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Ulvila, Johanna, Functional genomic analysis of the Drosophila immune response.
Identification of genes essential for phagocytosis, viral defense and NF-κB
signaling
Faculty of Medicine, Institute of Clinical Medicine, Department of Paediatrics, University of
Oulu, P.O.Box 5000,  FI-90014 University of Oulu, Finland; Biocenter Oulu, University of
Oulu, P.O. Box 5000,  FI-90014 University of Oulu, Finland 
Acta Univ. Oul. D 999, 2008
Oulu, Finland

Abstract
Innate immunity provides the first line of defense against invading, pathogenic microorganisms in
all multicellular organisms. The fruit fly Drosophila melanogaster has turned out to be an
excellent model organism to elucidate mechanisms of innate immune responses because of the
highly conserved intracellular signaling cascades mediating these ancient immune functions in
flies and mammals. 

In the present study, RNA interference (RNAi) -based functional genomics were utilized to
identify novel components of Drosophila’s immune reactions. Mediators of bacterial
phagocytosis, nuclear factor kappa B (NF-κB) signaling and the antiviral RNAi pathway were
screened in hemocyte-like S2 cells. Follow-up studies were executed in mammalian cells as well
as in Drosophila larvae and adult flies to gain broader significance for the results. 

Seven novel components essential for efficient phagocytosis of bacteria were identified. Eater
was defined as Drosophila’s most important phagocytic receptor showing novel epidermal growth
factor (EGF)-repeat -based microbial recognition properties. Additionally, Abelson interacting
protein (Abi), capping protein alpha (cpa), 14-3-3ζ, tousled-like kinase (tlk), CG2765 and
CG15609 were determined as intracellular effectors of phagocytosis, the three former ones
executing their evolutionarily conserved functions through remodeling of the actin cytoskeleton.
Eater, together with Scavenger receptor class C, type I (Sr-CI), was demonstrated to be responsible
for double-stranded RNA (dsRNA) uptake into S2 cells and, when ectopically expressed, into
mammalian cells via clathrin-mediated endocytosis.  Proteasome component Pros45 and RNA
helicase Belle were established as mediators of the intracellular RNAi pathway, whereas essential
roles in antimicrobial signaling via the immune deficiency (Imd) pathway were addressed for
Inhibitor of apoptosis 2 (Iap2) and Tak1-associated binding protein (TAB). Iap2 and TAB were
shown to affect nuclear translocation of NF-κB -like transcription factor Relish. 

The present study identifies several novel mediators of the Drosophila immune response and
provides insight into mechanisms of fly host defense. As insects serve as vectors of human
diseases (e.g. malaria), knowledge about Drosophila immune mechanisms may help to better
understand the transmission and pathogenesis of these diseases and develop treatments to fight
these infections. Additionally, knowledge gained from model organisms serves as valuable
background information, often conducting human research into new tracks. 

Keywords: antimicrobial peptides, Drosophila melanogaster, innate immunity,
phagocytosis, RNA interference





Ulvila, Johanna, Toiminnallis-genominen tutkimus synnynnäisen immuniteetin
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5000, 90014 Oulu yliopisto; Biocenter Oulu, Oulun yliopisto, PL 5000, 90014 Oulun yliopisto
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Tiivistelmä
Synnynnäinen immuniteetti on elintärkeä puolustusjärjestelmä taudinaiheuttajia vastaan.
Kodeissakin yleinen banaanikärpänen, Drosophila melanogaster, on osoittautunut erinomaisek-
si synnynnäisen immuniteetin tutkimusmalliksi, erityisesti teknisesti yksinkertaisen ja eettisesti
ongelmattoman geneettisen muunneltavuutensa ansiosta. On myös havaittu, että solunsisäiset,
immunologisia signaaleja välittävät mekanismit ovat evoluutiossa hyvin säilyneitä. Hyvin usein
samankaltaiset geenituotteet toimivat signaalinsiirtäjinä sekä kärpäsen että ihmisen soluissa.

Tämän työn tarkoituksena oli RNA-häirintää (RNAi) sekä muita nykyaikaisia solu- ja mole-
kyylibiologisia tutkimusmenetelmiä hyödyntäen tunnistaa uusia kärpäsen synnynnäiselle
immuunipuolustukselle välttämättömiä geenituotteita. Bakteerien fagosytoosille, viruspuolustuk-
selle ja tumatekijä nuclear factor kappa B:n (NF-κB) välittämälle signaloinnille välttämättömiä
signalointimolekyylejä pyrittiin identifioimaan laajan mittakaavan RNA-häirintään perustuvilla
seuloilla kärpäsen soluissa. Saatujen tulosten merkitystä nisäkkäiden immuunipuolustukselle tut-
kittiin myös hiiren soluissa.

Seitsemän geenituotteen osoitettiin olevan bakteerien fagosytoosille tärkeitä kärpäsen soluis-
sa. Aiemmin tuntematon geenituote, joka nimettiin Eateriksi, osoitettiin kärpäsen tärkeimmäksi
bakteereja fagosytoivaksi reseptoriksi. Eaterin solun ulkoisen osan osoitettiin tunnistavan tau-
dinaiheuttajia uudella epidermaalisen kasvutekijän (epidermal growth factor, EGF) kaltaisella
toistosekvenssillä. Myös useiden solun tukirankaan, sytoskeletoniin, liittyvien proteiinien (Abi,
cpa, 14-3-3ζ) sekä aiemmin vähemmän tunnettujen geenituotteiden (CG2765, CG15609, tlk)
osoitettiin osallistuvan bakteerien fagosytoosiin. Näistä kolmen ensinmainitun immunologinen
tehtävä havaittiin evoluutiossa säilyneeksi, kärpäsestä hiireen. Eaterin, yhdessä kärpäsen toisen
scavenger reseptorin (Sr-CI) kanssa, havaittiin myös toimivan kaksijuosteisen RNA:n (dsRNA)
reseptoreina kärpäsen soluissa, mahdollistaen helpon ja tehokkaan RNA-häirinnän. RNA-häirin-
nän, ja siten mahdollisesti myös viruspuolustuksen, välittäjiksi identifioitiin proteasomin alayk-
sikkö Pros45 ja RNA-helikaasi Belle. Lisäksi Inhibitor of apoptosis 2 (Iap2) ja Tak1-associated
binding protein (TAB) todettiin kärpäsen immune deficiency (Imd) signalointireitin komponen-
teiksi, jotka osallistuvat antimikrobisten peptidien tuotantoon välittämällä NF-κB:n kaltaisen
kärpäsen transkriptiotekijän (Relish) siirtymisen tumaan aktivoimaan immuunipuolustusta välit-
tävien geenien ilmentymistä.

Tämän tutkimuksen tulokset valottavat banaanikärpäsen immuunipuolustuksen mekanisme-
ja. Koska hyönteiset toimivat monien ihmisten infektiotautien välittäjinä, kärpäsen immunitee-
tin tuntemus luo mahdollisuuksia kehittää hoitoja näitä tauteja vastaan. Lisäksi malliorganis-
meista saatu tieto luo uusia teorioita ja näkökulmia, johtaen usein myös lääketieteellistä tutki-
musta uusille raiteille.

Asiasanat: antimikrobiset peptidit, Drosophila melanogaster, fagosytoosi, RNA-
häirintä, synnynnäinen immuniteetti
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1 Introduction 

At the end of the 1990’s, several notable breakthroughs were achieved in the field 
of biomedical research. In 1996, Lemaitre and colleagues demonstrated that Toll 
protein, previously known as essential dorsoventral polarity regulator in fruit fly 
Drosophila melanogaster (D. melanogaster) development, has an additional, 
significant function in the host defense of adult flies. In a few years, this led to the 
identification of more than a dozen homologous human proteins known as Toll-
like receptors (TLRs). Nowadays TLRs are recognized as important innate 
immune receptors in almost all living species. Overall, identification of 
Drosophila Toll as an essential mediator of immune response led to the rewriting 
of immunology textbooks and made Drosophila a popular and appreciated 
immunological research model for the following decades. 

Another important achievement was the resolution of molecular mechanisms 
behind the baffling phenomenon of RNA silencing, which had perplexed 
scientists around the world during the whole decade. In 1998, Fire and colleagues 
showed that introduction of dsRNA into nematode Caenorhabditis elegans (C. 
elegans) causes degradation of complementary RNA sequences. This process, 
named RNA interference (RNAi), was demonstrated to function also in higher 
animals, including humans. RNAi revolutionized molecular biology with the 
deftness it offered for gene knock downs through messenger RNA (mRNA) 
degradation, and therefore for the determination of functions for the novel genes 
identified from the genome projects. In 2006, the discovery of RNAi was 
rewarded with the Nobel prize in physiology and medicine, the eight years delay 
between the scientific finding and the Nobel award being the all-time shortest. 

This thesis study took advantage of these novel trends in biomedical research 
by using the simple model organism D. melanogaster and RNAi-based large-scale 
screening in the dissection of immunological signaling cascades. The objective 
was to identify novel mediators of host defense and thereby gain a more detailed 
picture of the mechanisms of immune response.  
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2 Review of the literature 

2.1 RNA silencing 

In 1990, not more than 18 years ago, plant scientists tried to produce strongly 
colored, purple flowers by overexpressing a pigment synthesis enzyme. As a 
result, they got nearly colorless petunias because of the repression of the 
transgenic gene and the endogenous gene at the same time. This new 
phenomenon was named cosuppression, and it became the first recognized RNA 
silencing mechanism (Napoli et al. 1990, van der Krol et al. 1990). A key 
observation on the way to a deeper understanding of RNA silencing came in 1998, 
when Fire et al. discovered that dsRNA is the trigger of RNA silencing causing 
destruction of the mRNA. In addition, Fire et al. showed that the basis of mRNA 
destruction is sequence similarity between the exogenous dsRNA and the mRNA 
to be destroyed. After these pioneering studies, it has been shown that RNA 
silencing covers several different regulatory mechanisms and functions in nearly 
all eukaryotes conducting numerous essential biological processes (Sontheimer 
2005).  

