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Världen är så stor så stor 
Själv är jag rätt liten 

 
Alla som i världen bor 

Allting som de andra tror 
Pappa mamma storebror 

 
Världen är rätt liten 

Mindre än man nånsin tror 
 

Själv ska jag ta brorsans skor 
Och gå den sista biten 
Ända till där jätten bor 

 

 
Ur Iris bok av Ann Jäderlund (Jäderlund, 2002)
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Abstract 
 
In general the work behind this thesis has revolved around the 
interesting pattern recognition gene family PGRPs (peptidoglycan 
recognition proteins). In particular the transmembrane PGRP-LC and to 
investigate its multifaceted role in the immune response of the fruit fly. 
As a well characterized model organism living on, and surrounded by, a 
multitude of microorganisms, Drosophila melanogaster serves as a great tool 
to gain insights about innate immunity. The two pillars of Drosophila 
innate immunity are the humoral and the cellular defense. Together they 
are very potent and can vanquish many infections, but if one of these 
pillars is damaged, chances are that the defense will collapse and the 
organism will succumb to the infection. 

The initial step in any immune response is to become aware of 
the pathogen. To accomplish this, innate immunity relies on recognizing 
common molecular building blocks necessary each group of 
microorganisms. One such building block is the bacterial cell wall 
component peptidoglycan. PGRPs are a widely spread gene family, and 
proteins of this family can bind peptidoglycan. We describe that there are 
13 PGRP genes in Drosophila, one these codes for PGRP-LC. As it sits in 
the cell membrane in any of its three different splice forms, PGRP-LC 
can bind peptidoglycan, dimerize, and subsequently activate the imd/relish 
signalling pathway, and thereby trigger a vast production of antimicrobial 
peptides. These short peptides are the firearms of the humoral response. 
We identified three new inducible antimicrobial peptide genes, Diptericin 
B, Attacin C and Attacin D. Analyses of their sequences shed light on the 
evolution and relationship of these antimicrobial peptides 

The antimicrobial peptides are potent weapons, but without a 
functional cellular response the animal is at loss. Animals lacking blood 
cells are gravely compromised. It is interesting to find that PGRP-LC is 
involved at this end of the immune response equation as well. We have 
found that PGRP-LC is able to activate blood cells and increase numbers 
of circulating cells, in a JNK (Jun N-terminal kinase) dependent manner. 
Intriguingly this activation is not dependent on Relish, the NF-kB 
transcription factor of the Imd/Relish pathway.  

PGRP-LC activation funnels into both Imd/Relish and the JNK 
pathways. When PGRP-LC is lost, it appears that some basal, or 
background, JNK activation is lost. These effects are very mild, however 
the animal appears to become more sensitive to additional perturbations 
in this signalling pathway. This was the starting point when we started to 
re-evaluate Dredd, the caspase responsible for cleaving and activating 
Relish. Dredd also contributes to the JNK signalling pathway. 
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Glossary/ abbreviations 
 
Antimicrobial peptide protein able to kill or inhibit growth of microorganisms 
Apoptosis Self destruction of cells, often when something is not “wright” 
β−1,3-glucan  Fungal cell wall component 

CpG-DNA Phosphorylated DNA which is a common motif among bacteria  

Crystal cell Type of blood cell  
Dpp Decapentaplegic, a TGF-β  
Dredd The caspase that is responsible for Relish activation  

dsRNA double stranded RNA 
DAP-type peptidoglycan meso-diaminopimelic acid as crosslinker. Most G- some G+  

Fat body Functional analog to the liver, production site for antimicrobial peptides 
G- Gram-negative bacteria  
G+ Gram-positive bacteria 
Haemocytes Blood cells 

Haemocoel Body cavity 
Haemolymph The body fluid 
Imaginal disc Cluster from embryogenesis, to be used in the making of the adult fly 
Imd Signalling component of the Imd/Relish pathway 
JNK Jun N-terminal kinase 
Lamellocyte Type of blood cell 
LPS Lipopolysaccaride cell wall component of Gram- bacteria 
Lys-type peptidoglycan Lysin as cosslinker aminoacid Gram+ 
Lymph gland Haematopoetic tissue, site of blood cell proliferation 
NFAT Transcription factor belonging to the Rel family 
PAMP Pathogen associated molecular pattern 
Peptidoglycan Cell wall component of bacteria 
PGRP Peptidoglycan recognition protein  
Phagocytosis Uptake of microorganisms/particles for destruction 
Plasmatocyte Type of blood cell 
Phenoloxidase Catalyses the oxidation of phenolsmelanin. Toxic intermediates 

PRR Pathogen recognition receptor, recognizes PAMPS 
Relish Transcription factor  production of antimicrobial peptides 

Toll Transmembrane receptor involved in embryogenesis and immunity 
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Introduction 
 

Time has come for me to give my view on one corner of the scientific 
universe, the immune response of Drosophila melanogaster. It is a field 
within which one can learn much. Not just about the dynamics and 
statics of the immune system of a small insect, but of any organism. You 
come up close to the beauty and horror in the battle of life. 

Higher vertebrates, have both innate and adaptive immune 
reactions. The fast innate, or immediate, response is based on a limited 
set of germline-encoded recognition receptors against molecular 
structures of microorganisms. The slower, precisely tailored, adaptive 
response utilizes the enormous variation of receptors, randomly designed 
by somatic recombination, and the clonal expansion of B- and T-cells. 
The powerful combination of adaptive and innate immune responses, is 
however a problem for the scientist. The two branches are greatly 
entangled, and it is therefore difficult to dissect out one part of the 
immune response from the other. For this purpose, Drosophila 
melanogaster, is a highly valuable tool. It can, and does, give us insights in 
how our own innate immune response works, and we are after all closest 
to our selves. 

Analyses of Drosophila immunity can also help us understand how 
insects can be carriers, or vectors, of both viral and bacterial diseases, 
which plague mankind. The actual plague (through the fleas on rats), 
malaria (through mosquitoes), tick-borne encephalitis (TBE), borrelia, 
West Nile virus, and sleeping sickness are a few examples of such insect-
transmitted diseases. 

I have spoken about the beauty of insect immunity from a 
practical point of view, but it also shows its beauty in the different kinds 
of basic biological processes it allows us to encounter and study, such as 
movement and closure of epithelia, and movements and function of 
immune cells. Furthermore it kindly offers us to study many of these 
processes twice per animal thanks to metamorphosis. We may also feel 
like deciphering geniuses when we study the complexity of the signalling 
events that control tissue integrity, or an immune response. 

The subject of my work are the signalling events, or the 
communications, that take place as the fly tries to regain homeostasis, 
whether it has been shifted by an infection or by a salty environment. 
There are many signalling events during an immune response; from the 
initial recognition of an intruder, and the intracellular components 
involved, to the actions that the different components of the immune 
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take in order to vanquish the enemy, and how the different elements 
cooperate. In particular my focus has been the signals downstream of the 
pathogen recognition receptor, PGRP-LC. I also pay some attention to 
the developmental aspects of the signalling cascades involved. 

Well I say that beauty is in the eye of the beheld, and it is 
multifaceted. 
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The fly 
 

How does it work? First we need a fruit fly. Fruit flies live in rather 
unhealthy surroundings where decomposing fruit grants a good feast, 
since Drosophila feed on yeasts and other microorganisms growing on 
these fruits. 
 
 

 
 

The life cycle of a fruit fly. The larval stages are abbreviated with L1 to L3 for each of the three 
larval instar stages. 
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The adult female lays its fertilised eggs in this gooey mess, to 
ensure that her offspring are well provided for. The egg undergoes 
embryogenesis. The initial steps in the developmental processes are not 
guided by the egg or embryo and its genetic setup; instead they are 
dependent on the mother’s genetic setup through proteins and mRNA 
molecules she lays down in the egg (maternal contribution). If the female 
is a carrier for two mutant alleles in a maternally contributed gene, the 
embryo will also be mutant, and may die. An example of such a gene is 
Toll, which regulates the dorso-ventral polarity in the embryo (Anderson 
et al., 1985; Drier and Steward, 1997). In addition to this Toll is also an 
important immune gene.  

In most cases the embryo is fortunate, and it can continue to 
develop and go through a process known as dorsal closure. During 
dorsal closure epithelial sheets spread and grow together in order to seal 
off the embryo from the rest of the world. (Reviewed in (Harden, 2002)). 
When dorsal closure fails, the embryo has a hole in the epithelia, and it 
dies. Movements of epithelia or other cells are common events in 
biology, and many parallels, molecular and functional, can drawn be 
between dorsal closure, wound healing, thorax closure and movement of 
blood cells.  

A successful dorsal closure is essential for animal to become a 
small first instar larva, which hatches from the egg. The little first instar, 
eating-machine grows to become a second instar, and then a third instar 
larva, with successive molts in-between. As a late third instar larva, the 
animal temporarily stops feeding, and begins to pupariate. This is a 
bewildering event, where the entire animal practically disintegrates, and 
remakes itself from dormant imaginal cells and discs, into a whole new 
animal with a different body plan. It is now an adult which can mate and 
continue the life cycle at the beginning of this paragraph; a paragraph 
which has taken a minute or two for you to read, but in life it takes at 
least 9 days at 25oC for the fly to complete it.  
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A road map to Drosophi la immunity 

 
 
 

Here is the enemy! 
 

The fruit fly feed on the microorganisms, which grow on the 
decomposing fruits. This also means that they are at risk at all times. 
Friendly food can easily become furious foe, if the fly’s cuticle should 
break on the outside, or on the inside (gut or trachea). When that 
happens, any fungus or bacterium, will try to seize the opportunity to 
enter this Drosophila shaped feast hall, and the fly will die if it does not 
have a rapid and competent immune response. The enemy of a fruit fly 
does not only come in the microscopic size of microorganisms. Larger 
multicellular parasites are also a potential threat.  

