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Abbreviations

20E 20-hydroxyecdysone 

aM a-macroglobulin
bGBP b 1,3-glucan binding protein 
AMP Antimicrobial peptide 
Apo A-I Apolipoprotein A-I 
BmPP Bombyx mori paralytic peptide 
Bv8 Bombina variegata molecular mass ca 8 kDa 
CCF Coelomic cytolytic factor 
ENF Glu-Asn-Phe 
EGF Epithelial growth factor 
EG-VEGF Endocrine gland-derived vascular endothelial growth  
 factor 
EST Expressed sequence tags 
FOG Friend of GATA 
GBP Growth blocking peptides 
GC Granular cell 
Gcm Glial cells missing 
HDL High-density lipoproteins 
Hpt Hematopoietic tissue 
IL Interleukin 
JAK/STAT Janus kinase/signal transducer and activator of transcripti- 
 tion 
LMW Low molecular weight  
LPS Lipopolysaccharide 
MALDI-TOF Matrix-assisted laser desorption/ionisation-time of flight 
 mass 
MAPK Mitogen-activated protein kinase 



MIT1 Mamba intestinal toxin 1 
PDGF/VEGF Platelet-derived growth factor/vascular endothelial  
 growth factor 
PK Prokineticin 
PKR Prokineticin receptor 
PLD Pacifastin light chain domains 
ppA propheoloxidase activating enzyme 
proPO Prophenoloxidase 
PVF PDGF and VEGF related factor 
PVR PDGF /VEGF receptor 
RT-PCR Reverse transcriptase polymerase chain reaction 
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electropho- 
 resis 
SGC Semigranular cell 
srp serpent
SSH Suppression subtractive hybridization 
THC Total hemocyte count 
TNF tumor necrosis factor 
ush U-shaped
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Introduction

Immune response of crayfish and other arthropods 

All multicellular organisms need to protect themselves from invasion of 
potentially harmful non-self substances. Traditionally, the immune system 
can be divided into two parts, innate and adaptive immunity. 
   Innate immunity is universal and an ancient mechanism of all metazoans. 
The recognition depends on a limited number of germ-line encoded recep-
tors, which recognize conserved pathogen-associated molecular patterns 
(PAMPs) found in microorganisms (Janeway 1989). Innate immune re-
sponses include phagocytosis, complement, antimicrobial peptides and pro-
teinase cascades, which lead to melanization and coagulation. Adaptive im-
munity is a newcomer in the evolutionary scene. It appeared about 500 mil-
lion years ago in vertebrates. Adaptive immunity is mediated by lympho-
cytes (white blood cells) which have evolved to express an enormous array 
of recombinant receptors (antibodies) by somatic gene rearrangement fol-
lowing clonal expansion. Adaptive immunity, hence, can provide specific 
recognition of an antigen, immunological memory of infection, and patho-
gen-specific adaptive proteins (Janeway and Medzhitov 2002; Cooper and 
Alder 2006).  

   The crayfish, Pacifastacus leniusculus, like other invertebrates lack true 
antibodies, and as a consequence they have to solely rely on innate immune 
mechanisms. The innate defence reactions are subdivided into physico-
chemical, humoral and cellular defence mechanisms. The first defence bar-
rier is the outer surface of the crayfish, the cuticle. If the invader penetrates 
through this barrier, the humoral and cellular defence system will become 
activated. Humoral components are often derived from the hemocytes. 
The humoral defence includes efficient and sensitive non-self recognition 
molecules, a phenoloxidase mediated melanization reaction, antimicrobial 
peptides, and hemolymph clotting-coagulation reaction. Hemocytes partici-
pate also in cellular encapsulation and phagocytosis (Cerenius and Söderhäll 
2004).  
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   The hemocytes are divided into three morphologically different types: 
hyaline, semigranular, and granular cells (Söderhäll and Smith 1983).  The 
hyaline cells are small, spherical and contain no or few granules. These cells 
are involved in phagocytosis. The semigranular cells (SGC) have small 
granules and take part in encapsulation and they can also carry out phagocy-
tosis. The granular cells (GC) and SGCs store the components of the 
prophenoloxidase (proPO) activating system and are capable of cytotoxic 
reactions as well as to synthesize and store antimicrobial peptides and other 
immune molecules (Söderhäll et al. 1985).  

Figure 1. Schematic overview of crayfish defence reactions. 
Microbial entry into crayfish hemolymph is followed by cellular and humoral de-
fence reactions. The recognition molecules (bGBP and LGBP) in plasma participate 
in binding to microbial cell wall component. The complexes bind to membrane 
receptors of hemocytes. Consequently, the hemocyte degranulates and releases im-
mune molecules which mediate humoral immune responses such as proPO system, 
clotting and antimicrobial activity by AMPs. Hemocytes phagocytose microorgan-
isms or are involved in encapsulation and nodulation reactions.  
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 The phagocytotic process, by which cells engulf large particles found in 
their environment, is essential for host defence against infectious microor-
ganisms and for the clearance of apoptotic cells generated during develop-
ment (Aderem and Underhill 1999). This process is initiated by recognition 
and binding of the target particle to a phagocytic cell followed by internali-
zation through actin polymerization-dependent cytoskeletal rearrangement 
and intracellular vascular transport to lysozymes, where the target particle is 
destroyed (Aderem and Underhill 1999; Castellano et al. 2001; Pearson et al.
2003). Encapsulation is a major defensive reaction against particles too large 
to be phagocytosed by individual hemocyte. Several factors including pro-
duction of quinones or hydroquinons via the proPO activating cascade, free 
radicals, and antimicrobial peptides have been suggested to function as kill-
ing agents (Gillespie et al. 1997; Lavine and Strand 2002; Nappi and Chris-
tensen 2005). Nodulation is multicellular hemocytic aggregates, which may 
entrap a large number of bacteria in an extracellular material (Gillespie et al.
1997). In crayfish, the cell adhesive and opsonic peroxidase, peroxinectin 
and the masquerade-like protein are involved these processes (Johansson et 
al. 1995; Lee and Söderhäll 2001). Peroxinectin was first purified as a 
hemocyte adhesive molecule (Johansson and Söderhäll 1988). Sequencing of 
peroxinectin cDNA revealed that this protein was significantly similar to the 
family of animal peroxidase, myeloperoxidase (MPO). It was the first de-
scribed molecule from any organism combing cell adhesion and peroxidase 
functions. Peroxinectin contains a KGD (Lys-Gys-Asp) sequence, which is a 
putative cell-adhesive and integrin-binding motif (Johansson et al. 1995). 
This molecule is involved in stimulation of encapsulation, phagocytosis and 
acts as an opsonin (Kobayashi et al. 1989; Thörnqvist et al. 1994). It is syn-
thesized in the hemocytes, stored in granules and released during degraula-
tion. The masquerade-like protein participates in clearance of bacteria in 
crayfish as well. The intact masquerade-like protein was found in hemocytes 
as a heterodimer composed of two subunits with molecular masses of 134 
and 129 kDa. The protein can bind LPS, GBP and Gram-negative bacteria 
and yeast. After binding to bacteria or yeast cell walls, this protein is proc-
essed by a proteolytic enzyme. The processed 33 kDa protein has cell adhe-
sion activity. E.coli coated with masquerade-like protein was more rapidly 
cleared in crayfish than E.coli alone. Therefore the masquerade-like protein 
has cell adhesion and opsonic activities (Lee and Söderhäll 2001).  

   The proPO activating system mediates an invertebrate-specific key defense 
mechanism, which also participates in cell adhesion, encapsulation, and 
phagocytosis (Söderhäll et al. 1985; Sugumaran 2002; Cerenius and 
Söderhäll 2004). This system contains a proteinase cascade composed of 
pattern-recognition proteins, several zymogenic proteinases, and 
prophenoloxidase (proPO) (Söderhäll and Cerenius 1998). The pattern rec-
ognition proteins recognize minute amounts of microbial cell wall compo-
nents and activate a cascade of serine proteinases that finally cleave the zy-



14

mogen prophenoloxidase to its active form phenoloxidase. The phenoloxi-
dase catalyzes the oxygenation of monophenols to -diphenols and then 
oxidation to -quinones (Cerenius and Söderhäll 2004). In crayfish, proPO is 
synthesized and localized in hemocyte granules. Since the first cloning of an 
invertebrate proPO from the crayfish P. leniusculus (Aspán et al. 1995), this 
enzyme has been found in many other invertebrates such as insects, ascid-
ians, molluscs, echinoderms, millipedes, bivalves, and brachiopods 
(Cerenius and Söderhäll 2004). Proteinase inhibitors play pivotal roles con-
trolling and regulating this proteinase cascade. Pacifastin and -
macroglobulin ( M) have been shown to inhibit activation of the proPO 
system (Hall et al. 1989; Aspán et al. 1990; Liang et al. 1997), with paci-
fastin beeing much more efficient than M.

   Rapid coagulation or clotting is necessary to seal a wound in order to avoid 
loss of blood/hemolymph in case of injury and at the same time to restrict 
spreading of microbes. Therefore both vertebrate and invertebrate animals 
have evolved efficient clotting mechanisms (Hall et al. 1999; Theopold et al.
2004). Vertebrate coagulation results in the proteolytically induced aggrega-
tion of fibrinogen into insoluble fibrin. These noncovalently-associated fi-
brin aggregates are further stabilized by formation of intermolecular covalent 
cross-links in the presence of factor XIIIa (transglutaminase) and Ca2+. The 
Ca2+-dependent factor XIIIa catalyses covalent cross-linking to form an e(g-
glutamyl) lysine between the side chains of specific lysine and glutamins 
residues on certain proteins (Tokunaga and Iwanaga 1993; Iwanaga and Lee 
2005). In invertebrates, coagulation has been best investigated in non-insect 
arthropod species with significantly different clotting reactions; crayfish and 
horseshoe crab. In the horseshoe crab, Tachypleus tridentatus, the coagula-
tion is regulated by a proteolytic cascade and the final proteolytic cleavage 
induces conversion of a soluble protein (coagulogen) into insoluble coagulin 
(Iwanaga et al. 1998). In crayfish, P. leniusculus, coagulation is based on the 
Ca2+-dependent transglutaminase-mediated crosslinking. The transglutami-
nase is released from hemocytes or muscle cells upon wonding and cross-
links clotting protein from plasma (Hall et al. 1995; Hall et al. 1999). The 
crayfish clotting protein is a lipoglycoprotein consisting of two identical 210 
kDa subunits held together by disulfide bonds. Each one of the 210 kDa 
subunits has both lysine and glutamine in the side chains, which are recog-
nized and can become covalently linked to each other by transglutaminase. 
(Kopá ek et al. 1993; Hall et al. 1999).  
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Proteinase inhibitors 

