sapecin.51�$�
	�����������������
����	�� ����� ��	� �����	��	��������
a Sarcophaga embryonic cell line and is expressed during the embryonic stage of 
development, suggesting a role of Sapecin in development.52 Consistent with this idea, 
Sapecin is involved in the proliferation of embryonic cells of Sarcophaga.53 In addition 
to the inducible antibacterial peptides, the constitutive protein Antifungal protein, which 
has no similarity to other known proteins, is also present in the hemolymph.54 The amino 
acid composition of Antifungal protein is unique: glycine and histidine account for 
more than half of the total amino acids. Antifungal protein has no bactericidal activity, 
but it has lethal activity against fungi such as Schizosaccharomyces pombe. Antifungal
protein has less activity against Candida albicans, but the activity is greatly enhanced 
by the presence of Sarcotoxin IA, an inducible antibacterial peptide, suggesting that 
Sarcophaga� ����������� ��� 	����	��� ����	�� ����� �����������	� ���������� 
���	��� ����
inducible antibacterial peptides to eliminate various microbes.

In Drosophila���	�	������	������������������
	
���	�����	��		����	����	�{���
�	�������
Attacin and Drosocin are effective against Gram-negative bacteria, whereas Defensin 
��������	���������£����
������	�����	���{��	���
����������	��
	������������������������

Table 1. Summary of antimicrobial peptides in Sarcophaga
Effector Molecular Primary TargetTT Drosophila

Molecules Mass Subtypes $
	������� Homologue

Sarcotoxin I 4000 5 Gram-negative Cecropin
Sarcotoxin II 24000 3 Gram-negative Attacin
Sarcotoxin III 8000 �2 Gram-negative Diptericin
Sapecin 4000 3 Gram-positive Defensin
Antifungal protein 7000 1 Fungi Non

The characteristics of Sarcophaga antimicrobial peptides and their homologues in Drosophila are
summarized in reference 108.
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����	�������������{�����������������	��������������	����	���������������������
�����	��
act on fungi.55 Induction of antimicrobial peptides is mediated by two distinct pathways,
the imd pathway and the Toll pathway (Fig. 1),4,5 which are mechanistically similar to the
mammalian tumor necrosis factor-� receptor signaling pathway and Toll-like receptor 
(TLR)/interleukin-1 receptor signaling pathway, respectively.56 The imd pathway regulates 
the synthesis of several antibacterial peptides such as Diptericin, which is mediated by 
cell surface PGRP-LC, Imd adaptor protein, IAP2, dTAK1 kinase, I�B kinase (IKK) 

Figure 1. Recognition of various pathogens and induction of immune responses in Drosophila. Activation 
of the proPO cascade leading to melanization is induced by the cleavage of proPO to PO by a serine
protease, PPAE, which is regulated by two serine proteases, MP1 and Sp7. A constitutive hemolymph 
protein, PGRP-LE, binds to monomeric and polymeric DAP-type peptidoglycans (PGNs), which are 
components of many Gram-negative and some Gram-positive bacteria and activates the proPO cascade 
upstream of PPAE. PGRP-LE is also involved in activating the imd pathway-dependent induction of 
antibacterial peptides in the hemolymph and inside the immune cells. Membrane PGRP-LC is required 
for monomeric and polymeric DAP-type PGN-mediated activation of the imd pathway. The imd pathway 
comprises Imd, IAP2, dFADD, Dredd, dTAK1, IKK signalosome, Akirin and Relish. PGRP-LE induces 
autophagy through intracellular recognition of DAP-type peptidoglycans in an imd independent manner.
PGRP-SA in the hemolymph binds to Lys-type PGN of Gram-positive bacteria and is required for 
activation of the Toll pathway in cooperation with GNBP1. PGRP-SD has some redundant functions 
with PGRP-SA and GNBP1. GNBP3 is involved in yeast-mediated activation of the Toll pathway. 
The activation of the Toll pathway is mediated by its active ligand, Spz, cleaved from proSpz by the
serine protease cascade, including the SPE, Spheroide, Spirit, Sphinx, Persephone, Grass and ModSP.
The Toll pathway consists of Toll, dMyD88, Tube, Pelle, Dorsal and Dif. The transcriptional factors,
�����������������	��	�����	���	����	�����������{�'��������	����������	�������@������${��?	�	����
Signpost, Copyright 2008.108
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complex, FADD, Dredd caspase, Akirin and a Rel transcriptional factor, Relish.57-65 The
tumor necrosis factor-� signaling pathway comprises receptor-interacting protein, TAK1
kinase, IKKcomplex, caspaseK -8 and nuclear factor �B (NF-�B), similar to the Imd, dTAK1,
dI�� complex, Dredd and � Relish, respectively, in the Drosophila imd pathway.56 The Toll 
pathway predominantly regulates induction of the antifungal peptide Drosomycin, which
is mediated by the Toll receptor, dMyD88 adaptor protein and Dorsal related immune
factor, similar to TLR, MyD88 and NF-�B in the mammalian TLR signaling pathway.R 66-69

The important roles of these signaling pathways in host defense systems are demonstrated 
by the fact that mutations in the genes that regulate these pathways dramatically decrease 
resistance to microbial infections, e.g., Toll mutants are susceptible to fungal infectionsl
and Relish mutants lose resistance to Gram-negative bacterial infections.63,66

RECOGNITION OF VARIOUS PATHOGENS IN THE HEMOLYMPH

The Toll pathway is activated predominantly in response to fungal and some
Gram-positive bacterial infections, whereas the imd pathway is activated predominantly
in response to Gram-negative and other Gram-positive bacterial infections.70 Therefore, 
Drosophila������������	������	�	���
�����	�������
	������	��������{����������������
mammalian TLRs, which recognize pathogen components such as lipopolysaccharides,71

the ligand of the Drosophila Toll receptor is Spätzle (Spz), which is produced by 
proteolysis of an endogenous protein (proSpz) in response to infection.72 Therefore,
Drosophila Toll does not act as a pattern recognition receptor, but rather mediates
the downstream signaling of such receptors. In Drosophila, some PGRP and GNBP 
family members act as pattern recognition receptors upstream of both the Toll and 
imd pathways.4,73

PGRP-SA, PGRP-SD, GNBP1 and GNBP3 act as pattern recognition receptors
upstream of the Toll pathway in Drosophila. PGRP-SA, a hemolymph protein that was 
��	����	�����������������������������������		�������	����	����������������������	�'��
pathway in response to Gram-positive bacterial infections.74 PGRP-SA cooperates with
GNBP1 to activate the Toll pathway in response to Gram-positive bacterial infections.75

PGRP-SD has some redundancy and recognizes Gram-positive bacteria with PGRP-SA
and GNBP1.76 GNBP3 is required for activation of the Toll pathway in response to
fungal infections.77 Downstream of these recognition receptors, pro-Spz is cleaved by 
a serine protease, Spätzle processing enzyme (SPE).78 The SPE-mediated processing
is regulated by several serine proteases such as Persephone, Spirit, Spheroide, Sphinx, 
Grass and ModSP.79-82�&	��	
���	�����£�������	��
	��������	����	��������	����������
from fungi and Gram-positive bacteria, respectively and other proteases are required for 
the signaling from both microorganisms.80

Upstream of the imd pathway, PGRP-LC and PGRP-LE act as pattern recognition 
receptors. PGRP-LC, a membrane-associated PGRP-family member, is required for 
activation of the imd pathway in response to Gram-negative bacterial infections.83-85

Susceptibility of thePGRP-LCmutant to GramC -negative bacterial infections is less dramatic
than that of an IKK-complex mutant, in which signaling is impaired downstream of imd, 
suggesting that there is an activator of the imd pathway in addition to PGRPRR -LC.83 Consistent 
������������������&£?&������������������	��	����
��
���	�����		����	���������	����	
imd pathway.24 The PGRP-LC/CC PGRP-LE//  doubleE -mutant is much more susceptible to E.
coli infection than either single mutant alone, suggesting that PGRP-LC and PGRP-LE are 
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major recognition receptors for Gram-negative bacteria.25 As described above, PGRP-LE
activates the proPOcascade, which branches from the PGRP-LE-mediated activation of the 
imd pathway upstream of PPAE.25 In addition to the extracellular functions of PGRP-LE
in the hemolymph, PGRP-LE acts as a coreceptor of the membrane receptor PGRP-LC
on the surface of immune cells and as an intracellular receptor in immune reactive cells 
to induce antibacterial peptides by activating the imd pathway.86

Peptidoglycans are an essential cell wall component of almost all bacteria except 
mycoplasma, which lack a cell wall. Peptidoglycan is a polymer of �-1,4-linked 
N-NN acetylglucosamine (GlcNAc) and N-NN acetylmuramic acid (MurNAc) crosslinked by
short stem peptides. The glycan chain is relatively conserved in all bacteria, whereas
the amino acid composition of the crosslinking stem peptides and the linkages between
��	��
	
���	����	����	����	����	
	�����������	�����	�����
	��	�{87 Many Gram-negative 
bacteria and some Gram-positive bacteria, such as Bacillus species, directly crosslink 
DAP-containing peptidoglycans and preferentially activate the imd pathway in Drosophila.
Many Gram-positive bacteria have peptidoglycans containing lysine instead of DAP
with crosslinking peptides between stem peptides and these bacteria preferentially
�������	���	�'��
������{��������	����������	�������������&£?&�����		����	���������	�
the imd pathway in vivo, PGRP-LE selectively binds DAP-type peptidoglycans, but 
not Lys-containing peptidoglycans in vitro.24 PGRP-LC is required for DC AP-type 
peptidoglycan-mediated activation of the imd pathway in vivo and in vitro.88,89 The minimum
structure of the DAP-type peptidoglycan required for PGRP-LC-mediated activation of 
the imd pathway is GlcNAc-MurNAc with an internal 1,6-anhydro bond attached to a
tripeptide containing DAP, known as tracheal cytotoxin.90 These results are consistent 
�������	��������������&£?&��������&£?&�����������	��������������	���������	��������
DAP-type peptidoglycans such asE. coliand i Bacillus megaterium.25 The minimum structure
of the Lys-type peptidoglycan required for PGRP-SA-mediated activation of the Toll
pathway comprises two units consisting of GlcNAc-MurNAc attached to Lys-containing
tetrapeptides that are covalently dimerized by an interpeptide.91 Therefore, Drosophila
PGRP family members distinguish the structural diversity of peptidoglycans and activate
the appropriate immune responses. In addition to PGRPs acting as pattern recognition
receptors, there are PGRP family members such as PGRP-SC and PGRP-LB that have 
enzyme activity that hydrolyzes the lactylamide bond between the glycan strand and the 
stem peptides of peptidoglycans.92-94 The N-NN acetylmuramyl-alanine amidase activity is 
consistent with the structural similarity of the PGRP-domain to N-NN acetylmuramyl-alanine
amidase. The degraded peptidoglycans lose their elicitor activity, suggesting a scavenger 
function of the enzyme PGRP family members and negative feedback regulation of 
immune responses by enzyme PGRP family members.95

RECOGNITION AND ELIMINATION OF INTRARR CELLULAR BAR CTERIA 

IN THE CYTOPLASM

Intracellular pathogens, a diverse group of organisms that cause serious diseases such
as tuberculosis and malaria, invade the cells and escape serum and cell surface innate
�����	��	�	
����{�'�	�������	����������������&£?&�����������	��	�������	���������
that the delivery of tracheal cytotoxin into S2 cells, the Drosophila macrophage-like cell 
line, induces antimicrobial peptides in a PGRP-LE dependent manner and PGRP-LE 
induces antimicrobial peptides in a cell autonomous manner in the Malpighian tubules, 
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the functional equivalent of the mammalian kidney. Consistent with these results, the
PGRP-LE mutant is susceptible to infection byE Listeria monocytogenes, intracellular 
bacteria with DAP-containing peptidoglycans recognized by PGRP-LE.96 In contrast to 
Gram-negative bacterial infections, the survival rate of the double mutant PGRP-LE/
PGRP-LC infected with C L. monocytogenes is similar to that of the PGRP-LE mutant,E
suggesting that PGRP-LE and PGRP-LC do not have redundant functions in producing
resistance to L. monocytogenes.96 In vitro infection experiments using hemocytes and 
PGRP-LE expressing S2 cells revealed that PGRP-LE colocalizes with L. monocytogenes
in the cytoplasm and is essential for resistance against intracellular bacterial growth, but, 
interestingly, inhibition of intracellular bacterial growth is not dependent on the known 
innate immune signaling pathways, the Toll and imd pathways.

Autophagy was initially reported as a bulk self-ff degradation mechanism for the turnover 
of proteins and organelles and is conserved from yeast to humans.97 Recent studies,
however, revealed that autophagy has a role in many biological events, such as nutrient 
supply upon starvation, cell death and cancer. Autophagy also functions as an innate
immune response against intracellular bacteria, viruses and parasites in cultured cells.98-104

In Drosophila, autophagy is induced in hemocytes in response to L. monocytogenes
infection in a PGRP-LE dependent manner, which is crucial for host survival against 
Listeria infection as well as for the inhibition of bacterial growth in hemocytes. PGRP-LE
is also required for DAP-type peptidoglycan-mediated autophagy, but not for Lys-type 
peptidoglycan-mediated autophagy in hemocytes, suggesting the existence of another 
intracellular sensor for bacteria with Lys-type peptidoglycans. Therefore, PGRP-LE has 
an essential role in detecting intracellular bacteria through DAP-type peptidoglycans to 
induce autophagy as an innate immune response, which indicates a direct link between 
pathogen recognition and the induction of autophagy in the cytoplasm (Fig. 1).

EXTENSIVE SOMATIC DIVERSIFICATION OF A RECOGNITION

MOLECULE

Pattern recognition receptors acting on innate immunity, such as PGRP family 
members and GNBP family members, are encoded in the germ line as protein families and 
distinguish between different types of microorganisms. On the other hand, in Drosophila, 
the diversity of an immunoglobulin-superfamily receptor Down syndrome cell adhesion 
molecule (Dscam) is generated by alternative splicing in hemocytes.105 The Dscam
gene contains three arrays of alternative exons, exons 4, 6 and 9 and two alternative 
transmembrane domains, in addition to 20 constant exons, which have the potential to 
express Dscam with 19008 different extracellular domains.106 Many of these different 
isomers are expressed in the fat body, hemocytes and brain and different Dscam isomers
����� �������	�������������	�	��� �������	��� ����	�������� ��	� ���������� ����	��� ��� ��	�
recognition of different types of pathogens.105 Moreover, Dscam is required for bacterial 
phagocytosis by hemocytes.105 The Dscam gene in the mosquito Anopheles gambiae also 
has a complex organization with 101 exons and the potential to express AgDscam with 
15960 different extracellular domains.107 AgDscam is involved in host defense against 
����	�������	����������
���������
�����	���
	������
��	�������	
	�����	�{107 Therefore, 
the diversity in insect Dscam and in vertebrate antigen receptors is generated by alternative
splicing and gene rearrangements to achieve similar goals, which is the recognition of a
multitude of pathogens with adaptive characteristics.
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CONCLUSION

�������������������������
�����	�����	��	������	�������	��	����
��������	������	
cell surface, and in the host cell cytoplasm by pattern recognition receptors, such as PGRP
family members that distinguish the structural diversity of bacterial peptidoglycans, and 
eliminated by humoral and cellular responses, such as induction of antimicrobial peptides 
and autophagy, respectively.
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Abstract: Throughout their lifetime, mosquitoes are exposed to pathogens during feeding,
through breaks in their cuticle and following pathogen-driven cuticular degradation.
To resist infection, mosquitoes mount innate cellular and humoral immune responses
that are elicited within minutes of exposure and can lead to pathogen death via
���		� ������� �	��	�� �	��������¥� ������ �	���������� ���� �	�����	��	����	��
phagocytosis. This chapter reviews our current understanding of the mosquito
immune system, with an emphasis on the physical barriers that prevent pathogens
from entering the body, the organs and tissues that regulate immune responses and 
the mechanistic and molecular bases of immunity.

INTRODUCTION

Mosquitoes (Diptera: Culicidae), like all organisms, are under constant threat of 
infection. For the continuation of their life cycles, females of all anautogenous species are 
required to take a blood meal for the production of eggs. This act of blood feeding often
exposes mosquitoes to blood-borne pathogens that aim to undergo complex developmental, 
reproductive and/or migrational processes inside a mosquito host before they can be
transmitted during a subsequent blood meal. In addition to risking infection through blood 
feeding, mosquitoes often acquire pathogens through sugar feeding, through breaks in
their cuticle that are created after physical injury and following pathogen-driven cuticular 
degradation. Whereas pathogen acquisition through blood feeding occurs exclusively during 
the adult life stage, infection through the cuticle is likely most prevalent during the aquatic
developmental stages, when mosquitoes live in environments rife with bacteria.

Although culicine and anopheline mosquitoes are effective vectors of human and animal 
pathogens, susceptibility or resistance to infection is often the result of intricate co-evolutionary 
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processes in which mosquitoes and pathogens engage in counter-adaptations for survival and 
infection. As a consequence of this evolutionary arms race, only mosquitoes of the genus 
Aedes are capable of transmitting dengue fever virus and only Culex mosquitoes transmit x
Japanese encephalitis virus.1 Similarly, of the greater than 3,000 known species of mosquitoes, 
only a subset of species from the genus Anopheles is capable of transmitting human malaria.2

Even within the susceptible Anopheles gambiae species, some individuals are resistant 
to infection and others, while unable to eliminate the infection, are capable of drastically
reducing pathogen numbers.3,4�'�	��
	��������������������
�����	�����������������������	�
among species of parasites. For example, the mosquito Armigeres subalbatus effectively 
������������	��������	�����	 Brugia pahangi but is resistant to a close relative, i Brugia 
malayi.5 Several factors account for the ability of pathogens to survive inside mosquitoes,
including behavior (e.g., will the mosquito encounter the pathogen?) and physiological 
compatibility (e.g., are the correct conditions present in the host that allow the pathogen
to complete its life cycle?). Another major factor that determines whether a pathogen can
survive inside mosquitoes rests on the strong innate immune responses mounted by the host 
and on whether the pathogens have evolved mechanisms to evade these defenses.

In broad terms, pathogen killing by mosquitoes is accomplished by three primary
mechanisms: cell-mediated phagocytosis, melanization and lysis (Fig. 1). Each is initiated 
by pattern recognition receptors and the factors leading to killing can be subdivided into
cellular and humoral components (Fig. 2). The cellular response includes phagocytosis

Figure 1. Mosquito immune responses in the three major immune compartments. In the hemocoel, 
granulocyte and oenocytoid hemocytes, as well as fat body, kill pathogens via phagocytosis, lysis and 
melanization. In the midgut, immune factors produced by epithelial cells, hemocytes and possibly fat 
body, kill pathogens via lytic and melanization pathways. Little is know about the role salivary glands
play in immune responses, but they produce immune factors in response to infection.
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and encapsulation by hemocytes and pericardial cells.6-9 The humoral response includes
pattern recognition receptors, inducible antimicrobial peptides, the phenoloxidase cascade 
system of melanization and wound healing, and reactive oxygen and reactive nitrogen 
intermediates.10-15 Regardless of this conceptual organization, the line between cellular 
and humoral immunity is blurred because many humoral components are produced by 
hemocytes and participate in cellular immune responses.16,17 This chapter reviews the
interactions between mosquitoes and pathogens, with emphasis placed on the physical
barriers that prevent pathogens from entering the body, the organs and tissues that 
regulate immune responses, the mechanistic manifestations of immunity and our current 
understanding of the molecular basis of immunity.

BIOLOGY OF PATHOGENS INSIDE MOSQUITOES

Mosquitoes are subject to infection by viral, bacterial, fungal, protozoan and 
metazoan pathogens and initial entry into the host generally occurs either through 
breaks in the cuticle or by ingestion. The biology of pathogens inside the mosquito
is dependent on their mode of transmission. By and large, bacteria and fungi enter 
mosquitoes through wounds in their outer cuticle or through the midgut epithelium 
after feeding. They quickly replicate in the host’s gut or hemocoel (body cavity) and 
can be transmitted to a subsequent host while the initial host is alive or after its death.
The time between colonization and transmission can be very short; some of these 
infectious agents are highly pathogenic and are lethal within hours of infection.18 For 
that reason, bacterial and fungal pathogens are currently being used in the development 
of novel pest control strategies.19,20

Pathogens acquired and transmitted through blood feeding, on the other hand, must 
undergo obligatory processes that require their interaction with multiple tissue types and 
require that the host survives for days or weeks before transmission can take place.21

Plasmodium parasites and arboviruses, for example, must cross the midgut epithelium, 
replicate, migrate through the hemocoel and invade the salivary glands before the 
����������������	���������	��	����������������	���	���������		����{�$��������������
nematodes must leave the midgut, develop in the thoracic musculature or Malpighian 
tubules and migrate to the mouthparts for the mosquito to become infectious. Unlike
fungal and bacterial pathogens, the transmission of blood-borne pathogens requires
mosquito viability throughout the entirety of the pathogen’s life cycle inside the insect 
����{��	�	���		������	�	�
�����	����	��	��	����	�����	���	��	����������������������	��
in large enough numbers, can be lethal to the mosquito.22-25

MOSQUITO COMPARTMENTS AND BARRIERS TO INFECTION

Pathogens inhabit three primary compartments in the mosquito: the midgut, the 
hemocoel and the salivary glands (Fig. 1). All three of these compartments include physical
and physiological barriers that limit or reduce pathogen development. In addition, cells 
in all of these compartments produce immune factors with antimicrobial activity. These 
responses, though powerful, are innate and lack the properties of somatic hypermutation
that are hallmarks of vertebrate adaptive immunity.26
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The Gut Compartment

When pathogens enter mosquitoes via ingestion, the initial barrier faced is physical 
destruction by the cibarial armature.27 This barrier, composed of sclerotized teeth and 
spines that protrude into the lumen of the foregut, slices large pathogens during the initial
stages of ingestion and before they reach the midgut. The cibarial armature is effective in 
�����������	������������	��	�������
������	�����������������	�����	��������	�����	���
destroy protozoan, bacterial and viral pathogens. Once in the midgut lumen, pathogens 
must survive digestive enzymes and invade the midgut epithelium by either digesting a
thick acellular chitinaceous peritrophic matrix formed in response to blood feeding or by
initiating epithelium invasion prior to the formation of this matrix.28-30 The mechanisms 
leading to midgut penetration are not well understood, but depending on the pathogen
may involve receptor-ligand interactions, physical burrowing through the epithelium 
and/or digestion of host cells.31-33

Mosquitoes drastically limit pathogen development in the midgut. For Plasmodium
parasites, the causative agents of malaria, ookinete development in the gut results in a 500 
to 100,000-fold reduction in parasites numbers and the ookinete to oocyst transformation
that occurs on the basal side of the midgut experiences parasite losses of 5 to 100-fold.34

The bases for these parasite reductions are complex, but include lytic and melanization
events that are controlled by pattern recognition receptors, serine proteases and their 
inhibitors, and enzymatic cascades.35-40 Indeed, molecular and biochemical studies have 
shown that the midgut rapidly produces a vast milieu of antimicrobial proteins in response 
to pathogen exposure.41-45 In addition to these midgut-produced immune factors, infection 
of this organ triggers the production of immune proteins in other tissues, some of which
are transported into the midgut where they exert their antimicrobial activities.36,38,46,47

The Hemocoel Compartment

The hemocoel compartment is an open body cavity that contains all visceral organs 
and is delineated by the outer cuticle and the basal lamina surrounding internal tissues. 
For many reasons, including preventing infection, insects have developed a tightly-sealed 
hydrophobic outer cuticle that shields internal organs from the outside environment.
Breaks in this cuticle form temporary openings through which pathogens may enter.
While these wounds commonly occur in nature, coagulation and melanization responses 
involving wound contraction, hemocyte degranulation and scar formation rapidly close 
these lesions.48,49 As described above, pathogens also enter the hemocoel through ingestion
followed by midgut penetration. Regardless of the mode of entry, pathogens disseminate 
�������������	��	����	����	���	��
�����	������	�������	��������������	������������
of hemolymph.50-53