It is not possible to look at all kinds of bacterial, fungal, viral, 
nematode, wasp strains that there are on this planet. So instead we are 
using model bacteria, fungi, wasps, nematodes to infect our model 
organism the fruit fly. Hoping that this will tell us some, or maybe a lot, 
about how a generalised response to such an organism works.  

Bacteria are typically divided into two groups, Gram-positive and 
Gram-negative bacteria. The difference between Gram-positive and 
Gram-negative is based on differences in bacterial cell wall construction 
(see figure), which also reflect how they stain by Gram-staining. 



  

11 

 

 
 
 

A cartoon illustrating the cell wall component peptidoglycan, and the cell walls of Gram-positive 
and Gram-negative bacteria. 

 
Typically, cell walls of Gram-positive bacteria contain thick layers of 

peptidoglycan and smaller amounts of teichoic acid; this cell wall faces 
the environment, and is lined with the inner membrane (Brock, 1994). 
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Most Gram-positive bacteria have Lys-type peptidoglycan, but not all 
(for instance bacteria from the genus Bacillus have DAP-type 
peptidoglycan) (Schleifer and Kandler, 1972). The cell walls of Gram-
negative bacteria contain a thin layer of peptidoglycan, surrounded by an 
outer and an inner membrane (Brock, 1994). The outer membrane of 
Gram-negative bacteria also contains lipopolysaccaride, LPS. So not only 
can bacteria differ in the ratios between different cell wall components, 
but also how these components are exposed. Probably all Gram-negative 
have Lys-type peptidoglycan (Schleifer and Kandler, 1972). 

 In addition to this, bacteria make their peptidoglycan in different 
ways. The composition and structure of peptidoglycan is rather constant 
within the group of Gram-negative bacteria, but varies more in-between 
Gram-positive bacteria (Schleifer and Kandler, 1972), the composition of 
peptidoglycan can also vary depending on environmental factors 
(Vollmer et al., 2008). A more recent review about peptidoglycan 
structure was written by Vollmer et al., 2008 (Vollmer et al., 2008). 

 
 

Fundaments of an immune response 
 

Molecu lar pat terns  
 

There are common features specific to the major groups of 
microorganisms. Microorganisms need to be made by, or contain, certain 
building blocks in order to be a functional bacteria, fungi, or virus. Other 
organisms do not need these specific features, and thus most do not 
have them. An example is the peptidoglycan of bacterial cell walls. The 
same basic principle can be applied to any organisms. These features can 
be utilized when trying to distinguish different organisms from each 
other, and this is precisely what occurs during the innate immune 
response of Drosophila and other organisms.  
This was the idea that Janeway had when he proposed that the innate 
immune response is based on pathogen associated molecular patterns, 
PAMPs, and pathogen recognition receptors, PRRs (Janeway, 1989), and 
that innate immunity was needed to prime the adaptive immunity. These 
pathogen recognition receptors are responsible for detecting the invader, 
and subsequently alerting and activating an efficient defense (if the host 
is fortunate). Examples of PAMPs are cell wall components of bacteria 
such as lipopolysaccaride, peptidoglycan, lipoteichoic acid, bacterial 
flagellin, β−1,3-glucan from fungal cell walls, or foreign genomes like 
bacterial CpG-DNA or double stranded RNA. 
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A cartoon illustrating the activation of the immune response. When no microorganisms are 
present (left), the immune system is inactive. When microorganisms have invaded the host 
(right) fragments of microorganisms can bind to receptors, and the immune response becomes 
activated. 
 
 

There are however, to date, no known molecular features of other 
intruding multicellular organisms, like the parasitic wasp. Many of these 
PAMPs are recognized throughout many species, or hosts by pattern 
recognition receptors. Not surprisingly some of these pattern recognition 
receptors are similar throughout a wide range of organisms, either thanks 
to convergent evolution or due to a common origin. 

 
 

Patte rn re cogni t ion 
 

PGRPs 
 

There is peptidoglycan in virtually all bacteria, but not in eukaryotes 
(Schleifer and Kandler, 1972), thus it fulfills the requirements for a 
PAMP. One important group of pattern recognition receptors is the 
peptidoglycan recognition protein, PGRP, family. (Reviewed in (Dziarski 
and Gupta, 2006b; Steiner, 2004). There are as many as thirteen different 
PGRP genes in the fruit fly genome (Werner et al., 2003; Werner et al., 



  

14 

 

2000)(paper I), many of which have been shown to involved in the actual 
recognition event in the immune response. Where they activate the 
major signalling pathways; PGRP-LC is upstream of Imd/Relish (Choe 
et al., 2002; Gottar et al., 2002; Rämet et al., 2002b); and PGRP-SA and 
PGRP-SD are upstream of Toll (Leone et al., 2008; Michel et al., 2001). 
Yet others function as effector molecules like PGRP-SB1 (Mellroth and 
Steiner, 2006). Though there is an abundance of PGRP genes in 
Drosophila, the first PGRP was isolated from another insect, the silk moth 
Bombyx mori (Yoshida et al., 1996; Yoshida et al., 1986), as a protein 
capable of activating the phenoloxidase cascade (see below), and soon 
after in Tricoplusia ni as a peptidoglycan binding protein (Kang et al., 
1998). PGRPs are found in a wide range of animals, but not in plants or 
nematodes, making them far from exclusive to insects. There are also 
PGRPs in humans, one is a secreted amidase, and the other three are 
bactericidal proteins (reviewed in (Dziarski and Gupta, 2006a)). 

 

 
 

A crystal structure of PGRP-LCx (green), -LCa (blue) heterodimer with the peptidoglycan 
fragment TCT (red). From (Chang et al., 2006). Reprinted with permission from AAAS. 
 

 
The peptidoglycan recognition domain is related to bacterial type 2 

amidases, and some of them are functional enzymes capable of degrading 
peptidoglycan, like PGRP-SC1B, PGRP-SB1, PGRP-LB. As these 
enzymes hydrolyze the peptidoglycan, it removes some of the triggers for 
the immune response, thus attenuating the immune response (Bischoff et 
al., 2006; Mellroth et al., 2003; Zaidman-Remy et al., 2006) or it may 
result in antibacterial activity (Mellroth and Steiner, 2006)  

One of these thirteen Drosophila PGRP proteins is PGRP-LC. As 
the transmembrane receptor for the Imd/Relish signalling pathway, with 
multiple spliced alternatives (x, a, and y) conveying the capability to 
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recognise different pathogen- associated epitopes, PGRP-LC is of great 
importance for the immune response of Drosophila (Paper I) (Choe et al., 
2002; Gottar et al., 2002; Kaneko et al., 2004; Mellroth et al., 2005; 
Rämet et al., 2002b; Werner et al., 2003). It is also central to the work 
behind this thesis. 

Depending on the ligand, both homo- and hetro-dimers can form 
(Chang et al., 2006; Mellroth et al., 2005; Werner et al., 2003). The 
PGRP-LCx splice variant can bind to both polymeric and monomeric 
peptidoglycan. As PGRP-LCx binds monomeric peptidoglycan it 
exposes and presents the peptidoglycan fragment to PGRP-LCa (which 
lacks the typical peptidoglycan-binding groove), and allow hetero-dimer 
formation (Chang et al., 2006; Mellroth et al., 2005). As a consequence of 
dimeristaion, PGRP-LC signals through Imd, and it results in the 
production and release of the firearms of the immune response, the 
antimicrobial peptides (Choe et al., 2005; Choe et al., 2002).  

Another curious PGRP is PGRP-LF, a gene sitting as a neighbor 
to PGRP-LC on the chromosome. PGRP-LF is a transmembrane 
protein, which possesses not one but two PGRP domains. PGRP-LF 
can hamper PGRP-LC signalling (Maillet et al., 2008; Persson et al., 
2007; Werner et al., 2003). (This protein is also discussed briefly below). 

There are PGRPs upstream of Toll, the other major antimicrobial 
inducing signalling pathway, as well. Secreted PGRP-SA and PGRP-SD 
together with GNBP1 mediate peptidoglycan dependent activation of 
the Toll pathway (Bischoff et al., 2004; Gobert et al., 2003; Leone et al., 
2008; Michel et al., 2001; Pili-Floury et al., 2004). PGRP-SA, is not only a 
pattern recognition molecule, but an enzyme, a carboxypeptidase (Chang 
et al., 2004). 

 
 

Other pathogen recognition receptors 
 

PGRPs are not the only pattern recognition molecules. As mentioned 
there are the β-glucan recognition proteins 1-3 (Gram negative binding 
protein, GNBP), and two genes, CG13422 and CG12780, which share 
homology to the N-terminal part of the GNBPs (Jiggins and Kim, 2006). 
GNBP1 recognize and hydrolyse peptidoglycan (Lys-type), and present 
is to PGRP-SA (Wang et al., 2006). Fungal components are recognized 
by GNBP3 (Gottar et al., 2006) to activate the serine protease cascade 
prior to Toll activation. 
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Blood c e l l s  and the ir  func t ions  
 

We have a system where microorganisms have certain molecular 
features, which are recognized by the infected organism via its pattern 
recognition molecules. But many things remain to be done in order 
obtain inner peace. The blood cells of the insects need to become alerted 
about the presence of an invader. Then they have to try reach the enemy, 
attempt to devour it (phagocytose), or isolate it (encapsulate and 
melanise), and make sure that the fat body, which like all other organs is 
covered by a basal membrane, wakes up and starts to make the 
torpedoes, namely the antimicrobial peptides. A fly or larva with too few 
blood cells is not healthy and bacteria are living within it (Braun et al., 
1998; Matova and Anderson, 2006). This underscores the importance of 
blood cells in the immune defence.  