Although dsRNA is the trigger of gene silencing, the real mediators of RNA 
silencing are cleavage products of dsRNAs, small RNAs about 21 to 30 
nucleotides (nt) in length (Hammond et al. 2000, Zamore et al. 2000). There are 
several classes of small RNAs: microRNAs (miRNA), small interfering RNAs 
(siRNA) and endogenous small interfering RNAs (endo-siRNA). The basis of this 
classification is the origin of the small RNA. miRNAs are hairpin structures 
arising from the genome, whereas siRNAs are exogenous silencers, either 
experimentally introduced or of viral origin. Like miRNAs, endo-siRNAs are also 
genome-derived. They can arise in several different ways, for instance as cleavage 
products of dsRNAs or hairpins that lack the defined miRNA structure. Very 
recently, novel subclasses of endo-siRNAs have been reported. These small 
RNAs seem to originate for instance from pseudogenes and transposable elements, 
their speculated functions including regulation of protein-coding genes and 
suppression of transposons. The biogenesis and function of endo-siRNAs are 
extensively studied, with the current knowledge being reviewed in Golden et al. 
(2008), Kawaji & Hayashizaki (2008) and Okamura & Lai (2008). Small RNAs 
of different classes act in related and partially overlapping RNA silencing 
pathways and are processed by analogous enzymes belonging to the same 
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families. Distinct pathways regulate endogenous gene expression at different 
stages, affecting either transcription, mRNA stability or translation (Zamore & 
Haley 2005, Tomari & Zamore 2005). 

Because of the enormous interest in the newly discovered technology, the 
basic mechanisms of RNA silencing were revealed in a few years. In 2001, 
Bernstein et al. identified the first essential component of the RNA silencing 
machinery. RNase III enzyme, later called Dicer, was found to be the dsRNA-
specific endonuclease that cleaves dsRNA into short fragments. Before the actual 
small RNA -directed gene silencing occurs, all silencing processes also require 
the action of a variety of other accessory dsRNA binding proteins. The silencing 
of the gene is mediated by different kinds of RNA-induced silencing complexes 
(RISC), where small RNA binding proteins, called Argonautes (AGOs), play the 
most crucial roles (Tomari & Zamore 2005). In 2004, Song and colleagues solved 
the first crystal structure of the Argonaute protein. The structure implicated a role 
for the Argonaute proteins in messenger RNA cleavage. This preliminary result of 
Argonaute protein performing the mRNA “slicer” activity in RISCs capable of 
mRNA cleavage was confirmed by the same group of scientists (Rivas et al. 
2005). Similarly, Argonaute proteins have been shown to be the effector 
components of all known RISCs, regardless of the silencing mechanism they 
execute or the silencing pathway in which they function.  

Physiological modes of RNA silencing include regulation of gene expression 
by miRNAs and sequence-directed immunity triggered by dsRNA. miRNAs are 
naturally produced dsRNAs, the genome’s hidden genes that are currently 
recognized as essential transcriptional regulators (Bartel 2004, Mello & Conte 
2004). Instead, sequence-directed immunity is a specific RNA silencing response 
by which organisms defend themselves against invading genetic material, which 
tries to integrate into the host genome or in other ways disturb cellular processes. 
Harmful dsRNA triggers, which cells recognize to be unfavorable to their 
function, emerge during viral infection and replication, after transposition of 
mobile genetic elements, or they can be transcribed from pseudogenes or 
endogenous repetitive gene loci (Aravin et al. 2001, Hirotsune et al. 2003, 
Wilkins et al. 2005). Non-physiological forms of RNA silencing include the use 
of RNA interference as a research tool in laboratories to knock down expression 
of the genes of interest in various experimental organisms. Additionally, RNAi is 
considered a potential type of gene therapy to suppress viral replication or 
undesired gene expression. 
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The importance of RNA silencing as an efficient tool in biomedical research, 
as a potential mode of gene therapy and as a physiological phenomenon having an 
unexpectedly wide impact on all areas of cellular functions is highlighted by the 
Nobel prize of medicine awarded to Andrew Fire and Craig Mello in 2006 for 
revealing the mechanisms of RNA silencing. The history and mechanisms of 
RNA silencing have been reviewed in Sontheimer (2005), Tomari & Zamore 
(2005) and Sen & Blau (2006). 

2.1.1 MicroRNAs: mechanisms and functions in health and disease 

MicroRNAs were discovered in 1993 in the nematode C. elegans (Lee et al. 
1993). Until now, miRNAs have been found in animals, plants and their viruses. 
According to estimations, there are hundreds of miRNA encoding genes in the 
genomes of higher eukaryotes, the number of miRNAs in the human genome 
being possibly more than 800, thereby constituting 2–3% of all human genes 
(Bentwich et al. 2005). Likewise, thousands of genes, up to more than half of all 
human genes, are estimated to be targets of miRNA-mediated regulation (Lewis 
et al. 2005, Miranda et al. 2006). Together, miRNAs and their target genes form 
one complex regulatory network: a single miRNA often regulates many different 
mRNA targets and, in most cases, several different miRNAs are needed to 
cooperatively control a single mRNA (Lewis et al. 2003). 

Being noncoding RNAs (ncRNAs), miRNAs are not translated into proteins, 
but instead are important regulators of essential cellular and developmental 
processes. They can be located almost anywhere within the genomes: in 
intergenic regions, in the exons of noncoding genes and in the introns of both 
protein coding and noncoding genes. Thus, miRNAs can be transcribed from their 
own promoters or they can be part of the larger transcriptional unit. In most 
known cases, miRNAs are transcribed by RNA polymerase II as primary 
transcripts that are capped, polyadenylated and spliced (Kim 2005). 

miRNAs are generated from the genome as precursors a few kilobases long, 
which contain about 70 nt-long “hairpin” structures (pri-miRNA; Figure 1). In the 
nucleus, dsRNA-specific endonuclease Drosha cleaves the hairpin structure out of 
the pri-miRNA producing a pre-miRNA (Lee et al. 2003). Drosha function 
requires dsRNA binding cofactors, partner of drosha (Pasha) in Drosophila and 
DiGeorge syndrome critical region gene 8 (DGCR8) in humans (Denli et al. 2004, 
Gregory et al. 2004, Han et al. 2004, Landthaler et al. 2004). Exportin 5, in a 
Ras-related nuclear protein -guanosine triphosphate (Ran-GTP) -dependent 
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manner, actively transports pre-miRNA out of the nucleus to the cytoplasm for 
further processing (Yi et al. 2003, Lund et al. 2004). Another dsRNA-specific 
endonuclease Dicer (Dicer-1 in Drosophila and the only Dicer expressed in 
humans) cuts the loop out of the pre-miRNA producing a short, about 22 nt-long 
miRNA duplex (Grishok et al. 2001, Hutvágner et al. 2001, Ketting et al. 2001, 
Lee et al. 2004). One strand of the duplex, referred to as mature miRNA, is 
incorporated into the Argonaute protein containing RISC, from where it directs 
posttranscriptional silencing of complementary mRNAs (Hutvágner & Zamore 
2002, Mourelatos et al. 2002). The assessory proteins, Loquacious (Loqs) in 
Drosophila and HIV trans-activating response RNA-binding protein (TRBP) in 
humans, facilitate RISC formation and loading (Chendrimada et al. 2005, 
Forstemann et al. 2005, Jiang et al. 2005, Saito et al. 2005). In humans, another 
accessory protein, PKR activating protein (PACT), has been suggested to belong 
to the core miRNA machinery, being involved in efficient miRNA-RISC loading 
and function (Lee et al. 2006).  
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Fig. 1. Biogenesis and function of miRNAs. 
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Silencing is mediated by base pairing of miRNA with the complementary 
sequence in the 3’ untranslated region (3’UTR) of target mRNA. A seed sequence 
of 7 nt in the miRNA, located 2 to 8 nt from the 5’ end, is a crucial mediator of 
base pairing and silencing, while other nucleotides within the miRNA have only 
minor effects on its function (Lai 2002). Thus, the exact complementarity 
between the miRNA and the targeted mRNA is not required and indeed, miRNAs 
rarely pair perfectly with their target messengers, which makes them function 
differently compared to most other small RNAs. It has been proposed that perfect 
match leads to cleavage of the target messenger, while only partial pairing 
prevents translation of the target mRNA into protein (Doench et al. 2003, Zeng et 
al. 2003). Typically, plant miRNAs mediate the cleavage of their target mRNAs, 
while most known animal miRNAs repress the translation of their target 
messengers (Filipowicz et al. 2008). 