Once in the hemocoel, pathogens are immersed in a nutrient-rich medium that contains
immune cells and humoral immune factors produced by hemocytes, pericardial cells and 
fat body. Hemocytes are immunosurveillance cells that initiate innate immune responses
and are found circulating with the hemolymph or attached to visceral tissues (Fig. 3). They 
are involved in the killing and sequestration of pathogens via phagocytosis, nodulation
and the secretion of humoral immune factors.6-9,12,54 Transcriptomic analyses in several 
mosquito genera have repeatedly shown the broad range of immune factors produced by 
hemocytes, which include pattern recognition receptors, proteins involved in phagocytosis, 
melanization modulators and enzymes, signal transduction proteins, stress response proteins 
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and antimicrobial peptides.16,17,47,55 RNRR A interference-based transcriptional knockdown of 
several hemocyte-produced immunity genes results in increased susceptibility to infection
with bacteria and malaria parasites, indicating that hemocytes and the effector molecules
��	��
�����	���	�	��	���������	����	��������	��	�
���	�{36,38,46,47,56

Figure 3. Transmission electron micrographs of immune cells and immune responses in the mosquito 
hemocoel. A) Circulating granulocyte. B) Circulating oenocytoid. C) Fat body. D) Melanization of 
Staphylococcus aureus in the hemocoel. E) Lysis of S. aureus in the hemocoel. F) Phagocytosis of 
Escherichia coli (e.g., arrowheads) by a circulating granulocyte. G) Phagocytosis of unmelanized 
E. coli (e.g., arrowheads) and melanized Micrococcus luteus (e.g., arrows) by a circulating granulocyte. 
Scale bars: A-B, 2 	m; C, 5 	m; D-E, 1 	m; F-G, 3 	m.
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On the basis of morphology, lectin binding properties and enzymatic activity, mosquito 
hemocytes were initially subdivided into granulocytes, oenocytoids, adipohemocytes 
and thrombocytoids.57 The latter two subtypes were later determined not to be true
circulating hemocytes but instead fat body and pericardial cells also collected during
the extraction process.9 ������	��	���������������	����	���������	�����	�������������
system and postulated that a third cell type, progenitor prohemocytes, also circulates
with the hemolymph.6

The number of circulating hemocytes in an adult mosquito is limited and mitotic activity
has not been observed in these cells, suggesting that after eclosion no new hemocytes are 
produced. Adult mosquitoes contain slightly more than 1,000 circulating hemocytes at the
time of emergence and the number of circulating cells drops with age, falling to 800 or 
less by their sixth day after eclosion.6,58 Granulocytes account for approximately 95% of 
the circulating hemocyte population. They contain membrane-delimited vesicles, exhibit 
�����
���
�����	�������������������������	�	���������������������	����������	���������
from the mosquito (Fig. 3A).8,57 Granulocytes also produce proteins involved in humoral
immune pathways, such as nitric oxide synthase, serine proteases and serine protease
inhibitors.6,12 However, the most striking characteristic of granulocytes is their phagocytic 
capacity: granulocytes engage in the phagocytosis of bacterial pathogens within 5 minutes 
after exposure and as infections progress individual hemocytes dramatically grow in size 
to accommodate the internalization of hundreds of foreign entities (Fig. 3F-G).9,12,54,58

Granulocytes have also been observed to phagocytose Plasmodium sporozoites, but the
rate of sporozoite phagocytosis is low when compared to bacteria and the importance of 
this immune process in limiting Plasmodium infection remains unclear.8,59

The other major hemocyte class is the oenocytoid (Fig. 3B). These cells account for 
approximately 5% of circulating hemocytes and produce phenoloxidase and phenylalanine 
hydroxylase,9,57,60 which are rate-limiting enzymes in the humoral melanization pathway.61,62

These enzymes are present in the cytosol of oenocytoids and their sequences do not 
contain classical signal peptides,60,63 indicating that enzyme release into the hemolymph 
must occur by either nonclassical secretion mechanisms or cell rupture. Although this 
process has not been resolved in mosquitoes, phenoloxidase release in lepidopterans 
and brachyceran dipterans has been shown to occur by cell rupture in an eicosanoid 
dependent manner.64,65

While mosquitoes mount strong and rapid immune responses following pathogen 
exposure, the type of immune response can vary depending on the pathogen. For example, 
the primary immune mechanism against Escherichia coli is phagocytosis, but against 
Micrococcus luteus is melanization.8,9 Studies on the immune response mounted against 
a large panel of bacteria determined that the strength of phagocytosis versus melanization
responses is not dependent on Gram-type, but the variable response illustrates that 
mosquitoes discriminate between pathogens.54

Additional evidence supporting the importance of hemocytes in immunity comes from 
a study showing that there is age-associated mortality in Aedes aegypti following i E. coli
immune challenge.58 This mortality correlates with a decrease in the number of circulating 
hemocytes and a decrease in the ability to kill E. coli, but age has no effect on the transcription 
of the antimicrobial peptides cecropin, defensin, or gambicin.58�'�	�	�������������	��������
the increase in susceptibility is not due to antimicrobial peptide production but instead to
a decrease in the number of circulating hemocytes available to quell the infection and are
in agreement with a recent report in D. melanogaster showing that targeted ablation of r
�	�����	���	��	�����	������
��	������������������	�������	������{66
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In addition to hemocytes, pericardial cells have been relentlessly implicated in 
immune surveillance, but no direct evidence has been published. Pericardial cells are 
���	������	��	��	��������������	�����������	���{��� Anopheles, these cells have been 
reported to vary in number from 56 to greater than 300, depending on the observer,
and also to uptake ammonia carmine dye.67,68 More recent studies have suggested that 
pericardial cells contain several immune-related molecules,69,70 but whether these cells
actually produce these proteins or sequester them from the hemolymph is not known. In 
addition, intense phagocytic activity has been reported near the surface of the mosquito 
heart, an area densely populated by pericardial cells. However, it remains unclear whether 
this phagocytic activity is carried out by pericardial cells, sessile hemocytes, or yet 
����	����	�������	��	�{59 Nevertheless, the location of effector cells in the vicinity 
of the heart is advantageous for immune surveillance and pathogen destruction, as their 

�������������	������������	����
����������	��	����	���
�������������	������	����
invading pathogens.51

While hemocytes and possibly pericardial cells mediate both cellular and humoral
responses, the fat body’s role in immunity is exclusively humoral. The fat body is a 
multifunctional organ consisting of loosely assembled cells that are rich in glycogen 
and lipids and line the mosquito integument (Fig. 3C).57,71 Among its many functions, fat 
body synthesizes vitellogenin precursors required for the production of eggs, serves in 
energy storage and produces numerous hemolymph components.72�$
	�������������	�
activity in the fat body includes infection-induced production of antimicrobial peptides, 
reactive oxygen species and reactive nitrogen species.12,15,73-75

The Salivary Gland Compartment

Transmission of many viral and protozoan parasites to a vertebrate host requires their 
injection with the mosquito saliva during blood feeding. Hence, invasion of the salivary 
gland epithelium and migration into the salivary duct is a requirement for the continuation
of the life cycle of these pathogens. The salivary gland epithelium forms a physical barrier 
that pathogens must cross and Plasmodiumparasites as well as other pathogens have evolved 

���	�������������	������������������������������
	���������������������������������	
factors.76-78 To date, little is known about the role of the salivary glands in antimicrobial 
responses, but several gene expression studies have described the production of immune 
proteins in the salivary glands of naïve mosquitoes, Plasmodium-infected mosquitoes 
and mosquitoes that have ingested a noninfectious blood meal.79-86 Empirical evidence 
showing that the salivary glands serve as an active immune organ is largely lacking, with 
the exception of a single publication showing that a serine protease inhibitor (SRPN6)
produced in the salivary epithelium limits gland invasion by Plasmodium sporozoites.87

MOLECULAR BASIS OF MOSQUITO IMMUNITY

The publication of the An. gambiae and Ae. aegypti genomes has led to an explosion
in the number of studies focusing on mosquito immunity.88-91 Many of these studies
have employed homology searches to identify putative immune genes and infer their 
function. These bioinformatic observations, together with gene expression data and 
transcriptional manipulations using RNRR A interference or transgenesis, have allowed 
researchers to conclusively identify genes that are required for pathogen suppression. 
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Conversely, similar approaches have been used to identify mosquito genes that facilitate 
pathogen survival.

Pattern Recognition Receptors

Invading pathogens are recognized by the molecular interaction between host-derived 
pattern recognition receptors (PRRs) and pathogen associated molecular patterns (PAMPs).
Bioinformatic analysis of the An. gambiae�	���	�������	����	���

�������	������
������	�
PRRs.92 Most are secreted proteins that contain adhesive domains capable of interacting
with PAMPs and cluster as members of large gene families. While experimental evidence
has shown that many are involved in immune responses, their actual role as PRRs has
�����		���	�	��	��������	����	������	��&��&�����	������		����	����	�{

Thioester containing proteins (TEPs) are hemolymph proteins involved in the killing
of bacteria and Plasmodium ookinetes.41,46,93,94 Members of the TEP gene family share 
structural similarities with �2-macroglobulins and vertebrate complement components
C3, C4 and C5. By and large, most studies on mosquito TEPs have focused on the
hemocyte-produced phagocytosis enhancer TEP1. This protein is secreted into the
hemocoel as a single chain molecule that is activated by proteolytic cleavage.93 Cleaved 
TEP1 is then stabilized by forming a complex with the leucine rich repeat containing
proteins LRIM1 and APL1C prior to binding bacteria in the hemocoel or ookinetes in
the midgut, triggering their destruction.36,38,93 The antiplasmodial activity of APL1 and 
TEP1 are further supported by studies showing that genetic variation at their respective 
loci has a profound effect on immune competence against Plasmodium.4,95 A recent 
genome-wide mapping of reciprocal crosses of mosquito strains that are susceptible
or resistant to P. berghei demonstrated that polymorphisms in Tep1 explain a portion
of the variability in P. berghei�������	����	�������	��	��������������������������
colonies.95 While this study was published years after the discovery of Tep1, APL1 was
initially characterized because it is coded within a Plasmodium-resistance island that 
explains naturally occurring resistance to P. falciparum�����	���������An. gambiae.4

Dissection of the APL1 locus revealed that it is composed of three genes, all of which 
display major structural haplotypes.96 Interestingly, APL1C is solely responsible for 
resistance to P. berghei, but distinct haplotypes in the neighboring APL1A gene are 
associated with various levels of resistance.96

C-type lectins are soluble or membrane bound proteins that bind carbohydrates in a 
calcium-dependent manner. In An. gambiae, C-type lectins are both positive and negative
regulators of mosquito immune responses. In the midgut, CTL4 and CTLMA2 function as 
negative regulators of the melanization of Plasmodium berghei ookinetes.37 However, in
��	��	����	���	�	����	�����
	�	��������	�
�	�	��������	��	����
�����������	����	��
heterodimers that function in the killing of E. coli in a melanization-independent manner.97

Transcriptional knockdown of either of these lectins increases bacterial proliferation in 
the hemocoel and decreases mosquito survival, indicating that they are essential players 
in the antibacterial response.

£�����	�����	���������
���	����|£��&�~��	�	�����������	����	�����An. gambiae
because they share sequence similarities with GNBPs of other insects and because they are 
transcriptionally upregulated following infection with bacteria and Plasmodium parasites.98

Six members of this gene family are expressed in An. gambiae and all presumably function 
as PRRs by binding ß-1,3-glucan and lipopolysaccharide on the surface of pathogens. 
GNBPs are transcribed in multiple tissues (hemocytes, midgut, salivary glands) and while 
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they are all upregulated following an immune challenge, they vary in their antimicrobial 
�
	�������	�{�£��&�������	���
	��
������
��	�������	����������E. coli, Staphylococcus 
aureus and P. berghei, but not Plasmodium falciparum. In contrast, GNBPA2 participates
in the killing of E. coli and P. falciparum, exhibits mild activity against P. berghei and 
is ineffective against S. aureus.99

The immunoglobulin superfamily consists of 138 genes in An. gambiae, 85 of 
which are upregulated following an immune challenge. Six of these genes were recently 
extensively characterized: two are involved in the killing of P. falciparum ookinetes 
(IRID4 and 6), two control the growth of opportunistic bacteria (IRID3 and 4) and three 
are involved in the killing of exogenously introduced bacteria.100 Another member of 
this gene family, AgDSCAM, has been shown to opsonize bacteria and to kill the midgut 
stages of Plasmodium.101

Fibrinogen-related proteins (FREPs) represent a PRR family that has experienced R
massive expansion in mosquitoes.102 ���������	���������?�&�����	��		����	����	����
An. gambiae and Ae. aegypti, respectively, compared to 14 in Drosophila melanogaster.91

Functional studies have shown that the majority of mosquito FREPs are upregulated 
following an immune challenge and that many are essential for the killing of bacteria and 
the maintenance of immune homeostasis.11,103 Several also have antiplasmodial activity
and one in particular (FBN9) binds ookinetes as they invade the midgut epithelium.11

Immune Signaling

Microorganism recognition by PRRs can lead to pathogen destruction through 
constitutive effector mechanisms and/or the activation of intracellular signaling pathways 
that activate the transcription of effector genes. The major immune signaling pathways 
in mosquitoes are Toll, Imd and JAK/SKK TAT and the path that leads to activation of these 

�������������	���
��	������	
�	��	���������������
���	�������������	���	�
���	��	��
and serine protease inhibitors. Most of the components in these signaling and regulatory
pathways are conserved among dipteran insects.91

In mosquitoes, genes regulated by the Toll pathway are controlled by the NF-�B
transcription factor Rel1. This pathway is induced by fungi, Gram(�) bacteria, viruses 
and Plasmodium. Induction of the Toll pathway by silencing of the negative regulator of 
Rel1, Cactus, dramatically decreases P. berghei and Plasmodium gallinaceum infection
intensity in the Anopheles and Aedes midgut, respectively.104,105 Co-silencing Rel1 and 
Cactus renders mosquitoes susceptible to infection, indicating that Cactus-mediated 
susceptibility is due to repression of Rel1.104 Co-silencing of Cactus and LRIM1 or 
Tep1 also renders mosquitoes susceptible to infection, suggesting that these two effector 
molecules are induced through the Toll pathway. In addition to the antiplasmodial activity
of genes induced through Rel1, the Toll pathway is also involved in controlling infection 
against entomopathogenic fungi and dengue virus.106,107

The Imd pathway is controlled by the NF-�B transcription factor Rel2. Rel2 exists
as short (Rel2S) and full-length (Rel2F) forms, both of which are involved in the immune
response against bacteria and Plasmodium.104,108 Interestingly, while both the Toll and Imd 
pathways are involved in immunity against P. berghei, immunity against P. falciparum
is controlled primarily through the Imd pathway, as transcriptional knockdown of the
Imd negative regulator Caspar and not the Toll negative regulator Cactus renders An.
gambiae resistant to infection.109
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The least studied immune pathway in mosquitoes is the JAK/SKK TAT pathway. In An. 
gambiae, this pathway is controlled through two STAT transcription factors that are the 
result of a gene duplication event. In mosquitoes, activation of the STAT pathway requires
STAT-B mediated activation of STAT-A, which is regulated by a negative feedback 
loop controlled by the signaling suppressor protein SOCS. Activation of this pathway 
leads to the induction of nitric oxide synthase transcription, which is a positive regulator 
of Plasmodium infection.110 More recent studies have also implicated the JAK/SKK TAT
pathway in the immune response against dengue virus in Ae. aegypti. Here, inactivation 
of the JAK/SKK TAT pathway by depletion of the receptor Domeless results in increased 
viral loads.111 Conversely, hyperactivation of the pathway by depletion of the negative 
regulator PIAS results in a more resistant phenotype.

Antimicrobial Peptides

Antimicrobial peptides (AMPs) are secreted low molecular weight proteins that were 
����������	����	��������	���������������������������������{74,75,112,113 Defensins, cecropins
and gambicins comprise the three main AMP gene families in mosquitoes. In vitro
analyses of their antimicrobial spectra showed that cecropins and gambicin are cytotoxic 
primarily against Gram(–) bacteria and defensins are cytotoxic primarily against Gram(�) 
bacteria.74,75,112 Transcriptional regulation of AMPs occurs through the Toll and Imd 
pathways,114,115 and all are transcriptionally upregulated in fat body following exposure 
to viruses, bacteria, Plasmodium������������	�����	�{16,107,116-118

While defensins have antimicrobial activity in vitro, their function as essential 
components of the mosquito immune response continues to be debated. In An. gambiae, 
transcriptional knockdown of Defensin decreases mosquito survival following S. aureus
infection,119 but RNRR Ai-based silencing of Ae. aegypti Defensin has no effect on mosquito
survival following challenge with three bacterial species.120,121 The role of cecropins in 
the antibacterial response in vivo is not known, but ectopic expression of a cecropin 
transgene results in increased killing of P. berghei ookinetes.122 Lastly, Gambicin exhibits 
antiplasmodial activity in the midgut, as well as antibacterial activity in the hemocoel.41

Phenoloxidase-Based Melanization

Melanization in insects is essential for cuticle hardening, egg chorion tanning, 
wound healing and immunity. In mosquitoes, melanization (also known as melanotic 
encapsulation) is an immune effector mechanism involved in the killing of Plasmodium, 
�������	�����	����������	�����������������������	��	�����������	�	��
���	����	����
capsule that surrounds invading pathogens (Fig. 3D).5,8,35 Melanization involves a series of 
reactions that include the conversion of tyrosine to melanin precursors and the cross-linking 
of proteins to form a layer of melanin that surrounds and sequesters invading pathogens 
(Fig. 4).10 Melanization often results in pathogen death but the killing mechanism remains
unclear. It has been hypothesized that death may be caused by either oxidative damage 
brought on by unstable intermediates created during melanogenesis or by starvation, 
since the foreign agent becomes isolated from the nutrient-rich hemolymph.123,124 Besides
functioning as a killing mechanism, melanization is also involved in the clearing of 
already dead or dying pathogens.37,40

The process of melanization begins with the proteolytic cleavage of a 
pro-phenoloxidase zymogen into its active form. The exact sequence of events that leads 
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to this cleavage is not well understood, but involves the coordinated action of pattern 
recognition receptors, serine proteases and serine protease inhibitors. In the hemocoel, 
É������������	����������
���	�������	����	��������	��	��������������������	�����	��
and bacteria by functioning as a pattern recognition receptor.56,125 In the midgut, various 
proteins serve as promoters and inhibitors of melanization, with their exact role varying 
greatly between mosquito strains. For example, in An. gambiae, the Plasmodium-resistant 
L3-5 strain naturally melanizes P. berghei ookinetes but the G3 strain is susceptible to 
infection. Interestingly, mosquito C-type lectins function as repressors of melanization in 
the susceptible strain, as silencing CTL4 and CTLMA2 results in the LRIM1-dependent 
induction of ookinete melanization.37 CLIP domain serine proteases also modulate the
melanization response against P. berghei ookinetes and share structural similarities with
pro-phenoloxidase activating enzymes from other insects.126 However, once again, the

Figure 4. Proposed biochemical pathway leading to the melanization of pathogens. PAH, phenylalanine 
hydroxylase; PO, phenoloxidase; DDC, dopa decarboxylase; DCE, dopachrome conversion enzyme.
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genetic background of the mosquito has a profound effect on the function of CLIPs.40,126

For example, CLIPA7 inhibits melanization in the susceptible strain but has no effect 
on the resistant strain. Conversely, CLIPB3 has no effect on the susceptible strain but 
promotes melanization in the resistant strain. Similar observations on the role of CLIPs 
as inhibitors and promoters of melanization have been made in the mosquito hemocoel 
after intrathoracic injection of sephadex beads.127

In addition to CLIPs, mosquito serine protease inhibitors (SRPNs) modulate 
melanization responses.128 Both SRPN6 and SRPN2 inhibit the melanization of P. berghei
ookinetes in the resistant strain and SRPN2 also inhibits the spontaneous formation of 
melanin-based pseudotumors in the hemocoel.129,130 These pseudotumors drastically 
�	���	�������������	�������	�����������	���
������	������������	������������������	�
process. Moreover, the factors that trigger melanization in the midgut are at least partially
dependent on the host-parasite combination: SRPN2, CTLs and LRIM1, molecules 
that regulate development of P. berghei in the midgut, have no detectable effect on the 
development of the human malaria parasite P. falciparum.131,132�'�	�	�����������	�����
surprising given that P. berghei infection triggers the transcriptional regulation of over 
twice as many genes as P. falciparum.41

Once phenoloxidase becomes activated, the formation of melanin is initiated 
by the phenoloxidase-mediated hydroxylation of tyrosine to form dopa (Fig. 
4).133 Dopa is then oxidized by phenoloxidase to form dopaquinone, which is then
converted to dopachrome. Dopachrome conversion enzyme converts dopachrome to
5,6-dihydroxyindole, which is oxidized into indole-5,6-quinone by phenoloxidase and 
then cross-linked with hemolymph proteins to form melanotic capsules. In an alternative
pathway, dopa formed by the hydroxylation of tyrosine is decarboxylated by dopa 
decarboxylase to form dopamine, which is then converted into melanin by phenoloxidase 
and other enzymes. Empirical testing has shown that pathogen-induced melanin
formation is accomplished via both of these pathways, as transcriptional knockdown 
of phenoloxidase, dopachrome conversion enzyme and dopa decarboxylase all lead to
impaired melanization responses.62,134-136 Throughout these reactions, tyrosine remains 
the rate-limiting substrate and endogenous production of tyrosine is accomplished by 
the hydroxylation of phenylalanine by phenylalanine hydroxylase. This latter reaction
��� 	��	����� ���� ��	� �	���������� ��� ������ �	�����	�� ���� ���� �	
���	�� �	����61,136

with the observed difference possibly related to the larger surface area that needs to
�	��	����	������������������������	�����{�����������	��	����������	�	������	
extracellular, many melanin-producing enzymes (e.g., phenoloxidase, dopachrome 
conversion enzyme, dopa decarboxylase and phenylalanine hydroxylase) are produced 
by circulating hemocytes,9,57,60,134,135 and melanized pathogens are often subsequently 
phagocytosed by granulocytes (Fig. 3G).8,9,54

Nitric Oxide and Other Reactive Species

Nitric oxide is a multifunctional free radical created during the oxidation of L-Arginine 
to L-Citrulline by the enzyme nitric oxide synthase.137 In Anopheles, nitric oxide 
synthase is a single copy gene with 18-22 distinct transcripts. Three of these transcripts 
are induced by Plasmodium infection,138,139 and at least one is induced by bacterial
infection.12 In the midgut of the mosquito, Plasmodium glycosylphosphatidylinositols
and Plasmodium-derived hemozoin acquired with an infectious blood meal induce the 
transcription of nitric oxide synthase through the STAT pathway,43,110,140 and the resultant 
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nitric oxide kills Plasmodium ookinetes via lysis.14,141,142 In the hemocoel, nitric oxide
synthase is transcriptionally upregulated following bacterial infection and the production
of nitric oxide is required for bacterial killing and mosquito survival during systemic
infections with E. coli.12

Reactive oxygen species (ROS) kill Plasmodium ookinetes in the midgut and bacteria 
in the hemocoel.15,143,144 While the exact mechanism of action against bacteria remains
unknown, ROS kill Plasmodium through both lytic and melanization pathways.15,143,144

The P. berghei-resistant L3-5 strain of An. gambiae lives in a constant state of oxidative 
stress that promotes melanization of ookinetes as they traverse the midgut epithelium.143

Conversely, the susceptible G3 strain kills ookinetes via a lytic mechanism that is dependent 
on infection-induced oxidative stress that is maintained by the repression of catalase,
an enzyme that breaks down hydrogen peroxide into oxygen and water.15 Furthermore,
reactive oxygen and reactive nitrogen species are intimately linked in mosquito immunity:
peroxidases in the mosquito midgut use nitrite and hydrogen peroxide to synthesize highly
reactive nitrogen dioxide and hydrogen peroxide triggers the transcriptional induction
of nitric oxide synthase.145,146

Phagocytosis

Phagocytosis is an evolutionarily conserved immune process used for the killing and 
sequestration of small microorganisms. In this process, a particle is recognized, bound by 
proteins in the plasma membrane and internalized into a membrane-delimited phagosome.
The phagosome then fuses with a lysosome and hydrolytic enzymes digest the particle. 
In mosquitoes, the granulocyte subpopulation of hemocytes uses this immune process to 
sequester and kill bacteria as early as 5 minutes after exposure.8,9 Approximately 95% of 
circulating hemocytes are phagocytic and it has been estimated that individual hemocytes
are capable of phagocytosing over 1,000 bacteria within 24 hours of infection.58

Several studies have investigated the molecular basis of phagocytosis by visualizing 
��	��
���	��������	��	������		���	�������	�������������������������	���	�����������
�����������������	��	��	���������
��������	���������	�{93,94,147 ��	����	���	��������
of phagocytosis include pattern recognition receptors, transmembrane receptors and 
intracellular signaling proteins.