Many serine proteinase inhibitors have been characterized both in verte-
brates and invertebrates. They are involved in a variety of fundamental 
physiological processes, such as blood clotting, innate immune response and 
embryogenesis (vertebrates), moulting, metamorphosis and proPO cascades 
(invertebrates) mainly to prevent or regulate proteolysis (Simonet et al.
2002).  
   All known serine proteinase inhibitors in arthropods can be grouped in 
three mechanistically different groups: canonical inhibitors (standard 
mechanism), serpin family and -macroglobulin ( M). Based on structural 
characteristics canonical inhibitors can be subdivided into at least 18 differ-
ent families (Laskowski and Qasim 2000; Simonet et al. 2003). The canoni-
cal inhibitors consist of well-characterized families such as Kazal, Kunitz, 
and Pacifastin. The amino acid sequence and three-dimensional folding dis-
tinguish the different inhibitor families from each other, although all have a 
common property of multiple disulphide bonds, which make them very sta-
ble, and stabilize the reactive sites (Kanost 1999).    
   In the crayfish, P. leniusculus, many inhibitors have been purified and 
characterized. A novel type of proteinase inhibitor, Pacifastin, was first 
found in crayfish. This protein is a 155 kDa heterodimer that consists of a 
light chain with nine cysteine–rich inhibitory subunits and a heavy chain 
with three transferrin lobes (Liang et al. 1997). Pacifastin light chain do-
mains (PLDs) have a characteristic cysteine array (Cys1-Xaa9-12-Cys2-Asn-
Xaa-Cys3-Xaa-Cys4-Xaa2-3-Gly-Xaa3-6-Cys5-Thr-Xaa3-Cys6), which is also 
encountered in eight purified peptide inhibitors from locust species. Since 
Pacifastin is the first purified member of this family, the insect proteinase 
inhibitors were named the pacifastin family (Simonet et al. 2002; Simonet et 
al. 2003). Pacifastin has been shown to inhibit activation of proPO by inter-
acting with purified ppA (Aspán et al. 1990; Liang et al. 1997).  
   The serpins are single chain proteins, approximately 400 amino acid se-
quences long.  Serpins from human plasma have been studied intensively, 
because they are important regulators of serine proteinases involved in in-
flammation, blood coagulation, fibrinolysis and complement activation. Ser-
pins contain an exposed reactive site loop, which interacts with the active 
site of the proteinase, leading to formation of a very stable serpin-proteinase 
complex (Kanost 1999). A serpin-like proteinase inhibitor was cloned from a 
crayfish hemocyte cDNA library. The mature protein has a calculated mo-
lecular mass of 45 kDa, and phylogeneticaly it is close to insect serpins. 
According to its Phe at the P1 position of the reactive site, this serpin may 
have chymotrysin-like inhibitory activity (Liang and Söderhäll 1995). 
   The M is a high molecular weight proteinase inhibitor and has a different 
mechanism of inhibition, a so-called trapping mechanism. Cleavage of the 
bait region by a proteinase leads to a conformational change that traps the 
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proteinase in a cavity formed by M. This conformational change leads to 
formation of covalent crosslinks between the thiol ester region of M and a 
lysine side of the proteinase (Hall et al. 1989; Kanost 1999). The M of 
crayfish was purified and sequenced in its active domain, the thioester region 
(Hall et al. 1989). This 190 kDa molecule is autolytically cleaved into 60 
kDa and 140 kDa subunits by heat treatment (Hergenhahn et al. 1988). Cray-
fish M has trypsin inhibitor activity and is related to the thiolester contain-
ing complement proteins C3 and C4. Exposed lysine and glutamine residues 
of crayfish M are used by the clotting enzyme transglutaminase to 
crosslink M to the clotting protein (Wang et al. 2001). It is therefore sug-
gested that M acts as a scavenger molecule and can be entrapped in the clot 
at the wound site to inhibit proteinases secreted from microorganisms (Hall 
and Söderhäll 1994). 
   One four-domain Kazal proteinase inhibitor was isolated and cloned from 
crayfish hemocytes. It is a monomeric 22.7 kDa protein with four-Kazal 
domains, which have chymotrypsin and subtilisin inhibitor activity 
(Johansson et al. 1994). In paper III, additional Kazal inhibitors were found 
in plasma from LPS injected crayfish, from a hemocyte EST library and 
from a suppression subtractive hybridization (SSH) experiment by white 
spot syndrome virus (WSSV) challenge. All Kazal proteinase inhibitors from 
crayfish hemocytes contain one to five Kazal domains with the conserved 
sequence, CG-D--TY-N-C and six cysteine residues with the same spacing. 
Each Kazal domain has variable regions containing the reactive sites. Based 
on the variable region sequences, the proteinase inhibitor activity can be 
predicted (Lu et al. 2001).  Interestingly, domains with a similar pattern in 
their variable region were found as a response to specific microorganism. 
Therefore, Kazal inhibitors may provide diverse variability to participate in 
diverse innate immue reactions against pathogens.  

Antimicrobial peptides (AMPs) 

Once the first line of defence, the cuticle, is passed, a complex interaction of 
innate immune reaction occurs, which results in a rapid elimination of mi-
croorganisms. Antimicrobial peptides (AMPs) are considered to be impor-
tant effector molecules of innate immunity (Bulet et al. 1999). The largest 
group of AMPs are cationic molecules. On the basis of sequence and struc-
tural features, these peptides can be classified into three categories; class 1)  
linear peptides forming -helices and deprived of cysteine residues, class 2)  
cyclic peptides containing cysteine residues, and class 3) peptides with an 
over-representation of some amino acids such as proline, glycine, histidine 
etc. (Bulet et al. 1999). In recent years, a series of novel AMPs have been 
discovered as processed from large proteins (Bulet et al. 2004).  
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The mechanism of cationic AMPs is not completely understood. However, 
the Shai-Matzusaki-Haung model provides a model in which the AMP per-
turbs the phospholiphid bilayer of the target cell membrane to create physi-
cal holes that causes cellular contents to leak out and as a consequence the 
bacterium dies (Zasloff 2002).

In the fruit fly, Drosophila melanogaster, seven distinct AMPs have been 
characterized. These peptides are synthesized by the fat body, and secreted 
into the hemolymph. Drosomycin and metchnikowin are antifungal mole-
cules. Defensin is active against gram-positive bacteria, whereas cecropin, 
drosocin, attacins and diptericins attack gram-negative bacteria. These mole-
cules are not cytotoxic in the hemolymph. Two distinct signalling pathways, 
Toll and Imd, control the resistance to microbial infections and the induction 
of various pathways leading to antimicrobial peptide synthesis (Hetru et al.
2003).  
   Seven AMPs have been found in S- and L-granules from horseshoe crab. 
S-granules contain the tachyplesin family, tachycitins, tachystatins, and -
defensin. The S-granule derived peptide antibiotics bind chitin. L-granules 
contain anti LPS-factor, factor D and big defensin (Iwanaga 2002; Iwanaga 
and Lee 2005). Tachyplesin, a cationic peptide, consists of 17 amino acid 
residues and significantly inhibits the growth of Gram-negative, Gram-
positive bacteria and fungi (Nakamura et al. 1988). Tachystatins A, B, and C, 
consists of 41-44 residues, and exhibit broad-spectrium antimicrobial activ-
ity against fungi and Gram-negative bacteria. Of these tachystatins, tachys-
tatin C was most effective. Tachystatins A and B showed sequence similarity 
to omega-agatoxin-IVA of funnel web spider venom, a potent blocker of 
voltage-dependent calcium channels. However, they exhibited no blocking 
activity of the P-type calcium channel in rat Purkinje cells. Tachystatin C 
also showed sequence similarity to several insecticidal neurotoxins of spider 
venoms (Osaki et al. 1999). Tachycitin consists of 73 amino acid residues 
that contain five disulfide bonds each with N-linked suger. Tachycitin inhib-
ited the growth of both Gram-negative and -positive bacteria, and fungi, with 
a bacterial agglutinating property. Moreover, tachycitin and big defensin 
acted synergistically in antimicrobial activities. (Kawabata et al. 1996). 
   Proline-rich AMPs were found in other crustaceans such as in the shore 
crab, Carcinus meanas, a 6.5 kDa peptide (Schnapp et al. 1996), the blue 
crab, Callinectes sapidus, 3.7 kDa callinectin (Khoo et al. 1999) and 
Astacidin 2 in crayfish, P.leniuscilus (Paper IV). Astacidin 2 is synthesized 
as a prepropeptide and is processed at both the N- and C- terminus by pro-
teinases. Previously, like Astacidin 2, Astacicin 1 was reported as a proc-
essed AMP from the prepropeptide, hemocyanin (Lee et al. 2003). The 
hemocyanin from arthropods is an oxygen carrier protein, which has been 
shown to exhibit phenoloxidase activity after a proteolytic cleavage (Nagai
et al. 2001; Lee et al. 2004). Different AMPs from the C-terminal region of 
hemocyanin were purified and characterized in shrimp (PvHCt, PsHCt1, and 
PsHCt2) (Destoumieux-Garzon et al. 2001).
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   Penaedins, a family of AMPs from penaeid shrimp, with masses ranging 
from 5.48-6.62 kDa were isolated from hemolymph. They have a structure 
with two distinct regions, which are composed of an N-terminal proline- rich 
region and three intramolecular disulphide bonds in the C-terminal region. It 
seems that their dual structure gives several functions. Penaedins have both 
antibacterial and antifungal activity, as well as a chitin binding ability. 
Therefore, it is suggested that they can be involved in chitin assembly or 
wound healing and may be essential in shrimp protection during the moult-
ing cycles. (Destoumieux et al. 2000a; Destoumieux et al. 2000b). 

One cationic AMP, an 11.5 kDa protein from the shore crab, Carcinus 
maenas was identified and characterized (Relf et al. 1999).  This is a cationic, 
hydrophobic AMP, and active against marine gram-positive bacteria. The 
11.5 kDa protein has a four-disulphide-core domain, so called whey acidic 
protein (WAP) domains (Relf et al. 1999). These WAP domain proteins 
include proteins from the serine proteinase inhibitor family such as elafin 
and trappin (Wiedow et al. 1990; Furutani et al. 1998). Homologues of 
Crustins have been cloned in shrimp (Bartlett et al. 2002; Jimenez-Vega et al.
2004), lobster (Homarus gammarus) (Hauton et al. 2006), and crayfish (Pa-
per IV). All crustins can be subdivided by the structure of the mature pro-
tein; 1) one WAP domain, 2) a cysteine-rich domain with WAP domain, 3) a 
glycine-repeated structure with a WAP domain. Crayfish crustin, Plcrustin 1 
and Plcrustin 2 belong to the second group and Plcrustin 3 belongs to the 
third group. Some of the crustin genes were upregulated after bacterial chal-
lenge for example, Plcrustin 1 in crayfish and lobster crustin (Paper IV) 
(Hauton et al. 2006). The Plcrustin 2 gene was constitutively expressed in 
the hemocytes, but the protein was released into plasma as a response to LPS 
injection (Paper IV). Only crustin from C. maenas has been tested for and 
shown to have antimicrobial activity (Relf et al. 1999). The crustins posses 
WAP domain, which has been reported to have proteinase inhibitor activity. 
Whether the crustins also have proteinase inhibitor activity, still remains to 
be investigated.

Hematopoiesis

Hematopoieis refers to the formation and development of mature blood cells 
involving proliferation, commitment and differentiation from early progeni-
tors (stem cells) (Barreda and Belosevic 2001). Most innate immune mole-
cules originate and develop from blood cells. Blood cells participate in cellu-
lar immune reactions such as phagocytosis, encapsulation. Therefore a con-
stant supply of blood cells is essential for host survival. 
   In crayfish, the number of free hemocytes can vary and, for instance, de-
crease dramatically during infection (Smith and Söderhäll 1983; Persson et 
al. 1987; Johansson et al. 2000; Söderhäll et al. 2003). Thus, new hemocytes 
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need to be compensatory and proportionally produced, and it is commonly 
believed that hemocytes are released constantly (Chaga et al. 1995; Johans-
son et al. 2000). Crayfish hematopoietic tissue (hpt) has been identified and 
its cells were morphologically characterized (Chaga et al. 1995). The hpt is 
located on the dorsal and dorso-lateral surface of the stomach, and is sur-
rounded by a thin sheath of spongy connective tissue. Hpt cells of different 
morphology are organized and densely packed in small lobules. Hpt cells 
can be categorized in five different morphological types. Type 1 cells are 
located at the apical part of the lobules and have appearance of non-
differentiated cells.  Type 2-4 cells have granules and are considered to be 
precursors of GCs. Type 5 cells have granules morphologically distinct from 
the other types and were speculated to be precursors of SGCs. However, the 
relationship between these cell types and circulating hemocytes is not clear 
(Chaga et al. 1995). The hematopoietic process is controlled by a large num-
ber of factors, lineage commitment and differentiation. Crayfish gene ex-
pression studies in hpt cells revealed that the cell adhesion protein, peroxi-
nectin are expressed, whereas proPO transcripts were not detected (Söderhäll
et al. 2003). In addition, a gene coding for a Runt-domain protein, PlRunt, 
involved in Drosophila and mammal hematopoiesis, was upregulated prior 
to hemocyte release (Söderhäll et al. 2003). Therefore, the expression pattern 
of these genes can be used as an indicator of different developmental stages.  
Secreted proteins, including the hematopoiesis growth factors, play critical 
roles in the hematopoiesis as well (Nalbant et al. 2005). Recently, the cyto-
kine-like molecule, astakine was purified from crayfish, and this molecule 
contains a prokineticin (PK) domain. Secreted astakine is involved in hema-
topoiesis and differentiation of hpt cells (Paper I).