In Drosophila, AGO1 has been shown to be the main effector of RISC 
complexes mediating the miRNA response (Okamura et al. 2004). In humans, all 
four members of the AGO protein family (AGO1–4) are believed to participate in 
the translational repression of target genes in the case of mismatched targets. Of 
the human AGO proteins, only AGO2 has been shown to be capable of mRNA 
cleavage and degradation. Therefore, miRNAs showing a perfect match to their 
target messengers are thought to perform their effects through the AGO2 
containing RISC (Liu et al. 2004, Meister et al. 2004, Pillai et al. 2004, 
Hammond 2005). However, the exact mechanism behind miRNA repression of 
their target mRNAs is still somewhat unclear. miRNAs often cause a decrease in 
target mRNA level, but this decrease is insufficient to fully explain the following 
reduction in the amount of corresponding protein (Bagga et al. 2005). Also, 
miRNA suppression of translation has remained insufficiently understood. More 
and more evidence suggests that miRNAs function during the initiation step of 
translation. By binding to the messenger RNA, miRNA-RISC prevents the cap-
dependent initiation of mRNA translation, which directs the mRNA to cellular 
sites of mRNA degradation, called processing bodies (p-bodies) (Pillai et al. 
2005). This theory was recently supported by Kiriakidou et al. (2007), who 
identified a cap-binding-protein-like motif in human AGO2, suggesting a role for 
Argonaute proteins in the inhibition of translation initiation through binding to the 
cap of the target mRNA. Mechanisms of miRNA silencing are extensively 
reviewed by Kim (2005), Bushati & Cohen (2007) and Guarnieri & DiLeone 
(2008). 
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miRNAs function by dampening the output of existing messengers in order to 
facilitate a rapid transition to a new expression profile (Farh et al. 2005). The 
predicted target genes of miRNAs have diverse molecular functions. Thus far, 
miRNAs have been shown to function as regulators of several important 
biological processes, playing a major role especially in apoptosis, hematopoiesis, 
organogenesis, cellular differentiation, proliferation and developmental timing. 
For instance in development, target genes of miRNAs are usually highly 
expressed at developmental stages before miRNA expression, with expression 
levels decreasing when the copy number of regulatory miRNAs increases (Farh et 
al. 2005). It has been proposed that miRNAs micromanage the output of the 
transcriptome in different cell types during developmental stages facilitating the 
developmental patterning of multicellular organisms (Bartel 2004, Plasterk 2006). 
Expression of 53 clustered, primate-specific miRNAs in developmental tissues 
suggests a role for miRNA-mediated regulation even in the evolutionary 
processes of higher mammals (Bentwich et al. 2005). 

Because of their essential developmental functions and numerous target genes, 
miRNAs are potential disease-causing agents. According to Plasterk (2006), there 
are four ways to impair miRNA-mRNA interactions: a loss-of-function mutation 
in the miRNA, a gain-of-function mutation in the miRNA, a mutation in the target 
mRNA releasing the gene from miRNA regulation, and a mutation that creates a 
new miRNA regulatory sequence for a gene resulting in its undesired and harmful 
silencing. The last listed alternative has been shown to participate in disease 
formation (neurological disorder Tourette’s syndrome; Abelson et al. 2005). Also, 
the gain-of-function mutation in miRNA was recently shown to cause an 
oncogenic miRNA over-expression resulting in cancer (He et al. 2005). In fact, 
many miRNA genes are located at fragile sites within the genome, the genomic 
breakpoints involved in cancer (Calin et al. 2004). Evidence describing the role of 
miRNAs in cancer has been reviewed in Hammond (2006) and Dalmay (2008). 

2.1.2 RNA silencing in an immunological context 

RNA silencing is an ancient protection mechanism against pathogenic nucleic 
acids. Developed early in evolution, this sequence-directed immunity is 
widespread from protozoan species to Drosophila, and in some forms even to 
human. The basis of RNA silencing in immunity is recognition of dsRNA 
produced by molecular parasites such as transposons and viruses as non-self 
(Danilova 2006). In plants, RNA silencing is an especially important antiviral 
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defense mechanism because over 90% of the plant viruses replicate themselves 
through a dsRNA intermediate (Hamilton & Baulcombe 1999, Silhavy & 
Burgyan 2004). Recently, bacterial components were shown to induce expression 
of plant miRNAs leading to repression of Auxin signaling, thereby demonstrating 
the contribution of miRNAs and RNA silencing also to antibacterial resistance in 
plants (Navarro et al. 2006). The importance of RNA silencing for plant immunity 
is also demonstrated by four Dicer-like enzymes in Arabidopsis thaliana, all four 
having their own functions and subcellular locations (Xie et al. 2004). In insects, 
there are two Dicers compared to only one in vertebrates. Indeed, also in D. 
melanogaster RNA interference and Dicer proteins have been recently 
demonstrated to function in antiviral host defense (Galiana-Arnoux et al. 2006, 
Wang et al. 2006). In these studies, adult flies were infected with several different 
RNA viruses. Dicer-2 mutant flies were shown to be more susceptible to viral 
infections than wild type flies. It was also shown that despite defective antiviral 
immunity, Dicer-2 mutant flies had an intact immune response against bacteria 
and fungi. In 2007, Obbard et al. demonstrated that because of its essential 
function at the host-virus interface, Dicer-2, together with other important RNAi 
pathway components R2D2 and AGO2, undergoes a more rapid positive selection 
than any other known Drosophila immune mediator. 

The possible contribution of RNA silencing to the antiviral immunity of 
higher animals has been extensively speculated during recent years. In vertebrates, 
more efficient antiviral protection mechanisms, like the interferon response, have 
been suggested to have totally replaced RNA silencing in the battle against 
viruses. However, mounting evidence points to an essential role for miRNAs and 
RNA silencing in mammalian immune defense against both viruses and bacteria. 
Recently, miRNAs have been shown to modulate adaptive immune responses. For 
instance, mice deficient in specific microRNA miR-155 are immunocompromized 
due to defects in the functions of dendritic cells, T-cells and B-cells (Rodriguez et 
al. 2007, Thai et al. 2007). Also, from the innate point of view, the contribution of 
miRNAs to immune regulation emerges. The expression profiling approach in 
human monocytes revealed the induction of several miRNAs in response to 
endotoxin lipopolysaccharide (LPS). Of the induced miRNAs, miR-146a was 
associated to the bacterial response through cell surface TLRs, whereas miR-155 
was shown to respond to both bacteria and viruses (Taganov et al. 2006, 
O’Connell et al. 2007). Indeed, numerous interactions with viruses and cellular 
miRNAs have been lately identified, suggesting a role for miRNA-mediated gene 
regulation in the viral defense of vertebrate cells. Some miRNAs seem to have 
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evolved to regulate viral infection; host-encoded mammalian miRNAs have been 
shown to affect intracellular levels of viral RNA (Schutz & Sarnow 2006). For 
example, human miR-32 has been shown to repress replication of the primate 
foamy virus type 1 (PFV1) (Lecellier et al. 2005). Additionally, Otsuka et al. 
(2007) exhibited the first evidence for involvement of miRNAs in mammalian 
host defense in vivo. Otsuka et al. demonstrated that depletion of Dicer function 
in mice results in increased susceptibility to vesicular stomatitis virus (VSV) 
infection due to improper miRNA (miR-24 and miR-93) function. Interestingly, 
miRNAs have even been suggested to cooperate with interferon response to 
control viral infection. Interferon beta (IFNβ) evidently is capable of inducing 
several miRNAs that potentially pair with the hepatitis C virus (HCV) genome, 
thereby mediating the antiviral effects of IFNβ (Pedersen et al. 2007). Likewise, 
several viral miRNAs have been identified. For example, the genome of the 
Epstein-Barr virus was shown to encode five different miRNAs (Pfeffer et al. 
2004). Generally, viruses exploit miRNAs to regulate their own life cycles, 
facilitate their infection and even interfere with host immune responses. Recent 
knowledge about the miRNAs in immune defense is reviewed in Cullen (2006), 
Hoefig & Heissmayer (2008) and Lodish et al. (2008). 

2.1.3 RNA interference as a research tool 

In RNAi, foreign, exogenous dsRNA guides the destruction of specific mRNA 
leading to downregulation of the corresponding cellular gene expression at the 
level of mRNA stability (Figure 2). When needed, dsRNA is cleaved into 21–
23 nt siRNA-duplexes. siRNA duplexes act as guides for the RNA-induced 
silencing complex (RISC) to cleave targeted, complementary mRNAs (reviewed 
in Sontheimer (2005) and Tomari & Zamore (2005)). Within a few years of its 
discovery in 1998, RNAi revolutionized the functional analysis of genomes. At 
first, restricted sets of genes were knocked down, typically in nematodes or 
Drosophila cell lines, to reveal their contributions to cellular functions of interest 
(Fraser et al. 2000, Gönczy et al. 2000, Rämet et al. 2002b). Currently, genome-
wide RNAi screens are routinely used in C. elegans and D. melanogaster and are 
also feasible for mammalian cells (Gunsalus & Piano 2005). 
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RNA interference in mammals 

When introduced into cells of vertebrates, dsRNAs longer than 30 nt triggered 
non-specific activation of the antiviral immune response leading to acute 
apoptosis and general inhibition of translation through the interferon response 
(Lengyel 1987, Clemens & Elia 1997, Player & Torrence 1998). Initially, this was 
an obstacle limiting the use of RNA interference as an experimental tool in 
mammalian cells. However, the delivery of small dsRNAs, not more than 15–
30 nt long, to mammalian cells by transfection with lipid reagents was soon 
successfully demonstrated (Figure 2), and these short interfering RNAs (siRNAs) 
were shown to function as very efficient silencers of endogenous gene expression 
without harmful activation of the interferon response (Elbashir et al. 2001, Caplen 
et al. 2001). 



 

 31 

Fig. 2. Mechanism of RNAi in Drosophila and mammalian cells. 