Thioester containing proteins TEP1, TEP3 and TEP4 are involved in the phagocytosis
of Gram(�) and Gram(–) bacteria in the mosquito hemocoel.93,94 The modes of action of 
TEP3 and TEP4 are not known, but proteolytically activated TEP1 opsonises bacteria 
by thioester-mediated binding, which in turn initiates phagocytosis. In addition to the
above TEPs, the leucine rich repeat containing protein LRIM1 is also required for 
phagocytosis.94 The exact mechanism by which LRIM1 functions has not been resolved,
but TEP1-based antimicrobial activity in the midgut is dependent on the complexing of 
TEP1 with LRIM1 in the hemocoel.36

AgDSCAM is a hypervariable immunoglobulin that is encoded by 101 exons, which
can be transpliced into over 31,000 variants.101 AgDSCAM binds bacteria in vitro and 
triggers their phagocytosis by an immortal hemocyte-like cell line. In vivo transcriptional
knockdown of AgDSCAM increases bacterial proliferation in the hemocoel and decreases
mosquito survival, suggesting that AgDSCAM mediated phagocytosis or humoral killing 
is required for effective antibacterial responses in the hemocoel.

Several transmembrane receptors have also been implicated in phagocytosis and 
may function by either directly recognizing pathogens or by recognizing pathogens that 
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have been opsonized by hemolymph proteins. Among these are a ß integrin (BINT2), a 
peptidoglycan recognition protein (PGRPRR LC) and a low-density lipoprotein receptor-related 
protein (LRP1).94,147

Lastly, several intracellular proteins trigger the internalization of bacteria. 
Transcriptional knockdown of An. gambiaeff CED2, CED5, or CED6 reduces phagocytosis
	������� ��� �
� ��� ¡�¬{94 Epistatic analyses then showed that TEP1, TEP3, LRIM1
and LRP1-mediated phagocytosis occurs through the CED6 pathway and TEP4 and 
BINT2-mediated phagocytosis occurs through the CED2/CED5 pathway. The involvement 
of mosquito CEDs in the phagocytosis of foreign bodies through two genetically independent 

�������� ��� ���������������������	�
	��	�{��	��	�������������	�	���	�	� �������
discovered in Caenorhabditis elegans during screens aimed at identifying genetic factors 
required for the phagocytosis of apoptotic bodies in the developing worm and these factors 
function through two independent but partially redundant pathways: the CED-1/CED-6/
CED-7 pathway and the CED-2/CED-5/CED-10/CED-12 pathway.148-150

CONCLUSION

'�	��	���������������������������	�
	��	��	����
�	�	�	��	��������������	�
����
decade. The publication of the An. gambiae and Ae. aegypti genomic sequences has led 
�����	�����������������	�����������������	�����
������	�����������	�	�{88-91 Technical
advances such as RNRR A interference, paratransgenesis and transgenesis have then allowed 
researchers to empirically test their function in effecting or regulating immune responses
against diverse groups of pathogens.119,151,152 As a result of these studies, it has become
apparent that the mosquito immune system shares numerous similarities with vertebrate
immune systems. Immune responses in both vertebrates and invertebrates are initiated 
by microbe recognition events that trigger signaling pathways and effector mechanisms.
Moreover, similar to vertebrates, mosquitoes recognize pathogens using complement-like
cascades, possess phagocytic cells that circulate with the blood and transcribe effector 
molecules through Toll and JAK/SKK TAT pathways. Further studies on mosquito immunity
will continue to shed light on the evolution of these complex and essential responses.

In addition to the evolutionary conservation of immune components, obtaining a better 
understanding of the mosquito immune system may translate into novel public health
interventions. Mosquitoes are cosmopolitan pests and disease vectors.153 Because of their 
global importance, these organisms are subjects of constant study in efforts to uncover 
mechanisms that reduce their population densities as well as their ability to transmit 
disease. One aspect of mosquito biology that continues to receive considerable attention
�����	���������������������	���������	����������������		����
���	���	����������	���������
how mosquitoes kill microbial pathogens may allow us to exploit weaknesses that increase
the population-reduction effectiveness of biological control strategies, or to strengthen
immune responses such that otherwise susceptible mosquitoes are rendered resistant 
to infection, halting disease transmission cycles.19,20,154,155 Much must be done before
the feasibility of these approaches can be further considered, including the continued 
expansion of work in immunity to wild mosquito populations and to a broader range of 
mosquito species in order to ensure that our current understanding of mosquito immunity 
is representative of natural host-pathogen interactions.
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Abstract: This chapter provides a review of recent progress in the elucidation of innate immune
mechanisms in crustaceans. Mainly due to the importance of crustacean aquaculture
���	�	������������	��������	�������	����"	�������	��	����	��	�	�����	������{�=	�	���	
provide detailed data on the molecular characterisation of lectins, antiviral reactions,
hemocyte formation and differentiation and on the regulation of innate immune
pathways.

INTRODUCTION

Crustaceans are relatively well investigated with respect to immune reactions
��	�����
��	�������������	�����	��	����	��	��	
����������	�{�'���������������	���	���
��	������	����	����������	����	����	���������������������	���������
���������	����	��
decapod crustaceans. Although they are (at least until now) less amenable for genetical 
experiments they are relatively easy to keep in aquaria and to bleed and, therefore, 
considerable amounts of plasma and hemocytes can be collected for work at molecular 
����	����	�	{�������	�	����	��������	��	����	������������
�����������
���		�����
�����	�����	��		�������	������������	���������	��������
�����������	�����	���������{���
this chapter we will cover recent advances in crustacean immunity with emphasis on 
pattern recognition and lectins, hemocytes and hematopoiesis, prophenoloxidase activating 
system and on antiviral mechanisms. For earlier work in general we refer to references 
1 and 2, and for reviews on crustacean antimicrobial peptides to references 3 and 4 and 
on antiviral immunity to reference 5.
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PATTERN RECOGNITION

Pathogens that manage to break through the outer protective parts of the animal such 
as the resistant chitin-containing cuticle (or through the midgut which lacks chitin) will 
encounter an array of hemocyte- and plasma-derived immune factors.The activities of these
factors are triggered by molecular signatures typically present on or released by different 
microorganisms. Lipopolysaccharides,�-1,3-glucans and to some extent peptidoglycans,
i.e., polysaccharides from the microbial cell-wall, are known to initiate immune reactions
in crustaceans. Double-stranded RNRR A derived from some viruses is another inducer of 
such reactions. It is possible that enzymes (i.e., proteinases) produced by microorganisms, 
�����	������	��������������	�����	����������	����	����	�	����	��������	��������	��	�	��	
as has been shown in Drosophila,6 but this is less known in crustaceans.

A number of pattern recognition proteins have been isolated from crustaceans and 
characterised in detail. Most known crustacean pattern recognition proteins were originally

����	���������	�������	�����	�����������������	�����	��	�����		����������������
�
and other crustaceans. These include �-glucan-binding protein7,8 (BGBP also abbreviated 
�GBP), lipopolysaccharide- and glucan-binding protein9 (LGBP) some masquerade-like
proteins/serine proteinase homologues10,11 (SPHs) and a large number of lectins (see 
below). The LGBPs and the BGBPs will bind �-1,3-glucans and after this binding they 
will trigger immune reactions such as proPO-activation. LGBP is probably the main 
vehicle in crustaceans for the recognition of these glucans and thus for mediating defence 
reactions directed against fungi and oomycetes.9 Also BGBP, which is not structurally
related to LGBP, is capable of binding �-1,3-glucans and mediating immune reactions.7,8

'�	�������������������������	�������������	���������������£�&�����������£�&�������	
latter is as mentioned therefore likely to be more important for mediating glucan-triggered 
immune reactions. However, the plasma concentration of BGBP is high and it is therefore 
possible that this protein is important in removing excess glucans, if present. LGBP is 
also rendered active by gram-negative bacteria since it is capable of binding LPS and 
thereafter mediate the activation of the proPO-system. Insect homologues of LGBP 
(variously called �-1,3-glucan binding proteins or gram-negative bacteria binding proteins,
i.e., GNBPs) have been shown to trigger the Toll pathway, melanisation and other immune
reactions in the presence of bacteria or fungi.12 This family of proteins appears to have 
gone through a large expansion in the crustacean Daphnia pulex since 11 genes coding
for LGBP-like proteins were detected in its genome.13

No obvious peptidoglycan recognition protein (PGRP) candidates were found in 
the recently released Daphnia genome, nor has yet any PGRP gene been cloned from
any crustacean. PGRPs are present in many vertebrate and invertebrate species so their 
apparent absence in crustaceans is a surprise. Still, peptidoglycans have been reported 
to stimulate immune responses from crustaceans14 although the molecular mechanisms 
�	�����������		������	������	�{

SPHs are known as activators/regulators of proPO in some insects15 but in crustaceans, 
��	�����	��������		����
����	�����
���	����	������������������
�������������{�'�	������
crustacean SPH characterised, the masquerade-like protein10 is binding to gram-negative
bacteria.11 This binding is triggering a proteolytic processing of the protein that produces four 
different subunits.11 �������������	���	���	�
���	��������	��������	��	�
	���	����
����	����	����	����
������������
������������	��	�����	����E. coli. A black tiger SPH
that could bind lipopolysaccharides and intact V. harveyi and acting as opsonin has been
described recently.16
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LECTINS

Lectins are proteins or glycoproteins normally without catalytic activity that can 
�	������	������������	�������������
	��������������	��	��������	�	������������	��	��
by binding to cell surface glycoproteins and glycoconjugates.17 Lectins, therefore, are 
������	�	����
�������
���	����	����������
���	������������	��������������
��������������
roles in nonself-ff recognition and clearance of invading microorganisms, either as cell 
������	��	�	
���������������	�
���	����	���������������������������{18,19 C-type lectins are 
the most diverse and well studied among the lectin families. The term C-type lectin was 
originally used to distinguish a group of Ca2�-dependent (C-type) carbohydrate-binding 
proteins from the other types of lectins.20 '�	���������	���������
	�	�������	�	��	��	��
and found to contain a conserved single module of approximately 150 amino acid residues
(carbohydrate recognition domain, CRD).20-22 This domain contains a characteristic 
double-loop stabilised by two highly conserved disulphide bridges and four Ca2�-binding
sites where the Ca2� binding site 2 is involved in carbohydrate binding.23 The CRD´s 
usually have a key motif, either QPD (Gln-Pro-Asp) or EPN (Glu-Pro-Asn), which has
�		��
�	����	������	����������������
	����������������	����������	���	�
	����	�{23

Recently many C-type lectins containing nonstandard CRDs, which do not bind Ca2� have 
�		����	����	�{�'�	�	���	�������	�	��������	������������������������	�������24 and for 
these CRDs the term C-type lectin-like domain (CTLD) was introduced.25

Although C-type lectins have been well studied in vertebrates for many years, they 
have not been well characterised in invertebrates. Recently, genes containing CTLDs 
have been found to be abundant in the Daphnia pulex (6 genes) genome, Drosophila 
melanogaster genome (34 genes) and inr Caenorhabditis elegans genome (278 genes), 
respectively.13,26 This suggests that there is a high potential for generating many C-type 
	�������
	���
�����������	�	����������
	�������	�{�����
	�	��������	���	����	�������
����
immune-function ESTs found in the hepatopancreas of the shrimps Litopenaeus vannamei
and L. setferus.27 It has become clear that vertebrate C-type lectins have a broad range
of biological functions including cell adhesion, endocytosis, pathogen neutralisation,
glycoprotein clearance, phagocytosis.17,28,29 In invetebrates, lectins have been reported 
to contribute in innate immune responses, including prophenoloxidase activation,30,31

enhancement of encapsulation,19,32,33 nodule formation of  hemocytes,34 opsonin formation,35

antibacterial activity,36 antifungal activity37 and maybe contribute to injury healing.38

�����	�����	������������	���������	��		��
����	�������������	���	����������	�����
methods from hemolymph of crustaceans (for reviews see refs. 39,40). Compared to 
vertebrate lectins, the molecular features and functions of lectins in crustaceans are just at 
the beginning of becoming understood. Here focus will be placed on those lectins which 
have been sequenced and whose functional properties have been determined using e.g., 
recombinant proteins (listed in Table 1).

Structure of the Shrimp C-Type Lectins

All lectins listed in the Table 1 contain a CTLD in the putative protein indicating
that these lectins fall into the C-type lectin family. The four or six cysteine residues 
important in the formation of the CRD disulphide bonds are conserved.. PmAV, PmLec
and Fc-Lec4 contain a single CRD with a QPD motif that has a predicted ligand-binding 
�
	�������������������	�����	������������	���������'�����������������	��?������
����&�������������
�	����	�������������������������������������	{�����
	�	�������



242 INVERTEBRATE IMMUNITY

T
a
b

le
 1

.
S

hr
im

p 
le

ct
in

s 
ch

ar
ac

te
ri

se
d 

by
 m

ol
ec

ul
ar

 m
et

ho
ds

A
m

in
o 

A
ci

ds
C

R
D

S
ug

ar
-rr
B

in
di

ng
 

M
ot

if
B

io
lo

gi
ca

l 
A

ct
iv

it
y

G
en

B
an

k 
A

cc
es

si
on

 
N

um
be

r
C

ha
ll

en
ge

d
'

��
��

	�
$


	
��

��
R

ef
er

en
ce

C
-t

yp
e 

le
ct

in
-1

P.
 st

yl
ir

os
tr

is
16

8
1

E
PK

-
-

W
S

SV
H

ep
at

op
an

cr
ea

s
14

1

P
m

A
V

AA
P.

 m
on

od
on

17
0

1
Q

PD
A

nt
iv

ir
al

 a
ct

iv
it

y
A

Y
30

27
50

AA
W

S
SV

-
50

P
m

L
ec

P.
 m

on
od

on
18

2
1

Q
PD

B
in

di
ng

 to
 L

P
S

 
A

gg
lu

ti
na

ti
ng

, 
op

so
ni

c 
ef

fe
ct

D
Q

07
82

66
-

-
44

L
v

LL
LT

L.
 v

an
na

m
ei

34
5

2
Q

PD
 a

nd
 E

PD
D

Q
87

12
45

W
S

SV
H

ep
at

op
an

cr
ea

s
14

2
Fc

le
ct

in
F.

 c
hi

ne
ns

is
28

7
2

2 
Q

PD
A

Y
87

12
70

AA
B

ac
te

ri
a/

W
S

SV
H

em
oc

yt
e

43

P
m

LT
P.

 m
on

od
on

33
3

2
Q

PD
 a

nd
 E

P
N

W
S

S
V

 b
in

di
ng

, 
E

nh
an

ce
 

en
ca

ps
ul

at
io

n

D
Q

87
12

44
B

ac
te

ri
a/

W
S

SV
H

ep
at

op
an

cr
ea

s
46

Fc
-h

sL
F.

 c
hi

ne
ns

is
15

9
1

E
P

N
A

gg
lu

ti
na

ti
ng

, 
bi

nd
in

g,
 

an
ti

m
ic

ro
bi

al
 

ac
ti

vi
ty

D
Q

16
75

72
B

ac
te

ri
a/

W
S

SV
H

ep
at

op
an

cr
ea

s
47

Fc
-L

ec
2

F.
 c

hi
ne

ns
is

33
3

2
Q

PD
 a

nd
 E

P
N

A
gg

lu
ti

na
ti

ng
E

U
83

42
89

B
ac

te
ri

a/
W

S
SV

H
ep

at
op

an
cr

ea
s

41

Fc
L

ec
3

F.
 c

hi
ne

ns
is

15
8

1
E

P
S

A
gg

lu
ti

na
ti

ng
B

ac
te

ri
a/

W
S

SV
H

ep
at

op
an

cr
ea

s
49

Fc
L

ec
4

F.
 c

hi
ne

ns
is

23
7

1
Q

PD
A

gg
lu

ti
na

ti
ng

, 
bi

nd
in

g 
ac

ti
vi

ty
 to

 
ba

ct
er

ia
, c

le
ar

an
ce

 
of

 b
ac

te
ri

a

E
U

83
42

93
B

ac
te

ri
a

H
ep

at
op

an
cr

ea
s,

 
gi

ll
s 

an
d 

st
om

ac
h

42

co
nt

in
ue

d 
on

 n
ex

t p
ag

e



243CRUSTACEAN IMMUNITY

T
a
b

le
 1

.
C

on
ti

nu
ed

A
m

in
o

A
ci

ds
C

R
D

S
ug

ar
-r
B

in
di

ng
M

ot
if

B
io

lo
gi

ca
lA

ct
iv

it
y

G
en

B
an

k 
A

cc
es

si
on

 
N

um
be

r
C

ha
ll

en
ge

d
'

��
��

	�
$


	
��

��
R

ef
er

en
ce

L
v

LL
L

ec
L.

 v
an

na
m

ei
15

7
1

E
P

N
A

gg
lu

ti
na

ti
ng

,
M

an
n o

se
 b

in
d-

in
g

E
F5

83
93

9
-

B
ra

in
, h

em
o-

cy
te

s 
an

d 
he

-
pa

to
pa

nc
re

as

45

L
v

LL
C

T
L

1
L.

 v
an

na
m

ei
15

6
1

E
P

N
H

em
ag

gl
ut

in
at

-
in

g,
 s

ug
ar

 b
in

d-
in

g,
 B

in
di

ng
 to

W
S

SV
 e

nv
e l

op
e

pr
ot

ei
ns

D
Q

85
89

00
W

S
S

V
H

ep
at

op
an

cr
ea

s
48

P
tL

P
P.

 tr
itu

be
rc

u-
la

tu
s

16
4

1
-

-
A

C
C

86
85

4
-

-
14

3



244 INVERTEBRATE IMMUNITY

and Fc-Lec3 also contain a single CRD, but with EPK and EPS, respectively instead of 
the usual EPN motif. PmLT, Fc-Lec2 and LvLT consist of two CRDs, the N-terminal
CRD1 contains a QPD motif and the C-terminal contains an EPN motif, but LvLT has 
�	�	�����&������	��{�'���	������	���������������	������������
	�������	���		�������	��
studies. Fclectin contains two CRDs, each with a QPD motif. The number of CRDs 
��	����	�����	�����
	��	�����������	���������		�����	�������	���������������
	��?��
���	�������	���������������������������	���������{23

According to the phylogenetic tree made by Zhang et al41 lectins from shrimp, 
scallop and the arctic lamprey Lethenteron japonicum form one large cluster, those 
�������������������	���������	��	���������	����������	���������	����	����������	
third cluster. Fc-Lec2, PmLT and LvLT are belonging to same subcluster, while Fc-hsL
and LvLec are grouped in another subcluster. This could indicate that shrimp lectins 
may have a closer relationship with mammalian lectins than insect lectins. Thereafter 
was FcLec4, however, found to be closely related to insect lectins.42

����������������!�������������"������������

Hepatopancreas and hemocytes of crustacean are regarded as the most important 
tissues involved in crustacean immunity.1,27 Most shrimp lectins characterised to date
have been isolated from hepatopancreas or hemocyte cDNA libraries. The Fclectin
transcript was detected exclusively in hemocytes,43 whereas the transcripts of LvLT, 
&��'�� �������� ���	���� ��	��� ���� ���'��� �	�	� ������ �
	������� 	�
�	��	�� ���
hepatopancreas. The detailed localisation of PmLT and Fc-Lec2 was demonstrated by 
�������������	�����������	������	���|������~��	�������	��	
���
����	��{��������������
the FcLec4 transcripts were distributed in diverse tissues, mainly in the hepatopancreas, 
gill, stomach and a lower level could also be detected in intestine.42 LvLec is unusual 
������������������	���	�
�	�����������	������¢�������	�	�������������������		��������	��
functional studies.

Functional Studies

By the use of recombinant proteins functional studies of several crustacean lectins 
have been carried out. The lipopolysaccharide-binding lectin PmLec can function as
an opsonin that enhances hemocytic phagocytosis.44 Recombinant protein of Fc-hsL
has no hemagglutinating activity, but a Ca2� dependent agglutinating activity against 
several Gram-positive and Gram-negative bacteria. Similarly, Fc-Lec2 and its two
individual CRDs did not have hemagglutination activity, but had agglutinating activity 
and binding activity to some bacteria in a Ca2�-dependent and Ca2�-independent 
manner, respectively.41 Their studies also suggest that two CRDs have synergistic
effect. Recombinant LvLec has agglutinating activity to E. coli JM 109 depending on
Ca2� and the agglutination could be inhibited by mannose and EDTA.45 Another role in
immunity encapsulation, was demonstrated with PmLT by using agarose beads coated 
with the lectin.46 Unlike other shrimp lectins, Fc-hsL has antimicrobial activity against 
several bacteria and fungi.47

A possible effect of LvCTL1 on virus defence is indicated by the binding of the 
lectin to WSSV virions and the interaction in a pull-down assay with several envelope
proteins of WSSV including VP95, 28 26, 24, 19 and 14.48 Also FcLec3 was shown
to interact with a major envelope protein of WSSV, VP28.49 PmAV, a C-type lectin 
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��	����	�� ������$$_��	�������� �����
�������� ���������������� ��������� ��� �����������
�����������	������
������	��	�����������	������	�{�$��
����������	���	���	����������
nor native PmAV has agglutination activity50 so the mechanism for its antiviral activity
needs to be determined.

�!���������&�����������������������#"��������;��"�<�����������=��>

Almost all C-type lectins are synthesised in the hepatopancreas or hemocytes,
tissues that are important tissues in immunity.1,27 Thus, expression of mRNRR A and 
protein might be affected by bacterial and viral infection. PmLec was isolated from
hepatopancreas libraries44 and it was found to be highly expressed in the midgut of 
P. monodon challenged by an immersion with V. harveyi.51 Fc-hsL, Fc-Lec2 and 
FcLec3 were constitutively expressed in the hepatopancreas of normal shrimp and 
were highly up-regulated following challenge with either bacteria or WSSV.42,45,47 The
expression pattern of PmLT �?���� �
	������� 	�
�	��	�� ��� �	
���
����	���� ����T
decreased initially and then gradually increased after treatment with WSSV extract 
either in vivo or in vitro using a hepatopancreas tissue fragment.46 Zhao et al48 also
reported that LvCTL1 �
	�������	�
�	��	�� ��� ��	��	
���
����	�������� �����	�� ��
the shrimp hemolymph after WSSV infection. Moreover, the binding of rLvCTL1 to 
WSSV could protect shrimp from viral infection and prolonged the survival of shrimp 
against WSSV infection.