Several transcription factors and signalling pathways have been demon-
strated to govern lineage specification during Drosophila hematopoiesis. 
Drosophila circulating hemocytes comprise mostly plasmatocytes, which are 
involved in phagocytosis and they are essentially derived from embryonic 
hemocytes (Holz et al. 2003). Less than 5 % of the circulating hemocytes are 
crystal cells. They contain crystalline inclusions involved in humoral 
melanization. Lamellocytes, exist in larvae only, and are needed for encapsu-
lation. Drosophila hemocyte progenitors give rise to two distinct lineages 
within the developing embryo. Hemocyte identity in embryos is specified by 
the GATA factor Serpent (srp) (Rehorn et al. 1996; Waltzer et al. 2002). A 
similar function for srp is likely to occur at larval stages as its expression is 
recorded before all differentiation markers in the prohemocytes (Lebestky et 
al. 2000). The crystal cell fate is instructed in larvae by the Serrate/Notch 
pathway (Duvic et al. 2002; Lebestky et al. 2003) and a Runx1-related Loz-
enge transcription factor (Lebestky et al. 2003). Combinatorial interactions 
of Srp, Lozenge and the Friend-of GATA (FOG) homologue U-shaped (ush)
regulate crystal cell lineage (Fossett and Schulz 2001; Fossett et al. 2001; 
Fossett et al. 2003). Cells entering the plasmatocyte lineage begin to express 
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the transcription factor Glial-cells-missing (Gcm) (Lebestky et al. 2000) and 
Gcm2 (Alfonso and Jones 2002). A genome-wide analysis revealed that 
lamellocytes specifically expressed PS4 a new cell marker for this lineage. 
In addition, two of the proPO genes, proPO45, proPO54/DoxA1, is ex-
pressed in crystal cells and the third proPO gene, proPO/DoxA3 is exclu-
sively expressed in lamellocytes (Irving et al. 2005). In vertebrates, receptor 
tyrosine kinase (RTK) family functions in cell proliferation and cell migra-
tion. By overexpressing in vivo one of the receptor tyrosine kinease PVR, 
PVF2, a dramatic increase in circulating hemocytes was induced in Droso-
phila larvae (Munier et al. 2002). Furthermore, microarray data shows that 
in Drosophila mbn-2 cells the PVF2 transcription levels are slightly in-
creased 6 hours after LPS and/or E. coli challenge (Johansson et al. 2005). 
Ras has also been implicated in this process, and its effect is mediated by the 
Raf/mitogen-activated protein kinase (MAPK) pathway (Asha et al. 2003). It 
is not yet established whether the proliferation signal produced by 
PVF2/PVR is transmitted via the Ras/Raf/MAPK pathway. Early data have 
also implicated the JAK/STAT and the Toll pathways in controlling circulat-
ing hemocyte numbers, since gain-of-function mutations of JAK and Toll 
result in increased blood cell counts (Lemaitre et al. 1995; Luo et al. 2002).  
   In the silk worm, Bombyx mori, a few hematopoietic factors have been 
identified. In in vitro hematopoietic organ culture, 20-hydroxyecdysone 
(20E) showed a weak, but significant stimulation of hematopoietic activity 
(Nakahara et al. 2003b). B.mori paralytic peptide (BmPP), a member of the 
multi-functional ENF (N-terminal conserved sequence, Glu-Asn-Phe) pep-
tide family stimulated spreading of circulating plasmatocytes (Nakahara et al.
2003a). In addition, an insulin-related lepidopteran peptide, bombyxin, has 
been shown to exhibit hematopoietic activity in vitro (Nakahara et al. 2006).    

Cytokines in invertebrates 

Cytokines and chemokines are secreted proteins with growth, differentiation, 
and activation functions that regulate the nature of immune responses. They 
interact with stem and progenitor cells through specific receptors and regu-
late hematopoiesis. 
   Early studies of cytokine-like activities in invertebrates are based on im-
munocytochemical methods and functional assays using antibodies to mam-
malian cytokines (Beschin et al. 2001). In invertebrates, cytokine-like mole-
cules having lectin-like activities have been found. The tunicate protochor-
date interleukin-like molecule is shown to have functional and physiochemi-
cal similarities to vertebrate IL-1 (Raftos 1996). Coelomic cytolytic factor 
(CCF), a functional analogue of tumor necrosis factor (TNF- ), was identi-
fied in the earthworm. CCF and TNF-  share similar -1,3 glucan and N, 
N -diacetylchitobiose lectin-like activities and domains. Despite of their 
functional analogies, CCF and TNF-  do not show any gene homology 
(Beschin et al. 2001). In lepidopteran insects, peptides of the ENF family 



 21

have been identified. These peptides have cytokine-like functions such as 
larval retardation (growth-blocking peptides, GBP) (Strand et al. 2000), pa-
ralysis inducer (paralytic peptide, PP) (Wang et al. 1999), and plasmatocyte 
stimulation (plasmatocyte-spreading peptides, PSP)(Aizawa et al. 2001) 
(Matsumoto et al. 2003). Sequence analysis suggests that the GBP shares 
some structural similarities with human epidermal growth factors (EGF) 
(Hayakawa and Ohnishi 1998). 

Many mammalian cytokines act via a JAK/STAT signalling pathway. This 
signalling pathway has been identified in Drosophila. The Drosophila
JAK/STAT ligand, unpaired (upd) can act also as a cytokine in activation of 
Turandot peptide secretion and activation of JAK/STAT signalling. Though, 
the upd gene is not related to any mammalian cytokine (Agaisse et al. 2003; 
Hultmark 2003). Recently, from domain-based protein analysis of ascidian, 
fruit fly, and worm genomes, no direct homologues of IL domains were de-
tected (Azumi et al. 2003). However, in Drosophila, PVF2, a PDGF/VEGF-
like growth factor, has been identified using antibodies. This is a vertebrate 
PDGF homolog and PVF2 overexpression in vivo increases the number of 
plasmatocytes in larvae (Munier et al. 2002).
  In crayfish, P. leniusculus, a PK protein, Astakine, was characterized as a 
cytokine (Paper I) (Söderhäll et al. 2005). Astakine induces a strong hema-
topoiesis in in vitro hpt cell cutures and in live animals. Vertebrate PKs have 
been identified, and they have diverse functions and are also involved in 
angiogenesis. The structure difference between vertebrate PK and inverte-
brate PK and their function will be discussed below.

Prokineticin (PK) domain proteins and receptors (PKR) 

The PKs are small (80-90 aa), cysteine rich, and secreted proteins that regu-
late diverse biological processes. Since the first PK was isolated from snake 
venom, protein A/MIT1 (Dendroaspis polylepsis, mamba intestinal toxin 1) 
(Joubert and Strydom 1980; Schweitz et al. 1999) and frog skin secretion, 
Bv8 (Bombina variegata molecular mass ca 8 kDa) (Mollay et al. 1999), 
homologous of these proteins have been found in many other vertebrates 
(Kaser et al. 2003).  
   The first found function of PK from MIT1 and Bv8 is that it has gastroin-
testinal (GI) smooth muscle contraction. The name “Prokineticin” reflects 
their potent actions on GI contractility (Li et al. 2001). In addition to GI 
spasmogen function, PKs were also identified as angiogenic mitogens, while 
screening a library of human secreted molecules for their ability to induce 
proliferation in capillary endothelial cells derived from the endocrine grand. 
According to its tissue specific angiogenic nature, this molecule was named 
EG-VEGF (Endocrine gland-derived vascular endothelial growth factor) 
(LeCouter et al. 2001). Sequence analysis revealed that EG-VEGF is the 
same molecule as PK1 (LeCouter et al. 2001). Following this initial finding 
of PK1, it was demonstrated that PK2 also posses a similar angiogenic activ-
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ity (LeCouter et al. 2003). In mammals, the difference between the two types 
of PKs (PK1/EG-VEGF and PK2/mammal Bv8) depends on the sequence of 
the signal peptide, the mature protein and the gene structure (Kaser et al.
2003). In mammals PKs are also expressed in bone marrow and other hema-
topoietic organs, and they induce monocyte migration and increase the num-
ber of colony forming units, both granulocytic and monocytic in hematopoi-
etic stem cells (LeCouter et al. 2004; Dorsch et al. 2005).  PK2 (Bv8 homo-
logue) has been shown to regulate feeding behaviour and nociception in 
rodents (Swanson 2000; Cheng et al. 2002), and PK2 has also been shown to 
control circadian rhythms (Cheng et al. 2002).  

Figure 2. Sequence alignment of mature Astakine and vertebrate PKs from 
different species.  Red characters show identity and blue characters show similarity. 
The pink box represents the conserved N terminal sequences, AVITGA, in verte-
brate PKs. Astakine; crayfish astakine (Gene bank AY787656), hPK2; human PK2 
(AAQ89046), mPK2; mouse PK2 (AAM49572), Bv8; B.variegata (AAD45816).  

   Ligand binding experiments by iodinated PK and the displacement of spe-
cific binding by GTP S suggests that the receptors for PKs belong to the 
family of G-protein coupled receptors (GPCR) (Li et al. 2001). Three inde-
pendent groups identified two closely related GPCRs for PKs (Lin et al.
2002; Masuda et al. 2002; Soga et al. 2002). Activation of these receptors 
leads to mobilization of calcium, phosphoinositide hydrolysis, and activation 
of p44/p42 mitogen-activated protein kinase (MAPK) and protein kinase B 
pathways (Lin et al. 2002; Masuda et al. 2002; Soga et al. 2002). 
   All vertebrate PKs, MIT1 and Bv8 have a conserved N-terminal domain, 
AVITGA, and 10 cysteine residues predicted to form five pairs of disulfide 
bonds. Substitutions, deletions, and insertions in the conserved N-terminal 
sequences (AVITGA) result in the loss of binding capability to GPCR. In a 
binding study with mutant AVITGA alone, AVITGA-colipase, or AVITGA-
dickkopf no biological activity was obtained. Therefore, the specific N- and 
C-terminal domain of PK are important for its activity via GPCR (Bullock et 
al. 2004). The invertebrate PK, astakine does not exibit this conserved se-
quence AVITGA, hence, it could have a different receptor. In paper II, using 
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covalent cross-linking of recombinant Astakine to hpt cell surface, a F1 ATP 
synthase b subunit was detected as an Astakine receptor.   
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Objectives

This thesis covers the study of three LMW proteins in crayfish plasma, 
which are increased in their concentration in plasma as a reponse to LPS 
injection. These molecules play diverse roles in crayfish immuniny such as 
stimulation of hematopoiesis (Paper I), and defense against pathogenic in-
vaders (Paper III and Paper IV). Furthermore, we also identified the receptor 
for one of the LMW proteins (Paper II). 

Figure 3. LPS released proteins from crayfish hemocytes. 
Similar amount of proteins from sham injected plasma and crude LPS injected 
plasma were precipitated, dissolved in SDS-PAGE sample buffer and subjected to 
15 % SDS-PAGE. Partial amino acid sequences of proteins, 1-3. 
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Results and Discussion 

An ancient role for a prokineticin domain in invertebrate 
hematopoiesis (Paper I) 
Cytokines act as key mediators of hematopoietic development in vertebrates, 
but little is known about cytokines in the invertebrate phyla. We have estab-
lished a crayfish, hpt cell culture in vitro in a modified L-15 medium con-
taining cell-free crayfish plasma. This plasma preparation was shown to 
induce spreading, attachment, and proliferation of the hpt cells. The growth 
factor from plasma was purified and named astakine. In a previous study, it 
was shown that mature circulating hemocytes (SGC and GC) express the 
transcription factor PlRunt and proPO. Conversely, in hpt cells, less than 
4 % cells express proPO transcript, whereas the PlRunt transcript could be 
detected at low level (Söderhäll et al. 2003). Astakine stimulated the hpt 
cells to expresse proPO and PlRunt transcripts, which indicate that hpt cells 
are differentiating in vitro. Judged by morphology, the astakine-stimulated 
hpt-cells mature into hemocytes similar to SGC cells.  