Despite the fact that siRNAs, experimentally introduced silencing triggers in 
mammalian cells, do not require processing by Dicer, this RNase III type of 
endonuclease is one of the necessary components of the RNAi machinery in 
human cells (Doi et al. 2003, Figure 2). According to current knowledge, Dicer is 
required for RISC assembly. In addition to Dicer, Argonaute protein AGO2 is an 
essential RNAi component in human cells. AGO2 is responsible for the 
degradation of one strand of the siRNA duplex, the “passenger” strand not 
guiding mRNA cleavage. AGO2 also functions as a slicer, destroying the targeted 
messenger (Liu et al. 2004, Matranga et al. 2005). In 2005, Gregory and 
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colleagues demonstrated that minimal human RISC is composed of Dicer, AGO2 
and dsRNA binding protein TRBP, three proteins that in complex are sufficient 
for siRNA-induced RNA interference. The role of TRBP in the process is to 
recruit the Dicer-siRNA complex to AGO2 and thereby facilitate RISC assembly 
(Chendrimada et al. 2005). In addition to these core components, not much is 
known about possible other cellular proteins contributing to RNAi. However, 
processing bodies (p-bodies), mRNA decay centers in mammalian cells where the 
RNAi-mediated messenger cleavage is also presumed to occur, have been shown 
to be required for successful RNAi as blocking their formation led to loss of 
RNAi-mediated mRNA degradation (Jakymiw et al. 2005, Liu et al. 2005). The 
fact that human Dicer and Argonautes are more related to Drosophila proteins of 
the miRNA pathway than the corresponding proteins of the siRNA cascade 
suggests that during evolution the human genome has favored the conservation of 
miRNA effectors instead of siRNA metabolizing enzymes. Indeed, only one of 
the four human Argonautes (AGO2) has retained its RNase property, enabling the 
use of RNA interference as an experimental tool of gene silencing in mammalian 
cells (Liu et al. 2004, Meister et al. 2004, Hammond 2005). 

RNA interference in Drosophila melanogaster 

In D. melanogaster, dsRNAs of various lengths are readily taken into the cells 
from the culture medium (Figure 2), the mechanism of this RNA uptake 
remaining unknown. Once in the cytosol, RNase III enzyme Dicer-2 cleaves 
dsRNAs into siRNAs (Hammond et al. 2000, Zamore et al. 2000, Bernstein et al. 
2001, Lee et al. 2004). In addition to its well-established role in initiating RNAi, 
Dicer-2 also functions in later steps in the pathway as the mRNA cleavage 
complex has been shown to be Dicer-2 dependent (Pham et al. 2004). Particularly, 
Dicer-2 participates in RISC assembly by loading one of the two siRNA strands 
into RISC (Lee et al. 2004). Loading is assisted by dsRNA binding cofactor 
R2D2 (Liu et al. 2003). R2D2 binds to 5’ phosphorylated siRNA ends, thereby 
verifying siRNAs as products of Dicer cleavage (Tomari et al. 2004b). Dicer-
2/R2D2 heterodimer also senses the thermodynamic asymmetry of siRNA in 
order to choose which one of the siRNA strands is incorporated into RISC. The 
guide strand that becomes incorporated into RISC has a less tightly base-paired 
5’ end than the passenger strand, which is excluded from RISC (Khvorova et al. 
2003, Schwarz et al. 2003). It has been shown that the passenger strand often is 
the first target of RISC. In some cases, passenger cleavage is nonessential for 
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mRNA degradation, but usually it is required for activation of siRNA-
programmed RISC. Passenger cleavage is mediated by RISC protein AGO2 
(Matranga et al. 2005, Rand et al. 2005), which also performs the actual task of 
RISC, siRNA-directed mRNA cleavage (Okamura et al. 2004, Rand et al. 2004). 
In Drosophila cells, cleavage products of mRNAs have been shown to be 
degraded, possibly in p-bodies, via two different pathways: the 5’ cleavage 
product is degraded by the exosome, while the 3’ part is the target of 5’–3’ 
exonuclease Xrn1 (Orban & Izaurralde 2005). 

In addition, some other proteins have been suggested to be involved in RNA 
silencing in Drosophila. These proteins include another RNase III enzyme 
Dicer-1 (Lee et al. 2004), three Argonaute proteins AGO1, Aubergine and Piwi 
(Okamura et al. 2004, Kennerdell et al. 2002, Pal-Bhadra et al. 2002), Loqs 
(Förstemann et al. 2005, Jiang et al. 2005), tudor staphylococcal nuclease 
Tudor-SN (Caudy et al. 2003) and putative RNA helicases Armitage, Spindle E 
and Rm62 (Tomari et al. 2004a, Kennerdell et al. 2002, Ishizuka et al. 2002). 
Although Dicer-1, AGO1 and Loqs have been shown to process miRNAs, it is not 
fully understood which group of short RNAs is processed by each of these 
enzymes and what are the exact functions of these enzymes in different RNA 
silencing pathways. Of the miRNA processing proteins, at least Dicer-1 has been 
suggested to be required also for siRNA-mediated gene silencing as Dicer-1 
mutant flies show reduced levels of siRNA-mediated silencing (Lee et al. 2004). 
On the contrary, it has been suggested that AGO2 can, at least partially, substitute 
the putative, unidentified RNA helicase in siRNA duplex unwinding (Matranga et 
al. 2005, Rand et al. 2005). This, together with other findings, suggests that 
Dicer-2, R2D2 and AGO2 are able to fulfill more and more functions in the RNAi 
pathway. Consequently, Drosophila RNAi machinery may be more compact than 
previously estimated. Nevertheless, the functions and contributions of other 
suggested and unidentified accessory factors outside the core machinery still may 
play important roles in modulating the mechanism of RNAi (Preall & Sontheimer 
2005). 

2.1.4 RNA interference as a disease therapy 

Practically every human disease caused by harmful gain-of-function activity of a 
limited array of genes is a possible target of RNAi-based therapy. Diseases 
amenable to RNAi-based treatment include genetic disorders, viral infections, 
autoimmune diseases and cancer. Currently, the first RNAi-based therapies have 
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proceeded to clinical trials. For instance, treatments for blindness-causing age-
related macular degeneration (AMD) and infections of human immunodeficiency 
virus (HIV), hepatitis B and C viruses (HBV, HCV) and respiratory syncytial 
virus (RSV) are in trials. And much more is expected to come, including 
treatments for cancer and neurodegenerative diseases (Kim & Rossi 2008). 

Therapeutic RNAi can be achieved either by delivering synthetic effector 
siRNAs to target cells by various carriers or by delivering short hairpin RNAs 
(shRNAs) to target cells using viral vectors (Kim & Rossi 2008). Straight use of 
siRNAs for example in saline formulations is the simplest way of delivery, but it 
can reach only a few tissues, like vitreous humor and respiratory tract. When 
targeting other organs deeper within the body, siRNAs have to be protected from 
serum nucleases. Additionally, specific and efficient delivery is more challenging. 
siRNA stability can be increased by introducing chemical modifications into 
siRNAs (Czauderna et al. 2003). For the problematic delivery, there are currently 
a couple of solutions. Intravenous injection of siRNAs conjugated to a cholesterol 
group or packed into liposomal particles has successfully targeted liver and 
jejunum (Soutschek et al. 2004). Also systemic delivery of chemically modified 
siRNAs encapsulated in stable nucleic acid lipid particles (SNALPs) has turned 
out to function effectively (Morrissey et al. 2005). However, the short persistence 
of siRNA-mediated gene silencing, typically not more than 10 days due to 
intracellular siRNA degradation, still hinders usage of siRNAs in therapeutics, 
especially in the cases of chronic diseases and viral infections that require 
persistent gene suppression (Grimm & Kay 2007). 

The other therapeutic RNAi strategy, delivery of shRNA-expressing DNA 
sequences to target cells using viral vectors, utilizes RNAi technology in 
combination with gene therapy applications. In the nuclei of target cells, shRNAs 
are expressed promoter-dependently. Because the structure of shRNAs mimics 
that of naturally occuring pre-miRNAs, they are transported to the cytoplasm via 
Exportin 5 and processed into active siRNAs by cellular miRNA machinery. One 
benefit of this combinatorial strategy is that viral vectors have already gone 
through clinical trials in the context of gene therapy. The other great benefit is that 
promoter-derived shRNA expression enables tissue-specificity and some dosage 
control. Yet considering that shRNA-mediated silencing is long-term and stable, it 
certainly seems like a promising means of RNAi therapy (Grimm & Kay 2007). 
Still, usage of viral vectors in RNAi therapy has encountered some problems. In 
clinical trials, retroviruses were shown to cause safety concerns because of 
insertional mutagenesis caused by random vector integration into the genome. 
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Additionally, some viral vectors can awaken undesirable activation of 
T-cell -mediated immune responses. Viral vectors currently under development 
for RNAi therapy vectors include adenoviruses, lentiviruses and adeno-associated 
viruses (AAV). For instance, a lentiviral RNAi vector expressing shRNA directed 
against HIV is entering clinical trials (Grimm & Kay 2007, Kim & Rossi 2007). 

When discovered, the use of RNAi technology as a therapy for human 
diseases seemed to be unlimited. However, it was soon realized that several 
obstacles must be overcome before RNAi can be used as a safe human therapy. 
Already the earliest trials showed unexpected side-effects, such as siRNAs 
triggering activation of the immune system leading to production of cytokines and 
interferons in vivo and in vitro (Sioud & Sorensen 2003, Sledz et al. 2003, Kariko 
et al. 2004, Judge et al. 2005, Marques & Williams 2005). Next, both siRNAs and 
shRNAs were shown to silence untargeted genes (off-target effects (OTEs); 
Jackson & Linsley 2004), and even siRNA-lipid -complexes were shown to 
initiate TLR-mediated immune responses (Hornung et al. 2005). Currently, some 
of these problems are already solved: TLR stimulation caused by siRNA-
lipid -complexes can be avoided using optimized siRNA sequences (Judge et al. 
2005, Judge et al. 2006) and induction of cytokines and IFNs can often be 
counteracted by using chemically modified siRNAs (Morrissey et al. 2005). 
Many of the above-mentioned immune responses have been observed only in cell 
cultures, with the in vivo relevance remaining undefined. However, a recent study 
by Kleinman et al. (2008) demonstrated non-specific, sequence-independent, 
siRNA-triggered interferon response through TLR3 activation in the treatment of 
AMD in a mouse model in vivo. Other concerns have also emerged in both in 
vitro and in vivo models. For instance, cells seem to have a limited capacity to 
assemble RISC in response to exogenously introduced siRNAs (Hutvagner et al. 
2004), and a high level of shRNA expression is capable of saturating the 
endogenous miRNA pathway (Grimm et al. 2006). Both of these observations 
underscore the importance of appropriate dosage of silencing effector. Altogether, 
the problems encountered highlight the importance of better understanding RNA 
silencing pathways in the aspiration to safer RNAi-based human therapies. 