FcLec4, which is distinct from other shrimp C-type lectins, is expressed in
�	
���
����	���� ���� ���� �������� ���� ���	����	{� �� ����������� �
��	�������� ���
FcLec4 transcripts in gills and stomach and higher level of protein in gill stomach and 
hemolymph was observed after challenge with V. anguillarum.49 Fclectin expression in 
hemocytes increased on exposure with inactive mixed bacteria of V. anguillarum and S.
aureus as well as with WSSV. Similar results were observed with in vitro experiments, 
which showed that Fclectin expression was gradually increased in cultured hemocytes
stimulated by LPS.43

Apart from shrimp, a C-type lectin (PtLP) was also isolated from the swimming crab
Portunus trituberculatus, but with unknown function. PtLP is phylogenetically related 
to PmAV, but no perfect QPD motif was found and its mRNRR A levels were very high in 
hepatopancreas but lower in gills, hemocytes and ovary of unchallenged animals.

In addition to C-type lectins two isoforms of Tachylecin5-like genes (PmTL5) 
have been found in P. monodon{� ��� ��� ���	�	������ ����� ��	������&�'��������������
mainly expressed in the hindgut and was induced during immersion with V. harveyi, 
while the second was expressed at a very high level in all parts of shrimp intestine 
and hemocytes.51

There is a rising list of putative C-type lectin genes which have been successfully 
cloned and characterised in different shrimps. Many lectins are up-regulated during
infection and since there are some data on lectins showing that they are promoting 
bacterial agglutination, phagocytosis, encapsulation and other immune reactions,
a role for these proteins in defence seems likely. In future, more efforts need to be 
concentrated on biochemical characters, regulatory mechanisms, evolution and precise 
function of shrimp C-type lectins as well as searching for other types of lectins in 
addition to C-type lectins.
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HEMOCYTES AND HEMATOPOIESIS

Phagocytosis is likely to be of great importance in crustacean immunity and there 
��	����	����������	���	������������	����	����
���	��������	�����������	��
�����	�������	�
������������	�����	�������	��
�����������	�������	�	�������{����
��	������	��	����	��
little is known about which proteins are regulating and accomplishing this uptake. A
few crustacean proteins with opsonic properties have been characterised, though. One 
example is the masquerade-like protein mentioned earlier. Another very important 

���	������
	�����	��������������
����	�52 �������	���������	�����	���������53 and 
since then found in shrimps, other crustaceans and many other organisms. Hemocytes, 
in the presence of e.g., �-1,3-glucans or other triggers of immune reactions, will release 
peroxinectin whereupon the protein, by limited proteolysis, will gain a strong cell adhesion 
activity. Peroxinectin acts as an opsonin during phagocytosis and in promoting cellular 
encapsulation of foreign objects. The D. pulex genome contains six putative scavenger 
receptors13 hinting at the possible existence of a cellular uptake mechanism via such
receptors in crustaceans.

In crustaceans, the circulating hemocytes are crucial in protecting the animal against 
invading microorganisms by participating in recognition, phagocytosis, melanisation and 
cytotoxicity.1 In most crustacean’s three morphologically different classes of hemocytes,
hyaline cells (HC), semigranular cells (SGCs) and granular cells (GCs) are observed within
the hemolymph and all of them are important in immobilising or destroying invasive 
pathogens.54,55 The hemocyte separating technique developed by Söderhäll and Smith56

���	����
�����	������������	������������������������	�����	���
	�{������	�����	���������
and shore crab HCs were then shown to be phagocytic, while SGCs act in early detection 
of pathogens.55 The GCs contain within their granules several immune factors such as the
proPO-activating system, the cell adhesion protein peroxinectin and crustin antimicrobial
peptides.57 Exocytosis is induced in both SGCs and GCs as a response to microbial 
polysaccharides, resulting in the release of these immune proteins. Similar hemocyte types
��	���	����	��������	��������
���������������������������������{58

The continuous formation of new hemocytes (hematopoiesis) is essential for survival 
of the animals and this process is tightly regulated by factors released from circulating
hemocytes. Arthropod hemocyte development has mainly been studied in the fruit 
��� D. melanogaster59� ���� ��� ��	� ��	�����	����������Pacifastacus leniusculus.60-65 In 
D. melanogaster mature hemocytes are formed in the early embryonic head mesoderm r
and at larval stage in a specialised organ called the lymph gland, while no new hemocytes
��	�
�����	�������	��������	�{���������������	����������	����
��	�����	�	�
�	��������
ongoing process throughout the animals whole life.

As early as 1891 the observation of a structure in theAtlantic ditch shrimp, Palaemonetes 
varians, named “the dorsal blood sinus” was reported by Weldon.66 Later Allen67 suggests 
in a more detailed study of this organ, “the dorsal sac”, to be blood cell producing. Since 
then, several studies of crustacean hematopoietic tissues (HPTs) have been presented and 
are reviewed by Johnson.68�����	��
����������	������	�=&'�������	��	�����������	��
����
lobules enveloped by a thin casing of connective tissue, that in noncaridean pleocyemata
covers the dorsal and lateral walls of the foregut (Fig. 1A). The HPT consists of lobules 
of highly active proliferating cells (shown in Figure 1B-C by 5
-bromo-2
-deoxyuridine 
|���#~������
������������������������	������	��������������	�������	~{�����	����������������
such as the penaeid shrimps, hemocytes are produced in paired nodules on the dorsolateral 
surface of the foregut and in some species supplementary HPTs are localised at the base of 



247CRUSTACEAN IMMUNITY

the maxillipeds, or adjacent to the antennal artery.69-71 The lymphoid organ (LO) of penaeid 
shrimps consists of lobes of folded tubules located ventro-anterior to the hepatopancreas. 
This organ has been mistaken for a hematopoietic tissue, but according to detailed studies
by Van de Braak et al72 it is clear that the LO mainly has a role in bacterial clearance and is 
homologous in function to the phagocytic organ described by Cuenot73 ������	��
�������	�
associated with the hepatic artery in decapod crustaceans.68

The organisation of crustacean HPTs have been described in detail by electron 
microscopy studies in the crab Carcinus maenas,74,75 the shrimp Sicyonia ingentis,71,76

the lobster Homarus americanus77 and in P. leniusculus.60 These studies are in agreement 
with each other and we will in the further text adopt the nomenclature from Chaga et al60

����������������	�=&'��	���������	�������������	����	�����	��������
������������	���{�
Type 1 cells have a large nuclei surrounded by small amount of cytoplasm which usually 
is characteristic of a stem cell while Type 2 also has large nuclei but larger cytoplasm 
containing cytoplasmic granules. Type 1 and 2 are the main proliferating cells in the 
HPT, whereas the other cell types in HPT can be categorised into precursors of granular 
hemocytes as Type 3 to 4, or as precursor of semigranular hemocytes as Type 5 (Fig. 1D).64

The formation and development of mature hemocytes involve proliferation, 
commitment and differentiation from undifferentiated HPT cells. Several transcription 
�����������	��		���������	���	�������	��	��
	���������	������Drosophila and are conserved 
���������������������
���������	�����������{78 Also in P. leniusculus the importance of 
a GATA transcription factor as well as a Runx protein homologueRR , during hematopoiesis 
has been revealed.61 Apart from systematic detailed studies of hematopoietic transcription
factors and signalling pathways associated with Drosophila hematopoiesis, little is known
about the events regulating this process during development or an infection in insects.

In crustaceans, generally, hemocytes do not divide in the circulatory system and 
thus, new hemocytes need to be continuously and proportionally produced. Already
experiments performed in the late 1800s revealed an increase in mitotic index in the
HPT following experimental bleeding,68���������	���	���	�	��������	�����	�������	��
������	�
����	������������	�=&'������	�����	��	�������������68 and different stress 
factors such as for example LPS injection,72 and Mn-exposure.79 In addition, the number 
of blood cells can be experimentally decreased by injection of microbial polysaccharides
and then rapid recovery is stimulated, mainly due to production and release of new cells61

form the HPT.
That new hemocytes are synthesised and partly differentiated in the HPT, but the 

��������	�	����������������	���	������	�
�	������
��&*������������������	�����	��
expressing proPO is not completed until the hemocytes are released into the circulation 
are supported in several reports.61,68 A method was developed to isolate the HPT cells 
from P. leniusculus in order to study their proliferation and differentiation in vitro.62 The 
key to the successful stem cell culture was the isolation and characterisation of a new
����
�����������	�����	���������	��
�	�	��������������
����{�'�������	�	����������	�
have been detected in crustaceans (Table 2) and astakine 1 is a small protein of 9 kDa 
containing a so-called prokineticin-domain present in several vertebrates. In Penaeus 
monodon astakine 2 contains a 13 amino acid insert as compared to astakine 1,62,80 and 
this protein is also found in P. leniusculus. The importance of astakine 1 and astakine
2 in HPT cell proliferation, differentiation and release from the HPT has been shown
by injection of recombinant protein as well as by in vivo and in vitro gene silencing by
RNRR Ai.62 These experiments have revealed that astakine 1 supports differentiation of 
HPT cells into the SG cell lineage, since the addition of astakine 1 induces expression
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�����	�$£���
	�����@������
	�
���	����	����������{62,80,81 Astakine 2 has been shown to
����	��	�
����	����������=&'��	�����
	��	��������
����	�	���������	�������������������
fully understood although it has some stimulatory effect on GC differentiation.81

Figure 1. �~� '�	� �	����
��	���� �����	� |=&'~� ��� �������� ���	��� ��	� ������ ���� ��	��� ���� ��� ��	
foregut. B) Proliferating cells in HPT labelled by 5
-bromo-2
-deoxyuridine (BrdU) incorporation. 
C) Mitosis in HPT cells stained by hematoxylin. D) A hypothetical model for hemocyte development 
and release from the HPT in P. leniusculus. Based on data from references 9-12, 29. The cells in
HPT follow two main cell lineages: one branch is from Type 1 via Type 5 cells to semigranular cells 
(SGC); the other is from Type 1 to Types 2, 3, 4 cells to granular cells (GC). Astakine 1 is involved 
in proliferation, differentiation through the SGC pathway and release of hemocytes into the circulation, 
���	� ��	� �	����	� ��	� ��� �������	� �� ���� �	������ ��� �	� �����{
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Transglutaminases (TGases) form a family of Ca2�-dependent enzymes catalysing 
posttranslational remodelling of proteins by cross-linking and this enzyme acts as a 
clotting enzyme in crustacean hemolymph coagulation.1 TGase is one of the most 
abundant proteins in crustacean HPTs63,82 where its mRNRR A expression as well as enzyme 
activity is very high. TGase has been shown to play an important role in keeping the 
HPT cells in an undifferentiated stage inside the hematopoietic tissue and if expression 
of TGase mRNRR A is blocked, the cells start to differentiate and migrate out into the
circulating hemolymph.63 Interestingly astakine 1 seems to play a role in this process,
since astakine by some unknown mechanism decrease extracellular TGase activity
and induce cell migration.

ANTIVIRARR L REACTIONS

Viruses remain a major obstacle to crustacean aquaculture. Among the viruses, the
most intensively studied have been characterised from cultured penaeids such as the 
white spot syndrome virus (WSSV), yellow head virus (YHV) and Taura syndrome
virus (TSV). We recently published5 a review on antiviral reactions in crustaceans
covering the literature up to 2008 so here mainly some recent developments are 
discussed. The molecular mechanisms that underlie the majority of crustacean antiviral 
immune responses are still unknown and are only starting to be addressed. Recently,
����� �������
��� ��	���������������	�	������
���	���� |	{�{���$'��$$=�������������~�
have been taken into use in an attempt to solve this.83

Antiviral substances have been isolated from several crustaceans although the 
mechanism of this inhibitory activity remains unclear.84 A well known cationic protein, 
antilipopolysaccharide factor (ALF) originally isolated from horseshoe crab85 has been
studied in crustaceans for its antibacterial activity.86,87������������������
��	����	�����
a WSSV challenge and was shown to be involved in antiviral response against WSSV.
Silencing of ALF resulted in higher rates of WSSV propagation both in the animals 
and in an HPT cell culture.88 �������������	�����	��	�
�	������������������	���������
by the administration of UV-treated WSSV led to lower viral replication and a partial 
protection against a subsequent challenge with the active virus.88 Silencing of LvALF1
�	���	�� ��� �� ����������� ����	��	������������� �� L. vannamei challenged by Vibrio 
penaeicida and Fusarium oxysporum but no protection against WSSV.86 However, a 
study on a P. monodon recombinant ALFPm3, showed that this protein affected viral

Table 2. Crustacean astakines

Species Accession Number

Astakine 1 Pacifastacus leniusculus AY787656AA
Astakine 2 Pacifastacus leniusculus EF568370-EF568371

Penaeus monodon AY787657AA
Litopenaeus vannamei FE148214
Homarus americanus FE535609
Carcinus maenas DW585080
Daphnia pulex FE329237
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���	�������������������
����������������=&'��	������	�{89 The mechanism for antiviral 
��������������������������������
����Pm3 is still unknown.

Cytokine activation through JAK/STAT pathway of a number of genes has been 
suggested in counteracting viral infection in Drosophila.12���	���	���	��������	�ª�@�
kinase Hopscotch show increased susceptibility to Drosophila C virus and contain 
�� ����	�� ����� ���{� '�	�	� ����� �������	� ����� ��	�� 
�����	� ��������� ��	��	�� ��� ��
JAK-STAT-dependent way.90 However, the WSSV immediate early gene (ie1) was 
shown to employ a shrimp STAT as a transcription factor to enhance its expression.91

Additional studies showed that shrimp STAT was activated in response to WSSV 
���	������������	��$$_���	�����������
��ª�@�$'�'�
������������	�	���������$'�'
activation in the shrimp.92,93 Also, some components of the Toll pathway (Toll and 
Dif) have been shown to be of importance for the resistance against Drosophila X
virus.94 However, in shrimp a recent study found that a Toll like receptor (lToll) was
not involved in antiviral immunity.95 Further work is needed to reveal if other Toll-like
receptors are necessary for antiviral responses in crustaceans.

Apoptosis

Apoptosis is a critical cellular process for removing unnecessary or potentially 
harmful cells and possibly for limiting viral spread.96 Caspases are central effectors 
in apoptosis and if the M. japonicus Pjcaspase gene was silenced, the WSSV-induced 
�
�
�����������������������������	��������	�����	������������
�	������	��	�������������
that apoptosis may play an antiviral role.97 This proposal however needs to be ascertained 
������	�	�
	���	��������	������������������
��	����	���	��������������&����������	
shrimp challenged with a low dose of WSSV but not with a high-dose of WSSV. This
suggests that apoptosis in some cases may increase rather than decrease mortality in 
WSSV-challenged shrimp.98

Similarly, the wide spread apoptosis in P. monodon infected with YHV is a major 
cause of dysfunction and death of the host. The expression of ribophorin I, a protein
involved in apoptosis, was up-regulated and remained high until the moribund stage
in YHV infected shrimp99 whereas the defender against apoptotic death 1, a negative
regulator of apoptosis, decreased dramatically after YHV challenge.100 It ought to
be stressed though that apoptosis can be triggered by a multitude of signals and much
���	��		������	��������������
�
����������������	�����	���	���	��	�����	����������
can be properly evaluated.

Antiviral Activity Induced by RNA Interference or Injection of dsRNA

��"	������ ��� ��?��®��?��� �
	����� ��� ����� �	�	�� ���� ����� ����� ���	��	

����	�����{������������	��������	
������������	����	������

�	��	���������"	�����
����$$_��
	�������?��®��?�������	�����_&� ��_&�¡��_&�¡�������$$_�
���	���
kinase in penaeid shrimp.5,101

?	�	��� �����	�� �	�	�� ��	� 	����	��	� ��� ����� �����	� |����	��	��	� �
	����~� ����
?���� �	��	�� |�	��	��	� �
	����~� �������	��� ��������� 
�	���	��{102 However, the
protection induced by the innate pathway could be overwhelmed by a higher dose 
(8-fold) of infectious virus, suggesting it mediates a low degree of resistance. Two
components of RNRR A silencing, Argonaute and Dicer, have been characterised from
P. monodon103,104 but the mechanism for this silencing is still not clear. Injection of 
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CpG oligodeoxynucleotides (CpG ODNs; these are actually typical for bacterial DNA) 
mediates a protection against WSSV propagation, possibly via Argonaute and Dicer.105

Recently a protein homologous to HIV transactivating reponse RNRR A-binding protein 
was found to bind Dicer and to inhibit WSSV replication in F. chinensis,106 These
studies hint that the RNRR Ai machinery may play an important role for antiviral activity
in crustaceans, although much efforts remain to fully establish the mechanism(s) for 
this activity.

Studies on the mechanism of these antiviral responses have been hampered by
absence of genome, tools for genetic manipulation and mutants and stable long-term 
cell lines for in vitro studies. We have succeeded in developing an HPT cell cultures
�������������������������	�����	������������	�	����������������	������������	���{107

These HPT cultures can also be used to replicate WSSV and to study host-virus 
interactions.108

CLOTTING, SYNTHESIS OF ANTIMICROBIAL PROTEINS

AND MELANISATION

Clotting

Clotting is an important reaction aimed at preventing hemolymph loss and microbial
spread at sites of injury. The reaction has been extensively studied in crustaceans, in 

�����������	�����	����������109��������������	�������������	�����������
���	�������
cloned.110 For a review on the subject and a comparison with the corresponding reaction 
in other arthropods see ref 111. In the shrimp Marsupenaus japonicus RNRR Ai silencing of 
clotting protein and a transglutaminase resulted in a defect clotting system.112 Interestingly,
challenging such animals with V. penaceida or WSSV resulted in higher mortalities.
Although the reason for this effect is unknown it could mean that initiation of clotting
also triggers the onset of other immune reactions and/or that the clotting reaction itself 
interferes with the propagation of these pathogens by e.g., entangling them.

Antimicrobial Proteins

Antimicrobial proteins are very important components of the immune system in 
many insects. They have received less attention in crustaceans, perhaps because their 
expression usually is not up-regulated as dramatically by the presence of microbial
products as in holometabolous insects. In recent years a number of crustacean 
�������������
���	����|��&�~����	��		��
����	�����®������	�{�������	����	����	���
effects on microbial growth in vitro have been investigated, but to what extent these 
��������	���	�	�����	�����
������	���������������	���������������	��{�'�	�	���	������
kinds of crustacean AMPs that differ considerable in structure; two prominent groups
with many members are the penaeidins and the crustins, thoroughly reviewed in 
Cuthbertson et al3 and in Smith et al4 respectively. Crustins have a wider occurrence
among crustacean taxa than the penaedins. However, a recently characterised spider crab
AMP, hyastatin may judged from its Cys bond pattern be related to the penaeidins.113

The presence of a whey acidic protein (WAP) domain is a characteristic of crustins
although WAP domains are present in many other types of proteins, e.g., proteinase 
inhibitors.114 A third group of AMPs are the antilipolysaccharide factors that also have
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been implicated in antiviral reactions (see above). There are other potential sources of 
antimicrobial peptides and proteins. For example, some peptides released by limited 
proteolysis from hemocyanin exhibit antimicrobial properties.115,116

In many insects AMP expression is governed by either the Toll or the imd pathways.
As mentioned earlier, crustacean AMP expression tends to be more or less constitutive
although several cases of inducible AMPs have been recorded.117 Some possible Toll
pathway components were recently described in several shrimp species, e.g., Toll
itself 95,117-120 spätzle,121 relish,121,123 dorsal.124 L. vannamei Relish and dorsal were shown 
to regulate the expression of penaeidin-4 in transfected insect cells. To what extent this
�	�	��������������&�	�
�	�����������	������
��	���������	�������{������	����������	�
recombinant protein from the spätzle-like gene in F. chinensis was injected into the 
��������Procambarus clarkii (shrimps died if injected with this product), which resulted 
in an increase of transcript levels for crustin-2 but not for the other tested AMP genes.121

�����������������		����������������������������	�
	���	���{������������
����������	
putative Toll-receptor was reduced by RNRR Ai treatment in L. vannamei the animals 
became more susceptible to the bacterium Vibrio harveyi whereas the susceptibility
to WSSV was unaffected.117 Whether this is due to any possible Toll effects on AMP 
production or other Toll-mediated effects is unknown and, furthermore, the number of 
putative Toll receptors in shrimp is not known. However, it should be noticed that at 
least crustin expression was unaffected by the presence of LvToll dsRNRR A in this case.
��������	���������
	�����?������	��	�	��	����L. vannamei crustin caused in increased 
susceptibility to a related bacterium, V. penaeicida.125 Also a putative imd homologue 
has been reported from L. vannamei126 that requires further functional studies. Silencing
of a Relish homologue in the shrimp F. chinensis resulted in a lowered penaedin 5 
transcription upon bacterial challenges, a result which could be interpreted as an imd 
pathway exists in shrimps. However, the extent (if any) to which AMP synthesis is 
regulated by Toll and imd homologues in crustaceans is still far from settled.

The Prophenoloxidase Activating System

The melanisation reaction is an important immune reaction and numerous studies
in different types of animals have attested the crucial role of the phenoloxidase system
in combating microbial infections. A large body of pioneering work (for reviews
�		��	��{�������¡~������	�
��&*����������	��������������	�����	����������������	{
Recently several RNRR A interference studies aiming at the transcription of the proPO
gene or genes whose products are involved in proPO activation have been carried 
out. In P. leniusculus reduced levels of proPO led to an increased susceptibility to the
serious bacterial pathogen Aeromonas hydrophila.129 Reducing the levels of pacifastin, a
�
	��������������������	�
��&*������������
���	����	���	���	�������������	���	���������
capacity and increased survival to the pathogen. Also in vitro the products from an 
�����	���������&*���	��	���������	������������	�	�������	���������������
������	�����
gram negative species.130 Two studies131,132 using RNRR Ai depletion of proPO transcripts 
in Penaues monodon have led to similar conclusions. Reduced transcription of the 
proPO genes or a gene for proPO-activating proteinase resulted into higher mortality 
upon challenge with Vibrio harveyi. An extensive study carried out with M. japonicus
showed that after depletion of proPO, bacterial counts in hemolymph and other tissues 
increased.133 Since these animals were not challenged either endogenous bacteria, or 
bacteria taken up from the rearing tank must be responsible for the increasing bacterial
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loads. In contrast to animals injected with control dsRNRR A the proPO-depleted animals
exhibited increased mortality and reduced hemocyte numbers. The increased mortality
could to some degree, although not completely, be counteracted by the administration 
of antibiotics. Interestingly, an array with more than 2000 shrimp genes showed that 
28 genes were up-regulated and 49 down-regulated on the third day after starting the 
proPO gene interference. Thus, a consequence of the lowering of the PO levels could 
be that other immune factors are produced at a reduced rate, decreasing the immune
capacity of the animal. Among the genes down-regulated after proPO depletion were
some AMPs (penaedin and crustin) and two Kazal type inhibitors. Kazal type proteinase
inhibitors have been shown to interfere with the growth of several bacteria. It is still 
not known to what extent the bacteriostatic activity is due to inhibition of microbial 
proteinases or to other effects (for a review see ref. 134). A single animal can produce 
a large number of different Kazal variants, a fact suggesting but not proving that these
inhibitors is under selection pressure from various microbes.135 Also other proteinase
inhibitors, e.g., alpha-2-macroglobulin have been shown to be produced in a large
number of sequence variants.136 As is the case in the crustacean Kazal inhibitors the
sequence variation is especially evident among those amino acid residues that takes 
part in the interaction with proteinases.