Astakine was found to be most abundant and secreted from SGC. When 
isolated SGC was incubated in L-15 medium alone for 5–24 h, the spent 
medium could activate cell hpt cell development in a similar way. Astakine 
gene silencing in SGC by siRNA resulted in a significant decrease of 
astakine secretion into the medium, showing that the hpt cell-stimulating 
activity in SG cell-conditioned medium is mediated by astakine and that 
silencing of the astakine gene results in a lower level of astakine protein in 
the SGC cell during culture. 
   As LPS and bGBP induce hemocyte release from the hpt in vivo (Söderhäll
et al. 2003), the astakine content of plasma was compared in LPS and sham 
injected animals and, accordingly, LPS injected animals showed higher con-
centration of astakine than sham injected ones. On the contrary, no signifi-
cant difference was detected in gene expression of astakine following LPS 
injection. Therefore, the increased amount of astakine in LPS injected 
plasma is due to some other mechanisms such as increased translation, 
stimulation of release of astakine from the hemocytes, decreased turnover of 
protein, or a combination of these processes. Injection of purified or recom-
binant astakine into crayfish induced rapid increase in the total hemocyte 
count (THC). To confirm the requirement of astakine in hematopoiesis in
vivo, we used dsRNA and siRNA to silence astakine gene expression. The 
THC in crayfish after astakine silencing did not change significantly 24-48 h 
after silencing. However, LPS injection into the animal caused a drop in 
hemocyte number, and no recoveries of hemocytes in astakine-silenced ani-
mals were found, whereas in the control silenced animals the THC returned 
to normal levels 3 hours after injection of LPS. These results indicate that 
astakine plays a crucial role in the hematopoietic process in vivo. 
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Astakine was purified by hydrophobic interaction chromatography and 
reverse-phase chromatography, and partial amino acid sequences were de-
termined. Based on the amino acid sequence, we obtained full cDNA en-
compassing 1.017 kb encoding a 104-aa residue protein. Sequence analysis 
of astakine as well as of the shrimp homologue revealed that these proteins 
contain a conserved PK domain. Vertebrate PKs have diverse biological 
functions including hematopoietic growth factor in monocyte-drived cell 
differentiation (LeCouter et al. 2004; Dorsch et al. 2005).  

The PK domain is also similar to mammalian co-lipase and part of the 
dickkopf proteins. Dickkopf proteins are known to act as Wnt antagonists in 
mammals (Brott and Sokol 2002), but are not identified in Drosophila or 
Caenorhaditis genome. However, In the spider, Hadronyche versuta (Szeto
et al. 2000) and in Hydra, (Fedders et al. 2004) dickkopf genes are present, 
although these invertebrate dikkopf proteins have not been tested for its pos-
sible involvement in hematopoietic activity. 
   The finding of an invertebrate PK protein provides novel information con-
cerning the evolution of these secreted cysteine-rich deveoplemental regula-
tors.

The b subunit of ATP synthase is a receptor for the 
invertebrate prokineticin protein, astakine (Paper II) 
In paper I, we showed that the invertebrate cytokine, astakine, stimulates 
hemocyte development and proliferation in crayfish (Paper I). Vertebrate PK 
receptors have been identified as two closely related GPCRs (Lin et al. 2002; 
Masuda et al. 2002; Soga et al. 2002).  
   To determine whether astakine acts via a receptor-mediated mechanism, 
we first of all used recombinant astakine in an immunostaining experiment. 
Astakine bound on hpt cell surface, whereas in control experiments no bind-
ing occured. In order to identify a putative receptor, we performed affinity 
cross-linking technique using the bifunctional cross-linking agents EGS and 
sulfo-EGS. The covalently cross-linked receptor-ligand complex was solubi-
lized by Triton buffer and analysed by SDS-PAGE as well as by western 
blotting using an anti-Astakine Ab. As a result of cross-linking, one molecu-
lar complex with an apparent molecular weight of 64 kDa was detected to-
gether with free rAstakine (ca 15 kDa). However, in covalent cross-linking 
experiments using 125I-rAstakine, no binding was obtained indicating that the 
iodination abolished the binding ability of astakine. This indicates that 
astakine surface tyrosines may be involved in the receptor binding.
   The amino acid sequence of the 64 kDa complex was determined and sub-
sequently, we cloned the full length cDNA of the putative receptor. Se-
quence analysis showed that this is an F1 ATP synthase b subunit. F1 ATP 
synthase b subunit is known as a mitochondrial protein. However, Das et al. 
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first of all reported it to be present on the cell surface of a tumor cell line 
(Das et al. 1994). Moser et al. identified ATP synthase as a receptor for an-
giostatin on human endothelial cells (Moser et al. 1999; Moser et al. 2001), 
and the same enzyme was also identified to act as a receptor for apolipopro-
tein A-I in hepatocytes (Martinez et al. 2003). We confirmed the presence of 
F1 ATP synthase b subunit on the surface of hpt cells biotynylation of mem-
brane proteins followed by western blotting and detection using Ab towards 
human F1 ATP synthase. We also examined whether the cell surface ATP 
synthase of hpt cells has ATP synthase activity and the ATP content was 
measured using a bioluminescent luciferase assay. Extracellular ATP was 
produced by intact hpt cells in vitro. The amount of ATP produced at the hpt 
cell surface was about 30-60 nmol ATP produced/min/106 cells. The ex-
tracellular ATP synthesis on the hpt cells could be inhibited by the ATP 
synthase inhibitor, resveratrol. 
   When hpt cells were incubated with medium containing astakine, the cells 
rapidly responded by spreading and proliferation (Paper I). Following hpt 
cells incubation with commercial ATP synthase Ab, cell spreading started 
much later and was less pronounced as compared to the control cells. In hpt 
cells, a change in cell morphology is the first indication of cell proliferation 
and development (Paper I). Thus, this result suggests a role for the extracel-
lular b subunit in cell differentiation in crayfish. 
   In order to investigate the astakine effect on ATPases activity, we purified 
submitochondrial particles (SMP) from crayfish gills, which were subse-
quently used for astakine binding and ATPase activity assay. Native astakine 
completely inhibited ATPase activity in a similar way as F1ATPase inhibitor 
NaN3 and resveratrol. Using rAstakine the inhibition was found to be dose 
dependent, although the recombinant protein could only inhibit ATPase ac-
tivity down to ca 35 % of the residual activity. 
   ATP has recently been implicated as an extracellular signalling molecule. 
ATP was first proposed as a putative transmitter in sensory nerves and later 
established as a transmitter in motor nerves and some CNS neurons. Ex-
tracellular signalling (purinogenic signalling) has been investigated in stud-
ies of interacellular signalling between a wide variety of cells, such as vascu-
lar and immune system cells, platelets, macrophages, lymphocytes and mast 
cells (Fields and Burnstock 2006).   
   The function of extracellular ATP in hpt cells is still not known and the 
mechanism of astakine binding to the F1 ATP synthase b subunit and its role 
in hematopoiesis in crayfish still has to be studied in more detail. However, 
our study shows for the first time in any invertebrate the presence of a cell 
surface ATP synthase b subunit, which acts as an invertebrate prokineticin 
receptor, and following binding of Astakine to this receptor the hpt cells 
undergo spreading and proliferation. 
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Kazal proteinase inhibitors from the crayfish, Pacifastacus
leniusculus (Paper III) 
After crude LPS injection, the concentration of low-molecular-weight 
(LMW) proteins (less than 25 kDa) is significantly increased in plasma. The 
amino acid sequence of LMW proteins with molecular weights of about 22 
kDa and 14 kDa proteins were analysed by MALDI-TOF. By using cDNA 
library screening with degenerate primer probes, a two-domain Kazal pro-
teinase inhibitor was cloned. The full-length cDNA encodes for a signal 
sequence and a mature protein of 112 amino acids with a predicted molecu-
lar mass of 11.7 kDa. The recombinant two-domain Kazal protein (rKazal) 
has very low inhibitory activity against subtilisin. 
   Since the first Kazal inhibitor was purified and cloned from crayfish 
(Johansson et al. 1994), we have identified additional 9 Kazal-domain 
cDNA clones from a crayfish hemocyte EST ibrary. Each protein has one to 
five Kazal domains with the conserved sequence CG-D—TY-N-C and six 
cysteine residues with the same spacing pattern. A two-domain Kazal pro-
teinase inhibitor cDNA from the crayfish hemocyte EST library also 
matched the fragment form the MADI-TOF. This suggests that after crude 
LPS injection, at least two Kazal proteinase inhibitors were increased in 
crayfish plasma. 

In addition, total RNAs for hemocytes from one crayfish pre- and post-
WSSV-infection were prepared for SSH. Some of the Kazal transcripts were 
detected as immune defensive proteins against WSSV. 
   We analyzed all crayfish Kazal domains (31 domains) and the crayfish 
Kazal domains have diverse reactive sites (P1). Yi et al. (2006) showed that 
diverse Kazal inhibitors may not have the strongest possible inhibitor activ-
ity against one enzyme, but rather relatively strong activity towards a num-
ber of enzymes. Of all the different variable domains in crayfish Kazal in-
hibitors, domains with a similar pattern in their variable regions were found 
as a reponse to specific microorganisms. The Kazal domains as a reponse to 
LPS injection and WSSV challenge showed higher similarity towards each 
other compared to other Kazal domains. It may suggest that crayfish Kazal 
inhibitors may react specifically against specific pathogenic invaders.  

In Drosophila, a Kazal protein gene (KAZ1) has been cloned and found to 
encode multiple splice variants of Kazal-type serine proteinase inhibitor-like 
proteins (Niimi et al. 1999). Therefore, it is possible that alternative splicing 
can produce some of the crayfish Kazal inhibitors. Diversity of alternative 
splicing is also observed in the shrimp antimicrobial peptides, penaeidins 
(Litman et al. 2005), and the Immunoglobulin super family (IgSF) receptor 
Down syndrome cell adhesion molecule (Dscam) gene from Drosophila has 
a potential to express a maximum of 38,016 isoforms by alternative splicing. 
In the snail, Biomphalaria glabrata, a diverse family of IgSF-domain-
containing fibrinogen-related proteins (FREPs) is secreted by circulatory 
hemocytes. Of the five FREP genes, three are expressed in increased levels 
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after infection (Adema et al. 1997). In addition, remarkable sequence varia-
tion is found in the FREP genes. The diversity of FREPs is derived from 
point mutations and recombinatorial process.  
   Crayfish Kazal proteinase inhibitors have various reactive sites, and theses 
proteins can inhibit many kinds of serine proteinases. Their exact biological 
function is not yet known. Proteinase functions in many pathogenic fungi to 
aid in the penetration the cuticle of their arthropod hosts and can be of im-
portance for the virulence of bacterial pathogens and targets (Kanost 1999; 
Cerenius and Söderhäll 2004). The Kazal proteinase inhibitors are likely to 
protect penetration of pathogens through the cuticle or integument by inhibi-
tion of fungal and bacterial proteinases. One defense system in crayfish is 
the proPO activation system mediating melanization. This consists of a se-
ries of serine proteinase cascades (Cerenius and Söderhäll 2004) and there-
fore Kazal proteinase inhibitor may regulate the proPO serine proteinase to 
avoid excessive or premature activation. 

Finally the crayfish Kazal proteinase inhibitors may provide enough vari-
ability to participate in diverse innate immune reactions against different 
pathogens.