2.2 Mammalian immune system 

The immune response is the outcome of an ancient, but still ongoing, arms race 
between hosts and pathogens (i.e. bacteria, viruses, fungi and parasites). Under 
selective pressure by infectious microorganisms, the immune system has evolved 
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survival strategies. The result is a variety of defense mechanisms, which are 
triggered by infection and aim to destroy the invading pathogens. Survival 
depends on the ability of the immune system to distinguish between self and non-
self and direct a carefully balanced response against the recognized non-self. 
Discrimination between self and non-self is mediated by the innate arm of 
immunity. Innate immune responses are conserved throughout the phylogeny, 
whereas another line of defense, adaptive immunity, has evolved only in 
vertebrates. For a long time, these two arms of immune defense were considered 
totally distinctive and independent. However, knowledge gained during the past 
ten years has shown that vertebrate host survival over the long term requires 
cooperative and integrated activation of both arms (Medzhitov & Janeway 1997). 

Innate immunity covers a series of rapid and efficient physical, cellular and 
molecular reactions. Skin and the epithelial linings of mucosal tissues serve as 
primary barriers preventing pathogens from entering the body. Internal innate 
immune responses that attack the invading, pathogenic microorganisms include 
low pH, proteolytic enzymes and bioactive molecules (e.g. complement proteins 
and defensins) and most importantly, the ability of the certain immune cells 
(macrophages, neutrophils, dendritic cells) to mount antimicrobial responses, 
including inflammation and phagocytosis (Janeway et al. 2005, Chaplin 2006).  

The basis of innate immune responses is the recognition of microbial 
molecular structures as non-self. Recognizable microbial structures are microbe-
associated molecular patterns (MAMPs; also called pathogen-associated 
molecular patterns (PAMPs)), products of microbial metabolism that have been 
conserved throughout evolution and are present in/on most microbes, but absent 
from host cells. MAMPs are often components of the microbial cell walls, like 
LPS, peptidoglycan and the lipoteichoic acids of bacteria and β-glucan of fungi. 
Viruses instead are typically recognized via specific viral nucleic acids. 
Recognition is mediated by a limited repertoire of germline-encoded host 
receptors with broad ligand specificities. These receptors are called pattern 
recognition receptors (PRRs). PRRs include C-type lectins, mannose receptors, 
scavenger receptors, complement receptors, NOD-like receptors (NLRs) and 
TLRs (Chaplin 2006, Medzhitov 2007). 

The major class of PRRs is the Toll-like receptors (TLRs). TLRs are 
transmembrane receptors recognizing a wide variety of pathogens. Activation of 
TLRs leads to several inflammatory and antimicrobial defense responses 
including production of proinflammatory cytokines, increased vasodilation and 
permeability of the blood vessels to allow leukocytes to be recruited to the site of 
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infection, local coagulation to prevent microbial spreading through the blood and 
indirect activation of complement system, opsonization and phagocytosis by 
macrophages and neutrophils. Additionally, TLR-mediated immune signaling 
activates dendritic cells (DCs). Dendritic cells are antigen-presenting cells linking 
innate recognition of pathogens to adaptive immune responses. Specifically, DCs 
phagocytose pathogens and process their antigens to peptides suitable for 
presentation on the cell surface in order to activate cells of adaptive immunity. In 
this way, TLRs function at the crossroads of innate and adaptive immunity and 
are important for the innate arm -mediated adaptive arm activation (Akira et al. 
2006, Lee & Iwasaki 2007, Medzhitov 2007). 

In mammals, several different cell types, including macrophages and the 
above-mentioned DCs, are responsible for the phagocytosis of microorganisms. 
Phagocytosis is mediated by cell surface receptors, which can bind bacteria either 
directly or indirectly through opsonins, typically complement proteins or IgG 
immunoglobulins. Common opsono-receptors include complement receptors and 
Fc γ receptors, whereas scavenger receptors are one of the most common non-
opsonic receptors. Currently, most of the phagocytic uptake of microorganisms in 
mammals is thought to occur via opsono-receptors, while the contribution of non-
opsonic receptors remains quite much undefined (Groves et al. 2008).  

Unlike innate immunity, which is the first line of host defense immediately 
available to combat a wide range of pathogens, adaptive immunity is activated 
more slowly, about four to seven days after infection. Other differences compared 
to innate immunity are that the adaptive arm is more specific and confers long-
lasting, in some cases even lifelong, protection to reinfection with the same 
pathogen. Adaptive immunity is based on clonal selection of lymphocytes (T-cells 
and B-cells) bearing antigen-specific receptors generated via genetic 
rearrangements. Thus T- and B-cell receptors are the main effectors of adaptive 
immunity, conducting responses like the cytotoxic killing of infected cells and the 
production of antibodies against specific, non-conserved components of 
encountered pathogens. B-cells also mediate immunological memory, the 
characteristic feature of adaptive immunity (Janeway et al. 2005, Medzhitov 
2007). 

2.3 Drosophila immunity 

All organisms are threatened by infectious microorganisms. Therefore, insects as 
well as mammals have evolved a complex network of cells and humoral factors to 
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control and eliminate pathogens. Immunity varies between different classes of 
organisms, but always includes an innate immune system that is able to fast and 
effectively fight against a wide range of distinct pathogens. Indeed, the defense of 
all invertebrates relies solely on the innate responses, which seem to be well-
conserved in evolution. The challenge of recognizing pathogens as non-self is 
handled similarly in mammals and in insects: microbial patterns (MAMPs) are 
recognized by PRRs leading to activation of similar signaling cascades. 
Pathogens also are opsonized, phagocytosed, and targeted by small effector 
proteins like antimicrobial peptides (AMPs) and reactive oxygen species (ROS) 
similarly in both mammals and insects. It has been recently proposed that insects, 
which lack the antibody-mediated adaptive immune response, have even acquired 
some features of adaptive immunity (Watson et al. 2005, Pham et al. 2007). 

Insects live in a rotting, organic environment full of microbes, and adult 
insects serve as vectors for microorganisms causing both plant and animal 
diseases, as is the case with the mosquito Anopheles gambiae (A. gambiae), 
which carries malaria. That is why insects, including the fruit fly D. melanogaster, 
need efficient mechanisms to recognize pathogens and defend themselves against 
invaders. (For a recent review about Drosophila immunity, see Cherry & 
Silverman 2006 and Lemaitre & Hoffmann 2007. A schematic presentation of 
Drosophila systemic and cellular immune mechanisms is presented in Figure 3.) 
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Fig. 3. Schematic overview of Drosophila systemic and cellular immune responses 
(modified from Lemaitre & Hoffmann 2007). 
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Epithelia beneath the cuticle and in the trachea and digestive tract forms the first 
line of defense in Drosophila by functioning as a physical barrier and producing 
defense molecules, such as AMPs and ROS, for local defense actions (Tzou et al. 
2000, Lemaitre & Hoffmann 2007). When the physical barrier epidermis is 
damaged, Drosophila exhibits efficient wound healing, which has been shown to 
be dependent on the Jun kinase (JNK) pathway (Rämet et al. 2002a, Galko & 
Krasnow 2004). First, cuticle breakage induces hemolymph clotting in order to 
limit hemolymph loss. Clotting also forms a secondary barrier to infection, at the 
same time immobilizing bacterial invaders and promoting their killing (Lemaitre 
& Hoffmann 2007). The plasmatocytes start to secrete hemolectin, the putative 
fiber-forming component of the clots (Goto et al. 2003, Scherfer et al. 2004, 
Lesch et al. 2007). Formed fibers are cross-linked by other clotting proteins, 
including the Toll pathway -regulated Fondue (Scherfer et al. 2006). After clotting, 
wound healing continues with melanization and epithelial movements. 
Melanization is activated by phenoloxidase (PO) produced by a proteolytic 
cascade from its inactive form, proPO produced from crystal cells. The 
proteolytic cascade leads to the synthesis of melanin, accompanied by the 
production of toxic intermediates proposed to participate in the elimination of 
invading microorganisms (Ashida 1990, Nappi & Vass 1993, Söderhäll & 
Cerenius 1998). Recently, it was shown that crystal cell rupture needed for proPO 
release and activation of melanization is JNK pathway -dependent (Bidla et al. 
2007). The local AMP production in the barrier epithelia can be constitutive or 
inducible. The basal, constitutive production of AMPs is tissue-specific, 
independent of the Toll and Imd pathways. Immune challenge does not affect 
constitutive AMP expression, which is thought to provide protection against the 
commensal flora (Uvell & Engström 2007). Instead, the inducible, local AMP 
expression is a response to infection. This response is Imd-dependent and can be 
triggered only by gram-negative bacteria (Ferrandon et al. 1998, Önfelt Tingvall 
et al. 2001, Ryu et al. 2004). According to current knowledge, it is assumed that 
the local immune reactions comprise a significant part of the Drosophila host 
defense. 