Once active PO has been produced, regulatory mechanisms to ensure that 
melanisation does not proceed uncontrolled for unlimited periods are likely to exist.
Several such nonproteinaeous compounds and phenoloxidase inhibiting peptides are 
known from insects. One such control of excessive melanisation is likely to be carried 
���������	��	�	������	����	���	���������������������
���	����|��&�~�������������137

and meal worms.138 MIPs have been shown to prevent both proteolytic activation of 
proPO as well as to interfere with the melanin synthesis from quinones. The prevention
of the melanin formation occurs at a late step(s) after the steps catalysed enzymatically
���&*{�����������&������������	�������������	�
�����������	�	������
���	��������	����
����	������������������	��	��	�����������������	��	����	����������������������������
site for Ca2�. In vitro mutagenesis of this site has demonstrated its importance for full
inhibitory activity.137

CONCLUSION

Emerging evidence from other systems such as insects indicate that there is 
substantial cross-talk between different arms of the innate immune defence. For example, 
in several insect species some of the proteinases and regulatory serpins that are part of 
the Toll activation cascade and the proPO-activating system are shared.139,140 This makes 
�	��	�����	���������	�����������	��������	����	����	�
���	��������������
�����	��
will require that several parts of the immune system cooperate. It will be interesting 
to see whether examples of such cross-talks within crustacean innate immunity will be
discovered. To conclude, large progress in elucidating innate immune pathways have 
been made in recent years. In the near future genomic information will be available for 
additional crustacean species and the speed with which progress in this area is made 
�������	��	������	�{�=��	�	����	���	��������������	����	�����	��
�	��������	����	��	�
that are plaguing crustacean aquaculture.
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Abstract: A survey for immune genes in the genome for the purple sea urchin has shown that 
the immune system is complex and sophisticated. By inference, immune responses
of all echinoderms may be similar. The immune system is mediated by several types
of coelomocytes that are also useful as sensors of environmental stresses. There
are a number of large gene families in the purple sea urchin genome that function
in immunity and of which at least one appears to employ novel approaches for 
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detailed information about immune functions in the sea urchin. The importance
of echinoderms in maintaining marine ecosystem stability and the disastrous
effects of their removal due to disease will require future collaborations between
ecologists and immunologists working towards understanding and preserving
marine habitats.
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INTRODUCTION

Echinoderms are a phylum of ubiquitous benthic marine invertebrates, found in a 
continuous distribution from the intertidal zone to the deepest depths of the ocean explored 
to date. They are the sister group to the chordates and are the basal deuterostomes.1

�

�������	�������	������	������	����
	��	�����	��		���	�����	����������������	�
classes—echinoids (sea urchins and sand dollars), holothurians (sea cucumbers), asteroids
(sea stars), crinoids (sea lilies and feather stars) and ophiuroids (brittle stars), as well as
a number of extinct classes known from the fossil record. Many members of the phylum
are large and long lived.2

Echinoderms are central players in many benthic ecosystems, variously as herbivores, 
carnivores and detritivores. They possess a simple gut which opens into an anus on 
the aboral surface, or, for crinoids, on the oral surface of the animal.1 All echinoderms 
have basic pentameric radial symmetry in their adult forms and most metamorphose 
from bilateral larvae found in the plankton that function as the dispersal stage, feed 
and produce the adult rudiment. Adults lack obvious sensory organs or any kind of 
head and locomote largely by means of tube feet, which function by means of a water 
vascular system unique to the phylum. Activities are coordinated by a simple neural
��������������������	�������	��	��	�����	���������	���	���������������	����������
longitudinally along each radial segment of the body. All echinoderms have some form of 
�����	����		�������
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a thin layer of muscular tissue lining the interior of the body cavity (or coelom) while
holothurians possess a highly muscularized body wall in which the exoskeleton is reduced 
to microscopic ossicles dispersed throughout the dermis. The coelomic cavity contains the 
��������������������	������������	�������	���������{�'������	��������������	�������	�
immunological capabilities of echinoderms, being the medium in which the immunocytes 
or coelomocytes reside, and which also contains antimicrobial molecules.

��������	������������������	������	����������3 to demonstrate that invertebrate
immune cells could recognize the presence of and respond to (encapsulate) a rose prickle. 
Subsequent characterization of the echinoderm immune system in adults relied on allograft 
rejection assays in sea cucumbers, sea stars,4,5 and sea urchins,6-8 and demonstrated the 
ability of echinoderms to recognize self from nonself. Later evaluation of the sea urchin 
graft rejection kinetics illustrated the innate characteristics of echinoderm immunity.9

Although the immune system is entirely innate, it has recently been found to be highly 
complex and sophisticated10,11 and is clearly effective given that echinoderms have 
survived as a phylum for 450-500 million years and that individual echinoderms can 
survive the constant assault by pathogens in the marine environment (reviewed by ref. 12) 
for upwards of 100 years.2

COELOMOCYTES, THE IMMUNE MEDIATORS IN ECHINODERMS

'�	����������������	������	��������	���������	����������13 which bathes the
���	�����������������������	�������	����������������	���	������	����	����
	��	�{�
'�	����
�������������	����������|��~���������������	�����	������	�������������������	��
salts and other minerals and contains proteins, the best-characterized of which are those 
involved in antipathogen responses. Indeed, whole CF (wCF) is a complex tissue that 
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mediates responses to wounding and microbial infections by undergoing reactions such 
as opsonization, coagulation, encapsulation and phagocytosis. Initial publications on 
echinoderm coelomocytes appeared in the late 19th century (e.g., ref. 14) and since then 
many reports have appeared describing the morphologies and functions of the various 
coelomocytes9,15-17 (reviewed by refs. 18,19). Observations of live cells in CF from sea
urchins suggest three basic categories of coelomocytes; phagocytes, spherule cells (also
called amoebocytes,20,21 or morula cells) and vibratile cells (Fig. 1); however further 
analyses suggest additional categories (Table 1) (reviewed in ref. 22). Within the spherule 
cell category, there are red and colorless spherules within the cells (Fig. 1B,C) and there 
are three different categories of phagocytes depending on cytoskeletal morphology and 
size (Fig. 2). Additional cell types have been noted in nonechinoid species including 
crystal cells, fusiform cells and progenitor cells, about which very little is known. The 
descriptions below refer to sea urchin coelomocytes, which are the best studied.

Phagocytes

Phagocytes have been variously referred to as leukocytes, or as bladder, petaloid or 
�������
�������	�������	���	�����	��������������	���	�����������������
	������	������	�
|'��	��~������	���	���������{�������
	��������	��	���

	��������
	�����������|���{ ��¢�

Figure 1. Live coelomocytes from the sea urchin, Paracentrotus lividus. A) petaloid phagocyte. 
B) red spherule cell. C) colorless spherule cell. D) vibratile cell. Scale bar = 5 microns. Images taken 
by R. Bonaventura.
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Figure 2. Coelomocytes from the sea urchin S. droebachiensis. Cells were withdrawn in anticoagulant 
and settled onto a glass coverslip. All cell types are shown and labeled with numbers. Large phagocytes;
1 = discoidal phagocyte; 2 = polygonal phagocyte; 3 = red spherule cell; 4 = colorless spherule cell;
��Ì��������	��	�|��	���	���	��������� ��	�
�����	������	����		�������	��

	���	~{����	�¢�¦�Ì�����
phagocyte. Bar = 10 microns.

Table 1. Coelomocytes in sea urchins

Cell TypeTT % in Coelomic Fluid Function

Phagocyte TypesTT Total phagocytesTT Encapsulation, Opsonization,
Type 1—Discoidal cellsTT Sp* 40-80% Graft rejection, Chemotaxis,
Type 2—Polygonal cellsTT Sd 67% Phagocytosis, Antibacterial
Type 3—Small phagocytesTT Pl 80% activity, Cellular clotting

Red spherule cells Sp 7-40% Oxygen transport. Antibacterial
Sd 8% activity from echinochrome A.
Pl 4.7%

Colorless spherule cells Sp 3.7-25% Cytotoxicity, Clotting?
Sd 6.5%
Pl 7.8%

Vibratile cells Sp 11.9-20% Movement or agitation of
Sd 18.5% ��	�������������������	�
Pl 7.5% with clotting.

*Sp, Strongylocentrotus purpuratus. Sd, Strongylocentrotus droebachiensis. Pl, Paracentrotus lividus
Information collected from references 7, 16, 17, 19, 22, 24, 28, 33, 34, 38, 39, 50, 95, 222 and 223.
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Fig. 3A) in which numerous cytoplasmic lamellipodia give the impression of the petals 
��������	�{23 More recent work indicates that the phagocyte population actually consists 
of several different cell types that can be distinguished based on cytoskeletal morphology 
and organization, actin-based motility patterns,24-27 and differential gene and protein
expression.19,28,29 Phagocytes are most easily distinguished as three morphologies in spread 
cells; two types of large phagocytes24-27 and small phagocytes.28,29 The discoidal-shaped 
phagocytes (Fig. 2) are large phagocytes that display rapid, actin-based retrograde/
�	����
	���������	����	���	����	�����	�	������������������	��	����������������	�������
rich in the Arp2/3 complex (Fig. 4C), radial actin bundles that connect the cortex to the
perinuclear region, and a centralized distribution of myosin II (Fig. 4B).25,27 The retrograde/
�	����
	�����������������������������	���	��������	���������	��������������������������	��
(Fig. 4A), organelles (endoplasmic reticulum, mitochondria, lysosomes and granules) and 
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induced by hypotonic shock. Bar �� ��� �������¢� �������������� ��� 
��	�� |���~� ��	� 	�����	��{
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Figure 4. Large phagocytes of the discoidal (d) and polygonal (p) subpopulations can be differentiated 
based on cytoskeletal organization. Actin (panels A-D) in discoidal cells displays a broad cortical 
meshwork containing Arp3 (panel C) that feeds into a radial array of centralized bundles. The
cortical actin and Arp3 meshwork is more limited in polygonal cells (panel C) and cells often contain
prominent actin bundles oriented either radially in discoidal cells (panel C) or parallel to the long axis 
in polygonal cells (panels A,D). Both myosin II (panel B) and microtubules (panel A) are perinuclear 
in discoidal cells and more widespread in polygonal cells. � integrin expression is restricted to the
polygonal cells (panel D). The significant difference between the structural organization of the
cytoskeletons of the two large phagocytes is best appreciated in TEM images of critical point dried 
and rotary shadowed replicas of detergent extracted cells (panel E). Bar � 10 microns; magnifications
of panels A-D are equivalent.
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associated kinesin motor proteins to the perinuclear region.26 The second type of large 

�������	����
����������
	���	��|���{������		���~�����������
����	�������	��������
a thin rim along the cell margin corresponding to more limited distribution of the Arp2/3 
complex-containing actin meshwork (Fig. 4C).These large cells are integrin-positive (Fig. 
4D) and the interior cytoplasm contains elongate actin bundles associated with myosin
II (Fig. 4A-D),25,27 as well as a broad array of microtubules (Fig. 4A) and associated 
organelles and kinesin (Fig. 4E).26 �����	����	��������	���
	�����	������������������
	
�����	�����������	�
����®
	�������������
����������|���{���¢��		������	�{���~�
inducible by the calcium-dependent clotting process, treatment with hypotonic shock23

or calcium ionophore.30

Large phagocytes display phagocytic activity associated with clearance of bacteria, 
xenogeneic cells, foreign particles and proteins, both in vivo and in vitro (reviewed 
in ref. 18). Phagocytes have also been implicated in encapsulation and graft rejection 
responses, as well as cytolytic/cytotoxic reactions,8,31 (reviewed in refs. 18,19). Phagocytes

������
��	������	��	������������
���	���������������	�����
������������������	����	
cell-cell interactions leading to cellular clot formation and retraction.16,23 Based on their 
size, preponderance in the CF and their phagocytic and encapsulation functions, the large
phagocytes appear to be the major mediators of cellular immunity in echinoderms.

The third and least common form of phagocyte is the small phagocyte (Fig. 2,
labeled 6)28,29 of which some express the Sp185/333 family of highly diverse immune
response-related proteins (see below). These cells are characterized by their small size 
�	����	� ��� ��	� ���	�
�������	������	�������������
�����������	��������
�����
���
������|���{��~{�'�	����
�������������
�������	���
������

	��������	�	���
from that of large phagocytes in that they are less numerous, thicker and often contain
periodic knobs and microtubule bundles (Fig. 5D).29

Spherule Cells

Red spherule cells (Fig. 1B; Fig. 2, labeled 3; Table 1) have been called amoebocytes,
spherulocytes, morula cells, pigment cells, granulocytes and eleocytes in the literature, 
���� ��	� ���� �	�� �	�� ����� �
�	����� �	�� �����	�� ����������� 	����������	� ��� ��
naphthoquinone pigment with antibacterial properties.Red spherule cells have been reported 
to move towards bacteria to initiate an encapsulation response and to degranulate in the 
presence of bacteria.32-35 They have been reported to migrate to and form a rim around 
the edge of wounds, infections and tissue grafts.8,36,37 When settled onto a substrate, red 
spherule cells exhibit dynamic actin-based, amoeboid mobility, which may account for 
their ability to surround wounds and infections. Colorless spherule cells (Fig. 1C; Fig. 2, 
labeled 4; Table 1) contain granules and have therefore been referred to as morula cells
(from Latin for ‘mulberry’). Their properties and functions are not well known, however,
a recent study suggests that these cells have potent cytolytic activity that is augmented 
by the presence of phagocytes.38

Vibratile Cells

_������	� �	�� ��	� ������� ������ ����	�� ���	��	�� �	�� ����� �������� ���	
cytoplasmic granules (Fig. 1D; Fig. 2, labeled 5; Table 1). Exocytosis of these granules
may trigger the initiation of the clotting reaction32,39 (Sacchi and Smith, unpublished),
however this hypothesis will require additional testing.
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Coelomocytes in Other Echinoderms

���	�������	�����	�����	�����������	��	����	�����	�
��	������������������"����	�
types, phagocytes and colorless spherule cells.22,40 Rapid activation and differentiation of the 
phagocytes into multiple functional cell types upon bacterial infection is likely responsible for 
	����	�������������	�����	{41 The phagocytes in the sea star,Asterias rubens, are present in 
a continuum of small to large cells that change relative abundance upon immune stimulation.
Larger cells become more numerous and exhibit strong phagocytic reactions to bacteria 
and the total number of phagocytes triple 24 hrs after challenge.41 Increased numbers of 
total coelomocytes have also been noted in response to wounding and hypoxic conditions.42

Swift responses, immune challenges, and the possible differentiation of phagocytes into 
cells with augmented phagocytic activity is an interesting approach to infection in sea stars
that have fewer morphotypes of coelomocytes compared to echinoids.

Figure 5.� $��� 
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cells are clearly labeled by antibodies against the Sp185/333 family of proteins (SP cell in panels C,D),
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Holothurians have lymphocytes, morula cells, amoebocytes, crystal cells, fusiform
cells and vibratile cells.22,40 In addition to phagocytosis, holothurian coelomocytes exhibit 
brown body formation in response to multicellular parasites. These are pigmented 
aggregates of phagocytes and spherule cells that encapsulate parasites that are too 
large to be phagocytized.43 Brown bodies in the sea cucumbers, Holothuria polii and 
H. tubulosa����	������	�����	�������������	����

	��
������	���������	��������������	��
�������������		�������	��	������	������	�}
��������	����}������	�����	�	����
layers of specialized cells44,45 including subsets of elongated phagocytes44 and spherule 
cells.46 Spherule cells likely degranulate to chemically kill and/or degrade the invader,46

while other cells within the brown bodies possess active phenoloxidase resulting in
melanization.44 Brown bodies are progressively eliminated from the animal through 
coelo-rectal canaliculi.44,45,47 Essentially, coelomocytes appear to have two means for 
clearing microbes and parasites; phagocytosis and encapsulation.

Crinoids have phagocytes, red spherule cells and colorless spherule cells (or morula 
cells), whereas ophiuroids have phagocytes, colorless spherule cells and possibly crystal 
and vibratile cells.22,40 Because little work has been done on these classes of echinoderms, 
little is known about the functions of coelomocytes in these groups.

CLOT FORMATION

Clotting is mediated by a variety of agglutination factors. It is an important response
to injury in echinoderms functioning to block loss of CF resulting from wounds, and to
sequester pathogens and prevent their invasion throughout the body. A 220 kDa agglutinating 
factor thought to be involved with coagulation is secreted from coelomocytes of the sea 
cucumber Holothuria polii.48Coelomocytes from the purple sea urchin express amassin-1, a 75 
����������������
���	������������������	��������������������������	���������
	�������	

Box 1. Larval immune cells.
While most investigations of echinoderm immunity have been carried out in the 

adult, the larvae of indirectly-developing species possess specialized mesodermal cells 
derived from embryonic blastocoelar cells that display a variety of immune behaviors. 
The immune activities of the larval immunocytes were recognized at the inception of 
cellular immunity by Metchnikoff and his infamous experiment of encapsulation of a 
rose prickle by blastodermal cells of a sea star larva.3�'����������	�������	���������������
phagocytosis and encapsulation and lead to a nobel prize. More recently, recognition and 
phagocytic behavior of larval immune cells responding to bacteria or yeast injected into 
the blastocoel has been demonstrated.218,219 The immune cells in the embryo and larvae are 
the blastocoelar cells located in the blastocoel220 and the pigment cells in the ectoderm19 
that produce echinochrome A.221 Embryonic and larval immune cells are also known to 
express immune factors, including the complement homologue SpC392 and the immune 
response genes Sp185/333.10,70,92 Besides immune effector functions, these cells carry 
out a number of immune functions including surveillance-like behavior, wound healing 
and the expression of a complex suite of immune recognition, regulatory and effector 
genes10 (Rast, unpublished). As more data are accumulated about this simple stage of 
the sea urchin life cycle, postgastrula embryos and larvae are becoming an increasingly 
valuable model system in which to investigate immunity.
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bonds (Table 2; Table 3;49 Dheilly, Raftos and Nair, unpublished). Amasin-1 functions in
cellular clot formation through homooligomerization and cross-linking coelomocytes.50 A
�	����������	��	����������	���	���	����	����
������	��	�	
����������������������	����
which also has an olfactomedin domain and is expressed in coelomocytes.51

Other molecules involved in clotting mechanisms, including transglutaminase
�������	����	�	���	����	������������	�
�	��	���	��	��	�����|�$'~����������������
tissue of the sea cucumber Holothuria glaberrima.52,53 Many of the genes referenced from

Table 2. ESTs from the purple sea urchin and a sea cucumber

Category Examples

Defense Sp185/333, DD104, DD186, Complement C3, Complement factor B,
Galectin, SpEchinoidin and other C-type lectins, Thrombospondin,
 Amassin, Integrin-�C, Ferritin, Melanotransferrin, Annexin, Serum
amyloid A, Echinonectin, Fibrinogen-like protein, Ficolin-like protein,
Kazal-type serine proteinase inhibitors

Cytoskeleton �������£	�������������'������� ���Protein tyrosine kinase-9, Fascin, 
Tubulin, MicrotubuleTT -associated protein

Signal 
TransductionTT

SpTp ie1/2, Steroid hormone receptor, LPS-induced TNF�, Protein tyrosine
phosphatase receptor, Adenylyl cyclase, Receptor for activated protein
kinase C, Guanine nucleotide binding protein �, Rho-GTPase, Rho-GDP 
dissociation inhibitor, GTPase-activating protein, FK Binding ProteinK -12, 
GF14/14-3-3

Nuclear 
Activities, 
Splicing

RNA/DNA binding protein, DNA methyl transferase-associated protein, 
Nonhistone nucleic acid-binding protein, Splicing factor 30, Paraspeckle 
protein, ET putative translation product, Heterogeneous nuclear ribonucleo-
protein R, PolyAyy binding protein

Transcription  TT
factors

Steroid hormone receptor, LPS-induced tumor necrosis factor ���Immediate 
early-response protein, SpRunt, SpNRR FkB

Protein  
Metabolism,
Synthesis,
Degradation

Translation elongation factor 1TT �,1�, 2, Translation initiation factor, PeptideTT
�������		��	���������$������	��	��	��	�	
�����&���	���������	�����	���	�
Binding Protein, Heat shock protein, gp96, Presenilin, Proteosome subunit,
Ubiquitin

Molecular 
TransportTT

���	����@��	�����_	���	������������
���	��������	���	���	��	�����	�
��-
tein, ER transport protein, Vacuolar protein sorting protein,R Rab7, Rab5-
interacting protein, Sec22, vSNARE, Mannose-6 phosphate receptor

Endosomal
System

Vacuolar H�-ATPase, Cathepsins, Lysozyme, LL Arylsulfatase

Proliferation, 
Apoptosis

&�����	������	�����������������������������������������������

Metabolism ATP synthase, Cytochrome C oxidase subunit 1, 4, Cytochrome b, NADH
dehydrogenase subunit 2, 4, 5, Fatty acid desaturase, ATP/A// DP translocase, 
Vacuolar ATP synthase subunit, Na�/phosphate cotransporter, Na�K�-trans-
porter, Citrate synthase, Malate dehydrogenase

From references 49, 52, 53, 88 and 165.
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these EST studies were originally studied in the context of the intestinal regeneration 
that occurs after sea cucumbers expel their internal organs as part of an antipredation 
response, and then regenerate the entire digestive tract in 30 days. As such, evisceration 
and regeneration exposes the coelomic cavity to microorganisms from the surrounding 
�	����	��������	������°������	��	�������������{�'������	�	���	��	����������	���������
and tissue regeneration are upregulated in intestinal tissues undergoing regeneration
and are likely essential for the animal to survive the process.52-55

KEY MOLECULES IN ECHINODERM IMMUNITY

Proteins with Leucine Rich Repeats

Toll-Like Receptors

The Toll-like receptors (TLRs) are best characterized in insect and mammalian
systems, in which they form small gene families of �10 genes.56,57 These receptors have
an N-terminal solenoid-like leucine-rich repeat (LRR) ectodomain, a transmembrane 
region and a cytoplasmic Toll/interleukin 1 receptor (TIR) in the C-terminus.58 The
genes are often encoded in a single exon. There are more than 200 TLRs in the 
Strongylocentrotus purpuratus �	���	���������	�����������		����	����	������������	��
species to date.10 These genes fall into three categories: a large family of more than
200 genes with vertebrate-like structure; a set of three genes with structure similar 
to Drosophila Toll (which differs from that of the vertebrate TLRs and Drosophila
Toll-959~������������������	��	�	����������������������	��	������������������	�|���{ ¦~{�
����	��	����	�����	�	�������������������������������	����	�������	
	��������	�����
specialized, cysteine-rich domains (designated single cysteine cluster, sccTLR). In

Table 3. &���	�������������������	���	�������������� Strongylocentrotus 
purpuratus

������������ Examples

Immune Response Complement components (SpC3, SpBf), Scavenger receptors 
cysteine-rich, Sp185/333

Pathogen Destruction Arylsulfatase and other lysosomal enzymes, �-2-macroglobulin

Clotting Amassin, Annexin V, Von Willebrand factor

Metal binding Major yolk protein, Transferrin,TT Ferritin, Ceruloplasmin

Cytoskeleton �������&����������������������£	���������������������-
bule-associated protein, Arp 2/3 complex proteins, Coronin,
Tubulin,TT �-actinin, Tetraspannin, TT Talin, Vinculin, Rab

Cell Adhesion Integrin, NCAM, Selectin, Cadherin, Fibronectin

Signalling Ras

Cytoplasmic Enzymes Oxidative enzymes

From Dheilly, Raftos and Nair, unpublished.
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contrast, the Drosophila Toll has specialized domains that are located in the center of the
ectodomain (multiple cysteine cluster; mccTLR).58 The mccTLRs may be the ancestral
form,10 as mccTLR genes are present throughout eumetazoans, with the exception of 
the vertebrate lineage, in which it has apparently been lost. The sea urchin short TLRs
have distant similarity within the TIR domain to the ancient Toll genes.60

The large family of sea urchinTLRs is unusual in both its multiplicity and the apparent 
��
������	�����������������	����������������	�{�'�	 �210 genes in this family can be
divided into seven subfamilies based on phylogenetic analysis of the TIR domain. SomeR
of these subfamilies are composed of many members that differ primarily within their 
ectodomains while the TIR domains show greater conservation. Divergence within theR
leucine-rich repeats takes a number of forms, including point mutations, insertion-deletions 
between LRRs and insertion-deletions of whole LRR units.R 10 The extensive diversity of 
this class of sea urchin TLRs, along with a relatively large proportion of pseudogenes, 
differs from the more conserved picture seen in vertebrate TLR evolutionR 61 and suggests
that this complex family of receptors function fundamentally differently.60

Many of the sea urchin TLR families are expressed most highly in coelomocytesR
in addition to gut tissue.10 Expression of sea urchin TLRs is not detected in the embryo
but many families are expressed in the feeding larvae. Thus, expression patterns and 
diversity of sea urchin TLRs are consistent with an immune rather than developmental
function. Consistent with this is the fact that extensive investigations of vertebrate TLRs
only show immune functions.