In the normal scenario, blood cells are present at all stages of 
development. In adults there is no known haematopoetic organ and 
there are many fewer blood cells. The cells found are phagocytic 
plasmatocytes (see below) (Lanot et al., 2001). All blood cells originate 
from two haematopoietic organs, the procephalic mesodermal anlage in 
embryos and the lymph gland in larva (Holz et al., 2003). At the third 
instar larval stage, the lymph gland can be divided into three distinct 
regions. The medulla holding progenitor cells, the cortex with mature 
cells, and the posterior signalling centre (Jung et al., 2005b). In the larva 
there are the three pools of blood cells, those that patrol the body cavity, 
the sessile ones that sit in a banded pattern below the cuticle (Lanot et 
al., 2001), and those in the lymph gland. A characteristic of an activated 
immune response is that the sessile cells are recruited into circulation 
(Lanot et al., 2001). A bacterial infection releases more blood cells that 
mere injury (Markus et al., 2005). Another sign of an activated cellular 
response is the appearance of lamellocytes (see below), which are barely 
present in a healthy larva, and the release of blood cells from the lymph 
glands. Rupture of/release from, the lymph gland is common 
phenomena after wasp infestation, but it also normally takes place during 
the prepupal stage (Lanot et al., 2001; Sorrentino et al., 2002). 

Typically the circulating blood cells in Drosophila, are classified into 
three classes based on their function and morphology. These classes are 
plasmatocytes, lamellocytes and crystal cells. Reviewed in (Evans et al., 
2003; Lavine and Strand, 2003; Meister, 2004; Ribeiro and Brehelin, 
2006; Williams, 2007). The classification below is true for the 
approximately 5000 larval blood cells. 
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# Plasmatocytes: These cells are round, phagocytic cells 
which stain with P1 antibody (against the phagocytic receptor Nimrod) 
(Kurucz et al., 2007). The Plasmatocytes make up approximately 95% of 
all circulating cells, and they are 8-10µm in diameter.  

 

# Lamellocytes: These cells are big flat cells 
(15-40 µm in diameter), which stain with the L1 antibody (Kurucz et al., 
2003) and encapsulate particles too large to phagocytose. Lamellocytes 
are normally not detectable in healthy animals, but visible after the 
cellular response has become activated. These cells are only found in 
larvae. Lamellocytes are produced in response to parasitisation (Lanot et 
al., 2001; Sorrentino et al., 2002), and they may also be slightly induced 
by bacterial challenge, or wounding (Lanot et al., 2001; Markus et al., 
2005). 

# Crystal cells: Crystal cells are round cells with a 
diameter of 10-12 µm, carrying propenoloxidase crystals (Rizki and 
Rizki, 1959), which are released upon activation. Crystal cells can be 
visualised by heating the larva, since the phenoloxidase becomes 
activated by heat, and the cells turn black. This cell type corresponds to 
approximately 5% of the circulating haemocytes.  

 
In addition to these cells there are also prohaemocytes. These cells 

are smaller, 4-6 µm in diameter and are believed to give rise to additional 
plasmatocytes, crystal cells and possibly lamellocytes.  

Exactly how the different classes are related to each other is a 
debated matter, but some facts are known. Expression of the GATA 
factor Serpent is necessary for the development of all blood cells 
(Lebestky et al., 2000). Depending on the ratio between Glial cell missing 
(Gcm1 and 2) and Lozenge, the Serpent expressing prohaemocytes can 
develop into plasmatocytes or crystal cells respectively. (Alfonso and 
Jones, 2002; Lebestky et al., 2000; Muratoglu et al., 2006). Furthermore, 
U-shaped inhibits crystal cell formation (Fossett et al., 2003), but is 
repressed by Serpent in combination with Lozenge (Fossett et al., 2003). 
Rupture and subsequent release of the phenoloxidase from crystal cells is 
dependent on the JNK pathway, small Rho GTPases and Eiger (Bidla et 
al., 2007). 
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The signal-induced molecular mechanisms behind lamellocyte 
differentiation are more of a puzzle. In response to wasp infestation, 
lamellocyte differentiation is dependent on collier, an orthologue of the 
mammalian early B-cell factor (Crozatier et al., 2004b). In addition, 
JAK/STAT, JNK activity and Toll signalling can induce lamellocyte 
formation (Huang et al., 2005; Lemaitre et al., 1995b; Luo et al., 1995; 
Qiu et al., 1998; Zettervall et al., 2004) (paper III). 

In order to find an invader, the blood cells patrol the haemocoel, the 
body cavity, of the insect. These movements are probably both active, by 
cellular movements and changes in adhesion properties, and passive by 
floating around in the haemolymph, which is pumped around by the 
heart (the dorsal vessel). Some of the signalling pathways involved in cell 
movement regulate molecules needed for the cells to get a grip 
somewhere, ropes, tackles and pulleys, and components that allow the 
cell to let go. This calls for careful control and rearrangements of the 
cytoskeletal network. There are many similarities in how the haemocytes 
move, and the movements involved in both dorsal closure and wound 
closure. Therefore it is not surprising to find the small GTPases (Rac 1, 2 
and Cdc42), and JNK signalling to be involved (Paladi and Tepass, 2004; 
Stramer et al., 2005; Williams et al., 2006). 

 
 

Phagocytosis 
 

During recent years, the similarities between mammalian and 
invertebrate (Drosophila) innate immunity have become more evident. 
One important mechanism of innate immunity is the clearance of 
microbes and apoptotic cells by phagocytic cells. In Drosophila, these 
tasks are mainly executed by the plasmatocytes, a class of blood cells. 
Empowered with blood cell derived phagocytic cells lines like the 
Drososphila S2 cells, which are easily manipulated by RNAi for knock 
down of genes (Hammond et al., 2000), a number of screens with 
slightly different focus on phagocytic interactions, have been executed 
(Kocks et al., 2003; Pearson et al., 2003; Philips et al., 2005; Rämet et al., 
2002b; Stroschein-Stevenson et al., 2006). Using these cells, the 
scavenger receptor CI was cloned and identified as a third class of 
scavenger receptors involved in phagocytosis (Pearson et al., 1995; 
Rämet et al., 2001). The pathogen recognition receptor, PGRP-LC, has 
been implicated to be involved in phagocytosis (Rämet et al., 2002b). But 
the effects of knocking down PGRP-LC, in comparison to other 
phagocytic receptors, are relatively mild. Other components isolated as 
parts of the phagocytic machinery are β-COP, δ-COP, Actin, Rac, 
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Cdc42, and SCAR (Rämet et al., 2002b; Stuart et al., 2007). Of 600 
proteins associated with the phagosome; 70% had a mammalian 
orthologue (Stuart et al., 2007). The molecules and mechanisms involved 
in Drosophila phagocytosis are reviewed by Stuart and Ezekowitz 2008 
(Stuart and Ezekowitz, 2008). 

Opsonis bind to foreign surfaces, and tag these objects for 
destruction or phagocytosis. In insects there is a group of thiolester-
containing proteins (TEPs), which are related to C3 of the mammalian 
complement and α2-macroglobulin (Lagueux et al., 2000; Levashina et 
al., 2001). The secretion of these TEPs is induced upon infection. Once 
secreted, they bind to the surfaces of specific target microorganisms and 
promote phagocytosis. The different TEPs display different affinities for 
different microbes or parasites (Levashina et al., 2001; Stroschein-
Stevenson et al., 2006). Though it is evident that TEP binding to 
microbial surfaces, targets the microbe for phagocytic uptake, it is not 
known with which blood cell receptors they co-operate. 

In addition to opsonins, which tag particles for engulfment, there 
are cell-bound receptors. Croquemort and Peste are scavenger receptors 
of the same family as mammalian CD36. Both receptors are important 
for uptake of different microorganisms (Philips et al., 2005; Stuart et al., 
2005), and in addition to this, Croquemort is required for phagocytosis 
of apoptotic cells (Franc et al., 1996).  

The Nimrod C1, Eater, and Draper are cell surface receptors, 
containing multiple EGF-like repeats involved in phagocytosis of 
bacteria, and or apoptotic cells (Freeman et al., 2003; Kocks et al., 2005; 
Kurucz et al., 2007). In addition to these proteins, there are nine 
additional EGF-like repeat Nimrod family genes in Drosophila (Kurucz et 
al., 2007). It would not be surprising if some additional genes belonging 
to the Nimrod family are involved in phagocytosis.  

Evidently, phagocytosis by blood cells is of great importance. They 
remove apoptotic bodies; re-sculpture the extracellular matrix casting 
moulds during metamorphoses, and kill bacteria. This is only the 
beginning. Phagocytosis by blood cells also appear to play a role in full 
activation of the fat body and the production of antimicrobial peptides 
(Brennan et al., 2007; Foley and O'Farrell, 2003); but haemocytes also 
make antimicrobial peptides themselves. 

It was recently reported that phagocytosis could potentiate a 
peculiar and narrow kind of immunological memory in the fruit fly 
(Pham et al., 2007). If an animal was infected with a sub-lethal dose of 
Streptococcus pneumoniae, or Beauvaria bassiana, and allowed to clear the 
infection with the aid of phagocytic cells, the animal was specifically 
protected against future infections of the same species. 
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Wound c losure  
 

Flies, like us are not always lucky. Sometimes they get hurt. Anyhow, 
when they are wounded, they have to do what we also do. First they 
need to make sure that the hole is temporarily closed so that they do not 
bleed to death. Secondly they have to start making new epithelia. Until a 
few years ago, very little was known about both of these events. 

 As in us, the problem of closing off the wound temporarily is 
solved by clotting proteins. To find out what is involved in clotting, the 
content of the clot and haemolymph have been subjected to proteomic 
approaches (Karlsson et al., 2004; Scherfer et al., 2004; Vierstraete et al., 
2003). Two proteins from these screens, hemolectin and Fondue are 
indeed important for proper clot formation (Goto et al., 2003; Scherfer 
et al., 2006). Hemolectin displays many similarities to proteins involved 
the coagulation process in humans, such as the von Willebrand factor, 
coagulation factor V/VIII, and complement factors (Goto et al., 2001).  