Antibacterial peptides in hemocytes and hematopoietic tissue 
from freshwater crayfish Pacifastacus leniusculus; 
characterization and expression pattern (Paper IV) 
AMPs have become recognized as important components of non-specific 
host defense or innate immune system in a variety of organisms (Zasloff 
2002).  
   In this paper, we report the purification of an antibacterial peptide, named 
astacidin 2 by C-18 reverse-phase chromatography, CM cellulose chroma-
tography, C-18 SEP-PAK cartridge and C-18-reverse-phase column chroma-
tography. Purified astacidin 2 has a strong broad spectrum antibacterial ac-
tivity against both Gram-negative and Gram-positive bacteria.  
   Astacidin 2 consists of 14 amino acid residues and the C-terminus is ami-
dated. It belongs to the proline/arginine rich family of antibacterial peptides, 
and has 57 % amino acid sequence identity with metalinikowin 1 from the 
hemipteran insect, Palomena prasina (Schneider and Dorn 2001). Sequence 
analysis of astacidin 2 full cDNA indicates that this protein is synthesized as 
a prepropetide that is apparently processed at both the N- and C- terminus by 
two proteinases. Astacidin 2 expression was detected in hemocytes and he-
matopoietic tissue cells, but not in the hepatopancrease and it was expressed 
constitutively and was not up-regulated after injection of crude LPS, Gram-
positive or Gram-negative bacteria. 
   When cell-free hemolymph was analysed by SDS-PAGE after crude LPS 
injection, three protein bands were found to increase in strength. These 
bands were further analysed by MALDI-TOF-MS, and the amino acid se-
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quences obtained. Based on this, we obtained one full- length crustin-like 
cDNA sequence isolated from the hemocyte total RNA. Later, cDNA-clones 
corresponding to the partial amino acid sequences of MALDI-TOF-MS were 
also found in our P.leniusculus hemocyte EST library (Söderhäll, unpub-
lished), and they were all different crustin-like sequences. These cDNA 
clones were named Plcrustin 1, Plcrustin 2, and Plcrustin 3, respectively. All 
are different, but share the common conserved cystein pattern at their car-
boxyl terminus. Alignment indicates that Plcrustin 1 shares most similarities 
with Homarus gammarus (AJ86653) crustin-like peptide (24 %identity, 
38 % similarity), whereas Plcrustin 2 is more similar to the 11.5 kDa peptide 
(AJ427538) from C.maenas (33 % identity, 43 %similarity). Plcrustin 3 has 
a glycin-rich domain showing some similarities to the kuruna prawn, Marsu-
penaeus japonicus crustin as well as to L.vannamei, and L. setiferus se-
quences (Bartlett et al. 2002; Supungul et al. 2004).  
   The expression in hpt cells and hemocytes of the crayfish AMPs was ana-
lysed by RT-PCR in unchallenged crayfish and in crayfish after bacterial 
challenge. Plcrustin 2 and astacidin 2 were constitutively expressed in 
hemocytes and hpt, whereas Plcrustin 1 and Plcrustin 3 expression were not 
detected in hpt from unchallenged animals. Plcrustin 1 was induced effec-
tively by both gram-negative (E.coli and A.hydrophilic) and Gram-positive 
(Acinetobacter sp.) bacteria in hemocytes, whereas, Acinebacter sp. was 
most efficient to induce expression of this transcript in hpt cells. In contrast 
Plcrustin 3 was induced to a very low extent by the Gram-positive Acinebac-
ter sp. in hemocytes and hardly induced in hpt. If this result means that the 
different crustin transcripts may be used as markers for steps in the differen-
tiation process in such a way that Plcrustin 2 is expressed in immature 
hemocyte precursors and Plcrustin 3 only in mature hemocyts, or if the dif-
ferent crustin genes are expressed in different subsets of cells within the 
hemocyte population still has to be clarified.  
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Conclusions

As a reaction to an infection immune molecules are rapidly released from the 
hemocytes in order to remove or disarm an intruding pathogen. Accordingly 
as a response to crude LPS injection, which is a mimic of bacterial infection, 
the level of LMW proteins were increased in crayfish plasma compared to 
the level after a sham-injection. To understand the immune functions of 
these LMW proteins in innate immunity, we have identified and character-
ized these proteins. 
The released proteins are small and stable cystein-rich proteins, which are 
pre-made in hemocytes and released in high amount following an infection. 
All are involved in immunity in different ways and can be divided into three 
functional groups; 1) a cytokine-like molecule (Paper I-II), 2) Kazal family 
of proteinase inhibitors (Paper III) and 3) Antimicrobial peptides (Paper IV).  

   The invertebrate cytokine, astakine has a prokineticin domain and stimu-
lated hematopoiesis in vitro and in vivo crayfish hpt cell culture. Most innate 
immune processes are executed by and originate from the hemocyte. There-
fore constant supply of hemocyte is critical for the crayfish. A rapid drop in 
hemocyte number always follows an injection with microbial polysaccha-
rides and therefore a rapid supply of new hemocytes is needed. Accordingly 
the release of astakine after LPS injection is crucial for hemocyte recovery, 
and that was also shown in vivo by RNA interference experiments (Paper I). 
Astakine is the first reported an invertebrate prokineticin homologue and it 
differs in its N-terminal sequence from its vertebrate homologues. This sug-
gests a different ligand-receptor interaction in vertebrate as that of inverte-
brate PKs and, accordingly, we have identified an astakine receptor as the 
subunit of a cell surface F1ATP synthase (Paper II). Interestingly, surface 
ATP synthase is already known as a receptor for angiostatin a blocker of 
malignant neoplasms acting by inhibiting proliferation of blood vessels into 
these tumors (Moser et al. 1999). The presence of ATP synthase on the cell 
surface was suggested as a novel mechanism by which endothelial cells 
grow in the hypoxic environment of tumors (Wahl et al. 2005), and has later 
been found on the surface of a range of cancer cells where its role is yet un-
known (Chi and Pizzo 2006). The presence of a cell surface ATP synthase 
on invertebrate hematopoietic precursor cells opens a possibility to study 
evolutionary aspects of the action of prokineticins and may contribute to our 
understanding of the function of surface located ATP synthase as a receptor 
for PK and possibly other ligands. 
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   Kazal proteinase inhibitors have diverse domains with variable reactive 
regions. At least 31 different Kazal domains with different specificity are 
expressed in crayfish hemocytes. Two of these with arginie or serine in their 
reactive site were found to be release upon LPS injection from crayfish 
hemocytes. Another group with glutamine, leusine or lysine in their reactive 
site were upregulated upon infection with WSSV. Therefore the crayfish 
Kazal proteinase inhibitors may provide enough variability to participate in 
diverse innate immune reactions against different pathogens. However, 
whether the diversity comes from alternative splicing still remains to be in-
vestigated. The crayfish Kazal proteinase inhibitors may act by inhibiting the 
serine proteinases from microbial pathogens and may also be involved in 
regulating host serine proteinase cascades such as the proPO system.  

   The third group of released proteins was from the crustin family of antim-
icrobial peptides. We have identified more than 2000 EST sequences from 
crayfish, Pacifastacus leniusculus, hemocytes and a great subset of these 
ESTs can be categorized as crustin antibacterial peptides, and these are 
grouped into three different types, Plcrustin 1 - Plcrustin 3. Within each 
group different isoforms occur as well. As a response to crude LPS injection 
Plcrustin 2 was increased in plasma suggesting that Plcrustin 2, which is 
constantly expressed in hemocytes, is released as a response to bacterial 
infection to participate in rapid microbial removal. In earlier experiments we 
have also observed that Plcrustin 1 and Plcrustin3 can be secreted from cray-
fish granular hemocytes after incubation in vitro with LPS. Expression of the 
different crustins showed that all are constitutively expressed in hemocytes, 
but in hematopoietic tissue cells the expression may be induced after chal-
lenge with different bacteria. Crayfish live in an environment loaded with 
different microorganisms some of which are pathogenic and in future it 
would be interesting to reveal whether this multitude of antibacterial pep-
tides is responsible for the survival of crustaceans in an environment full of 
different microorganisms and the possibility that some of these AMP’s are 
efficient in killing specific crayfish pathogens. 

   In this thesis, the LMW proteins following the crude LPS injection were 
characterized and all molecules have in common features such as being 
small, cystein-rich, pre-made in hemocytes and released upon infection. Fur-
thermore, these proteins are involved in the immediate response of the host 
to potentially invasive agents and therefore of highest importance for sur-
vival of the animal.  
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Svensk sammanfattning

Förmågan att försvara sig mot potentiella sjukdomsalstrande mikroorganism-
er är avgörande för varje organism och innebär en förmåga att stöta bort frä-
mmande inkräktare utan att skada den egna kroppen.  Kräftdjur, liksom mån-
ga andra ryggradslösa djur, lever ofta i miljöer där de omges av stora mängd-
er mikroorganismer och däribland potentiella fiender. Djuren saknar antikro-
ppar och måste därför lita till ett icke adaptivt medfött (s.k. innate) försvarss-
ystem och trots att de saknar det komplicerade cellsamarbete som ryggradsd-
jurens sofistikerade immunsystem är uppbyggt av, har dessa djur ett mycket 
effektivt försvar.  Kräftdjuren har ett öppet kärlsystem med fritt cirkulerande 
hemolymfa där blodkropparna utgör en essentiell del av dessa djurs försvar.  
Om mikrober tränger igenom kräftans skyddande skal reagerar de cirkulera-
nde hemocyterna snabbt genom att utsöndra proteiner med olika försvarsfun-
ktioner.
I den här avhandlingen studerades en grupp lågmolekylära proteiner som ut-
söndras i kräftans plasma i mycket stor mängd efter stimulering med poly-
sackarider från Gram-negativa bakteriers cellväggar (LPS). 
Dessa proteiner är alla små, stabila och cystein-rika men har olika immunol-
ogiska funktioner. Proteinerna kan delas upp i tre funktionella grupper; 1) 
cytokin, 2) proteinas-inhibitorer av Kazal-typ och 3) antimikrobiella peptider 
(crustiner).
Proteinet i grupp 1 som är ett blodkroppsbildande cytokin (astakin), upptäc-
ktes genom att vi utvecklat en ny metod för att odla celler från kräftans 
blodkroppsbildande vävnad. Astakin innehåller en prokineticin-domän och 
liknande proteiner har inte tidigare hittats hos ryggradslösa djur, men har hos 
däggdjur visat sig ha många viktiga biologiska funktioner bl.a. för blodkärl-
sbildning och hematopoiesis (blodkroppsbildning). I ett uppföljande arbete 
har vi dessutom isolerat en receptor för detta protein på hematopoietiska 
celler.
Proteinas-inhibitorer kan ha många funktioner i kräftans försvar däribland att 
hämma proteinaser från inträngande mikrober och att reglera kräftans endog-
ena proteinas-kaskader. Våra resultat visar att proteinas-inhibitorer av Kazal-
typ finns i många olika varianter i kräftans hemocyter. Vissa typer av dessa 
utsöndras efter en LPS-stimulering, medan andra typer med annorlunda spe-
cificitet ökar i mäng efter en virusinfektion. Detta kan tyda på att kräftan har 
en varierad repertoar av inhibitorer som kan användas specifikt mot olika 
patogener.
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Ett liknande förhållande kunde visas när det gäller de antimikrobiella pepti-
derna i (grupp tre). Vi har identifierat ett stort antal cDNA-sekvenser som 
uttrycks i hemocyter och en mycket stor andel av dessa är just antimikr-
obiella peptider av crustin-typ. dessa finns också i många olika varianter där 
vissa ökar i plasma efter en LPS-stimulering. 
Sammanfattningsvis kan sägas att en LPS-stimulering resulterar i utsöndring 
av flera små cystein-rika proteiner som alla har olika immunologiska funkti-
oner. Samtliga är inblandade i kräftans omedelbara svar på en infektion och 
är därför mycket viktiga för djurets överlevnad.



 35

Acknowledgements

This work was carried out at the Department of Comparative Physiology, 
Uppsala University. The work has been supported by the Swedish Science 
Research Council, FORMAS, Carl Tryggers Stiftelse and Magnus Bergvalls 
Stiftelse. Young-A Kim was funded first year by a scholarship from the 
STINT foundation.