The fat body, a functional equivalent of the mammalian liver, produces 
inducible AMPs which form a major part of the Drosophila systemic, humoral 
immune response. Production of AMPs is discussed in detail in section 2.3.1. 
Humoral immunity also includes other groups of immune-active proteins 
upregulated after systemic infection. Based on several large-scale analyses, at 
both the mRNA and protein levels, some opsonins and cytokines (Unpaired-3, 
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Upd-3) as well as mediators of blood clotting and melanization are induced. In 
addition, levels of 17 Drosophila immune molecules (DIM) and 8 Turandot 
proteins are elicited (De Gregorio et al. 2001, Irving et al. 2001, Boutros et al. 
2002, Rämet et al. 2002b, Agaisse et al. 2003, Vierstraete et al. 2003, Levy et al. 
2004a, Levy et al. 2004b, Vierstraete et al. 2004). DIMs are putative immune 
effectors with unknown functions. Turandots are genes regulated by the Janus 
kinase/signal transducer and activator of transcription (Jak/STAT) pathway that 
exist exclusively in Drosophila. Turandot genes are induced in stress conditions, 
most notably after septic injury. However, the immunological functions of 
Turandot proteins remain unidentified (Ekengren & Hultmark 2001, Ekengren et 
al. 2001, Agaisse et al. 2003). Also, proteins involved in the host response to limit 
infection through reactive oxygen species and iron sequestration (i.e. controlling 
the availability of iron required by infecting microorganisms) are humoral 
immune-mediators upregulated after systemic infection (De Gregorio et al. 2001, 
Irving et al. 2001, Boutros et al. 2002, Vierstraete et al. 2003, Levy et al. 2004a, 
Levy et al. 2004b, Vierstraete et al. 2004). 

Finally, Drosophila hemocytes execute cellular responses against pathogenic 
microorganisms. Most importantly, Drosophila macrophages, plasmatocytes, 
phagocytose bacteria and yeast (discussed in more detail in section 2.3.2) and 
another group of blood cells, lamellocytes, eliminates larger intruders, like the 
eggs of the parasitoid wasps, through encapsulation (Williams 2007). In 
Drosophila larvae, the wasp egg is first detected through an unknown mechanism 
by plasmatocytes. Although detection activates the Jak/STAT and Toll pathways, 
the exact mechanism by which plasmatocytes induce activation of pre-existing 
hemocytes, as well as proliferation and differentiation of lamellocytes in the 
lymph gland, still remains undefined. Through a Rho GTPase -dependent manner, 
mature plasmatocytes and lamellocytes form a capsule around the parasite and 
initiate capsule melanization. The parasite dies inside the capsule, presumably due 
to the production of ROS and toxic melanization intermediates (Nappi et al. 1995, 
Russo et al. 1996, Sorrentino et al. 2004, Wertheim et al. 2005, Williams et al. 
2005, Williams et al. 2006). 

2.3.1 Production of antimicrobial peptides 

Antimicrobial peptides are produced in response to infection, either locally by 
epithelial tissues or systemically by the fat body, forming the core of Drosophila 
immunity. Currently, there are 20 characterized AMPs, which can be categorized 
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into seven groups: Diptericins, Attacins, Drosocins, Cecropins, Defensins, 
Drosomycins and Metchnikowins. AMPs are small proteins having specificities 
against either bacteria, fungi or both. AMPs attack microbial membranes in order 
to degrade them using currently still unknown mechanisms (Imler & Bulet 2005). 

During the past two decades, Drosophila immunologists have focused on 
identifying components of the two signaling cascades responsible for the 
challenge-inducible production of AMPs in response to a wide variety of 
pathogens. Of these two immunological pathways, the Toll pathway recognizes 
and targets gram-positive bacteria and fungi, while the immune deficiency (Imd) 
signaling pathway mainly responds to gram-negative bacteria (Figure 4). Both the 
Toll and Imd pathways function through NF-κB transcription factors: Dorsal and 
Dorsal-related immunity factor (Dif) regulate the immune active genes induced 
by the Toll pathway, while Relish is the transcriptional activator of the Imd 
pathway (Ip et al. 1993, Lemaitre et al. 1995b, Dushay et al. 1996, Hedengren et 
al. 1999). During the infection, genes regulated by these pathways have distinct 
roles: Imd-controlled genes conduct the acute phase response and Toll-regulated 
genes exhibit sustained response to infection (Boutros et al. 2002). Gene 
expressions regulated by Toll/Dif/Dorsal and Imd/Relish are distinct, although 
nowadays recognized to be partially overlapping. In addition, although the 
systemic expression of the AMP gene Drosomycin is known to be mainly under 
control of the Toll pathway, its local expression seems to be controlled by the Imd 
pathway, revealing yet another aspect of crosstalk between these two signaling 
cascades (Tzou et al. 2000). Taken together, Imd and Toll double mutants have 
clearly demonstrated the importance of these signaling cascades for Drosophila 
immunity: together they regulate about 80% of the genes induced in septic injury 
(De Gregorio et al. 2002). 

The Toll Pathway 

The Toll pathway (Figure 4) is evolutionarily conserved and originally identified 
in development as a regulator of the dorso-ventral axis (Anderson et al. 1985a, 
Anderson et al. 1985b, Belvin & Anderson 1996). The Toll pathway senses 
microbes through their cell wall components: pathogen-associated glucan of fungi 
and lysine-type of peptidoglycan (PGN) of bacteria are the recognized patterns 
(Leulier et al. 2003, Gottar et al. 2006). Unlike mammalian TLRs, Drosophila 
Toll by itself does not function as a pattern recognition receptor. Instead, the Toll 
pathway is activated by the serine protease cascades, which are most often 
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triggered by secreted peptidoglycan recognition proteins PGRP-SA, PGRP-SD 
and gram-negative binding proteins GNBP1 and GNBP3, leading to the cleavage 
and activation of the extracellular cytokine Spätzle via Spätzle processing enzyme 
(SPE) (Levashina et al. 1999, Michel et al. 2001, Ligoxygakis et al. 2002, Gobert 
et al. 2003, Bischoff et al. 2004, Pili-Floury et al. 2004, Gottar et al. 2006, Jang et 
al. 2006, Kambris et al. 2006). The Spätzle dimer, in turn, activates the receptor 
Toll (Weber et al. 2003, Hu et al. 2004). Components of the pathway downstream 
of transmembrane protein Toll include the adaptor proteins Tube and Myd88, the 
kinase Pelle, the inhibitor of the pathway and the Drosophila homolog of IκB 
named Cactus, in addition to the previously mentioned transcription factors Dif 
and Dorsal (Ip et al. 1993, Lemaitre et al. 1995b, Lemaitre et al. 1996, Towb et al. 
1998, Sun et al. 2002, Tauszig-Delamasure et al. 2002). Although the Toll 
pathway is quite well characterized, for example the Cactus phosphorylating 
kinase that mediates the movement of transactivators Dif and Dorsal to the 
nucleus still remains unidentified. 
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Fig. 4. The Toll and Imd pathways: signaling cascades producing antimicrobial 
peptides in Drosophila. 
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The Imd pathway 

A random mutation associated with reduced expression of some AMPs led to the 
identification of another signaling pathway controlling the production of AMPs. 
This mutation was named immune deficiency (Imd), providing a name also for the 
gene, protein and the whole signaling pathway (Lemaitre et al. 1995a, Corbo & 
Levine 1996). The Imd pathway (Figure 4) is activated by the recognition of the 
foreign molecule meso-diaminopimelic acid (DAP) type of PGN that is a 
component of the cell wall of gram-negative bacteria (Leulier et al. 2003). The 
transmembrane peptidoglycan recognition protein PGRP-LC is the well-
characterized pattern recognition receptor of the Imd pathway (Choe et al. 2002, 
Gottar et al. 2002, Rämet et al. 2002b). Its splice variant PGRP-LCx recognizes 
polymeric DAP-type PGN, while another splice variant PGRP-LCa, along with 
the PGRP-LCx, is required for the recognition of monomeric PGN (Kaneko et al. 
2004). In addition to PGRP-LC, PGRP-LE can also function as a receptor for the 
Imd pathway. It presumably enhances the PGRP-LC -mediated PGN recognition, 
in addition to its intracellular, cytoplasmic role as a sensor of internalized 
monomeric PGN (Kaneko et al. 2006).  

Two other PGRPs, namely PGRP-LB and PGRP-SC, have been connected to 
the Imd pathway, not as activating PRRs, but instead suppressors of the signaling. 
These PGRPs use their amidase domains to degrade the PGN of gram-negative 
bacteria to regulate the degree of immune response (Bischoff et al. 2006, 
Zaidman-Remy et al. 2006). PGRP-LF has also been shown to downregulate the 
Imd pathway (Maillet et al. 2008). Moreover, an additional level of Imd pathway 
negative regulation was recently revealed (Kleino et al. 2008), further 
demonstrating the importance of an appropriate level of immune response and 
prevention of its overactivation. 

Signaling proteins of the Imd pathway downstream of PGRP-LC include, in 
addition to the transcription factor Relish (Dushay et al. 1996, Hedengren et al. 
1999), the adaptor proteins Imd (Lemaitre et al. 1995a, Corbo & Levine 1996) 
and dFADD (also called BG4, Leulier et al. 2002, Naitza et al. 2002), a caspase 
named Death-related ced-3/Nedd2-like protein (Dredd) (Leulier et al. 2000), a 
mitogen-activated protein 3 kinase (MAP3K) named TGF-β -activated kinase 1 
(Tak1) (Vidal et al. 2001) and the components of the IκB kinase (IKK) signaling 
complex, namely immune response deficient 5 (IKKβ/Ird5) and IKKγ/kenny 
(Rutschmann et al. 2000, Silverman et al. 2000, Lu et al. 2001). The IKK 
signaling complex phosphorylates Relish (Silverman et al. 2000), after which 
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Dredd presumably cleaves it to its active form capable of translocating to the 
nucleus to perform its transactivating functions (Stöven et al. 2000, Stöven et al. 
2003). The JNK pathway is proposed to cooperate with the Imd pathway in 
controlling fat body AMP expression (Kallio et al. 2005, Delaney et al. 2006). 
This is also supported by the finding that Tak1 activates the JNK pathway in 
response to bacteria in Drosophila cell culture (Boutros et al. 2002). Despite 
some of the well-characterized components, the exact organization of the Imd 
pathway and the molecular functions of its components, as well as the crosstalk 
between the JNK pathway, are still under investigation. 