Now the wound has been temporarily closed, but it needs to be 
repaired permanently. The animal has to make new epidermis, and the 
epidermis has to spread, and close the gap. The animal needs the signals 
which control the migration of a cell, the ropes and pulleys. Not 
surprisingly this involves the same kind of pathways as in dorsal closure 
and in the activation of blood cells. JNK signalling is required for wound 
healing in embryos, larvae and adults (Bosch et al., 2005; Galko and 
Krasnow, 2004; Mattila et al., 2005; Rämet et al., 2002a). In addition to 
the JNK pathway, small GTPases like Cdc42, Rho and Rac 1 and 2 
(Redd et al., 2004; Stramer et al., 2005), and the transcription factor 
Grainy head (Mace et al., 2005) have been shown to play an important 
roles for epithelial integrity.  

Wound healing is of fundamental importance for any multicellular 
organism and the fundaments of wound healing are similar in many 
organisms. In mammals Rho, JNK signalling and Grainy head are also 
important (Ting et al., 2005), reviewed in (Harden, 2005), and (Martin 
and Parkhurst, 2004). 

 
 
The f irearms 
 

Antimicrobial peptides 
 

Blood cells can phagocytose and encapsulate, but this one-on-one kind 
of warfare is not very efficient when there are many enemies. And if 
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there is one bacterium there will soon be many. Fortunately, there is 
more to the immune response than haemocytes. There are the 
antimicrobial peptides as well (reviewed in (Bulet et al., 2004; Cociancich 
et al., 1994; Otvos, 2002; Shai, 2002)). The first antimicrobial peptides, 
were described in the 1980s by work on the moth Cecropia, by Hans 
Boman and co-workers (Hultmark et al., 1980; Steiner et al., 1981). Since 
those pioneering days many more antimicrobial peptides have been 
isolated from insects to man. In the fruit fly 28 antimicrobial peptide 
genes (including eight lysozymes) from nine classes are expressed. Most 
antimicrobial peptides are short (often < 50 amino acids), charged (often 
cationic), and sometimes amphipathic peptides. These properties 
facilitate the interactions with negatively charged microbial cell walls and 
membranes. Some antimicrobial peptides, like cecropins (Steiner et al., 
1988), exert their power directly by interacting with the membranes of 
microorganisms and thereby killing or inhibiting the growth of bacteria 
and fungi (as reviewed in (Shai, 2002). Others act on intracellular targets 
(as reviewed in (Otvos, 2002)). Due to the increase of antibiotic resistant 
bacteria of recent years, there has been an intensified interest in finding 
substitutes for the traditional antibiotics, but the killing mechanisms for a 
many of the antimicrobial peptides, are still poorly understood. 

Depending on killing specificity, induction pattern and different 
evolutionary relationship to each other, the antimicrobial peptides can be 
divided into different classes. In Drosophila, the nine antimicrobial 
peptide classes are cecropins, drosomycins, attacins, diptericins, 
drosocin, metchnikovin, defencin, andropin, and lysoszymes. Lysozymes, 
also play a role as digestive enzymes. These classes of antimicrobial 
peptides can be grouped together based on relationships and 
mechanisms of actions. Below, I will give a brief discription of a 
selection of these groups, based on relevance to this thesis and Paper II. 

Within the group of α-helical amphipatic peptides, we find the 
first isolated antimcirobial peptide, cecropin (Hultmark et al., 1980; 
Steiner et al., 1981). Active cecropins are approximately 30-40 amino 
acids long, α-helical, cationic, and amphipathic. They disrupt the 
membranes of microorganisms (Steiner et al., 1988), thereby killing the 
enemy. The cecropin killing spectrum is broad, killing both Gram-
positive and Gram-negative bacteria at 0,1-10µM concentrations 
(Samakovlis et al., 1990). Even fungi are sensitive to cecropins 
(Ekengren and Hultmark, 1999). 

Another group contain short (approximately 20 amino acids) 
proline-rich peptides, like drosocin and pyrrhocoricin (from Pyrrhocoris 
apterus). After first interacting with LPS, these peptides enter the 
cytoplasm and act on intracellular targets such as the bacterial 70-kDa 
heat shock protein, DnaK (Otvos et al., 2000);(Kragol et al., 2002; 
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Kragol et al., 2001). The proline-rich antimicrobial peptides are mainly 
active on Gram-negative bacteria. This group of peptides is reviewed by 
Otvos, 2002 (Otvos, 2002).  

Among the family of glycin-rich peptides, are the rather large 
attacins, and in Drosophila there are four attacins (approximately 200 
amino acids). Attacins from other insects have been shown to bind to 
the cell wall component LPS, increase permeability of the outer 
membrane, inhibit synthesis of outer membrane proteins. Subsequently 
growing bacteria are incapable of proper divisions, resulting in long 
chains of dying bacteria (Carlsson et al., 1991; Carlsson et al., 1998; 
Engström et al., 1984; Hultmark et al., 1983). In Drosophila there are four 
attacins, A-D, two of which are described in paper II (Dushay et al., 
2000; Hedengren et al., 2000; Åsling et al., 1995). At the N-terminus of 
attacins there is a short proline-rich stretch. Curiously a processed form 
of the Attacin C pro domain has itself been isolated in the body fluid, 
and the synthetic counterpart also displays activity against bacteria (Rabel 
et al., 2004). Glycin-rich antimicrobial peptides are generally active on 
gram-negative bacteria.  

Diptericins are rather large (approximately 180-190 amino acids) 
chimeric proteins, with a N-terminal part similar to the proline-rich 
peptides, and an attacin like C-terminus. Like short proline-rich peptides 
and attacins, diptericins mainly kill Gram-negative bacteria. As we 
describe in paper II, there are two diptericins in the fruit fly, Diptericin, 
and Diptericin B (Hedengren et al., 2000; Lee et al., 2001; Wicker et al., 
1990). As an antimicrobial peptide that is solely dependent on Imd 
/Relish signalling, diptericin is often used as a readout for signalling in 
the Imd/Relish pathway (Hedengren et al., 2000). 

Antimicrobial peptides are found at 1-100 µM concentrations in 
the body fluid of insects, but they are produced by immune competent 
tissues elsewhere. The major quantities are synthesised by an organ 
named the fat body. The fat body is an adipose tissue, involved in energy 
storage, de-toxification and immune response, and it is coated by a basal 
membrane. In a third instar larva, the fat body occupies most of the 
body volume. Normally, when there is no sign of infection, there is no 
production of antimicrobial peptides from the fat body. This changes 
rapidly if the animal becomes infected. Within hours, many antimicrobial 
peptides are detected within the haemocoel (Rabel et al., 2004; 
Uttenweiler-Joseph et al., 1998), and the mRNA expression of for 
instance cecropin peak within 6 h post infection (Kylsten et al., 1990). 
The acute production of these peptides is essential for the survival of the 
fly, and mutants in the Imd/Relish and Toll signalling pathways die 
(Choe et al., 2002; Hedengren et al., 1999; Lemaitre et al., 1995a; 
Lemaitre et al., 1996; Leulier et al., 2000). Responsible for the acute 
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antimicrobial peptide gene transcription are the NF-κB transcription 
factors of these pathways; Relish in the Imd/Relish pathway, and Dif 
and Dorsal in the Toll pathway (De Gregorio et al., 2002b; Dushay et al., 
1996; Ip et al., 1993; Lemaitre et al., 1995b). The impact of these 
transcription factors is evident; Relish mutants die if infected with one 
single bacterium (Hedengren et al., 1999). In addition to the imd/relish 
and Toll signalling pathways, other signalling cascades, like JNK, also 
modulate the humoral response (Delaney et al., 2006; Kallio et al., 2005; 
Park et al., 2004; Silverman et al., 2003; Tsuda et al., 2005).  

Other than the systemic production of antimicrobial peptides from 
the fat body and haemocytes, the animal can also respond with locally 
induced antimicrobial peptide production in exposed epithelia like gut, 
reproductive tracts and salivary glands (Brey et al., 1993; Tingvall et al., 
2001; Tzou et al., 2000; Önfelt Tingvall et al., 2001). The different 
expression and induction patterns call for other mechanisms, in addition 
to NF-κB transcription factors. This is reviewed by Uvell and Engström 
2007 (Uvell and Engström, 2007). 

 
 

The phenoloxidase cascade 
 

 One more visual way of getting rid of invaders is by activating the 
phenoloxidase cascade. The first PGRP was isolated as a phenoloxidase 
activator in the silk moth (Yoshida et al., 1996; Yoshida et al., 1986). 
During this toxic journey, where the road is the reward, phenoloxidase 
catalyzes the oxidation of phenols to quinones, which eventually undergo 
a non-enzymatic polymerisation, thus becoming eumelanin (brown-
black). Reactive oxygen and nitrogen intermediates are formed in the 
process. The toxic properties of the intermediates formed are reviewed 
Nappi and Christensen 2005 (Nappi and Christensen, 2005), and the 
phenoloxidase cascade in immunity is reviewed in Cerenius and 
Söderhäll, 2004 (Cerenius and Söderhäll, 2004), and Christensen et al., 
2005 (Christensen et al., 2005), Cerenius et al., 2008 (Cerenius et al., 
2008). In short inactive pro-phenoloxidase (coded by the genes Black 
cells, Diphenol oxidase A2 and Diphenol oxidase A3) is stored in blood cells, 
and released into the haemolymph by JNK signalling dependent cell 
rupture and possible other mechanisms (Bidla et al., 2007). Upon 
wounding other stimuli, a serine protease cascade activates the pro-
phenoloxidase-activating enzyme (Sp7 and MP1) (Castillejo-Lopez and 
Hacker, 2005; Leclerc et al., 2006; Tang et al., 2006). The phenoloxidase-
activating enzyme is itself a serine protease, which cleaves and activates 
the pro-phenoloxidase to phenoloxidase. 
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Once activated the phenoloxidase cascade must be restricted to 
prevent excess melanisation. Hampering the phenoloxidase cascade is 
the job of a serpin (Serpin27A), serine protease inhibitor, which inhibit 
the pro-phenoloxidase-activating enzyme (De Gregorio et al., 2002a). 

Though the phenoloxidase cascade is induced by wounding, 
microbial compounds, and parasitic attack, its function as a defence 
mechanism is disputed, and mutants are not severely compromised, 
compared to mutants in the Imd or Toll signalling pathways (Leclerc et 
al., 2006). 