I would like to thank: 

My supervisor Kenneth Söderhäll and the assistant supervisor Irene 
Söderhäll for introducing me to the field of innate immunity, generous help, 
and encouragement.  

Olof Tottmar, Lage Cerenius and Maria Lind for interesting discussions on 
ATP synthase, and Kazal proteins. 

Ragnar Ajaxon, “Big-lab-policeman” for greatful technical helps with 
equipments, informative old pictures of train and Uppsala as well as weather 
information.  

Anbar Kodabandeh, for sequencing and warm hearted invitations with Ira-
nian food.  

Karin Johansson, my good friend, for the chatting, private Swedish course 
and encouragement. 

All former and present members of Department of Comparative Physiology 
have helped me directly and indirectly in this work and I would like to ex-
tend my sincere gratitude to them. I really thank you for friendship, arrang-
ing pubs and international dinners.  

Prof. Young Shik Park for introducing me into the biological science field in 
my life and Prof. Bok Luel Lee for introducing me in Uppsasla. 

All the friends in Uppsala for their friendship 
Chai, Sojeong, Chunsik and Duckyoung for cheering me up, discussions on 
living in Uppsala and many dinners. 



36

All friends in Korea, for their DHL gifts and cards to encourage me. 
I thank all others whose names I might have forgotten. 

Last but not least I am deeply appreciated to my family. 
My parents, who always support me whatever I choose to do and whereever 
I go. My sister, Young-Mi for endless love. 

I would never finish without you all. Thank you very much. 

August 2006 Uppsala  

Young-A Kim  



 37

References

Adema, C. M., L. A. Hertel, R. D. Miller and E. S. Loker (1997). "A family 
of fibrinogen-related proteins that precipitates parasite-derived 
molecules is produced by an invertebrate after infection." Proc Natl 
Acad Sci U S A 94(16): 8691-6. 

Aderem, A. and D. M. Underhill (1999). "Mechanisms of phagocytosis in 
macrophages." Annu Rev Immunol 17: 593-623. 

Agaisse, H., U. M. Petersen, M. Boutros, B. Mathey-Prevot and N. Perrimon 
(2003). "Signaling role of hemocytes in Drosophila JAK/STAT-
dependent response to septic injury." Dev Cell 5(3): 441-50. 

Aizawa, T., Y. Hayakawa, A. Ohnishi, N. Fujitani, K. D. Clark, M. R. Strand, 
K. Miura, N. Koganesawa, Y. Kumaki, M. Demura, K. Nitta and K. 
Kawano (2001). "Structure and activity of the insect cytokine 
growth-blocking peptide. Essential regions for mitogenic and hemo-
cyte-stimulating activities are separate." J Biol Chem 276(34): 
31813-8. 

Alfonso, T. B. and B. W. Jones (2002). "gcm2 promotes glial cell differen-
tiation and is required with glial cells missing for macrophage de-
velopment in Drosophila." Dev Biol 248(2): 369-83. 

Asha, H., I. Nagy, G. Kovacs, D. Stetson, I. Ando and C. R. Dearolf (2003). 
"Analysis of Ras-induced overproliferation in Drosophila hemo-
cytes." Genetics 163(1): 203-15. 

Aspán, A., M. Hall and K. Söderhäll (1990). "The effect of endogeneous 
proteiase inhibitors on the prophenoloxidase activating enzymes, a 
serine proteinase from crayfish hemocytes." Insect Biochem. 20: 
485-492. 

Aspán, A., T. S. Huang, L. Cerenius and K. Söderhäll (1995). "cDNA clon-
ing of prophenoloxidase from the freshwater crayfish Pacifastacus 
leniusculus and its activation." Proc Natl Acad Sci U S A 92(4): 939-
43.

Azumi, K., R. De Santis, A. De Tomaso, I. Rigoutsos, F. Yoshizaki, M. R. 
Pinto, R. Marino, K. Shida, M. Ikeda, M. Arai, Y. Inoue, T. Shimizu, 
N. Satoh, D. S. Rokhsar, L. Du Pasquier, M. Kasahara, M. Satake 
and M. Nonaka (2003). "Genomic analysis of immunity in a Uro-
chordate and the emergence of the vertebrate immune system: "wait-
ing for Godot"." Immunogenetics 55(8): 570-81. 

Barreda, D. R. and M. Belosevic (2001). "Transcriptional regulation of he-
mopoiesis." Dev Comp Immunol 25(8-9): 763-89. 

Bartlett, T. C., B. J. Cuthbertson, E. F. Shepard, R. W. Chapman, P. S. Gross 
and G. W. Warr (2002). "Crustins, homologues of an 11.5-kDa anti-



38

bacterial peptide, from two species of penaeid shrimp, Litopenaeus 
vannamei and Litopenaeus setiferus." Mar Biotechnol (NY) 4(3): 
278-93. 

Beschin, A., M. Bilej, E. Torreele and P. De Baetselier (2001). "On the exis-
tence of cytokines in invertebrates." Cell Mol Life Sci 58(5-6): 801-
14.

Brott, B. K. and S. Y. Sokol (2002). "Regulation of Wnt/LRP signaling by 
distinct domains of Dickkopf proteins." Mol Cell Biol 22(17): 6100-
10.

Bulet, P., C. Hetru, J. L. Dimarcq and D. Hoffmann (1999). "Antimicrobial 
peptides in insects; structure and function." Dev Comp Immunol
23(4-5): 329-44. 

Bulet, P., R. Stocklin and L. Menin (2004). "Anti-microbial peptides: from 
invertebrates to vertebrates." Immunol Rev 198: 169-84. 

Bullock, C. M., J. D. Li and Q. Y. Zhou (2004). "Structural determinants 
required for the bioactivities of prokineticins and identification of 
prokineticin receptor antagonists." Mol Pharmacol 65(3): 582-8. 

Castellano, F., P. Chavrier and E. Caron (2001). "Actin dynamics during 
phagocytosis." Semin Immunol 13(6): 347-55. 

Cerenius, L. and K. Söderhäll (2004). "The prophenoloxidase-activating 
system in invertebrates." Immunol Rev 198: 116-26. 

Chaga, O., M. Lignell and K. Söderhäll (1995). "The haemopoiestic cells of 
the freshwater crayfish, Pacifastacus leniusculus." Anim. Biol. 4: 59-
70.

Cheng, M. Y., C. M. Bullock, C. Li, A. G. Lee, J. C. Bermak, J. Belluzzi, D. 
R. Weaver, F. M. Leslie and Q. Y. Zhou (2002). "Prokineticin 2 
transmits the behavioural circadian rhythm of the suprachiasmatic 
nucleus." Nature 417(6887): 405-10. 

Chi, S. L. and S. V. Pizzo (2006). "Angiostatin Is Directly Cytotoxic to Tu-
mor Cells at Low Extracellular pH: A Mechanism Dependent on 
Cell Surface-Associated ATP Synthase." Cancer Res 66(2): 875-882. 

Cooper, M. D. and M. N. Alder (2006). "The evolution of adaptive immune 
systems." Cell 124(4): 815-22. 

Das, B., M. O. Mondragon, M. Sadeghian, V. B. Hatcher and A. J. Norin 
(1994). "A novel ligand in lymphocyte-mediated cytotoxicity: ex-
pression of the beta subunit of H+ transporting ATP synthase on the 
surface of tumor cell lines." J Exp Med 180(1): 273-81. 

Destoumieux-Garzon, D., D. Saulnier, J. Garnier, C. Jouffrey, P. Bulet and E. 
Bachere (2001). "Crustacean immunity. Antifungal peptides are 
generated from the C terminus of shrimp hemocyanin in response to 
microbial challenge." J Biol Chem 276(50): 47070-7. 

Destoumieux, D., M. Munoz, P. Bulet and E. Bachere (2000a). "Penaeidins, 
a family of antimicrobial peptides from penaeid shrimp (Crustacea, 
Decapoda)." Cell Mol Life Sci 57(8-9): 1260-71. 

Destoumieux, D., M. Munoz, C. Cosseau, J. Rodriguez, P. Bulet, M. Comps 
and E. Bachere (2000b). "Penaeidins, antimicrobial peptides with 
chitin-binding activity, are produced and stored in shrimp granulo-



 39

cytes and released after microbial challenge." J Cell Sci 113 ( Pt 3): 
461-9.

Dorsch, M., Y. Qiu, D. Soler, N. Frank, T. Duong, A. Goodearl, S. O'Neil, J. 
Lora and C. C. Fraser (2005). "PK1/EG-VEGF induces monocyte 
differentiation and activation." J Leukoc Biol 78(2): 426-34. 

Duvic, B., J. A. Hoffmann, M. Meister and J. Royet (2002). "Notch signal-
ing controls lineage specification during Drosophila larval hemato-
poiesis." Curr Biol 12(22): 1923-7. 

Fedders, H., R. Augustin and T. C. Bosch (2004). "A Dickkopf- 3-related 
gene is expressed in differentiating nematocytes in the basal meta-
zoan Hydra." Dev Genes Evol 214(2): 72-80. 

Fields, R. D. and G. Burnstock (2006). "Purinergic signalling in neuron-glia 
interactions." Nat Rev Neurosci 7(6): 423-36. 

Fossett, N., K. Hyman, K. Gajewski, S. H. Orkin and R. A. Schulz (2003). 
"Combinatorial interactions of serpent, lozenge, and U-shaped regu-
late crystal cell lineage commitment during Drosophila hematopoi-
esis." Proc Natl Acad Sci U S A 100(20): 11451-6. 

Fossett, N. and R. A. Schulz (2001). "Functional conservation of hematopoi-
etic factors in Drosophila and vertebrates." Differentiation 69(2-3): 
83-90.

Fossett, N., S. G. Tevosian, K. Gajewski, Q. Zhang, S. H. Orkin and R. A. 
Schulz (2001). "The Friend of GATA proteins U-shaped, FOG-1, 
and FOG-2 function as negative regulators of blood, heart, and eye 
development in Drosophila." Proc Natl Acad Sci U S A 98(13): 
7342-7. 

Furutani, Y., A. Kato, H. Yasue, L. J. Alexander, C. W. Beattie and S. Hi-
rose (1998). "Evolution of the trappin multigene family in the Sui-
dae." J Biochem (Tokyo) 124(3): 491-502. 

Gillespie, J. P., M. R. Kanost and T. Trenczek (1997). "Biological mediators 
of insect immunity." Annu Rev Entomol 42: 611-43. 

Hall, M., K. Söderhäll and L. Sottrup-Jensen (1989). "Amino acid sequence 
around the thiolester of alpha 2-macroglobulin from plasma of the 
crayfish, Pacifastacus leniusculus." FEBS Lett 254(1-2): 111-4. 

Hall, M. and K. Söderhäll (1994). "Crayfish alpha-macroglobulin as a sub-
strate for transglutaminase." Comp.Biochem.Physiol. 108B(1): 65-72. 

Hall, M., M. C. van Heusden and K. Söderhäll (1995). "Identification of the 
major lipoproteins in crayfish hemolymph as proteins involved in 
immune recognition and clotting." Biochem Biophys Res Commun
216(3): 939-46. 

Hall, M., R. Wang, R. van Antwerpen, L. Sottrup-Jensen and K. Söderhäll 
(1999). "The crayfish plasma clotting protein: a vitellogenin-related 
protein responsible for clot formation in crustacean blood." Proc 
Natl Acad Sci U S A 96(5): 1965-70. 

Hauton, C., V. Brockton and V. J. Smith (2006). "Cloning of a crustin-like, 
single whey-acidic-domain, antibacterial peptide from the haemo-
cytes of the European lobster, Homarus gammarus, and its response 
to infection with bacteria." Mol Immunol 43(9): 1490-6. 



40

Hayakawa, Y. and A. Ohnishi (1998). "Cell growth activity of growth-
blocking peptide." Biochem Biophys Res Commun 250(2): 194-9. 