2.3.2 Phagocytosis 

Phagocytosis is a vital defense mechanism thought to be conserved in evolution 
(Hoffmann et al. 1999, Stuart & Ezekowitz 2008). In Drosophila, circulating 
blood cells, plasmatocytes, mediate the phagocytosis of microorganisms, like 
yeast and bacteria, as well as apoptotic cells (Rizki & Rizki 1980, Franc et al. 
1999). Phagocytosis is initiated by recognition of the particle to be ingested, 
followed by the cytoskeleton remodeling and signaling events leading to 
engulfment and destruction of the particle.  

A possible role for the opsonization in Drosophila’s phagocytic recognition of 
pathogens has been speculated for many years. Especially, Drosophila thioester-
containing proteins (TEPs) have been under debate due to their homology to 
mammalian complement proteins and described upregulation following infection 
(Lagueux et al. 2000). The finding that TEP protein in the mosquito A. gambiae 
functions as an opsonin further accelerated the urge to describe this phenomenon 
also in Drosophila (Blandin et al. 2004). Finally in 2006, a minor role for TEP2, 
TEP3 and Macroglobulin complement-related (Mcr, also called TEP6) in 
microbial phagocytosis was demonstrated in Drosophila cell culture (Stroschein-
Stevenson et al. 2006). 

To date, several membrane-bound recognition molecules showing specificity 
to different pathogens have been characterized. Among these receptors are 
Drosophila Scavenger receptor class C, type I (Sr-CI), CD36 family scavenger 
receptors Peste and Croquemort (Crq), peptidoglycan recognition protein LC 
(PGRP-LC) and immunoglobulin superfamily protein Down syndrome cell 
adhesion molecule (Dscam) (Philips et al. 2005, Rämet et al. 2001, Rämet et al. 
2002b, Stuart et al. 2005, Watson et al. 2005). In the Drosophila cell model, Peste 
has been shown to be required for the efficient phagocytosis of two intracellular 
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bacterial pathogens, Mycobacterium fortuitum and Listeria monocytogenes, 
without any effect on the phagocytosis of Escherichia coli or Staphylococcus 
aureus (Agaisse et al. 2005, Philips et al. 2005). Instead, Sr-CI recognizes both 
E. coli and S. aureus (Rämet et al. 2001), although its role in phagocytosis has 
been suggested to be quite modest. In addition to its major role in the production 
of AMPs, PGRP-LC has also been described in the context of phagocytic 
recognition: depletion of its function decreases phagocytosis of E. coli by about 
20% in the Drosophila cell model (Rämet et al. 2002b). A similar effect was 
detected for the scavenger receptor class B member Croquemort when studying 
the phagocytosis of S. aureus in Drosophila S2 cells (Stuart et al. 2005).  

In 2005, Watson et al. proposed an immunological function for the 
Drosophila Dscam. The Dscam gene is composed of several variable exons 
flanked by constant exons. This combination can theoretically generate more than 
18000 splice variants, suggesting a mammalian antibody-like specificity in 
Drosophila immunity. It was suggested that Dscam binds E. coli and presumably 
functions as both a phagocytic receptor and as an opsonin (Watson et al. 2005). In 
2007, Pham et al. in turn demonstrated that priming flies by injecting a sublethal 
dose of Streptococcus pneumoniae (S. pneumoniae) into the hemolymph protected 
the animals from the second challenge, which would otherwise have been lethal. 
The response was extremely specific: S. pneumoniae priming did not offer 
protection against other bacteria and priming with the other bacteria did not 
protect against subsequent S. pneumoniae infections. Additionally, Pham et al. 
(2007) proposed that the primed immune response is phagocytosis-dependent. 
One obvious hypothesis suggests that the primed immune response in Drosophila 
may be accomplished through the selection of pathogen-specific Dscam isoforms. 
Although identification of A. gambiae Dscam protein (AgDscam, Dong et al. 
2006) with documented pathogen-specific isoforms after infectious challenge 
supports the theory of mammalian antibody-like adaptive response in insects, this 
hypothesis, as well as the contribution of phagocytosis to this hypothetical 
response, still awaits further investigation. 

Despite the quite well-characterized recognition molecules, the exact 
mechanisms, protein interactions and signaling events after pathogen recognition 
have mainly remained undefined. In recent years, several large-scale RNAi 
screens in Drosophila S2 cells have been performed to shed light on these 
molecular mechanisms, the purpose of the screening being identification of 
components required for phagocytosis of various microorganisms (Rämet et al. 
2002b, Agaisse et al. 2005, Cheng et al. 2005, Philips et al. 2005, Stroschein-
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Stevenson 2006, Derré et al. 2007, Koo et al. 2008). In addition to RNAi screens, 
an especially insightful study combining proteomics and systems biology was 
published in 2007 by Stuart et al. In this study, dozens of essential phagosome 
components were identified, and their potential interactions were modeled using 
computational methods. The results of all these large-scale studies point to the 
conservation of cellular components mediating bacterial phagocytosis in 
Drosophila and mammals. Identified gene products include actin-related proteins, 
components of endocytic machinery and mediators of intracellular vesicle 
trafficking. However, despite the numerous gene products linked to the complex 
process of bacterial phagocytosis, the detailed roles and actions of these proteins, 
as well as their in vivo functions, still remain to be elucidated and confirmed. The 
fact that there are only a few Drosophila mutants with defects in phagocytosis 
further underscores the complexity of this process and points to a redundancy of 
mechanisms and internalization pathways in fly hemocytes. 

2.3.3 RNAi as a defense mechanism against viruses 

Viruses are a prominent group of Drosophila’s pathogens. There are more than 25 
known Drosophila viruses, and for almost 50% of all flies viral infection is 
transmitted already via the egg (Lemaitre & Hoffmann 2007). Some of the viruses 
are fly-specific, whereas some are more universal, capable of infecting also 
humans (Cherry 2008). A couple of large-scale RNAi-screens have focused on 
identifying host factors exploited by viruses infecting Drosophila cells. These 
screens identified quite predictable genes, like components of the host translation 
machinery and clathrin-mediated endocytosis (Cherry & Perrimon 2004, Cherry 
et al. 2005). 

While it is known that Drosophila lack the mammalian-like interferon 
response and cytotoxic cells, much less is known about the mechanisms of 
Drosophila antiviral defense. One study has suggested that antibacterial Toll 
signaling also contributes to Drosophila’s antiviral defense (Zambon et al. 2005), 
while another study has proposed that viral infection caused by injection of 
Drosophila C virus (DCV) triggers the Jak/STAT signaling pathway. Although 
viral infection caused by unnatural injection has been shown to cause much more 
drastic changes to the expression profile than natural, oral DCV infection, the 
observation that Jak/STAT-deficient flies were susceptible to viral infection in 
vivo proves the involvement of Jak/STAT signaling in viral defense (Roxstrom-
Lindquist et al. 2004, Dostert et al. 2005). A major breakthrough was achieved in 
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2006, when it was shown that RNAi machinery recognizes viral dsRNA and 
directs their destruction. Both Dicer-2 and AGO2 mutant flies were shown to be 
more susceptible to viral infections than unmutated control flies (Galiana-Arnoux 
et al. 2006, van Rij et al. 2006, Wang et al. 2006), demonstrating that RNAi is an 
important defense mechanism against viruses in Drosophila. Strikingly, Dicer-2, 
R2D2 and AGO2, the key mediators of RNAi and viral defense in Drosophila, 
belong to the most rapidly evolving genes in flies, reflecting their essential role in 
the ancient arms race between viruses and their insect hosts (Obbard et al. 2006). 

Despite the advances in the field, much still remains to be discovered. 
Currently it seems that Drosophila utilizes a mix of antiviral immune mechanisms, 
some shared with plants (RNAi pathway) and the rest resembling mammalian 
defenses (Jak/STAT-mediated potential cytokine response). The contribution of 
RNAi to antiviral defense seems solid, but involvement of Jak/STAT pathway 
clearly needs clarification: although it activates the expression of potentially 
antiviral genes, precise effector functions of the genes in Drosophila’s host 
defense remain to be confirmed and elucidated.  
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3 Outlines of the present study 

This study aimed at identifying and characterizing gene products having central 
roles in Drosophila’s host defense. In more detail, the specific tasks included: 

1. Identification and characterization of gene products involved in phagocytic 
uptake of bacteria into Drosophila cells.  

2. Elucidation of components participating in the processing of dsRNAs in the 
RNA interference cascade and thereby presumably also contributing to viral 
defense mechanisms in Drosophila.  

3. Determination of proteins mediating the production of potent antimicrobial 
peptides through the immune deficiency (Imd) signaling pathway in 
Drosophila. 

The central idea was to use state-of-the-art RNA interference -based large-scale 
screening to create a better picture of Drosophila’s immunological signaling 
cascades. The ultimate goal was to demonstrate the usefulness of simple model 
organisms in immunological research and expand the gained knowledge to higher, 
mammalian organisms. 
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4 Materials and methods 

Research models and assays used in the present study are schematically presented 
in Figure 5. The methods are described below in chapter 4. Detailed methodology 
is presented in original articles I–IV. 

Fig. 5. Schematic presentation of experimental procedures used in the present study. 
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4.1 Materials 

Cell culture mediums were purchased from Sigma-Aldrich and Invitrogen and 
cell culture plastics from Greiner Bio-One. All primers were purchased from 
Sigma-Genosys. Plasmids for the different kinds of clonings were from 
Invitrogen, as well as the Drosophila expression system. 