 
 
Communic ati on 
 

I have mentioned the different organs involved in the immune response, 
the different kinds of blood cells, the fat body, the cuticle, and briefly the 
gut, and the different components involved such as the antimicrobial 
peptides, the phenoloxidase cascade, phagocytosis etc. But are they all 
individually combating the enemy, or do they work in concert, and how 
then is that achieved? One crucial problem for the insect is that the fat 
body, the major production site for antimicrobial peptides, is covered by 
a layer of extra-cellular matrix. So how can it detect the pathogen? 
Another spatial problem when I stared this work, was that PGRP-LC, 
the pattern recognition receptor upstream of the Imd/Relish signalling 
pathway responsible for most of the antimicrobial peptide production, 
had not been detected in the fat body (Paper III), the major site of 
antimicrobial peptide production . 

An old idea supported by work in Manduca sexta was that blood 
cells could digest bacteria and supply soluble bacterial fragments like 
peptidoglycan or LPS to the fat body (Dunn et al., 1985; Taniai et al., 
1997). More recent work has strengthened the link between blood cells 
and fat body (Agaisse et al., 2003; Bettencourt et al., 2004; Brennan et al., 
2007; Dijkers and O'Farrell, 2007; Foley and O'Farrell, 2003).  

It appears that proper bacterial phagocytosis by haemocytes, is 
necessary for full activation of the fat body (Brennan et al., 2007). Under 
specific conditions, like gut infection with Erwinia carotovora, blood cells 
are required for full fat body response (Basset et al., 2000; Foley and 
O'Farrell, 2003). 

The nature of the signal activating the fat body in each case is not 
known, but some are suggested to be proteins (Bettencourt et al., 2004), 
and indeed some signals are proteins, like Unpaired 3 in JAK/STAT 
signalling (Agaisse et al., 2003), the cytokine/ ligand spätzle upstream of 
Toll, and recently an immune induced putative helical cytokine was 
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isolated (Malagoli et al., 2007). Yet other signals are not proteins. Nitric 
oxide produced in gut and blood cells provide the signal induced by gut 
infection of Erwinia carotovora (Foley and O'Farrell, 2003). The nitric 
oxide signalling in blood cells require calcineurin to transpond the signal 
to the fat body (Dijkers and O'Farrell, 2007). Or the signals may be 
microbial fragments, which are presented to the fat body, and are 
capable of inducing it. 

 
 

Signalling pathways 
 

There are many signalling pathways and together they control all the 
processes that take part in the immune response. Here I describe the 
components and regulation of the most important pathways concerning 
my work.  

 
 

Imd/Reli sh 
 

The imd/relish pathway is one of the major signalling highways in the 
immune response. Ablating this pathway renders the fly unable to 
produce many of the antimicrobial peptides, and the fly dies from 
infection by a single bacteria. Activation of the Imd/ Relish pathway is 
achieved through binding of the bacterial cell wall constituent, DAP-type 
peptidoglycan, to the transmembrane receptor PGRP-LC, peptidoglycan 
recognition protein LC. This allows the receptors to dimerise (Mellroth 
et al., 2005) and via the intracellular domain, the signal is transferred to 
Imd (immune deficient) (Choe et al., 2005). PGRP-LC activation may 
also be achieved by proteolyticly cleaving off the extracellular part of the 
molecule (Schmidt et al., 2007; Schmidt et al., 2008). The alerting signal 
is split up downstream of Imd, and carried further to BG4 and TAK1. 
Imd contains a death domain similar to that of mammalian RIP (receptor 
interacting protein which mediate both TNF or Fas induced NF-κB 
activation or apoptosis respectively) (Georgel et al., 2001). The protein 
BG4, (also known as Fadd, Fas associated death domain), contain both a 
death domain, with which it interacts with Imd, and a DID (death 
inducing domain), with which it interact with the caspase-8 homolog, 
Dredd. The BG4- Dredd, interaction, faciliate Dredd’s auto catalytic 
cleavage and activation (Hu and Yang, 2000). Both BG4 and Dredd 
mutants are more susceptible to bacteria in a similar manner as Relish 
(Elrod-Erickson et al., 2000; Leulier et al., 2000; Leulier et al., 2002; 
Naitza et al., 2002).  
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Provided that the NF-κb transcription factor Relish has become 
phosphorylated by the IκB-Kinase complex, Dredd can cleave it, and 
similar to the activation of mammalian p105 to p50, the DNA interacting 
Rel homology domain is released from the inhibitory ankyrin part 
(Stöven et al., 2000; Stöven et al., 2003). In contrast to the processing of 
p105 to p50, where the inhibitory part is trimmed off by a proteasome 
dependent degradation, the ankyrin domain of Relish remains in the 
cytoplasm (Stöven et al., 2000).  

A number of events participate in the regulated activation of 
Relish. Caspar, (a Fas associated factor 1 homolouge) inhibits the Dredd 
dependent cleavage of Relish, and mutants display a constitutively active 
humoral immune response (Kim et al., 2006). Similarly another protein, 
Dnr1 (Defence repressor 1) also appears to regulate Relish processing, via 
RING-finger dependent interactions with Dredd (Foley and O'Farrell, 
2004). 

The ubiquitin-conjugating enzymes Bendless and UEVa1 appear 
to be important upstream of Tak1 for full IKK activation and the 
subsequent Relish activation as described by Zhou, et al. 2005. These 
authors also propose that Imd, BG4, and Dredd form a complex 
upstream of Tak1, that together with Bendless and UEVa1 is responsible 
for Tak1 activation.  

However Relish activity is not merely controlled by Dredd. As 
mentioned, the signalling pathway split downstream of Imd. BG4 is 
recruited, and Tak1 (the MP3K, TGF-β activated kinase) is activated; 
through Tab2, and possibly the RING-finger protein Iap2, and the IκB-
Kinase complex, becomes activated (Gesellchen et al., 2005; Huh et al., 
2007; Kleino et al., 2005; Leulier et al., 2006; Valanne et al., 2007; 
Zhuang et al., 2006). The IκB-Kinase complex is a protein conglomerate 
of kenny (IKKγ) and ird5 (IKKα /β), capable of phosphorylating 
Relish. Both Tak1 and IκB-Kinase complex have been reported as 
needed for Relish signalling (Lu et al., 2001; Rutschmann et al., 2000; 
Silverman et al., 2000; Vidal et al., 2001; Wu and Anderson, 1998). 
However the direct involvement of Tak1, which also transpond 
signalling to the JNK pathway (Mihaly et al., 2001; Takatsu et al., 2000), 
has recently been questioned (Delaney et al., 2006). The activated REL-
68 is free to move into the nucleus, bind to κB-sites in promoter regions 
of genes and promote their transcription. Many of Relish target genes are 
antimicrobial peptides, such as diptericin and cecropin. 

 The actions of an activated Relish also have other functions. Once 
activated, the Rel part can induce an accelerated proteasome dependent 
turnover of the protein, Tak1 (MAP3K) (Park et al., 2004), which is 
involved in both the Relish/ Imd pathway and the JNK pathway 
(Silverman et al., 2003; Vidal et al., 2001), thus dampening the effect of 
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the JNK pathway (Park et al., 2004) (and timing JNK and relish). The 
degradation of Tak1 appears to be dependent on interactions with the 
RING-finger, E3 ubiquitin ligase containing scaffold protein POSH 
(Tsuda et al., 2005).  

The interactions between Imd/Relish signalling and JNK 
signalling are numerous, and both negative and positive interactions 
between AP-1 and NF-kB molecules are reported (Delaney et al., 2006; 
Kallio et al., 2005; Kim et al., 2007; Kim et al., 2005; Park et al., 2004; 
Tsuda et al., 2005). The complex interactions between Imd/Relish and 
JNK signalling pathways, is mirrored in conflicting results regarding 
regulation of the antimicrobial peptide gene Attacin A (Delaney et al., 
2006; Kim et al., 2007).  

 

 



  

28 

 

JNK 
 

The Jun N-terminal kinase (JNK) pathway is one of the MAP kinase 
pathways, where the momentum is provided by protein kinases, which 
phosphorylate and activate other downstream kinases in a protein kinase 
cascade. The sequential chain of activating kinases, eventually lead to 
activation of a transcription factor. The core of the JNK pathway consist 
of the MAP2K (Hemipterous) (Glise et al., 1995; Sluss et al., 1996), 
which is upstream of the MAPK (Basket) (Riesgo-Escovar et al., 1996; 
Sluss et al., 1996), which in turn is responsible for the phosphorylation, 
and activation, of Jun in the AP-1 heterodimer transcription factor 
(Riesgo-Escovar et al., 1996; Sluss et al., 1996). Together the heterodimer 
of Jun, (Jra, Jun related antigen) and Fos (kayak), promote the expression 
of target genes. Examples of target genes are puckered, decapentapelgic (dpp), 
ance, chickadee (profilin), and hid. puckered encodes a phosphatase, which 
negatively regulates, or fine tune, the JNK pathway at the level of Basket, 
by removing the activating phosphate (Martin-Blanco et al., 1998). The 
influence of JNK on dpp expression is controlled by two mechanisms, by 
promoting the expression per se, but also by inhibiting the 
transcriptional repressor of anterior open, aop (Riesgo-Escovar and 
Hafen, 1997).  

Many stimuli activate JNK signalling. As mentioned above, and as 
discussed in paper III, engagement of the cell surface receptor PGRP-LC 
activates the Imd pathway, and the components BG4, Tab2 and Iap2 
ensure that the Tak1 (MAP3K) becomes activated. Tak1 can in turn 
phosphorylate Hemipterous, and thereby participate in JNK signalling 
(Mihaly et al., 2001; Takatsu et al., 2000). 