Hergenhahn, H. G., M. Hall and K. Söderhäll (1988). "Purification and char-
acterization of an alpha 2-macroglobulin-like proteinase inhibitor 
from plasma of the crayfish Pacifastacus leniusculus." Biochem J
255(3): 801-6. 

Hetru, C., L. Troxler and J. A. Hoffmann (2003). "Drosophila melanogaster 
antimicrobial defense." J Infect Dis 187 Suppl 2: S327-34. 

Holz, A., B. Bossinger, T. Strasser, W. Janning and R. Klapper (2003). "The 
two origins of hemocytes in Drosophila." Development 130(20): 
4955-62. 

Hultmark, D. (2003). "Drosophila immunity: paths and patterns." Curr Opin 
Immunol 15(1): 12-9. 

Irving, P., J. M. Ubeda, D. Doucet, L. Troxler, M. Lagueux, D. Zachary, J. A. 
Hoffmann, C. Hetru and M. Meister (2005). "New insights into Dro-
sophila larval haemocyte functions through genome-wide analysis." 
Cell Microbiol 7(3): 335-50. 

Iwanaga, S. (2002). "The molecular basis of innate immunity in the horse-
shoe crab." Curr Opin Immunol 14(1): 87-95. 

Iwanaga, S., S. Kawabata and T. Muta (1998). "New types of clotting factors 
and defense molecules found in horseshoe crab hemolymph: their 
structures and functions." J Biochem (Tokyo) 123(1): 1-15. 

Iwanaga, S. and B. L. Lee (2005). "Recent advances in the innate immunity 
of invertebrate animals." J Biochem Mol Biol 38(2): 128-50. 

Janeway, C. A., Jr. (1989). "Approaching the asymptote? Evolution and 
revolution in immunology." Cold Spring Harb Symp Quant Biol 54 
Pt 1: 1-13. 

Janeway, C. A., Jr. and R. Medzhitov (2002). "Innate immune recognition." 
Annu Rev Immunol 20: 197-216. 

Jimenez-Vega, F., G. Yepiz-Plascencia, K. Söderhäll and F. Vargas-Albores 
(2004). "A single WAP domain-containing protein from Litopenaeus 
vannamei hemocytes." Biochem Biophys Res Commun 314(3): 681-7. 

Johansson, K. C., C. Metzendorf and K. Söderhäll (2005). "Microarray 
analysis of immune challenged Drosophila hemocytes." Exp Cell 
Res 305(1): 145-55. 

Johansson, M. W., P. Keyser and K. Söderhäll (1994). "Purification and 
cDNA cloning of a four-domain Kazal proteinase inhibitor from 
crayfish blood cells." Eur J Biochem 223(2): 389-94. 

Johansson, M. W., P. Keyser, K. Sritunyalucksana and K. Söderhäll (2000). 
"Crustacean Haemocytes and haematopoiesis." Aquaculture 191(45-
52).

Johansson, M. W., M. I. Lind, T. Holmblad, P. O. Thörnqvist and K. 
Söderhäll (1995). "Peroxinectin, a novel cell adhesion protein from 
crayfish blood." Biochem Biophys Res Commun 216(3): 1079-87. 

Johansson, M. W. and K. Söderhäll (1988). "Isolation and purification of a 
cell adhesion factor from crayfish blood cells." J Cell Biol 106(5): 
1795-803. 



 41

Joubert, F. J. and D. J. Strydom (1980). "Snake venom. The amino acid se-
quence of protein A from Dendroaspis polylepis polylepis (black 
mamba) venom." Hoppe Seylers Z Physiol Chem 361(12): 1787-94. 

Kanost, M. R. (1999). "Serine proteinase inhibitors in arthropod immunity." 
Dev Comp Immunol 23(4-5): 291-301. 

Kaser, A., M. Winklmayr, G. Lepperdinger and G. Kreil (2003). "The AVIT 
protein family. Secreted cysteine-rich vertebrate proteins with di-
verse functions." EMBO Rep 4(5): 469-73. 

Kawabata, S., R. Nagayama, M. Hirata, T. Shigenaga, K. L. Agarwala, T. 
Saito, J. Cho, H. Nakajima, T. Takagi and S. Iwanaga (1996). 
"Tachycitin, a small granular component in horseshoe crab hemo-
cytes, is an antimicrobial protein with chitin-binding activity." J
Biochem (Tokyo) 120(6): 1253-60. 

Khoo, L., D. W. Robinette and E. J. Noga (1999). "Callinectin, an Antibacte-
rial Peptide from Blue Crab, Callinectes sapidus, Hemocytes." Mar 
Biotechnol (NY) 1(1): 44-51. 

Kobayashi, M., M. W. Johansson and K. Söderhäll (1989). "The 76 kDa 
cell-adhesion factor from crayfish haemocytes promotes encapsula-
tion in vitro." Cell and Tissue Research 260: 113-118. 

Kopá ek, P., M. Hall and K. Söderhäll (1993). "Characterization of a clot-
ting protein, isolated from plasma of the freshwater crayfish Paci-
fastacus leniusculus." Eur J Biochem 213(1): 591-7. 

Laskowski, M. and M. A. Qasim (2000). "What can the structures of en-
zyme-inhibitor complexes tell us about the structures of enzyme 
substrate complexes?" Biochim Biophys Acta 1477(1-2): 324-37. 

Lavine, M. D. and M. R. Strand (2002). "Insect hemocytes and their role in 
immunity." Insect Biochem Mol Biol 32(10): 1295-309. 

Lebestky, T., T. Chang, V. Hartenstein and U. Banerjee (2000). "Specifica-
tion of Drosophila hematopoietic lineage by conserved transcription 
factors." Science 288(5463): 146-9. 

Lebestky, T., S. H. Jung and U. Banerjee (2003). "A Serrate-expressing sig-
naling center controls Drosophila hematopoiesis." Genes Dev 17(3): 
348-53. 

LeCouter, J., J. Kowalski, J. Foster, P. Hass, Z. Zhang, L. Dillard-Telm, G. 
Frantz, L. Rangell, L. DeGuzman, G. A. Keller, F. Peale, A. Gurney, 
K. J. Hillan and N. Ferrara (2001). "Identification of an angiogenic 
mitogen selective for endocrine gland endothelium." Nature
412(6850): 877-84. 

LeCouter, J., R. Lin, M. Tejada, G. Frantz, F. Peale, K. J. Hillan and N. 
Ferrara (2003). "The endocrine-gland-derived VEGF homologue 
Bv8 promotes angiogenesis in the testis: Localization of Bv8 recep-
tors to endothelial cells." Proc Natl Acad Sci U S A 100(5): 2685-90. 

LeCouter, J., C. Zlot, M. Tejada, F. Peale and N. Ferrara (2004). "Bv8 and 
endocrine gland-derived vascular endothelial growth factor stimulate 
hematopoiesis and hematopoietic cell mobilization." Proc Natl Acad 
Sci U S A 101(48): 16813-8. 



42

Lee, S. Y., B. L. Lee and K. Söderhäll (2003). "Processing of an antibacte-
rial peptide from hemocyanin of the freshwater crayfish Pacifastacus 
leniusculus." J Biol Chem 278(10): 7927-33. 

Lee, S. Y., B. L. Lee and K. Söderhäll (2004). "Processing of crayfish 
hemocyanin subunits into phenoloxidase." Biochem Biophys Res 
Commun 322(2): 490-6. 

Lee, S. Y. and K. Söderhäll (2001). "Characterization of a pattern recogni-
tion protein, a masquerade-like protein, in the freshwater crayfish 
Pacifastacus leniusculus." J Immunol 166(12): 7319-26. 

Lemaitre, B., E. Kromer-Metzger, L. Michaut, E. Nicolas, M. Meister, P. 
Georgel, J. M. Reichhart and J. A. Hoffmann (1995). "A recessive 
mutation, immune deficiency (imd), defines two distinct control 
pathways in the Drosophila host defense." Proc Natl Acad Sci U S A
92(21): 9465-9. 

Li, M., C. M. Bullock, D. J. Knauer, F. J. Ehlert and Q. Y. Zhou (2001). 
"Identification of two prokineticin cDNAs: recombinant proteins 
potently contract gastrointestinal smooth muscle." Mol Pharmacol
59(4): 692-8. 

Liang, Z. and K. Söderhäll (1995). "Isolation of cDNA encoding a novel 
serpin of crayfish hemocytes." Comp Biochem Physiol B Biochem 
Mol Biol 112(2): 385-91. 

Liang, Z., L. Sottrup-Jensen, A. Aspán, M. Hall and K. Söderhäll (1997). 
"Pacifastin, a novel 155-kDa heterodimeric proteinase inhibitor con-
taining a unique transferrin chain." Proc Natl Acad Sci U S A 94(13): 
6682-7. 

Lin, D. C., C. M. Bullock, F. J. Ehlert, J. L. Chen, H. Tian and Q. Y. Zhou 
(2002). "Identification and molecular characterization of two closely 
related G protein-coupled receptors activated by proki-
neticins/endocrine gland vascular endothelial growth factor." J Biol 
Chem 277(22): 19276-80. 

Litman, G. W., J. P. Cannon and L. J. Dishaw (2005). "Reconstructing im-
mune phylogeny: new perspectives." Nat Rev Immunol 5(11): 866-
79.

Lu, S. M., W. Lu, M. A. Qasim, S. Anderson, I. Apostol, W. Ardelt, T. 
Bigler, Y. W. Chiang, J. Cook, M. N. James, I. Kato, C. Kelly, W. 
Kohr, T. Komiyama, T. Y. Lin, M. Ogawa, J. Otlewski, S. J. Park, S. 
Qasim, M. Ranjbar, M. Tashiro, N. Warne, H. Whatley, A. Wiec-
zorek, M. Wieczorek, T. Wilusz, R. Wynn, W. Zhang and M. Las-
kowski, Jr. (2001). "Predicting the reactivity of proteins from their 
sequence alone: Kazal family of protein inhibitors of serine pro-
teinases." Proc Natl Acad Sci U S A 98(4): 1410-5. 

Luo, H., P. E. Rose, T. M. Roberts and C. R. Dearolf (2002). "The Hop-
scotch Jak kinase requires the Raf pathway to promote blood cell ac-
tivation and differentiation in Drosophila." Mol Genet Genomics
267(1): 57-63. 

Martinez, L. O., S. Jacquet, J. P. Esteve, C. Rolland, E. Cabezon, E. Cham-
pagne, T. Pineau, V. Georgeaud, J. E. Walker, F. Terce, X. Collet, B. 



 43

Perret and R. Barbaras (2003). "Ectopic beta-chain of ATP synthase 
is an apolipoprotein A-I receptor in hepatic HDL endocytosis." Na-
ture 421(6918): 75-9. 

Masuda, Y., Y. Takatsu, Y. Terao, S. Kumano, Y. Ishibashi, M. Suenaga, M. 
Abe, S. Fukusumi, T. Watanabe, Y. Shintani, T. Yamada, S. Hinuma, 
N. Inatomi, T. Ohtaki, H. Onda and M. Fujino (2002). "Isolation and 
identification of EG-VEGF/prokineticins as cognate ligands for two 
orphan G-protein-coupled receptors." Biochem Biophys Res Com-
mun 293(1): 396-402. 

Matsumoto, Y., Y. Oda, M. Uryu and Y. Hayakawa (2003). "Insect cytokine 
growth-blocking peptide triggers a termination system of cellular 
immunity by inducing its binding protein." J Biol Chem 278(40): 
38579-85. 

Mollay, C., C. Wechselberger, G. Mignogna, L. Negri, P. Melchiorri, D. 
Barra and G. Kreil (1999). "Bv8, a small protein from frog skin and 
its homologue from snake venom induce hyperalgesia in rats." Eur J 
Pharmacol 374(2): 189-96. 

Moser, T. L., D. J. Kenan, T. A. Ashley, J. A. Roy, M. D. Goodman, U. K. 
Misra, D. J. Cheek and S. V. Pizzo (2001). "Endothelial cell surface 
F1-F0 ATP synthase is active in ATP synthesis and is inhibited by 
angiostatin." Proc Natl Acad Sci U S A 98(12): 6656-61. 