Figure 6.�&���	����	�����������	�	
�����	�	������	����	�������������	�
���	�������	�
��
	��	���������
with respect to other model organisms. The numbers of gene models encoding Toll-like receptors (TLR), 
Nod-like receptors (NLR), scavenger-receptor cysteine-rich (SRCR), peptidoglycan recognition proteins 
(PGRP), Gram negative binding proteins (GNBP) and RIG-I-like receptors (RLR) for human (H.s.), 
mouse (M.m.), purple sea urchin S. purpuratus (S.p.), ������ �� Drosophila melanogaster (r D.m.) and 
nematode Caenorhabditis elegans (C.e.)212 are shown. Given the complexity associated with identifying
SRCR gene models accurately, the number of SR RCR domains is shown, with the number of gene models R
that contain multiple SRCR domains indicated parenthetically. In the electronic version of this chapter,
colors are used to illustrate protein domains and to emphasize the sea urchin gene model numbers. A
color version of this image is available at www.landesbioscience.com/curie.
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NOD-Like Receptors

The second family of expanded immune receptors in the sea urchin is the NOD-like
receptors (NLRs).10NLRs are cytoplasmic pattern recognition receptors (PRRs) that recognize
������	�����������������������	�������������&$��
	
�������������?����������	��{62

Structurally, NLRs are composed of C-terminal LRRs, a central NACHT domain and 
one of several N-terminal domains that function in protein-protein interactions. NLRs in 
mammals function in the immune response by serving as scaffolding proteins to assemble
protein complexes that lead to the activation of the NFkB and MAPK signalling pathways.K
��?�����	������		������������������	����������������
��	���������������
��	����������
is responsible for the processing of pro-interleukin-1�.63 '�	�	�����������������	�
�������
of the NLR gene family in theR S. purpuratus genome, which has over 200 NLR gene R
models compared to vertebrates that typically have �20 NLR genes (R Fig. 6).10 NLRs
�

	�������	��	������	�������	��	��	������	���	��	��������	������		����	����	��������
of the sequenced protostome genomes, including Drosophila or a Caenorhabditis elegans.
As in vertebrates, the sea urchin NLR genes contain R LRRs, a central NACHT domain 
and an N-terminal protein-protein interaction domain. However, unlike in the vertebrate 
system, this N-terminal domain is most commonly a DEATH domain, another member of 
the death-domain superfamily. A small number of sea urchin NLRs also contain CARD RR
domains at the N-terminus, while the PYD domain is absent outside of the vertebrate
lineage. Although many of the NLR gene models encode R C-terminal LRR domains, theseR
domains are lacking from some sea urchin gene models, which may be due to problems
with accurate computational prediction of gene structure. The sea urchin NLR familyR
�

	��������	���	��	����������	����������
	������	�	�	�
������������������		���������	�
diverse than the similarly expanded sea urchin TLR family.R The extent of this diversity is
likely underrepresented given the incompleteness of the gene models, particularly within
the LRR region.R Although the function of the sea urchin NLRs is unknown, it is notable 
that they are most highly expressed in the gut,10 and therefore may be involved in managing 
�������������{�'�������������	���	������	���?��*���
���	�������������������	���
��������	�������	����	�����������

��
����	��������������	�������������	����������	�����
leads to Crohn’s disease.64 The LRR gene families in the sea urchin are greatly expanded R
compared to families in vertebrates and insects and it is noteworthy that the LRR familiesR
in amphioxus are also expanded,65 suggesting that these receptors play an important role 
in the innate immune functions of these deuterostome invertebrates.

Sp185/333—A DIVERSE FAMILY OF GENES AND PROTEINS EXPRESSED

IN RESPONSE TO IMMUNE CHALLENGE

The Sp185/333 Gene Family

The initial discovery of the Sp185/333 family was the result of an EST analysis of 
transcripts that are upregulated in response to LPS challenge (see Box 2).49 The diversity 
observed among the Sp185/333 transcripts is intriguing for a putative immune response 
repertoire and resulted, in part, from an extraordinarily diverse gene family. The Sp185/333
�	�	����	��������������	�����������������	�������������������	����	���������
������
leader sequence, while the second encodes the remainder of the highly variable protein.
The Sp185/333 genes are atypical for S. purpuratus in three respects: (1) the second exon 
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ranges in size from 771-1431 base pairs (bp), which is notably larger than the average 
exon length (100-115 bp) as characterized from all gene models in the genome; (2) the 
intron is smaller than average (�400 bp, compared to an average intron size of �750 bp); 
and (3) the average S. purpuratus gene has 8.3 exons.11,66 The most interesting aspect of 
the Sp185/333 genes is the structure of the second exon. It is composed of contiguous
blocks of sequence called elements ����� ��	� �	��	�� ����� �	��	��	� �����	���� �����
require the insertions of large gaps (Fig. 7).49,66,67 Elements are variably present or absent 
in different genes (and transcripts, see Box 2) in recognizable mosaic combinations that 
have been called element patterns. Each element is actually a set of sequences that are
similar but not necessarily identical—elements in the genes and transcripts differ by single 
nucleotide polymorphisms (SNPs) and small insertions or deletions (indels). Much of 
the sequence diversity among the gene results from the element patterns in the second 
exon. Although there are only six Sp185/333 genes assembled in the v. 2.1 build of the 
S. purpuratus genome, three independent lines of evidence suggest that the gene family 
is composed of 40 to 60 paralogous loci: quantitative PCR (qPR CR) of genomic DNA,68

statistical estimates based on the frequency with which unique genes were cloned,69 and 
an estimate based on results from screening two BAC libraries for Sp185/333 genes
combined with assumptions about gene linkage.70

The Sp185/333 genes have six types of repeats (Types 1-6)69 in addition to elements
(Fig. 7). Individual genes contain between two and four Type 1 repeats, which are located 
����	��������	��Ã�	��������	��	�����	���{���������������	
	�����
	����¦���	�������	�����
���	������	��
	��	������
�������	��Ã����������	��	�����	���{�'�	����
	����������	�	
repeats facilitates multiple sequence alignments, two of which have been analyzed in
detail.66 The “cDNA-based alignment” (Fig. 7A) was generated using the location of 
gaps in the Sp185/333 transcript sequences as a guide.49 Alternatively, because of the 
repeats within the sequences, genes (and transcripts) can also be aligned according to 
the boundaries of the repeats, which results in the “repeat-based alignment” (Fig. 7B). 
Regardless of the criteria used to align the gene sequences, they are characterized by a 
similar diversity in element pattern variation as is observed among the transcripts (see 
Box 2). To date, 171 genes have been isolated from four animals, of which 121 have 
unique coding sequences and have 33 different element patterns.66 Furthermore, identical 
sequences have not been isolated from more than one individual, suggesting a level of 
diversity that exceeds the estimated 4-5% sequence divergence between S. purpuratus
individuals.71 Large, diverse gene families are a common theme in purple sea urchin
immunity (see above) and understanding the mechanisms by which this diversity is
generated and maintained is an important aspect of investigations of sea urchin immunity.

@������%���
�%�������������"����"�$����[�������

Despite the striking number of unique genes that have been isolated to date, the 
Sp185/333 sequences are surprisingly similar. Overall, the genes share �88% pairwise 
identity. The number of different versions of each element is relatively low.72 The 
complexity of the Sp185/333 gene family, therefore, is the result of a mosaic pattern of 
these few element sequences distributed among the genes. Analysis of the evolutionary 
�������	�������	������	�		�	����������	�	�
�	�	�������������	��	�	���	�	�	�������	����
element evolved independently. This level of incongruence suggests that the extant 
Sp185/333� �	�	� ������ ��� ��	� �	������� ��
������� �	�	������	�����������	�	���{69 It is 

	����������	���������������	�������	����������������
�	����	�	�����	��	������	���	����	�{
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With one exception, all but one of the cloned genes are predicted to encode intact open 
reading frames.66 '���������	�	��������������	�	��������	�
���	���������	�	��	����	�������	
untranslated regions of expressed genes,49�����	�������������������������	����������������	�
lack of pseudogenes within the genome. It should be noted that, extensive computational 
analysis of elements and regions of the intron suggest that element boundaries do not 
necessarily serve as “recombination hotspots”, but rather, that recombination appears to 
occur throughout the length of the genes.

Figure 7. Two optimal alignments of the Sp185/333 genes. The sequence complexity and repeats within
the Sp185/333 genes facilitate multiple alignments, two of which have been analyzed in detail.66 The
�����	��������	�������	�
���	������		�	���������	��	�����	���¢���	������	����������������	��	��	��������
���	�		�	���{�&����	�	�����������������	���������	��	��	���	��	���	���"�����
	�66 (designated �-�).
The type of intron associated with each element pattern is indicated. A) The “cDNA-based alignment” 
results from the gaps used to optimize alignments of the Sp185/333 ESTs and cDNAs.49,68 This alignment 
divides the second exon into 25 elements. The terminal element is differentiated (designated a-c) based 
��� ��	� 
�������� ��� ��	� ����� ��� ���		� 
�����	� ���
� ������{� '�	� ��������� ��� 	���� ��� ��	� �	
	��� ��
	�� ��
indicated by the colored boxes under the alignments. B) An alternative alignment, the “repeat-based 
alignment”, results from inserting gaps so that the repeats and elements correspond as much as possible.66

This alignment divides the second exon into 27 elements based on the locations of gaps, as well as the 
locations of the repeats. The elements in this alignment that correspond to the repeats are color coded 
accordingly. The electronic version of this chapter shows the elements and repeats in color. A color 
version of this image is available at www.landesbioscience.com/curie.
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The mechanisms that promote this frequent recombination are unknown. However, 
there are a few characteristics of the Sp185/333 gene family that may contribute to its 
��
������	����������{���
��������������	��	�������	��		���	�	������
�	����������������
of a sequenced BAC insert with six Sp185/333 genes show that many genes are closely 
linked (�3 kb). In addition to the six types of repeats found within the coding regions,
��	��	�	����	�����	�����	���	�����	�������	���	�������������������	����	���������	��	�66

(Miller, Buckley and Smith, unpublished). These repeats are closely associated with the 
boundaries of two types of large segmental duplications that include the Sp185/333 genes 
(Miller, Buckley, Easley and Smith, unpublished). Microsatellites have been associated 
with genomic instability and increased recombination frequency73,74 and have been 
implicated in mediating recombination of the variable surface glycoprotein (VSG) genes 
from Trypanosma brucei75 and plant R genes.76 The genomic organization, high sequence
���������������	
	�����������������������������	��	�	����	��
�����	���	����	����������
of the Sp185/333 gene family through frequent recombination and thereby contributing 
to the complex protein repertoire.

Sp185/333 Transcript Editing

Given the diversity of the Sp185/333 gene family, comparison of the gene and 
message sequences from individual animals yielded the surprising result that the two
sets of sequences are very different.72�$
	����������¡��	����	����������	�	���	�	
�����	�������������	�����������������������	������	��	��	��	�������	����	������
to another. Similarly, there was little or no overlap in gene and message sequence in two
other animals.Furthermore, the gene and message repertoires were generally characterized 
by different element patterns, such that the predominantly expressed element pattern 
following immune challenge was E2, whereas the most common gene element pattern
was D1. Although about half of the messages isolated from immunoquiescent animals 
had a truncated E2 element pattern, called E2.1, the SNP that introduced an early stop
codon was never found among the Sp185/333 �	�	�{��������������	�	���	�	���	����	��
with premature stop codons or indels resulting in frame shifts, which were both common
features of Sp185/333 transcripts.67 When genes and message from individual animals
were compared, the large majority of messages expressed both before and after immune 
challenge were the likely product of a few genes.72 Conversely, most of the genes that 
comprise the large Sp185/333 gene family were not transcribed. Notably, the pattern of 
nucleotide substitutions between the messages and the genes from which they were most 
��	�����������	���������	�������������������������������
	���������������	������	��	����	
at a position in which the gene contained a cytidine. This pattern of nucleotide substitution
is consistent with cytidine deaminase activity. A number of cytidine deaminase-like
molecules have been annotated within the sea urchin genome, but phylogenetic analysis
of these sequences fails to identify homologues of activation-induced cytidine deaminase
(AID).10 ��������������������		����	����	������	��	����	�����������	����������������
recombination and somatic hypermutation of immunoglobulins in B cells.77 Alternatively,
it is possible that the observed differences between Sp185/333gene and message sequences 
�	��������������	����
���	���	����������������	��	����������	���	���	������������
homologue of terminal deoxytransferase and polymerase 	 (Tdt/Pol	).10,78 In higher 
�	��	����	��������	����	�������������	���������������������	����������������	����
�����	���������	
�������{79,80
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Two Levels of Diversity

The Sp185/333 gene family is an intriguingly diverse facet of the sea urchin immune 
response.66 In response to immune challenge, this gene family is highly expressed and 
produces a diverse message repertoire.49,67,68 The genes are believed to diversify through
frequent recombination that does not appear to be limited to element boundaries and may 
�	��	����	������	
	�������������������������	���������	��	��	�{69 Given the diversity
���������	��	�	�����������������
���������������	�������	��������	������������

	����������	���
the message sequences. That the majority of the messages appear to be derived from a 
few genes suggests that many of the Sp185/333 genes may be nonexpressed pseudogenes
�����	��	�����������	�����	��	��	����	����������������	�	�
�	��	���	�	�{���	������	��
it may be that these genes are simply not expressed under the limited immunological 
challenges with which the animals have been presented.67,68 Thus, the complex Sp185/333
�	�	��������	
�	�	���������	������������	��	����	����������������	����������������
at the genomic and, also, possibly, at the posttranscriptional level.

In addition to diversity that appears to be generated by gene recombination,
duplication, deletion, conversion,69 and mRNRR A editing,72 the array of Sp185/333 proteins 
show unexpectedly greater structural complexity than predicted from the genes and 
messages,81 Not only are the arrays of Sp185/333 proteins different among different 
individual sea urchins, but the majority of sizes are at least twice as large as predicted 
and up to � 200 kDa (Fig. 8).29 The pI values range from 3-10 although the majority of 
isoforms have a pI more acidic than predicted. There are up to 260 discrete isoforms in

Figure 8. Over 260 spots for Sp185/333 proteins are present in CF from a single sea urchin. Total 
proteins from CF were separated by two dimensional gel electrophoresis and analyzed by Western blot 
with anti-185 antisera. The image is a composite of different regions of the blot that received different 
exposure times to optimize the spot intensities. pI units are shown at the top and molecular masses
(kDa) are shown to the left. Reproduced from reference 81 with permission, ©2009, The American
Association of Immunologists, Inc.
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individual sea urchin coelomocytes and many of the expressed proteins are truncated, 
likely a result of mRNRR A editing.67,81 Finally, the arrays of Sp185/333 proteins change in 
response to different pathogen-associated molecular patterns (PAMPs), which may result 
from a combination of variations in gene expression, mRNRR A editing and posttranslational

���	�����������	�
���	���{�=�����	�	��	�	���	�	��������	�������������	����������	��
and perhaps directed towards different types or species of pathogens will be the focus
of future research.

COMPLEMENT IN ECHINODERMS

The complement system is a system of central importance in immunity for vertebrates
and comprises over 30 known humoral and cell surface proteins.82 Complement activation
occurs by three major pathways: the classical pathway that is activated by antigen-antibody
���	�����������	�	�����
����������������������	�����������	���������	�����|���~�����������
and the alternative pathway that is initiated through C3 autohydrolysis (reviewed in ref.83).
C3, a thioester containing protein, is the central component of the cascade and is activated 
by all three initiation pathways. It acts to coat the surfaces of pathogens, functioning as the 
initiator of the terminal pathway, an adjuvant for activating the adaptive immune response84

and as an opsonin for direct pathogen recognition, phagocytosis and killing.
Investigations of opsonization and phagocytosis by coelomocytes from the green 

sea urchin Strongylocentrotus droebachiensis show that opsonizing target cells with 
mammalian C3 enhances the coelomocyte response,39,85-87 suggesting that coelomocytes
have receptors for mammalian C3 and consequently, sea urchins themselves may express
�����	�
���	���{�'�	� ��	�������������� ����	�
�	��	���	��	��	� ����� |�$'�~� ����� ��	�
purple sea urchin, S. purpuratus with sequence homology to C3 and to factor B (Bf) 
called SpC3 and SpBf 88-90 ������	������	���	��	���������	��	����	�����	������
	�	���
system. Gene models annotated from the sea urchin genome reports several gene models
encoding thioester proteins, including a second C3 homologue, Sp-C3-2, several factor B
�	�	������������������|'��	��~�|?�������
�����	�~{10

SpC3

SpC3 has several conserved functional regions that are also present in other members 
of the thioester protein family, including a conserved thioester site, a histidine that regulates 
���������
	�����������
������	��������	����	����	����������������������	�
������	��������	
bonded via cysteines in conserved positions, putative factor I cleavage sites and other 
conserved regions.90 Immunoquiescent sea urchins responding to LPS generally show
dramatic increases in the amounts of SpC3 in the CF91 with localization to small transport 
vesicles in subpopulations of discoidal phagocytes and polygonal phagocytes.28 Expression
of Sp064, the gene which encodes SpC3, responds to immune challenge in adult animals 
and also in embryos cultured in the presence of heat-killed bacteria.92 The function of 
SpC3 could be predicted from the deduced amino acid sequence and through comparison 
to mammalian C3 functions. The characteristics of the thioester, which forms covalent 
bonds with target molecules that lack protection against complement attack (i.e., microbial
surfaces), suggests that SpC3 functions as an opsonin. Classic assays demonstrate that 
SpC3 binds methylamine, a small nucleophile that interacts covalently with thioester.93

Furthermore, not only does SpC3 undergo autolysis, a reaction that, under appropriate 
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conditions, results in the cleavage of the peptide bond between glutamic acid and glutamine
within the thioester (reviewed in ref. 94), but methylamine binding blocks SpC3autolysis.93

When CF containing SpC3 is incubated with yeast, SpC3 can be detected on the yeast 
surface and augmented phagocytosis of the yeast by coelomocytes is inhibited by addition 
of anti-SpC3 antibody.95

SpBf

'�	��	���	��������������	��	��	��������������������	����$
�������������������
similarity to the vertebrate Bf/C2 family of proteins.89 SpBf is a mosaic protein with
short consensus repeat (SCR) domains, a Von Willebrand Factor (vWF) domain and 
a serine protease domain. SpBf has a conserved cleavage site for a putative factor D
that is conserved compared to cleavage sites in other Bf/C2 proteins. Members of the
Bf/C2 family are mosaic proteins and most have three SCRs, although some have more
than three96����������$
����������������	{89 Sequence analysis of these small domains
�������������	���������������	���	��	�����������
��������	�	������������$�?�������	���	�
result of a recombination between SCR3 and SCR5.89 Furthermore, alternative splicing
produces some mRNRR As with three or four SCRs.97 The results suggest redundancies of 
SCRs in the SpBf protein and that the predicted function may be conserved in SpBf, 
even though additional SCRs are present, as the relative order of the SCRs in SpBf is
maintained.89 The gene encoding SpBf, Sp152, is expressed in the phagocyte fraction of 
coelomocytes with low levels detected in ovary, testes, gut and esophagus,97 although it 
is not clear whether expression in tissues is actually due to coelomocytes present in the 
tissues rather than the tissue cells themselves. Unlike Sp064 expression, Sp152 expression 
is not induced by LPS and appears to be constitutive.

Table 4. Complement proteins in the sea urchin, Strongylocentrotus purpuratus
Predicted

Gene Model or cDNA Encoded Protein Pathway

Sp-064 SpC3 Alternative

Sp-C3-2 SpC3-2 Alternative?

Sp-TCP1, Sp-TCP2 Thioester containing proteins ?

Sp-thioester containing Thioester containing proteins ?
protein-1, -2, -3/4
Sp-factor B SpBf Af lternative

Sp-factor B-2, -3 SpBf-ff 2, SpBf-ff 3 Alternative?

SpSM30-F Mannose-binding protein Lectin

Sp-C1q-like (4*) SpC1q Lectin

Sp-MACPF (21*)F Perforin-like proteins ?

Sp-CD59, Sca2-like1, 2 CD59 Regulatory

Sp5 SpCRL Regulatory?

Sp5013 SpCRS Regulatory?

*Numbers of gene models.
From references 10 and 124.
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Complement Phylogeny and Evolution

'�	���	��������������������������	������	�
��
	��	��������88 inspired searches 
for complement components in a wide range of invertebrates. Phylogenetic analysis of 
thioester proteins including homologues of C3 with �-2-macroglobulin homologues as
the outgroup shows that vertebrate C3, C4 and C5 cluster into three well supported clades 
(Fig. 9). The invertebrate C3 homologues cluster in three paraphyletic clades at the base
of the vertebrate complement clades. SpC3 clusters with other invertebrate C3 sequences,
while the tunicate sequences form a chordate cluster with the vertebrate sequences (see 
also ref. 98). The structure of the tree suggests that the thioester complement proteins 
diverged after the separation of the major phyla. Phylogenetic analyses of members 
of the Bf/C2 family show that the sea urchin homologue, SpBf, is positioned near the 
base of the tree89 with cnidarian Bf/C2 being more ancient.98 A number of analyses of 
the complement family of proteins have suggested that they evolved from a restricted 
set of primordial genes99,100 (reviewed in refs. 101, 102). Conserved sequence motifs, 
such as the thioester site (GCGEQ) and similar organization of domains suggest that the
ancestral complement system may have included a thioester protein, a Bf/C2 protein and 
a mannose binding lectin. These are all present in a number of invertebrates including
the purple sea urchin (Table 4).

LECTINS

Lectins are a large and heterogeneous group of proteins and glycoproteins present in
plants, microorganisms and animals, that function to bind mono- and disaccharides.103,104

Lectins can be soluble proteins or integral membrane proteins that often exist as oligomers, 
contain at least two carbohydrate recognition domains (CRDs) and are capable of 
agglutinating cells and/or precipitating glycoconjugates.105 In immunity, lectins are key
molecules that function in cell-cell interactions, self/nonself discrimination and interactions
between cells and the extracellular matrix (ECM), among other functions.106 Lectins in 
invertebrates fall into four major groups based on similarity of structure to vertebrate 
lectins. C-type lectins are the most common type in various invertebrates107-110 and consist 
of both soluble and integral membrane proteins that require divalent cations (Ca2�) to
maintain the CRD structure to bind carbohydrates. A second major group of invertebrate
	��������	�$���
	�	������������
	�������������-galactosyl residues,111,112 S-type lectins 
are predominantly intracellular and employ free thiols for binding carbohydrates. A third 
major group of invertebrate lectins resemble vertebrate pentraxins and share properties 
with C-reactive protein and serum amyloid protein.113-115 Finally, a fourth group of 
invertebrate lectins includes all those that cannot be otherwise categorized based on lack 
of information on their primary structure.