After interactions between Eiger (the tumour necrosis factor) and 
Wengen (the TNF receptor), and through Misshapen (MAP4K), and 
Tak1 (MAP3K), JNK signalling is activated and induce apoptosis 
(Geuking et al., 2005; Igaki et al., 2002; Kanda et al., 2002; Mihaly et al., 
2001; Moreno et al., 2002b). 

PVR, a homologue to PGDF/VEGF receptor (platelet derived 
growth factor), is mainly involved in migratory and hematopoetic 
processes (Cho et al., 2002; Heino et al., 2001; Zettervall et al., 2004), 
and through the small GTPases Rac1/2 and possibly Cdc42, misshapen 
(MAP4K), and slipper (MAP3K), it can activate JNK (Ishimaru et al., 
2004; Macias et al., 2004; Stronach and Perrimon, 2002).  

JNK signalling participates in many processes; cytoskeletal 
rearrangements (F-actin polymerisation), apoptosis, or programmed cell 
death), and as mentioned it is also involved in regulating antimicrobial 
peptide production (Adachi-Yamada et al., 1999; Agnes et al., 1999; 
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Boutros et al., 2002; Jasper et al., 2001; Kallio et al., 2005; Kim et al., 
2005; Takatsu et al., 2000). 

 
 

Dpp/ BMP/ TGF-β  
 

Decapentaplegic, or Dpp is a member of the bone morphogenic 
proteins, BMP, belonging to the TGF-β family. Decapentaplegic is in 
some contexts downstream of the JNK pathway, and in other contexts 
upstream. It is a multifaceted molecule with many functions and thus 
many components regulate its expression and impact. The name 
decapentaplegic, mean fifteen defects and reflects the many functions of 
the protein. The name refers to a series of mutant alleles affecting 
development and displaying defects in adult cuticular structures derived 
from one or more of the fifteen major imaginal discs (Spencer et al., 
1982) 

There are five different dpp transcripts, with different transcription 
start sites. In addition to Dpp there are other Drosophila BMPs; Glass 
bottom boat (Gbb), and screwdriver (Scw). Both are believed to 
potentiate Dpp signalling, but Gbb, unlike Scw, can also signal in 
absence of Dpp (Shimmi et al., 2005). (How Dpp signalling works, and 
how it implements its effects, is reviewed in (Affolter and Basler, 2007), 
and (O'Connor et al., 2006).)  

BMPs are soluble, found as homo/heterodimers, and the transport 
efficiency as well as the capability to interact with their receptors, are 
modified by interactions with short gastrulation (Sog), tolloid (Tld), and 
twisted gastrulation (Tsg) (Eldar et al., 2002). BMPs signal by binding to 
class I, and class II cell surface receptor heterodimers, which are formed 
upon BMP binding. The class I receptors involved in BMP signalling are 
thickveins (tkv) and saxophone, and the class II receptors are punt, and 
wishful thinking, (Wit) 

Interaction between Dpp and the receptors result in 
phosphorylation of Mad, (mothers against Dpp), and this allows Mad to 
interact with Medea. The Mad-Medea complex translocate into the 
nucleus, bind to enhancer regions and, together with Schnurri, counter-
act the effect of the repressor Brinker, thus promoting Dpp-dependent 
transcription of genes (Torres-Vazquez et al., 2001; Torres-Vazquez et 
al., 2000). Examples of Dpp-regulated genes are bifid (Optomotor blind), 
vestigial, spalt major, and tinman.  

The outcome of Dpp/BMP activation, depend on when, where 
and how. It is used as a patterning molecule, a molecule promoting cell 
survival and moderate proliferation, as well as processes involves in 
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cytoskeletal rearrangements like cell movement during dorsal and thorax 
closure (Martin-Blanco et al., 2000; Moreno et al., 2002a, Hou, 1997 
#431; Zeitlinger et al., 1997).  

Discontinous (spatially) or low levels of Dpp can induce apoptosis 
through the JNK pathway (Manjon et al., 2007), or exclusion and non-
growth of these cells in the epithelia in question (Gibson and Perrimon, 
2005; Shen and Dahmann, 2005). If however the apoptotic cells are kept 
alive, they produce Dpp and wingless, thus inducing increased growth of 
surrounding tissues (Ryoo et al., 2004). 

Another group of proteins in the TGF-β family are the activins. In 
Drosophila this group consists of Activin−β and the activin-like protein 
Dawdle. Activins are TGF-β molecules and they signal through similar, 
and sometimes the same receptors as the BMPs. Baboon is a type I 
TGF-β /activin receptor, and Punt a class II receptor. Activation result 
in Sno-Medea-Smox interactions, which regulate gene expression and 
induces proliferation (Brummel et al., 1999; Takaesu et al., 2006). 

 
 

Toll  
 

The cell surface receptor Toll is an immunological icon. Not only is 
proper Toll signalling crucial during embryogenesis, which is how many 
of the components involved were isolated, (see introduction to the fly). 
Toll is also involved in the induction of some antimicrobial peptides, 
such as Drosomycin, it is necessary for an antifungal response (Lemaitre 
et al., 1996), and it controls proliferation of blood cell. Flies with a 
constitutive Toll signalling have increased numbers of blood cells or 
melanotic nodules (Gerttula et al., 1988; Huang et al., 2005; Qiu et al., 
1998; Roth et al., 1991), and flies lacking the NF-κB transcription factors 
(Dif and Dorsal) in Toll signalling have very few (Matova and Anderson, 
2006). The Toll signalling pathway has also been implicated in the 
defence against certain viruses (Zambon et al., 2005). 

Two separate branches induced by microbial stimuli, activate Toll 
signalling. One branch is triggered by the bacterial cell wall component 
peptidoglycan, via the β-glucan recognition protein GNBP1, and the 
PGRPs, PGRP-SA, and PGRP-SD (Bischoff et al., 2004; Gobert et al., 
2003; Leone et al., 2008; Michel et al., 2001; Pili-Floury et al., 2004). The 
other branch is also stimulated by microbial substances. Components of 
fungal cell wall, binds to the β-glucan recognition protein GNBP3 
(Gottar et al., 2006). After stimulation of either branch, Toll signalling is 
activated through serine protease cascades (Gottar et al., 2006; Kambris 
et al., 2006), where eventually the Toll ligand spätzle is cleaved by spätzle 
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processing enzyme, SPE (Jang et al., 2006). The trimmed spätzle 
molecule can interact with Toll, and induce conformational changes, 
which promote signalling (Gangloff et al., 2008). (Reviewed (Anderson, 
2000; Hultmark, 2003)). Upon activation the intracellular TIR domain 
(Toll/interleukin 1 receptor) containing part of Toll, interacts with the 
adaptor protein Myd88, which in turn interact with Tube and Pelle (a 
serine threonine kinase), through death domain interactions. This leads 
to the phosphorylation of the IκB by an unknown kinase, and the 
subsequent degradation of IκB by the proteasome. This in turn releases 
the inhibition of Dif/Dorsal and allows the dimer to enter the nucleus 
and activate transcription.  

In addition to Toll there are eight more Toll like receptors, TLRs 
in the fruit fly (reviewed in (Leulier and Lemaitre, 2008)). Some of them 
are involved in the immune response. In humans there are ten toll-like 
receptors, TLRs, and in contrast to Drosphila Toll many of them interact 
directly with microbial structures in their functions in immunity. 

 
  

Other biological processes 
 

The making of a wing- ”Flyg fu la f luga f lyg!” 1 
 

Already at the very beginning of this thesis, a fly was made, and now I 
want it to fly away, but in order for the fly to be able to fly, it has to have 
wings. How are they made, where do they come from? 

The wing may look like a flat piece of gelatine leaf, but it is actually 
made from two apposed epidermal sheets covered by cuticular 
exoskeleton. This rather overly flappy material is supported by the veins, 
within which tracheae, nerves, haemolymph and blood cells may 
harbour.  

Drosophila is a holometabolic animal. It means that seemingly the 
entire organism is disintegrated and remade during metamorphosis. You 
can’t make something out of nothing; this is true, also for holometabolic 
animals. Instead these animals are remade from dormant cells, put aside 
during embryogenesis. These sleeping beauties, imaginal cells, are often 
huddled together in highly organised imaginal discs, which are connected 
to the epithelia by a stalk. Eyes, legs, wings (approximately 50000 cells at 
late third instar), antennae, genitals and other structures, all have their 

                                                
1 A swedish tounge twisting phrase ”Fly ugly fly, fly! -And the ugly fly flew.” 
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own imaginal discs. During metamorphosis, the cells in these discs will 
continue to proliferate, evert, spread and differentiate into the new body 
parts of the fly.  

The wing disc, shaped like Sri Lanka, gives rise to wings and large 
parts of the thorax. Needless to say, it is complicated to make three-
dimensional structures like wings and thorax from something flat and 
small. Looking at wing can give us insights into how signalling pathways 
interact, and it can help us to identify the molecular participants in 
signalling pathways. The wing can be smaller, larger, have chunks 
missing, have the wrong number of wing veins, or wrong spacing in 
between the veins, it all “means” something (Blair, 2007; Crozatier et al., 
2004a; O'Connor et al., 2006). The longitudinal veins are formed more 
or less parallel to the anterior-posterior boundary, and the levels of 
hedgehog and Dpp provide critical information about the positioning of 
these veins.  

 
 
A sketch, depicting a Drosophila wing. L1- L5 are the longitudinal veins, ACV is the anterior 
crossvein, PCV is the posterior crosswvein. And M is the marginal distal vein. A is anterior and 
P is posterior. 
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EGFR (epidermal growth factor receptor) is expressed early in the 
development of the longitudinal proveins, and it is believed to be 
necessary early for vein formation. Early proveins express EGFR targets, 
such as rhomboid and star, and simultaneously, loose the expression of the 
intervein marker DSRF (Drosophila serum response factor). Reduced or 
blocked EGFR signalling blocks vein formation in the adult. How 
EGFR signalling is localised to the provein region, and through which 
ligand (Spitz, Keren or Vein), is not clear. EGFR is vein reinforcing, by 
maintaining vein fate.  