Moser, T. L., M. S. Stack, I. Asplin, J. J. Enghild, P. Hojrup, L. Everitt, S. 
Hubchak, H. W. Schnaper and S. V. Pizzo (1999). "Angiostatin 
binds ATP synthase on the surface of human endothelial cells." Proc 
Natl Acad Sci U S A 96(6): 2811-6. 

Munier, A. I., D. Doucet, E. Perrodou, D. Zachary, M. Meister, J. A. Hoff-
mann, C. A. Janeway, Jr. and M. Lagueux (2002). "PVF2, a 
PDGF/VEGF-like growth factor, induces hemocyte proliferation in 
Drosophila larvae." EMBO Rep 3(12): 1195-200. 

Nagai, T., T. Osaki and S. Kawabata (2001). "Functional conversion of 
hemocyanin to phenoloxidase by horseshoe crab antimicrobial pep-
tides." J Biol Chem 276(29): 27166-70. 

Nakahara, Y., Y. Kanamori, M. Kiuchi and M. Kamimura (2003a). "Effects 
of silkworm paralytic peptide on in vitro hematopoiesis and plasma-
tocyte spreading." Arch Insect Biochem Physiol 52(4): 163-74. 

Nakahara, Y., Y. Kanamori, M. Kiuchi and M. Kamimura (2003b). "In vitro 
studies of hematopoiesis in the silkworm: cell proliferation in and 
hemocyte discharge from the hematopoietic organ." J Insect Physiol
49(10): 907-16. 

Nakahara, Y., H. Matsumoto, Y. Kanamori, H. Kataoka, A. Mizoguchi, M. 
Kiuchi and M. Kamimura (2006). "Insulin signaling is involved in 
hematopoietic regulation in an insect hematopoietic organ." J Insect 
Physiol 52(1): 105-11. 

Nakamura, T., H. Furunaka, T. Miyata, F. Tokunaga, T. Muta, S. Iwanaga, 
M. Niwa, T. Takao and Y. Shimonishi (1988). "Tachyplesin, a class 
of antimicrobial peptide from the hemocytes of the horseshoe crab 



44

(Tachypleus tridentatus). Isolation and chemical structure." J Biol 
Chem 263(32): 16709-13. 

Nalbant, D., H. Youn, S. I. Nalbant, S. Sharma, E. Cobos, E. G. Beale, Y. 
Du and S. C. Williams (2005). "FAM20: an evolutionarily con-
served family of secreted proteins expressed in hematopoietic cells." 
BMC Genomics 6(1): 11. 

Nappi, A. J. and B. M. Christensen (2005). "Melanogenesis and associated 
cytotoxic reactions: applications to insect innate immunity." Insect 
Biochem Mol Biol 35(5): 443-59. 

Niimi, T., H. Yokoyama, A. Goto, K. Beck and Y. Kitagawa (1999). "A 
Drosophila gene encoding multiple splice variants of Kazal-type ser-
ine protease inhibitor-like proteins with potential destinations of mi-
tochondria, cytosol and the secretory pathway." Eur J Biochem
266(1): 282-92. 

Osaki, T., M. Omotezako, R. Nagayama, M. Hirata, S. Iwanaga, J. Kasahara, 
J. Hattori, I. Ito, H. Sugiyama and S. Kawabata (1999). "Horseshoe 
crab hemocyte-derived antimicrobial polypeptides, tachystatins, with 
sequence similarity to spider neurotoxins." J Biol Chem 274(37): 
26172-8. 

Pearson, A. M., K. Baksa, M. Rämet, M. Protas, M. McKee, D. Brown and 
R. A. Ezekowitz (2003). "Identification of cytoskeletal regulatory 
proteins required for efficient phagocytosis in Drosophila." Mi-
crobes Infect 5(10): 815-24. 

Persson, M., L. Cerenius and K. Söderhäll (1987). "The influence of the 
freshwater crayfish Pacifastacus leniusculus Dana, to the parasitic 
fungus Aphanomyces astaci." J. Fish Dis. 10: 471-477. 

Raftos, D. (1996). "Interactions of tunicate immunomodulatory proteins with 
mammalian cells." Immunol Cell Biol 74(1): 26-31. 

Rehorn, K. P., H. Thelen, A. M. Michelson and R. Reuter (1996). "A mo-
lecular aspect of hematopoiesis and endoderm development common 
to vertebrates and Drosophila." Development 122(12): 4023-31. 

Relf, J. M., J. R. Chisholm, G. D. Kemp and V. J. Smith (1999). "Purifica-
tion and characterization of a cysteine-rich 11.5-kDa antibacterial 
protein from the granular haemocytes of the shore crab, Carcinus 
maenas." Eur J Biochem 264(2): 350-7. 

Schnapp, D., G. D. Kemp and V. J. Smith (1996). "Purification and charac-
terization of a proline-rich antibacterial peptide, with sequence simi-
larity to bactenecin-7, from the haemocytes of the shore crab, Car-
cinus maenas." Eur J Biochem 240(3): 532-9. 

Schneider, M. and A. Dorn (2001). "Differential infectivity of two Pseudo-
monas species and the immune response in the milkweed bug, On-
copeltus fasciatus (Insecta: Hemiptera)." J Invertebr Pathol 78(3): 
135-40. 

Schweitz, H., P. Pacaud, S. Diochot, D. Moinier and M. Lazdunski (1999). 
"MIT(1), a black mamba toxin with a new and highly potent activity 
on intestinal contraction." FEBS Lett 461(3): 183-8. 



 45

Simonet, G., I. Claeys and J. V. Broeck (2002). "Structural and functional 
properties of a novel serine protease inhibiting peptide family in ar-
thropods." Comp Biochem Physiol B Biochem Mol Biol 132(1): 247-
55.

Simonet, G., I. Claeys, V. Franssens, A. De Loof and J. V. Broeck (2003). 
"Genomics, evolution and biological functions of the pacifastin pep-
tide family: a conserved serine protease inhibitor family in arthro-
pods." Peptides 24(10): 1633-44. 

Smith, V. J. and K. Söderhäll (1983). "beta -1,3-glucan activation of crusta-
cean hemocytes in vitro and in vivo." Biol.Bull. 164: 299-314. 

Söderhäll, I., E. Bangyeekhun, S. Mayo and K. Söderhäll (2003). "Hemocyte 
production and maturation in an invertebrate animal; proliferation 
and gene expression in hematopoietic stem cells of Pacifastacus 
leniusculus." Dev Comp Immunol 27(8): 661-72. 

Söderhäll, I., Y. A. Kim, P. Jiravanichpaisal, S. Y. Lee and K. Söderhäll 
(2005). "An ancient role for a prokineticin domain in invertebrate 
hematopoiesis." J Immunol 174(10): 6153-60. 

Söderhäll, K. and L. Cerenius (1998). "Role of the prophenoloxidase-
activating system in invertebrate immunity." Curr Opin Immunol
10(1): 23-8. 

Söderhäll, K. and V. J. Smith (1983). "Separation of the haemocyte popula-
tions of Carcinus maenas and other marine decapods, and 
prophenoloxidase distribution." Dev Comp Immunol 7(2): 229-39. 

Söderhäll, K., A. Wingren, M. W. Johansson and K. Bertheussen (1985). 
"The cytotoxic reaction of hemocytes from the freshwater crayfish, 
Astacus astacus." Cell Immunol 94(2): 326-32. 

Soga, T., S. Matsumoto, T. Oda, T. Saito, H. Hiyama, J. Takasaki, M. Ka-
mohara, T. Ohishi, H. Matsushime and K. Furuichi (2002). "Molecu-
lar cloning and characterization of prokineticin receptors." Biochim
Biophys Acta 1579(2-3): 173-9. 

Strand, M. R., Y. Hayakawa and K. D. Clark (2000). "Plasmatocyte spread-
ing peptide (PSP1) and growth blocking peptide (GBP) are multi-
functional homologs." J Insect Physiol 46(5): 817-824. 

Sugumaran, M. (2002). "Comparative biochemistry of eumelanogenesis and 
the protective roles of phenoloxidase and melanin in insects." Pig-
ment Cell Res 15(1): 2-9. 

Supungul, P., S. Klinbunga, R. Pichyangkura, I. Hirono, T. Aoki and A. 
Tassanakajon (2004). "Antimicrobial peptides discovered in the 
black tiger shrimp Penaeus monodon using the EST approach." Dis
Aquat Organ 61(1-2): 123-35. 

Swanson, L. W. (2000). "Cerebral hemisphere regulation of motivated be-
havior." Brain Res 886(1-2): 113-164. 

Szeto, T. H., X. H. Wang, R. Smith, M. Connor, M. J. Christie, G. M. 
Nicholson and G. F. King (2000). "Isolation of a funnel-web spider 
polypeptide with homology to mamba intestinal toxin 1 and the em-
bryonic head inducer Dickkopf-1." Toxicon 38(3): 429-42. 



46

Theopold, U., O. Schmidt, K. Söderhäll and M. S. Dushay (2004). "Coagula-
tion in arthropods: defence, wound closure and healing." Trends 
Immunol 25(6): 289-94. 

Thörnqvist, P. O., M. W. Johansson and K. Söderhäll (1994). "Opsonic ac-
tivity of cell adhesion proteins and beta-1,3-glucan binding proteins 
from two crustaceans." Dev Comp Immunol 18(1): 3-12. 

Tokunaga, F. and S. Iwanaga (1993). "Horseshoe crab transglutaminase." 
Methods Enzymol 223: 378-88. 

Wahl, M. L., D. J. Kenan, M. Gonzalez-Gronow and S. V. Pizzo (2005). 
"Angiostatin's molecular mechanism: aspects of specificity and 
regulation elucidated." J Cell Biochem 96(2): 242-61. 

Waltzer, L., L. Bataille, S. Peyrefitte and M. Haenlin (2002). "Two isoforms 
of Serpent containing either one or two GATA zinc fingers have dif-
ferent roles in Drosophila haematopoiesis." Embo J 21(20): 5477-86. 

Wang, Y., H. Jiang and M. R. Kanost (1999). "Biological activity of Man-
duca sexta paralytic and plasmatocyte spreading peptide and primary 
structure of its hemolymph precursor." Insect Biochem Mol Biol
29(12): 1075-86. 

Wang, R., Z. Liang, M. Hal and K. Söderhäll (2001). "A transgluta-
minase involved in the coagulation system of the freshwater 
crayfish, Pacifastacus leniusculus. Tissue localisation and 
cDNA cloning." Fish Shellfish Immunol 11(7): 623-37. 

Wiedow, O., J. M. Schroder, H. Gregory, J. A. Young and E. Christophers 
(1990). "Elafin: an elastase-specific inhibitor of human skin. Purifi-
cation, characterization, and complete amino acid sequence." J Biol 
Chem 265(25): 14791-5. 

Yi, Z., O. Vitek, M. A. Qasim, S. M. Lu, W. Lu, M. Ranjbar, J. Li, M. C. 
Laskowski, C. Bailey-Kellogg and M. Laskowski, Jr. (2006). "Func-
tional evolution within a protein superfamily." Proteins 63(3): 697-
708.

Zasloff, M. (2002). "Antimicrobial peptides of multicellular organisms." 
Nature 415(6870): 389-95. 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 215

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-7123

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Immune response of crayfish and other arthropods
	Proteinase inhibitors
	Antimicrobial peptides (AMPs)
	Hematopoiesis


	Objectives
	Results and Discussion
	An ancient role for a prokineticin domain in invertebrate hematopoiesis (Paper I)
	The (epsilon) subunit of ATP synthase is a receptor for the invertebrate prokineticin protein, astakine (Paper II)
	Kazal proteinase inhibitors from the crayfish, Pacifastacus leniusculus (Paper III)
	Antibacterial peptides in hemocytes and hematopoietic tissue from freshwater crayfish Pacifastacus leniusculus; characterization and expression pattern (Paper IV)


	Conclusions
	Svensk sammanfattning
	Acknowledgements
	References