�����	� �����	� ���������� 
	�����	�� ��� 	������ �����	� �	���������� ���� �
	����
binding of microbial surface carbohydrates through the CRDs,116 which exhibit seven 
different structural folding patterns for binding to different carbohydrate motifs.117 Both 
������	���������	�����|���~���������������	��		����	����	�������	��	����������	���	10

and a homologue of MBL has been characterized in a sea cucumber, Apostichopus 
japonicus.118 It is speculated that these homologues may initiate the lectin pathway of 
���
	�	��� ���	������	����|'��	��~{������������������		����	�������������	��
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Figure 9, viewed on previous page. The phylogenetic relationships among members of the thioester 
protein family. Amino acid sequences for the thioester family were obtained from GenBank. The
alignment was done in T-coffee213 and manual editing was done with Mesquite.214 A consensus tree
was constructed in PAUP*215 using maximum parsimony. Bootstrap support was generated with 10,000 
iterations. Similar cladogram results were obtained by the maximum parsimony method in PAUP*, 
Neighbour-joining distance method in P- AUP* and the Bayesian method in Mr. Bayes.216 The Bayesian 
method was used with default priors and the GTR�G�I as the nucleotide substitution model suggested 
by jModelTest.217 The �2macroglobulin sequence from horseshoe crab (Limulus polyphemus) was 
chosen as the outgroup. Sp-C3, Strongylocentrotus purpuratus, NP_999686; Hs-C3, Homo sapiens,
AAR89906; Rn-C3, Rattus norvegicus, NP_058690.2; Me-C3, Macropus eugenii, AAW69835; Gg-C3,
Gallus gallus, NP_990736; Xl-C3, Xenopus laevis, AAB60608; LjL -C3, Lethenteron japonicum,
AAR13241; Ej-C3, Entosphenus japonicus, Q00685; Bb-C3, Branchiostoma belcheri, BAB47146; 
Cr-C3, Carcinoscorpius rotundicauda, AAQ08323; Se-C3, Swiftia exserta, AAN86548; Hr-C3,
Halocynthia roretzi, BAA75069; Ci-C3, Ciona intestinalis, Q8WPD8; Eb-C3, Eptatretus burgeri,
CAA77677; Om-C3, Oncorhynchus mykiss, I51339; Cc-C3, Cyprinus carpio, BAA36618; Es-C3,
Euprymna scolopes, ACF04700; Vd-C3, Venerupis decussates, ACN37845; Gg-C4, Gallus gallus, 
T28153; Xl-C4, Xenopus laevis, BAA11188, Hs-C4, Homo sapiens, AAB67980; Cc-C4, Cyprinus 
carpio, BAB03284; Mm-C4, Mus musculus, CAA28936; Ts-C4, Triakis scyllium, BAC82347; Hs-C5, 
Homo sapiens, AAI13739; Mm-C5, Mus musculus, P06684 ; Gg-C5, Gallus gallus, XP_415405; 
Om-C5, Oncorhynchus mykiss, AAK82852 ; Lp-A2M, Limulus polyphemus, BAA19844; LjL -A2M,
Lethenteron japonicum, BAA02762; Pt-A2M, Pan troglodytes, XP_001139559; Xl-A2M, Xenopus 
laevis, AAY98517; Cc-A2M, Cyprinus carpio, BAA85038; Cf-ff �2M, Chlamys farreri, AAR39412;
Ci-A2M, Ciona intestinalis, NP_001027688; Hs-�2M, Homo sapiens, P01023.

�����	��������	���
	����������������	��
�	�	���	������	�������	�������	����
�����	���
resulting in the direct activation of complement.119-122

�	�������	�	�������	��������	�����	������	���������	�	����� ¡��{123 Lectins have
�		�� ��	����	�� ������	������� 	������������������������������������	���	��	��	�����
from a functional and biochemical point of view. With improved molecular methods
��	��	������	������	����������
���	���������
������	�	�����������������	��		����	����	�{
Preliminary analysis of the sea urchin genome shows gene models encoding more than
100 small C-type lectins, over 400 mosaic proteins with lectin domains, 34 galectins,
in addition to a few pentraxins and fucolectins124 (Cohen and Smith, unpublished). This 
indicates that lectins in general are likely to have a variety of important functions in
echinoderms, including recognition of foreign cells. Many, but not all of the lectins that 
���	��		����	����	�����	������	�������	��		������
	�	������|'��	��~{�����������
opsonin and agglutinin functions with the capability of binding carbohydrates on the 
surface of pathogens. It is generally accepted that lectins in echinoderms play an important 
role in the immune system, functioning as key molecules in immune responsiveness and 
to augment coelomocyte functions in host defense.

SCAVENGER RECEPTORS

Another expanded gene family in the sea urchin genome encodes a large repertoire of 
scavenger receptors containing multiple scavenger-receptor cysteine-rich (SRCR) domains
that are both membrane-bound and secreted proteins.125,126 Receptors of this structure are
found throughout the animal kingdom but the sea urchin genome encodes more than 1000 
SRCR domains in R �180 gene models, which greatly exceeds the multiplicity of these genes
in other characterized species (Fig. 6).10 These proteins are known to act as phagocytic 
receptors and some family members in mammals have been shown to bind bacteria.127

These receptors are highly polymorphic in the population of purple sea urchins and show 
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pronounced variability in coelomocyte expression among individual animals suggesting a 
complex expression control system.125 It is notable that representatives of all three of the
most expanded families of sea urchin receptors (TLR, NLR and SR RCR receptors) form aR
coregulated immune circuit that, in mammals, functions in gut immunity.128

ANTIMICROBIAL PEPTIDES

�������������
	
���	��|��&�~����	��		����	����	����������	�����	�������
	��	��
��������� ����	����� ������� 
������ ���	����� �������	��� ��
��������� ������� ���� ����
mammals.129-132 Since the discovery of cecropins in insects133 and defensins in mammals,134

more than 1,200 different eukaryotic AMPs have been characterized.135 In eukaryotes they 
�������	��������	����������	�	��	���������
�����	�������	�������������	����	�����
��	������
the innate immune system. AMPs have an enormous variety of sequences and structures,
but certain features are common. Most have a net positive charge and are 12-50 amino 
acids long, of which approximately half are hydrophobic.136,137 However, a few peptides
of up to 100 residues are also recognized as AMPs.138

Early work to document antimicrobial activities of crude extracts from echinoderms
showed a wide range of activities against bacterial and fungal isolates45,139 of which 
some functioned as antifoulants to deter the settlement of barnacle and bryozoan
larvae in addition to bacterial colonization.140 More recently, a variety of molecules
with antimicrobial properties have been isolated from echinoderms, including steroidal
glycosides,141-143 polyhydroxylated sterols,141 naphthoquinone pigments such as
echinochrome A,33,144 and complement homologues.89,90 Lysozymes with antibacterial 
activity have also been detected,145-147 and concentrations up to 15 	g/ml have been
found in red spherule cells of the sea urchin Paracentrotus lividus.34 Lysozyme and other 
antibacterial factors may act synergistically to provide effective defense against bacterial 
infections. In the Strongylocentrotids, the antimicrobial pigment echinochrome A is 
present in vesicles of red spherule cells and is bound to uncharacterized coelomocyte
proteins.148 ���	���
����	����	������	�������������� Paracentrotus lividus, included 
fragments of beta-thymosin that were proposed to have antibacterial activity.149 In
extracts from coelomocytes of the sea star Asterias rubens, a number of partial peptide 
�	��	��	���	�	�������	��������	����	����������	��������������������	�=������������
A.150,151 Antibacterial activity was detected in extracts of several tissues from the green
sea urchin Strongylocentrotus droebachiensis, the common sea star Asterias rubens, 
and the sea cucumber Cucumaria frondosa,152 with most activity in coelomocytes and 
body wall.

Strongylocins

Scans of the gene models in the purple sea urchin genome did not detect any 
sequences encoding recognizable AMPs.10 This may be due to short exons that are 
������� ����	������	����
������������������������	���	������	����	��	��������	����
these small proteins. However, two cysteine-rich AMPs, called strongylocins, have 
recently been isolated and characterized from the green sea urchin, S. droebachiensis.153

Homologues are also present in the sister species S. purpuratus, called SpStrongylocins.154

The strongylocin peptides are members of the cysteine-rich AMP family, which have 
��������	��	����������		�������	������������	�����
	
���	����������������������������
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and resistance to proteases,155 and which are crucial for the antimicrobial activity.156,157

The strongylocins have a novel cysteine pattern (Table 6) suggesting a different 
conformation than the other members of the group, perhaps to resist proteolysis within 
the coelomocytes and in the CF. Both the native and recombinant peptides show
antibacterial activity against both Gram-positive and Gram-negative bacteria (Table 7).
In addition, other peptides have been isolated and characterized from S. droebachiensis
that appear as heterodimers and have strong activity against Gram-positive and 
Gram-negative bacteria (Stensvåg, unpublished). The heavy chain from one of the 
heterodimeric peptides also has strong activity against fungi and yeast.

The strongylocins are composed of three regions: a signal peptide, a prosequence 
and the mature peptide, and the strongylocin 1 peptides show high amino acid sequence
similarity throughout (Fig. 10). However, SpStrongylocin 2 shares an identical 
signal peptide with strongylocin 1, instead of strongylocin 2. The prosequences are
negatively charged, which may act to neutralize and stabilize the positive charge of 
the mature peptide153,154 and presumably function as an intracellular steric chaperone
during folding.158-160 The peptides become active after the prosequences are cleaved 
�����������������{�'�	����������������������	������	�
	
���	���������������������� S.
droebachiensis is a tryptophan which is likely brominated. Although the recombinant 
SpStrongylocin 2 is not brominated, it shows equivalent antimicrobial activity to native 

	
���	�{�'�	�	���	�� ��	�
���������������������������������
��
�����������	�����	
properties of the peptides by enhancing stability rather than mediating antimicrobial 
activity. The site of strongylocin activity is likely to be intracellular based on membrane
integrity assays.154

Nonechinoids also synthesize a range of AMPs, of which many have been
characterized. For example, the antibacterial activity in the CF of the orange-footed sea 
cucumber, Cucumaria frondosa, has been traced to small peptides (�6 kDa) that appear 
to be active at low pH (5.0-6.5) and which may be similar to the clavanins found in 
solitary tunicates.161 Other immune-active chemical compounds with roles in maintaining
antiseptic environments in nonechinoids include saponins and saponin-like compounds 
in sea stars and brittle stars, which are active against some Gram-positive bacteria.141 Sea
stars and brittle stars in particular express steroidal glycosides that exhibit antifungal
activity and toxicity against brine shrimp.162-164 It is likely that multitudes of molecules 

Table 6. Cysteine patterns in AMPs containing six cysteines

Peptide Family Cysteine Patterna Group of Organism

Strongylocins C – C – C – CC – C Echinoderms
�eta-defensins C – C – C – C – CC Mammals, birds
Alpha-defensins C – C – C – C – CC Mammals
TachystatinsT C – C – CC – C – C Horseshoe crab
Knottin-type AMPs C – C – CC – C – C Plants
Thionins Type III and IV TT AMPs CC – C – C – C – C Plants
Insect defensins C – C – C – C – C – C Insects
Mytilus defensin C – C – C – C – C – C Molluscs

aAdjacent double cysteine residues are highlighted. Information regarding cysteine arrangements in
the different peptides was obtained from the Antimicrobial Peptide Database.135
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������������������������ ��
	�����
�����	������������	����	���� ���	������	��������
have central importance for immune functions in this group.

GENE EXPRESSION IN SEA URCHIN COELOMOCYTES

Before it was possible to scan for gene models encoding proteins with putative immune 
function in the sea urchin genome, the only feasible approach for understanding the echinoderm
��	����������������������������$'�
�����������	����	�������	������	�����	��
challenged vs nonchallenged conditions.49,88,165 ESTs encoding proteins with putative immune
function have also been reported for the sea cucumber Holothuria glaberrima, undergoing
gut regeneration after evisceration.52,53 A variety of categories of proteins are expressed in 
coelomocytes that illustrate the activities of these cells in an assortment of functions (Table 
2). The main focus of these studies was to identify immune response genes (see Box 2),
which included protein matches suggesting several mechanisms for opsonization, clotting, 
iron sequestration plus the activity of a variety of signaling pathways. Matches were found 
to proteins with functions in the endosomal system (lysosomes) that may be involved in
killing phagocytosed pathogens.Coelomocytes express a number of genes encoding proteins
involved in splicing transcripts and translating proteins.They process, package, transport and 
�	��	�	�
���	�����������	��	���������	���������
���	��������
���	���������	���������������
transport vesicles. Phagocytes have extensive cytoskeletons (as illustrated in Figs. 1-5), 
which is borne out by the number of ESTs matching proteins that function as cytoskeletal 
		�	�����������	���������������������	���	�������		���{�*�	������	��	�	��������	�	�������

Box 2. EST studies identify immune-related transcripts; discovery of the Sp185/333 
sequences.

Differential characterization of ESTs of coelomocytes from Strongylocentrotus 
purpuratus before and after immune challenge provide a picture of global changes in 
transcriptional activity. Genes encoding complement homologues,88-90 transcription fac-
tors,126 and a lectin,67,88 among many others are induced by immune challenge (Table 6). 
$������������
�	����	����������
��������	������	��������	��	��	��������	���������
���
designated Sp185/333�������	�	������������	�	���������	���	��������	�	��������
��165 
and subtracted probes followed by EST analysis.49 Probes representing transcripts from 
LPS-activated coelomocytes were used to screen a high-density arrayed, conventional 
cDNA library made from bacterially-activated coelomocytes. About 4.5% of the clones 
in the library were positive and about 60% of clones selected for EST analysis showed 
������������	��	��	������������������
�	����������������	���	�������¥�DD185 and 
EST333.70,88,126 Given the considerable number of related Sp185/333 sequences, the 
coding regions of the ESTs could be aligned. However, optimization of the alignment 
�	����	����	����	�������������
	�����	������������
�49�������	��	��������������������
shared sequence called elements, which are variably present or absent in element pat-
terns (Fig. 7).66,67 The extraordinary diversity of the Sp185/333 transcripts is based on 
the mosaic element patterns in addition to extensive single nucleotide polymorphisms 
(SNPs). The induction of Sp185/333 gene expression in response to LPS and other 
pathogen-associated molecular patterns (PAMPs)67,165 plus the diversity of the sequences 
suggest immune-related functions for the encoded proteins in S.purpuratus.
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ESTs is that the level of expression rather than the level of match to known sequences can 
sometimes provide clues to putative immune function for unknown sequences. This has
been the case for the Sp185/333 sequences that are not known outside of the echinoids, but 
for which there is strong evidence of immune function.70

PROTEIN EXPRESSION PROFILE OF SEA URCHIN COELOMOCYTES

In addition to genome scans and EST analyses, high throughput methods in
proteomics are being applied to analyzing proteins in echinoderms. In response to 
�&$� ���	��	�� �� � 
���	���� �	�	� ��	����	�� ��� ��	� ���� ��� ��	� 
��
	� �	�� �������
Strongylocentrotus purpuratus, of which 284 were encoded by gene models in the 
genome and 48 were encoded by hypothetical open reading frames (Table 3) (Dheilly, 
Raftos and Nair, unpublished). The majority of the proteins were involved in modulating 
the cytoskeleton and linkage between the cytoskeleton and cell adhesion molecules, all
of which are essential for intracellular transport and behaviors such as locomotion and 
phagocytosis. Cell adhesion molecules and intracellular signaling proteins were also
��	����	�������	�������������	������	���	�
��������&$���������	����	���	�����������
the cytoskeleton. Furthermore, the response to immune challenge implies the secretion 
����	����
�������������	������	�	��������������	�����	��������������
������������
of pathogens. Proteins involved in clotting and coagulation suggest another mechanism
to sequester pathogens and to clear them from the CF, in addition to the prevention
of CF loss after trauma. A number of proteins involved in opsonization are present 
in wCF including complement homologues. Metal-binding proteins are present,
��������� �	�������� ������ ���� �		�� ��	����	�� ��� �	�	��� 	������	��� �
	��	�� ���	��
various conditions and using different analytical approaches.49,52,88,166 Consequently,
sequestration of iron must be an important mechanism for controlling the proliferation 
of invading microbes.

Proteomic analyses of coelomocytes from a second sea urchin species, Heliocidaris
erythrogramma�� �	��������	�� ����	�	��� 	�
�	������ 
���	�� ��	�� ���	� ��� �	�
���	�
to sterile injections compared to injection of microbes (Dheilly, Raftos and Nair,
��
�����	�~{� ?	����� ����� �������� 
���	������ ����	�� ���� ����	�	��� 
���	�� ���

���	����� �����	�{� '�	� 
���	���� ��	����	�� ��� ��	� �	�
���	� ��� ����	���� ���	��	�
�	�	�����	�	������������	���	����	�������	��������{�'�	�
���	�����
���	������	�����
��	���	������	�����������	��������	��	������������������	������¦���������	�
due to the increased abundance of some proteins involved in cytoskeletal dynamics,
while others decreased such as F-actin capping protein, advillin and �-actinin. Other 
cytoskeletal proteins that were absent in the controls, such as actins and annexin A7, 
were present in the challenged coelomocytes. Other proteins that appeared in the
challenged coelomocytes included the complement homologue, C3 and SRCRs. The

���	���	�
�	������
���	�����	�����������	������	���������	���������	�	��	������
dynamic responses to wounding and immune challenge. Temporal analysis of proteomic 
changes in coelomocytes indicates that cellular responses to wounding and infection are 
��
�����{�'�	��������
���	���������������������	����������������	����	���	�����

	������
be a generalized response common to both types of insult. This phase involves reactions 
including CF coagulation and coelomocyte cytoskeletal remodelling, which resolves
by 48 hrs to control levels. The second phase, which peaks at 48 hrs after injection,
�

	��������	��
	��������������������	�������������	�
���	����	�
�	��	����������
���	�
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are involved in pathogen recognition and opsonization as well as the destruction of the 
invading microbes. A number of attendant sub-cellular pathways involved in signal 
transduction, endocytosis and exocytosis are also enhanced during this phase. These
two phases thereby function in an integrated manner to repair wounds and to neutralize 
microbial infections.

REGENERARR TION

Many classes of echinoderms are remarkably plastic in their abilities for repair and 
regeneration resulting from both proliferation and transdifferentiation of circulating cells 
of mesenchymal origin (see MicroscopyResearch and Technique vol 55 no. 6, 2001). New
evidence suggests that cells required for regeneration originate from coelomocytes.167-169

Unfortunately, sea urchins have limited regenerative capabilities170 compared to sea stars 
and crinoids, which have received more attention.168 Sea stars are generally known for 
arm regeneration and levels of heat shock protein 70 (Hsp70) increase in the common 
sea star Asterias rubens, following arm tip amputation.169 Furthermore, manganese 
treatment induces proliferation of coelomic epithelial cells that is coupled to traumatic 
stress responses including increased expression of Hsp70.171 Red spherule cells (or 
amoebocytes) and polygonal phagocytes appear to be involved in regeneration.169 These
������������	�������	���������	��	����	������	�����	���������	�	�
�	����������������
stress molecules in the early repair phase of tissue damage and regeneration.

Toposome, which is also referred to as the major yolk protein (MYP), is the most 
abundant protein in the CF (Table 3).172 A monoclonal antibody to embryonic toposome 
also recognizes sea star coelomocytes and the coelomic epithelium.169,173,174 Although 
previous efforts in cloning the MYP gene in Strongylocentrotus purpuratus suggested 
its relationship to vitellogenin,175 protein fragments were too short for unambiguous 
��	����������{�'�	�������	��	��	��	���������¤&��������	��	�����������Pseudocentrotus 
depressus, Paracentrotus lividus and Tripneustus gratilla, show that they are members 
of the transferrin family, lack iron-binding sites, and are not homologous to vertebrate
vitellogenins.173,176 The toposome precursor, which has been postulated to serve multiple
functions, is synthesized exclusively in the gut of the adult animal as a 180-190 kDa
glycoprotein and the mature protein is found in the CF. The amount of toposome protein 
increases in response to traumatic stresses in agreement with increased gene expression
as deduced from ESTs matching toposome in sea cucumbers regenerating gut tissue.177

Toposome is expressed with other genes encoding proteins that function in wound 
healing, cell proliferation, differentiation, morphological plasticity, cell survival, stress 
response, immune challenge and neoplastic transformation.55 It is emerging that circulating 
coelomocytes from some echinoderms originate from coelomic epithelia and are able to 
differentiate into a few tissue types, including nerve and muscle cells.178 Accordingly, 
research on stem cells in marine organisms is becoming important for both comparative 
studies and for future applications.
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ECOTOXICOLOGY AND THE ECHINODERM IMMUNE SYSTEM

Because coelomocytes are sensitive, stress-activated effectors of the echinoderm 
immune response,19,179 they are good candidate biosensors for monitoring environmental
stress in an environmental management context. Several examples of using 
��	������	� �� ����������� 	�
��� ����� �����	�� ��� �
	����� 
���	���� ���� ��� �	
function. Unfractionated coelomocytes from the sea urchin Paracentrotus lividus
cultured at stress-inducing temperatures, (4°C or 35°C), or exposed to acidic pH, or high
levels of cadmium, express high levels of Hsp70,180,181 a well-recognized stress marker 
induced in response to a wide range of biological and physicochemical stresses.106,182

In addition to serving as molecular chaperones, secreted and membrane-bound heat 
shock proteins (particularly Hsp60, Hsp70, Hsp90 and gp96) are potent activators of 
��	� �����	� �����	� ����	�� ��
��	� ��� ��������� ��	� 
���������� ��� 
�������������
cytokines by the monocyte-macrophage system.183 Sp-gp96, which is expressed in
sea urchin coelomocytes88 is present on the surface of coelomocytes.184 High levels of 
Hsp70 are also observed in coelomocytes obtained from sea urchins collected from
waters heavily polluted with urban run-off and industrial waste181 and, more recently,
with the explosive 2,4,6-trinitrotoluene (TNT) from conventional weapons dumped at 
sea at the end of World War II.185 Increased levels of Hsp70 levels in coelomocytes
from specimens of the sea star Asterias rubens, collected along a transect from inland 
���	��������	��
	���	���������	�����	���������������	��	�������������������	���������
gradient of heavy metals.186 Increased production of reactive oxygen species (ROS) 
by coelomocytes from A. rubens is also observed after cadmium exposure in a
dose-dependent manner.187-189 Cadmium, on the other hand, leads to reduced phagocytic
activity by coelomocytes.190 Other heavy metals, including cadmium, as well as UV light 
can also result in single strand DNA breaks in coelomocytes.20,191,192 Exposure to lead 
increases the phagocytic activity of sea star coelomocytes, though another pollutant, 
polychlorinated biphenyls (PCBs), do not have this effect.190 Responses to temperature 
stress levels can also be detected in coelomocytes as increases in acetylcholine esterase 
(AChE) activity.193 Overall, there are several approaches for monitoring protein levels
and enzyme activities that can be employed as signs of environmental stress both in 
�	������������������������	�{

Another approach for employing echinoderms as biosensors has been to evaluate 
the numbers of coelomocytes in the CF, which can be altered by environmental stressors.
For example, the percentage of red spherule cells increase from 5% to 40% of total 
coelomocytes in animals collected from polluted seawaters or that are subjected to accidental 
injury.181,185 Similarly, the numbers of total coelomocytes increase in immunoquiescent 
sea urchins after simple immune challenge in the lab.29 Therefore, levels of red spherule
cells and perhaps total coelomocytes may be used as a practical marker of environmental
stress in animals collected in costal surveys for marine management.