BMP (TGF-β) signalling is mediated by decapentaplegic or glass 
bottom boat. Dpp is expressed at an early time point as a stripe along the 
anterior posterior axis. Dpp levels influence the distance between L2– L3 
and L4-L5 veins. Higher Dpp levels result in greater distances and lower 
levels decrease the distances. Dpp/BMP is also vein fate reinforcing. 
Loss of Dpp signalling in the longitudinal veins result in a short vein 
phenotype (de Celis, 1997; Ray and Wharton, 2001), and it is necessary 
for cross vein formation (Ralston and Blair, 2005). Ectopic Dpp 
expression can induce ectopic vein formation. 

Hedgehog is a secreted growth factor and a functional homolog 
to the mammalian sonic hedgehog. It expressed in the posterior part of 
the wing disc as a consequence of engrailed expression. Hedgehog 
signalling is mediated through its receptors Patched and Smoothened. 
The L4 provein is formed by cells just posterior to the anterior-posterior 
boundary. The L3 vein is formed by cells receiving low hedgehog signals. 
High amplitude of the hedgehog signal promotes intervein specificity. 
These intervein cells signal to adjacent cells, which have received no or 
low hedgehog signal, to become provein cells. This means that cells 
receiving no hedgehog signal only can form veins if they are adjacent to 
cells, which received a high hedgehog signal. Collier is expressed in the 
L3-L4 intervein region in response to hedgehog signalling, and it inhibits 
vein formation (Vervoort et al., 1999). Collier probably works by 
repressing EGFR signalling and inducing DSRF in the intervein area. 
Increasing the hedgehog signal result in a greater distance between L3 
and L4, whereas reducing the signal decreases this space.  

Wingless is expressed along the dorsal ventral axis, or the future 
wing margin, the edge of the wing. This expression stems from Notch 
signalling at the boundary. Ectopic wingless signalling induces ectopic 
vein-like structures. 

Notch signalling depends on its cell-bound ligands Delta and 
Serrate to organise the dorsal-ventral boundary of the wing. Delta is 
expressed in the ventral cells of the dorsal-ventral boundary, and Serrate 
is expressed in the dorsal cells. At the dorsal-ventral boundary, where 
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dorsal and ventral cells meet, the joint signalling of Serrate and Delta 
result in Notch dependent expression of Wingless. 

 
Now we have successfully made a pair of wings (and thorax) with 

all the veins in all the right places, with plenty of hairs or bristles 
covering it. Why all the hairs, you may wonder. They are sensory bristles 
providing the fly with data important for manoeuvring in the air. “-Och 
den fula flugan flög.”2 

 
 
Salt stress 

 
For a living cell to live well, the biochemical reactions that are a part of 
life need to work smoothly, and they do so at certain physical conditions 
(pH, ionic strength, and concentrations). At isotonic conditions the 
amount of osmolytes (solute particles like ions, or organic molecules) are 
optimal both within and outside the cell. If the osmolyte concentration 
outside the cell is to high (hypertonic), water will try to compensate for 
this difference and rush out of the cell, the cell will shrink and the 
concentration of particle/molecules within will increase. In the long run, 
hypertonicity can cause DNA damage, cell cycle arrest, or cell death 
through apoptosis (reviewed in (Ho, 2006)). 

The osmolyte concentration surrounding, compared to within, an 
organism are often dissimilar (most often hypotonic), furthermore it may 
change. Thus the organism needs to be capable to maintain water 
homeostasis by responding to these changes. And they do so by an 
altered uptake/ production/ release of ions or non-ionic compounds, 
osmolytes. For this purpose, multicellular organisms have developed 
different organs, like our kidneys and the malphigian tubes of the insect, 
designed to secrete nitrogenous molecules, ions and toxic compounds 
(Chapman, 1998). By these means they can control the body fluid 
surrounding most cells, and provide a stable and favourable milieu. This 
is more difficult for single cell organisms, like the yeast Saccharomyces 
cerevisiae, which is totally exposed to the environment, and which has been 
extensively studied in its response to hypertonic stress. 

 

                                                
2 A swedish tounge twisting phrase ”Fly ugly fly, fly! -And the ugly fly flew.” 
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In mammals, hypertonicity elicits phosphorylation and activation 

of the transcription factor NFAT5. (Reviewed in (Aramburu et al., 2006; 
Ho, 2006; Jeon et al., 2006).) NFAT5 is a REL protein, and as such it 
belongs to the same family of proteins as Relish and p105 (signalling 
pathways-Imd/Relish). Like Relish, NFAT5 function as a dimer, and 
after activation it enters the nucleus and facilitates the transcription of 
target genes by binding to its specific DNA motif. The proteins coded by 
these genes help counter balance the efflux of water by increasing non-
ionic osmolytes like sorbitol, myoinositol and taurine, thus luring water 
back into the cell. The importance of NFAT5 in response to 
hypertonicity in kidney function is evident. Mice with reduced NFAT 
function have renal problems, problems in concentrating urine, and the 
mutant animals die due to atrophy of kidney medulla. NFAT also play a 
role in response to hypertonicity in other regions than the kidney. NFAT 
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mRNA ubiquitously expressed, but the protein is enriched in thymus and 
activated lymphocytes. Animals with reduced NFAT function and 
hyperosmotic stress have lower lymphocyte numbers and T-lymphoid 
growth and survival; further more an impaired T-cell antibody response 
upon immunization. NFAT5 is also abundantly expressed in the brain, 
and its expression in neurons increases upon hypernatremia (high sodium 
levels) (Loyher et al., 2004). 

 Kidney development relies on series of reciprocal inductive 
signals, and the activin – follistatin system, play an important part in this, 
as well as in damage repair. This is reviewed in (Maeshima et al., 2008).  
 

In Drosophila the malphigian tubules are the functional equivalents 
of the kidney. The primary urine is the result of the combined effort of 
both the principal malphigian cells and the stellate cells of the malphigian 
tubules. The recruitment of these cell types, the development of the 
malphigian tublues and the signalling events and molecules involved, 
share surprisingly many similarities with the development of the 
mammalian kidney (Jung et al., 2005a). But the malphigian tublues do not 
work alone in maintaining osmolyte homeostasis. The anal pads, is 
another (larval) structure involved in regulating homeostasis, by 
importing ions from the surrounding into the haemolymph.  

The Drosophila genome encodes one NFAT, and in paper V 
(Keyser et al., 2007) we describe the characterisation of the Drosophila 
NFAT gene, and show that this Rel-protein, similar to mammalian 
NFAT5, is involved in the response to osmotic stress.  
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Aim of this thesis 

 
The intention of my PhD project, has been to study the signalling 

events, revolving around a recently dicovered gene family of pattern 
recognition receptors, the PGRPs, and in particular the transmembrane 
receptor PGRP-LC. I have also been involved in trying to understand 
the Rel protein NFAT.  

 
Results and discussion 

 
Paper I 

 
In this paper we describe the lay-out of the PGRP domain rich, PGRP-
LC locus. We found that PGRP-LC indeed, by alternative splicing, have 
the capability of utilising three of these five different PGRP domains. 
For these three variants, PGRP-LCx, PGRP-LCy, and PGRP-LCa, the 
intracellular and transmembrane domain is the same, but onto it 
different peptidoglycan recognition domains are fused. By specifically 
knocking down the expression of the different splice forms in a cell line, 
we addressed their function and their capability to induce the 
antimicrobial peptides expression, in response to various stimuli.  

We found that the different splice forms indeed have different 
epitope specificity. PGRP-LCx was capable of inducing antimicrobial 
production, as a consequence of binding to peptidoglycan (DAP-type). 
PGRP-LCa displayed a different recognition pattern. We found that 
PGRP-LCa was capable of detecting LPS, this was highly surprising, and 
being aware of the possibility of contaminated compounds, we carefully 
investigated this hypothesis, however our conclusions were unchanged.  

An interesting twist was the later discovery that PGRP-LCa 
recognises a peptidoglycan fragment found in the commercial LPS 
preparation (Kaneko et al., 2004). Later experiments revealed that 
PGRP-LCa binds to a peptidoglycan fragment also known as tracheal 
cytotoxin, (TCT) after the peptidoglycan fragment already has bound by 
PGRP-LCx. PGRP-LCx then present the specific PGRP-LCa epitope to 
PGRP-LCa. This reveals that the basic idea with different recognition 
epitopes still is true. 

We found no effect of reducing PGRP-LCy levels. The function of 
the protein remains an enigma. Does the y-splice form have a function, 
or is merely a waste product of evolution. There are of course an 
enormous set of compounds from microbes one could try to see if 



  

38 

 

PGRP-LCy binds to them, but without any particular idea, it seems 
futile. The abundance of PGRP-LCy mRNA is much lower than that of 
its splice siblings PGRP-LCx and PGRP-LCa. One idea that I had was 
that it was more abundant in haemocytes than in other tissues, and some 
real time PCR data do indicate this, but the amounts of PGRP-LCy 
compared to the others splice variants are still miniscule. PGRP-LCx is 
clearly the most abundant of them all. 

The remaining two PGRP domains make up a separate gene, 
PGRP-LF, making it the only PGRP with two PGRP domains. We also 
noted that reducing the amounts of PGRL-LF, resulted in an increased 
induction of antimicrobial peptides upon infection. This suggested that 
PGRP-LF could act as an inhibitor. 

This dampening effect of PGRP-LF has been observed again 
(Maillet et al., 2008; Persson et al., 2007). Persson et al. 2007, also 
demonstrated that both PGRP domains are capable of interacting with 
peptidoglycan. Why would the fly need an inhibitor of the Imd/Relish 
pathway that work on the outside, and one that binds to peptidoglycan? 
It seems like a much smarter idea to control the signalling pathway from 
within, as is the case with for instance Pirk. One possibility is if PGRP-
LF bind to, and hamper, PGRP-LC in the absence of peptidoglycan, and 
when the animal is infected with bacteria, peptidoglycan bind to both 
PGRP-LC and PGRP-LF, thus releasing PGRP-LC from its inhibitor. 