CONCLUSION

Echinoderms are important members of marine ecosystems and are required for 
the stable maintenance of habitats. This has been illustrated by the aftermath of the 
disappearance of the long-spined black sea urchin, Diadema antillarum, the top herbivore 
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on Caribbean coral reefs. The population crash in 1983-1984, with repeat crashes in 
� ¡�������  ���  ����	���	����	�
�
������������	�������	��������	��	���&���������
95-99%.194,195,196 General destabilization of the coral reef ecology resulting from herbivore 
release that was exacerbated by hurricane damage, lead to a change in the trophic cascade 
resulting in a swift and sustained switch to an alternative ecological state; reef cover of 
mostly coral switched to mostly soft algae.197-200 The effect of the disappearance of D.
antillarum was predicted by Sammarco201 and modeling these population changes show
the same outcome.202

The population crash of D. antillarum progressed from west to east in the
Caribbean and was speculated to have been due to a pathogen198 that may also have 
been a commensal.203 Disease outbreaks and mass mortalities have also been noted 
in the green sea urchin, S. droebachiensis, along the Atlantic coast of Nova Scotia.204

Little is known of the bacterial pathogens of sea urchins205-209 and much less is known
of the fungal and viral pathogens of any class of echinoderm. This general lack of 
knowledge regarding pathogenesis in echinoderms is an important problem that will 
require coordinated efforts of both ecologists and immunologists. Understanding 
the population dynamics in a complex ecosystem such as coral reefs should include
investigations of the host-pathogen interactions that are involved in the stability of the
ecosystem or lack thereof.

Until recently, workers interested in the immune system of echinoderms were 
hobbled by identifying and analyzing one gene or protein at a time. Cross-phylum searches
for genes encoding proteins involved in microbial recognition and immune effector 
functions were complicated by the rapid pace of immune gene evolution. However, the 
availability of the purple sea urchin genome11 has greatly increased the sensitivity with which 
�����	��	�	��������	�������	���	����	��������������������	�	����	����������	��������
of complex multigene families. Immune transcription regulators are generally very well 
conserved and BLAST type sequence identity searches are typically adequate to identify
these factors. In the case of many immune receptors and effectors, primary sequence is

���������	��	���������������������	������	���	������������	���	����	�������������������
�������
���	��	����	�������	���	��{��������������������	��	�����������	����	��
����	�	����������	����	���������	��	����	�������	��
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in experimental surveys, but in some cases multiplicity of domains that are common to 

���	��������������	����������������	���	����	�����
��	��������������������	�������
candidates of novel immune mediators.

Analysis of the purple sea urchin genome has revealed a complex repertoire of immune 
receptors, regulators and effectors unlike those known in other phyla.10,60,78,210 In addition 
to the LRR-containing proteins and the Sp185/333 gene family described above, the
genome encodes a virtually complete set of homologues of (i) vertebrate hematopoietic and 
immune transcription factors, (ii) candidate effector proteins and (iii) genes with distant 
homology to key adaptive immune mediators of the jawed vertebrates.10 Transcription
regulators of haematopoiesis include a nearly complete set with respect to the vertebrate
homologues and include representatives of some subfamilies such as the PU.1/SpiB/SpiC
Ets factors that are important regulators of vertebrate myeloid and lymphoid immunocyte
development not found outside of deuterostomes.211 Transcription factors involved in 
the regulation immune response genes include GATA1/2/3, SCL and NFkB have also
�		����	����	�{

Future work on echinoderm immunity will focus on the purple sea urchin, but additional 
echinoderm genomes are needed. Preliminary 1X sequence coverage of the genomes for 
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S. franciscanus and Allocentrotus fragilis, sister species of S. purpuratus are available
(http://www.hgsc.bcm.tmc.edu/project-species-o-Strongylocentrotus%20purpuratus.
hgsc?pageLocation � Strongylocentrotus purpuratus) and preliminary analyses suggest 
a similar repertoire of immune genes. Additional genomes from species from other 
classes are needed and will not only promote phylogenetic and comparative evolutionary 
genomics, but will enable the characterization of the immune gene repertoire for a different 
echinoderm species. This will be of particular interest given that the immune genes and 
��	��	�����������������	��	�	����	�������������	�������	�������	���	����������
�����	��
and habitat of individual species.
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Abstract: This chapter provides a short review of the immune system of urochordates, the
closest living relative of vertebrates. Since adaptive immunity is a unique property
of vertebrates, urochordates rely exclusively on innate immunity to recognize
and eliminate pathogens. Here we discuss three immune systems of urochordates
which show different evolutionary relationship with the vertebrate immune system.
Urochordate Toll-like receptors (TLR) show a clear orthologous relationship with
vertebrate counterparts, although they show unique characteristics most likely
gained in the urochordate lineage. The urochordate complement system also shows
orthologous relationship with the vertebrate complement system. From the structural
and functional viewpoints, it seems to represent a more primitive state of the vertebrate
complement system without any major deviation. In contrast, the allorecognition
systems of urochordates show no evolutionary relationship with any invertebrate or 
vertebrate systems, suggesting that they were invented in the urochordate lineage.

INTRODUCTION

_	��	����	���	�	�
	��������
	�������	����
���	������	�����	������	��	��	����	�
based on conventional lymphocytes and the major histocompatibility complex (MHC) of 
"��	���	��	����	���������	�	��������	����	��������	���
�����	�����"��	������{1 No
evidence for the presence of adaptive immunity has been reported from invertebrates thus
far, whereas various types of innate immunity, some common with vertebrates and others
�
	���������	������
����	�	��������
������	��		���	
���	�{�'�����	���������	������������
evolution of vertebrate immune system, it is essential to analyze the immune system of the
closest relatives of vertebrates. Vertebrates, urochordates and cephalochordates constitute
the phylum Chordata. Traditionally, cephalochordates are considered as the closest living
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relatives of vertebrates, with urochordates representing the earliest chordate lineage. This
��	�����������"�����	�������	������
�����������������	����������

��	��������	��	��
complexity in cephalochordates and vertebrates relative to urochordates. However, recent 
molecular phylogenetic analyses provided compelling evidence that urochordates and not 
cephalochordates, represent the closest living relatives of vertebrates.2 Comprehensive
search for immune-related genes from draft genome information of one urochordtae
species, Ciona intestinalis, indicated that the pivotal genes for adaptive immunity, such 
as the MHC class I and II genes, T-cell receptors, or dimeric immunoglobulin molecules, 
are missing from the Ciona genome.3 In contrast many genes possibly involved in innate
�����������	���	����	�{���������	����	�	��	������������		��	��������	���	������	���
TLR (R Toll-like receptor), complement system and allorecognition. The former two are 
evolutionary related to their vertebrate counterparts, whereas the last one is unique to
urochordate lacking the vertebrate counterpart.

TOLL-LIKE RECEPTORS (TLR)

What Are Toll-Like Receptors?

Toll-like receptors (TLRs) play pivotal roles in host defenses via the innate immune 
system. All TLRs are Type I transmembrane proteins which harbor an intracellular Toll/
Interleukin-1 receptor (TIR) domain and extracellular leucine rich repeat (LRR) motifs.4,5

�??��	��������
	�����
�����	�����������	��������������'�?�
������
��	�������	������������
of downstream signaling pathways. Nine functional human TLRs (hTLRs) have been
��	����	�{������������	�����'��	����	�����'�?����	�����	������	����	����
	�����������
(or pathogen-associated molecular patterns, PAMPs). Molecular diversity in the number and 
�����������������??��	���	����	��
	����������	������	��	�������������&��&������	�
	����	
TLRs. TLRs are expressed not only in immune cells such as lymphocytes, macrophages
and dendritic cells but also nonimmune tissues including lung, small intestine, stomach and 
testis. TLR1, TLR2, TLR4, RR TLR5 and TLR6 recognize extracellular microbial pathogenic 
components on plasma membranes, whereas TLR3, TLR7, TLR8 and TLR9 respond to 
viral DNA or RNRR A on endosomes. In addition, TLR4 requires an extracellular associated RR
protein, MD2, to recognize lipopolysaccharide (LPS).4-6����	�����������'�?��������
	�����
PAMPs triggers signal transduction pathways via adaptor proteins (MyD88, TIRAP, TRIF
and TRAM) followed by activation of a wide range of inducible transcriptional factors 
such as NF-�����&��������?���	���������
����������������������������������	�'���, 
chemokines and/or Type I interferon.4,5 TLRs or their related genes have also been detected 
�������7-9 cyclostomes,10 amphioxus,11 sea urchin,12 annelid13 and cnidarian,14 although their 
�����������	��	
�������	�	�������'�?������	��	������	�	������	�{

TLRs of C. intestinalis

A Ciona genome survey and molecular cloning revealed the presence of two TLRs in
C. intestinalis, namely, Ci-TLR1 and -2.3,15 Ci-TLR1 and Ci-TLR2 are composed of a TIR,
transmembrane and LRR domain, which is typical of R TLRs. Moreover, 7 and 13 LRRs are 
found in Ci-TLR1 and Ci-TLR2, respectively. Ci-TLR1 and -2 were most homologous
to hTLR7 (26%) and hTLR8 (26%), respectively.15 However, the sequence homology is
inconsistent with PAMP recognition and intracellular localization of Ci-TLRs (Table 1).
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The Ci-TLR1 and Ci-TLR2 genes were expressed intensively in the stomach, intestine 
and numerous hemocytes and, to a lesser degree, the central nervous system.15 '�	�	��������
indicate that Ci-TLRs function mainly in the alimentary tracts and hemocytes. Intriguingly, 
both of Ci-TLRs, unlike any vertebrate TLRs, were present on both the plasma membrane
and a number of late endosomes.15 Moreover, Ci-TLR1 and Ci-TLR2 activated NF-�B in
response to multiple TLR ligands (R Table 1), which are recognized by different mammalian
TLRs. Zymosan (Saccharomyces cerevisiae cell wall) for hTLR2, heat-killed Legionella
pneumophila (HKLP, a Gram-negative bacterium) for hTLR2, double-stranded RNRR A, 
poly(I:C) for hTLR3, Salmonella typhimurium Flagellin (the major component of the 
����	���� ���	��� ���	��~� ���� �'�?�� 	����	�� �� ���	��	
	��	�� ���������������� ���
NF-�B in the ci-tlr1- or ci-tlr2-expressing cells.15 Poly(I:C) also elicited approximately
4-fold and 10-fold Ci-TNF�expression in the anterior and middle intestine, respectively.15

Likewise, induction of 4-fold and 10-fold Ci-TNF� expression by Flagellin was observed 
in the stomach and middle intestine, respectively.15 In contrast, no Ci-TNF� induction was
detected in the posterior intestine.15�'�	�	�
���	�������	����'��� induction are compatible 
with the tissue-distribution of ci-tlrexpression; r ci-tlr1and ci-tlr2 are abundantly expressed 
in the stomach, anterior and middle intestine, but not in the posterior intestine.15 These 
data lead to two important conclusions. Firstly, Ci-TLRs, like vertebrate TLRs, directly 
recognize their PAMPs and trigger the transactivation of NF-�B. Secondly, Ci-TLRs
are ‘functionally hybrid TLRs’ of vertebrate cell-surface TLRs and endosome TLRs:

Table 1. Ligands of human and Ciona TLRs

TLR Ligands
Intracellular 
Localization

TLR1/2 triacylated lipoprotein PM
TLR2 Zymosan (yeast cell wall

1, 3-�-glucan Lipoarabinomannan
Heat-killed Legionella pneumophila
(HKLP, Gram-negative)
Heat-killed Staphylococcu aereus (HKSA, Gram-positive)
Glycosylphosphatidylinositol (GPI)-anchored glycoprotein

PM

TLR3 poly(I:C) (double-stranded RNA)AA ES
TLR4RR
(with MD2)

LPS (lipopolysaccharide from Gram-negative bacteria)
Lipid A (lipid component of LPS)

PM

TLR5 ���	���|����	�������	������	��~ PM
TLR6 MALP-2 (mycoplasma-derived macrophage-activating

lipopeptide) FSL1 (micoplasma-dereived lipoprotein)
PM

TLR7RR Imidazoquimod (imidazoquinolone amino acid analog),
single-stranded RNA

ES

TLR8 Single-stranded RNA ES
TLR9 Unmethylated CpG DNA ES
Ci-TLR1
Ci-TLR2

Zymosan (yeast cell wall)
Heat-killed Legionella pneumophila (HKLP,
Gram-negative) poly(I:C) (double-stranded-RNA)AA  Flagellin
|����	�������	������	��~

PM and ES

PM, plasma membrane; ES, endosome.
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poly(I:C) is recognized by hTLR3 on endosomes TLR, whereas hTLR2 and hTLR5 
respond to Zymosan, HKLP and Flagellin on the cell surface, respectively (Table 1). In 
addition, the PAMPs of Ci-TLRs are in good agreement with their cellular localization 
to both the plasma membrane and endosomes.

C. intestinalis possesses only two TLRs,15 whereas other deuterostome invertebrates, 
amphioxus and sea urchin, were found to possess a great number of TLRs or their 
related genes: 72 genes in amphioxus11 and 222 genes in sea urchin.12 Furthermore, the 
molecular phylogenetic analyses demonstrated that most of these genes were generated 
�����
	��	���
	������	�	���
�������������	�������������	�	��	��	������	����	��	����	��
expand TLRs or their related genes in unique lineages of innate immunity, if most of 
��	��	�	����	����������{�'�	�	���������	������������	����������	�����������'�?����
their related genes. First, only a few TLR or their related genes might have existed in a R
common deuterostome antecedent and C. intestinalis conserves the ancestral characteristics.
Alternatively, a common deuterostome antecedent might have numerous TLR family R
genes. If this is true, C. intestinalis should have lost a large part of ancestral TLR family R
genes. Instead of such a gene deletion, Ci-TLRs are highly likely to have acquired multiple
PAMP recognition and intracellular localization as mentioned above. Unfortunately, 
Ci-TLRs are at present the only invertebrate TLRs of which intracellular localization, 
PAMP recognition and signaling have been investigated. Elucidation of PAMPs and 
intracellular localization of sea urchin, amphioxus and cyclostome TLRs is expected to 
contribute not only to understanding of their biological roles but also to the investigation
of molecular and functional divergence of the invertebrate TLR family.R

COMPLEMENT SYSTEM

The mammalian complement system is a powerful defense mechanism consisting
of more than 30 plasma and cell-surface proteins interacting in the recognition and 
elimination of pathogens.16 Three major physiological functions of the mammalian 
���
	�	�������	����	¢��
����������������	����	����
�����	������������������	�������������
reactions and cytolysis. Evolutionary studies revealed that the origin of the multi-component 
complement system consisting of C3, Bf (factor B) and MASP (mannan-binding lectin 
associated serine protease) is traced back to the common ancestor of Eumetazoa.17,18 In
addition, marked development of the complement system by gene duplication of the
key components and subsequent functional differentiation likely occurred at the early 
stage of vertebrate evolution.18 Thus, the urochordate complement system represents the 
evolutionary stage just before this development and accumulating analyses made it the
best-analyzed invertebrate complement system. Several complement genes have been
��	����	������������������
	��	��Halocynthia roretziand i Ciona intestinalis.Those genes 
are; C3,19,20 Bf,3,21 MASPs,3,22 mannan-binding lectin (MBL),23������24 and CR3 alpha25

and beta.26 In addition, a glucose binding lectin (GBL) lacking the collagen domain was
reported from H. roretzi as a possible functional substitute for MBL.27 For the functional
aspect, H. roretzi���������������£���
���	�����	�	������	���������	���������������
were shown to act as a component of the opsonic complement system. Moreover, the C3a
fragment of C. intestinalis C3 was shown to have a chemotactic activity,28 indicating that 
��	���	������	����
	�	�������	����������������������������	��	���	��		���������
and urochordates. In contrast, the third activity of the mammalian complement system, 
cytolytic activity, has not been recognized in the urochordate complement system. 
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Although there are several C6-like genes with the membrane attack complex/perforin 
(MACP) domain in the C. intestinalis genome,3 all of them lack the C-terminal short 
consensus repeat (SCR) and factor I/membrane attack complex (FIM) domains reported 
to be essential for interaction with other complement components. Thus, it is unlikely 
that these C6-like molecules are integrated in the urochordate complement system. All
these results indicate that the urochordate complement system represents the primitive 
evolutionary stage just before the development occurred in the common ancestor of 
vertebrates. It lacks some components and functions of the mammalian complement 
system and shows no sign of acquisition of unique function. Figure 1 shows a schematic 
representation of the putative activation mechanism of the core part of the urochordate 
complement system comprising C3, Bf and MASP. Conservation of most structural motifs 
involved in proteolytic activation and C3 convertase formation of these complement 
components between urochordates and mammals strongly suggests that the activation 
mechanism of the urochordate complement system is the same as that of the mammalian 
complement system, although direct experimental evidence is still missing.

Figure 1. Schematic view of the core part of the urochordate complement system comprising C3, Bf and 
MASP. Conservation of the domain structure and functionally important residues of these components
between mammals and urochordates suggests that the basic activation mechanism is also conserved. 
However, there is still no direct experimental evidence for proteolytic activation processes shown in
blue arrows. The grey arrow indicates that C3 is cleaved by the C3 convertase (C3bBb) into two 
fragments, C3a and C3b and green arrows show biological functions of C3a and C3b. Abbreviations 
of domain names are: CUB, C1r, C1s, uEGF and bone morphogenetic protein; EGF-like, epidermal 
growth factor-like; CCP, complement control protein; SP, serine protease; C345C, C-terminal of C3, C4
and C5; ANA, anaphylatoxin; MG, macroglobulin; TE, thioester; vWA, von Willebrand factor Type A.
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ALLORECOGNITION

Allorecognition is well known in vertebrates in the context of tissue transplantation 
where self or isogenic grafts are accepted whereas allogenic grafts are rejected. Although
multiple genetic loci are involved in vertebrate allorecognition, by far the most important 
locus is the MHC. The evolutionary analyses indicated that the MHC was established 
in the common ancestor of jawed vertebrates1 and urochordates completely lack the 
MHC. However, urochordates have two famous allorecognition systems working at 
colony fusion of the colonial ascidian29 and fertilization of the solitary ascidian.30

In both systems, the candidate genes for the key recognition molecules have been 
��	����	���	�	���{

It has been known for 50 years that when two individuals of Botryllus schlosseri, a 
colonial ascidian, come into contact, they show histocompatibility reaction based on their 
genetic background.29 If they share one or both alleles at a single histocompatibility locus, 
they will fuse. If they share no alleles, the colonies will reject each other. The candidate
histocompatibility gene was isolated recently by positional cloning as described below
and was termed FuHC.31� ������ �� ��� �	����� ��	����	�� ��� �	��	������� �������� ���
sequenced to identify a candidate gene which showed polymorphism correlating with

Figure 2. Domain structure of putative allorecognition molecules of three ascidian species. As shown
here there is no orthologous relationship among these putative allorecognition molecules. Mutual
interaction between FuHC and fester or between S-Themis and v-Themis is postulated, although it is 
still to be demonstrated directly. The C. intestinalis genome contains another set of the s-Themis and 
��'�	���� �	�	�� ����������� ������� ������� ��������	� ��� ������ ��� ����� ����	{� ����	��������� ��� �������
names not described in the legend to Figure 1 are: REJ, receptor for egg jelly; ZP, zona pellucida.
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�	��	����������
����������		�������������������{�'�	�
�	����	���
	���	����������	����
this gene encoded a Type I transmembrane protein of 1007 amino acids in length. The 
amino terminus begins with a signal sequence, followed by an extracellular epidermal 
growth factor (EGF) repeats, two tandem immunoglobulin domains and the transmembrane
domain and intracellular tail (Fig. 2). The high degree of polymorphism was demonstrated 
by identifying 18 alleles from 10 wild individuals. Most of allelic differences are single 
amino acid substitutions spread throughout the extracellular domains, with no obvious 
highly variable regions. Expression pattern analyzed by RT-PCR and in situ hybridization R
indicated that strong expression is observed in epithelia of ampullae and in a subset of 
blood cells, intimately associated with histocompatibility.

Another candidate for possible histocompatibility components is fester encoded r
near the FuHC locus.C 32 The fester locus is highly polymorphic although this 
polymorphism does not contribute to histocompatibility, since it is not correlated with
�	��	����������
����������		�{�'�	 fester is a r Type I membrane protein having a signal 
peptide and several extracellular domains containing a single SCR domain.R Alternative
splicing generates several forms both membrane bound and secreted, all expressed in
tissues intimately associated with histocompatibility. SiRNRR A-mediated knockdown of 
fester resulted in no histocompatibility reaction in both compatible and incompatible
pairs, suggesting that fester is a receptor involved in histocompatibility. r These data
suggest that FuHC and C fester are involved in allorecognition of r B. schlosseri, although
the underlying molecular mechanism including the possibility that FuHC and C fester bind r
���	�������	�������������	������	�{

Ascidians are hermaphroditic and exhibit self-ff incompatibility (SI) at fertilization,
self-ff sterility. Two species, Ciona intestinalis and Halocynthia roretzi, have been studied 
in detail for their SI system.30 The SI system of C. intestinalis is genetically determined 
by multiple loci and takes place in the interaction between sperm and vitelline coat (VC),
sinceremoval of VCby acid treatment results in the loss of self-ff sterility.Recently, positional
cloning of the SI loci was carried out using acid-induced self-ff fertilized siblings, the draft 
genome sequences and the detailed physical map.33 '����������������	�	���	����	�����
chromosome 2q and 7q, respectively. At both loci, a pair of genes termed s-Themis and 
��'�	������	�
�	�	��������������������������������������	���'�	�����	�	��������	�������	������
intron of the s-Themis gene in opposite transcriptional direction. s-Themis is a polycystin-1
�	�	
������������	�
�	��	������	����{�*����	����	����������'�	��������������	����	���	��	�
and is a component of VC. Both s-Themis and V-Themis are highly polymorphic and 
autologous interaction between them is believed to reduce the binding ability of sperms. 
H. roretzi has much more strict SI system than C. intestinalis. In addition, H. roretzi has 
another allorecognition system termed “contact reaction”, in which allogenic hemocytes 
show cytotoxic reactions. Although the common underlying mechanism is suggested for 
��	�$������	���������������	����������	�����	����������������������	������	�{�?	�	�����
a candidate for the VC molecule responsible for the SI system was reported.34 A 70 kDa
VC protein termed HrVC70 consists of 12 EGF-like repeats and show a high degree 
of polymorphism. HrVC70-agarose beads binds more nonself-ff sperms than self-ff sperms 
and pretreatment of sperm with nonself-Hff rVC70 more strongly inhibited fertilization 
than the pretreatment of sperm with self-Hff rVC70. These results suggest that HrVC70
is involved in the SI system of H. roretzi. Therefore, at least two different SI systems
seem to be present in ascidians, although detailed molecular mechanism and evolution 
��	���������	������	�{
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CONCLUSION

Two major arms of innate immunity, TLRs and complement, show clear orthologous 
relationship between urochordates and vertebrates. Although functional information is still
missing, Cnidaria also has the orthologous genes of vertebrate TLRs and complement, 
suggesting that their evolutionary origin can be traced back to the common ancestor of 
eumetazoa. In contrast, allorecognition systems of ascidians seem to be innovated in 
the urochordate lineage and use totally different genes from vertebrate MHC. Although 
vertebrate MHC has evolved as the antigen presentation system of adaptive immunity 
and its involvement in allorecognition is an accidental side effect, allorecognition seems 
to be the original purpose of the urochordate allorecognition systems.
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