If PGRP-LF is a true negative regulator, it belongs to an increasing 
group of identified proteins, which are there to keep the actions of the 
Imd/Relish signalling pathway in place, or locked up, when no 
pathogens are around. Examples of negative regulators of the Imd/relish 
pathway are Dnr1, Pirk, and Caspar (Foley and O'Farrell, 2004; Kim et 
al., 2006; Kleino et al., 2008). 

 
 

Paper II 

Paper II focuses on three new inducible antimicrobial peptides, 
Diptericin B, Attacin C and Attacin D, and how studying them, shed 
more light on how different antimicrobial peptides might be related to 
one another. Analyses of their sequences add strength to the idea that 
these glycine-rich antimicrobial peptides have evolved from a common 
ancestor and are probably also related to proline-rich peptides such as 
drosocin 

This idea has gained extra support by the fact that a processed form 
of the N-terminal pro domain of Attacin C has been isolated in 
haemolymph, and that its synthetic counterpart displays activity against 
bacteria (Rabel et al., 2004). 
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Attacin D lacks a signal peptide and appears to be an intracellular 
peptide. It would be interesting to see if it has any effect on Gram- 
negative intracellular bacteria, like Francisella tularensis. 

The lack of interest from the scientific community, on the actual 
mechanisms of antimicrobial peptides, is hard for me to understand. 
Both from a curiosity point of view, and from a public health point of 
view. The potential knowledge of the mechanisms behind different 
antimicrobial peptides function could be useful in the making of new 
replacements for the decreasing list of effective antibiotics. Instead the 
focus seem be on adding one more antimicrobial peptide to the 
increasing list. Maybe I should have faith in the second wave of interest, 
which normally comes about after a slightly stagnant period when it was 
believed that everything was known.  

 
 
Result s  and di scuss ion  paper III 

In paper III, we have analysed the role of PGRP-LC in controlling blood 
cell number and activation. When PGRP-LCx is reintroduced into a 
mutant background, blood cell numbers increase from a slightly 
repressed level. Overexpressing PGRP-LCx within blood cells, using 
blood cell Gal4 drivers, has substantial effects on cell number, ratio of 
lamellocytes, size of the lymph gland, and also affects the banded pattern 
of sessile cells. This blood cell activation is dependent on the JNK 
signalling cascade. When we suppress the JNK cascade, by over-
expressing a negative regulator, or by knocking down JNK components, 
blood cell numbers are reduced, as is the lamellocyte fraction. However 
Relish does not seem to be necessary for the proliferative and activating 
effect of PGRP-LCx in haemocytes, since overexpressing PGRP-LCx in 
a Relish mutant background barely affects the haemocyte-, sessile band-, 
lymph gland- phenotypes achieved by PGRP-LCx overexpression. 

 This puts a pathogen recognition receptor upstream of the cellular 
events that do take place during an immune response. Events that do 
need JNK signalling. One blood cell function that PGRP-LC has been 
suggested to be involved with is the phagocytosis of bacteria. Based on 
my own experiments (done in context of paper I), and the mild effects 
seen in published work (Rämet et al., 2002b), I have regarded PGRP-LCs 
involvement in phagocytosis as a side effect of it being a peptidoglycan 
binding protein. Allowing the bacteria to stay close for a longer period of 
time, thus increasing the chances of engaging the phagocytic machinery. 
The results of paper III and IV, with the cytoskeletal phenotypes 
observed has made me slightly more inclined to believe that PGRP-LC 
may be involved in phagocytosis. 
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Result s  and di scuss ion  paper IV 

In paper IV we dig deeper into the consequences of PGRP-LC 
signalling, and we relocate (in part) the caspase Dredd, to the JNK 
pathway. PGRP-LC mutants have mild wing defects, such that the 
posterior cross veins are not complete, and they also display slight 
abdominal fusion problems. An incomplete posterior cross vein is a 
common phenotype for animals with reduced Dpp levels. These mild 
effects were reduced when PGRP-LCx was reintroduced into the mutant 
background. If however the PGRP-LC1 mutation were combined with 
either imd or Dredd mutants, drastic effects on wing shape could be seen. 
Wings from these animals are missing large portions along the anterior 
and posterior borders. Imd; PGRP-LC1 double mutants also have 
additional problems, with very poor survival, long generation time, and 
crooked legs. Many die as pharate adults inside the pupal case, with 
portions of the cuticle missing. Another common defect is aberrant 
abdominal fusion, and some displayed thorax closure problems. These 
are problems associated with JNK and/or Dpp signalling defects. Other 
indicative evidence also suggests that PGRP-LC may contribute, in a 
small way, in dpp expression. These indications should also be tested by 
other means, like more thorough genetic interaction studies, and by 
measuring Dpp levels or activity. 

Forced expression of PGRP-LCx in wings and thorax using the 
Pannier- or apterous- Gal4 drivers, resulted in similar phenotypes as seen 
with JNK and Dpp expression. The phenotypes observed included 
overactive thorax closure, thicker bristles, wrong bristle type and 
positioning, and apoptosis in wings. 

Forced expression of PGRP-LCx in haemocytes increased 
haemocyte number and induced lamellocyte formation, as discussed in 
paper III, and it also increased cell size, induced JNK activity, as well as 
induced F-actin formation (as detected in plasmatocytes by 
immunohistochemistry). All of these overexpression phenotypes were 
reduced or lost, when the experiment was performed in a dredd mutant 
background. Evidently Dredd must also participate in the JNK signalling 
pathway, as well as cleaving and activating Relish. But where? Based on 
experiments in a cell line by Zhou et al., 2005 (Zhou et al., 2005) these 
authors suggested that Dredd contribute to JNK signalling together with 
Imd, BG4, UEVa1 and Bendless by activating Tak1 (Zhou et al., 2005). 
dredd mutants do not only block the effect of overexpression PGRP-LC, 
but also that of Imd, and Basket overexpression as well, and dredd 
mutants reduce the amount of active Basket. This suggests that Dredd is 
involved in JNK signalling at more than one level, both upstream and 
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downstream of basket, or maybe parallel to basket. Alternatively that 
Dredd in addition to its role in Relish activation and its new role in the 
JNK pathway also have additional strings on its bow, What if one of 
these strings is an F-actin string and Dredd is involved in regulating its 
polymerisation? The great increase of F-actin formation in response to 
PGRP-LC is blocked in Dredd mutants. 

I find Dredd and its possible functions and interaction partners 
intriguing. Do all aspects to Dredds functions need an active caspase, or 
do some aspects merely require a scaffold function. Dredd has recently 
been linked with RING finger domain proteins like, Dnr1 and Iap2 
(Foley and O'Farrell, 2004; Huh et al., 2007; Leulier et al., 2006). Also I 
am very interested in RING finger domain contain proteins, like Iap1 
(thread), and their involvement in cytoskeletal rearrangements. Iap1 and 2 
are previously known as apoptotic inhibitors, but have recently been 
linked to actin polymerisation and immunity respectively (Geisbrecht and 
Montell, 2004; Huh et al., 2007; Kleino et al., 2005; Leulier et al., 2006; 
Oshima et al., 2006kg; Valanne et al., 2007). 

  
  
Result s  and di scuss ion  paper V 

In this paper we characterised the Drosophila NFAT gene, by creating and 
exposing mutants to various treatments, forced expression of the gene, 
and by expression pattern analyses. The NFAT gene is a member of the 
REL-family, and it is a homologue to the mammalian NFATs. Contrary 
to our initial hopes there was no obvious immune related phenotype of 
NFAT mutants. However complete null mutants for NFAT die faster 
than wild type animals, if put on a high salt diet (hyper tonic), and 
NFAT mutant larval anal pads swell if the larva is submerged in 
hypotonic solution. Drosophila NFAT appear to be important to maintain 
salt homeostasis, as is the mammalian NFAT5, and is not obviously 
involved in the immune response.  

NFAT has been noted as a hit in many overexpression screens 
based on different organs/cell types and involving many signalling 
pathways (Abdelilah-Seyfried et al., 2000; Buszczak et al., 2007; Kraut et 
al., 2001; Mukherjee et al., 2006; Pena-Rangel et al., 2002; Singh et al., 
2005; Zhu et al., 2005). In my eyes, one signalling pathway emerges out 
from the fog of signalling components, and that is the involvement of 
TGF-β signalling components. NFAT overexpression display similar 
phenotypes as proteins associated with TGF-β/ Dpp signalling pathways, 
in all but one (of eight) screens. In the last case the phenotype observed 
was enhanced by NFAT (Mukherjee et al., 2006), but they also discuss 
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that this phenotype had in previous studies been suppressed by 
hypomorphs of the Dpp signalling.  

Why has this attracted my attention? Baboon, is the activin class I 
receptor in Drosophila, and similar to NFAT baboon mutants display 
enlarged anal pads (Brummel et al., 1999). However they do so regardless 
of the tonicity of the environment. In addition to this, the activin system 
has a proliferative and photoreceptor axon-targeting role in the brain 
(Brummel et al., 1999; Takaesu et al., 2006; Zhu et al., 2008). In 
mammals the Activin-Follistatin system is important for proper 
development of the kidney, and both molecules are induced upon 
damage. The development of the kidney and malpighian tubules display 
many similarities (Jung et al., 2005a). 

NFAT5, in addition to its importance in kidneys, also appear to be 
important in the brain, and the expression levels here are relatively high. 
This puts NFAT5 and baboon in different animals in similar tissues, at 
slightly similar conditions.  

It would be interesting if there is a link between NFAT in Drosophila 
and activin signalling. As discussed in Paper V, in the attempts to unravel 
the function of NFAT, a microarray on NFAT overexpressing animals, 
as well as Nfat mutants, was carried out. These data were inconclusive, 
and none of the known homologues to NFAT5 target genes were hits. 
The micro-array might have been more informative if it had been 
performed under different parameters (after hypertonic stress or using 
different Gal4 drivers), but it is also noteworthy that activin B was not on 
the list of genes which the microarray was able to detect. 
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