Total RNA was isolated from S2 cells with TRI Reagent (Sigma-Aldrich) or 
with TRIzol Reagent (Invitrogen). First-strand complementary DNA (cDNA) was 
synthesized from total RNA using M-MLV reverse transcriptase (Promega). 
GeneChips were purchased from Affymetrix, and the Quantitect SYBR Green 
RT-PCR kit from Qiagen. In vitro RNA synthesis was performed using T7 
MegaScript RNA polymerase (Ambion) and linked in vitro 
transcription/translation using a kit from Roche (Linked in vitro SP6/T7-
transcription/translation kit). 

Reagents for the luciferase measurements were purchased from Promega. 
Alexa Fluor 568 phalloidin, Alexa Fluor 488 streptavidin, DAPI (4',6-diamidino-
2-phenylindole), fluorescent bacteria and acetylated low-density lipoprotein 
(AcLDL) were from Molecular Probes, Alexa Fluor 488 mouse anti-β-tubulin 
from BD Biosciences, anti-FITC (FITC = fluorescein isothiocyanate) antibody 
from Zymed, anti-His(C-Term) antibody from Invitrogen and anti-β-galactosidase 
antibody from Promega. siRNAs were purchased from Ambion. Transfections 
were performed using Fugene (Roche) and Lipofectamine 2000 (Invitrogen) 
reagents. 

4.2 Cell culture models (I–IV) 

In this study, four continuous cell lines were utilized. Schneider’s S2 cells 
originate from dissociated, near hatching Drosophila embryos (strain Oregon R), 
whereas Drosophila cell line Mbn-2 originates from larval malignant blood 
neoplasm (Schneider 1972, Gateff 1978). S2 cells are capable of microbial 
phagocytosis and possess hemocyte-like gene expression. Like S2 cells, Mbn-2 
cells are also phagocytic, macrophage-like and immune responsive (Dimarcq et al. 
1997, Rämet et al. 2001, Rämet et al. 2002b). Chinese hamster ovary (CHO) cells 
originate from the late 1950s (Puck et al. 1958). CHO cells are an epithelial cell 
line especially suitable for stable gene expression because of their rapid growth 
and efficient protein production. Nowadays, CHO cells are one of the most 
commonly used continuous mammalian cell lines in laboratories all over the 
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world. RAW 264.7 is a macrophage-like cell line derived from tumors induced in 
male BALB/c mice by the Abelson murine leukemia virus (Ralph & Nakoinz 
1977, Raschke et al. 1978). 

Schneider S2 cells and mouse RAW 264.7 cells were grown as previously 
described (Pearson et al. 1995, Ojaniemi et al. 2003). Mbn-2 cells were 
maintained at +25 ºC in Schneider’s insect medium (Sigma-Aldrich) 
supplemented with 10% fetal bovine serum (FBS) and L-glutamine. CHO cells 
were cultured in Nutrient Mixture F-12 HAM with 5% FBS, 10 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 2 mM glutamine, gentamycin 
and antibiotic G418 for selection. 

4.3 Fly stocks (I, II, IV) 

The deficiency lines Df(3R)D605 and Df(3R)Tl-I were obtained from the 
Bloomington stock center and were rebalanced over embryonic and larval GFP 
balancers. Eater cDNA was cloned into plasmid pUAST and used to establish 
transgenic lines. The hml-Gal4 (Goto et al. 2003), srp-Gal4 (Crozatier et al. 2004) 
and hsp-Gal4 drivers were used to express the eater transgenes. The BG4-IR 
(dFADD-IR) fly line has been described previously (Leulier et al. 2002), and 
Iap2-IR flies were obtained from Professor Ryu Ueda (National Institute of 
Genetics, Mishima, Shizuoka, Japan). RNAi lines for Abi (9749 R-2 and 9749 
R-3), cpa (10540 R-1 and 10540 R-2), poor Imd response upon knock-in (pirk) 
(15678 R-1 and 15678 R-2), and 14-3-3ζ (17870 R-2) were also from the Kyoto 
stock center, provided by Professor Ryu Ueda. C564-GAL4 driver (Harrison et al. 
1995) was provided by Professor Bruno Lemaitre (Centre de Génétique 
Moléculaire, CNRS, Gif-Sur-Yvette, France). The C564-GAL4 driver was used to 
express the RNAi constructs in hemocytes and fat body. Canton S, Oregon R and 
w1118 flies were used as wild type controls. Flies were kept at 25 °C in standard 
conditions (cornmeal/mashed potato, molasses/syrup, yeast and agar medium). 

4.4 Analyses of cultured cells after RNAi knock downs (I–IV) 

Quantifications of macromolecules and analyses of cellular functions were 
performed in Drosophila S2 and Mbn-2 cells after RNAi evoked with dsRNAs 
about 500 nt in length. In mouse RAW 264.7 cells, assays were performed after 
gene silencing treatments using commercial siRNAs 21 nt in length.  
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For RNAi treatments dsRNAs were synthesized as follows: a cDNA library 
derived from S2 cells (Pearson et al. 1995) was used as a source for templates for 
RNA synthesis essentially as described earlier (Rämet et al. 2002b). Briefly, 
plasmids from individual colonies were isolated and the random gene products 
from the cDNA library were amplified by two-stage PCR. In the nested PCR, the 
binding sites for T7 RNA polymerase were included in both ends of the PCR 
primers. Both sense and antisense RNAs were synthesized simultaneously from a 
single PCR product using the T7 MegaScript RNA polymerase (Ambion). cDNA 
from S2 cells or Mbn-2 cells was used as a template when producing dsRNAs for 
targeted RNAi treatments as described in the original publications. Primer pairs 
used in PCR amplifications are presented in original articles I–IV. Green 
fluorescent protein (GFP) dsRNA was produced using the pMT/BiP/V5-His/GFP 
plasmid (Invitrogen) as a template. FITC-labeled GFP dsRNA was synthesized 
using the T7 MegaScript kit according to the manufacturer’s instructions, except 
that half of the uridine triphosphate (UTP) was replaced with 1.5 mM FITC-UTP 
(Enzo). dsRNA for CG5210 was created by cloning a PCR fragment of 698 bp 
into pCR-Blunt II-TOPO (Invitrogen). Purified plasmid DNA was cut with 
HindIII or XbaI and used as the template for in vitro RNA synthesis with T7 or 
SP6 RNA polymerase (Ambion), respectively. 

Mouse genes were targeted for silencing using mixtures of three commercial 
siRNAs (Ambion). Genes were selected for silencing based on their homology to 
genes identified in the Drosophila RNAi screen (NCBI BLAST). A pool of three 
Silencer Negative Control siRNAs (#1, #2 and #5; Ambion) was used as a 
negative control. The mixture of three siRNAs per gene at a final concentration of 
200 nM was double-transfected into the RAW 264.7 cells using Lipofectamine 
2000 reagent (Invitrogen). In brief, cells were seeded onto different kinds of 
plates at variable densities depending on the downstream assay. The cells were 
incubated with siRNAs for 4 hours. After 24 h of incubation, the cells were 
transfected again with the same protocol. The experiments were performed after 
double transfection for a total of 48 hours. 

4.4.1 Microarray (II, IV) 

A microarray is a chip-based, high-throughput technology commonly used in 
molecular biology and biomedicine. Microarray chips consist of thousands of 
arrayed oligonucleotides composed of specific gene sequences. Oligonucleotides 
function as probes, which are hybridized with a cell- or tissue-derived 
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cDNA/complementary RNA (cRNA) sample under high-stringency conditions. 
Probe-cDNA/cRNA hybridization is usually quantified using chemiluminescence-
based detection of labeled cDNA/cRNA to determine the relative abundance of all 
gene transcripts in the sample. Microarrays are often used to measure changes in 
gene expression levels, but can also be used for example to detect single 
nucleotide polymorphisms. 

Total RNA was extracted from 107 S2 cells using the RNeasy Mini Kit 
(Qiagen). Gene expression analysis was performed using the Affymetrix 
Drosophila GeneChips according to the standard Affymetrix GeneChip protocol, 
outlined in the GeneChip Expression Analysis Technical Manual by Affymetrix 
(2001). Gene expression levels of three samples of CG3992 or CG5210 RNAi-
treated S2 cells were compared pairwisely to untreated S2 cells. 

4.4.2 Phagocytosis assay (I, II) 

Flow cytometry is a method for quantifying components or structural features of 
cells by optical means. In flow cytometry, cells are passed through a laser beam 
by continuous flow of the suspension. Flow cytometer measures one cell at a time, 
but processes thousands of cells in a few seconds. Each cell scatters some of the 
laser light, and also emits fluorescent light excited by the laser. Measurement of 
scattered light alone is often useful, for example in excluding dead cells from the 
fluorescence data. It is also sufficient to distinguish some cell types from others 
based on their structural features. However, in basic medical research the most 
widely utilized feature of flow cytometers is the ability to detect fluorescence. 
Fluorescence intensities can be measured at several different wavelengths 
simultaneously. Fluorescent probes and antibodies are used to quantify specific 
components of the cells (e.g. total DNA in cell cycle analysis) or for example to 
assay the densities of specific cell surface receptors, thereby distinguishing 
subpopulations of cell types. By making e.g. bacteria, viruses or hormones 
fluorescent, their binding to surface receptors can be measured using flow 
cytometry. The possibilities are quite unlimited. In this study, flow cytometry was 
used for quantification of particles internalized into the cells via phagocytosis or 
endocytosis.  

To determine the rate of phagocytosis, dsRNAs were introduced to 
Drosophila S2 cells by soaking. On a 48-well plate, a total of 200 000 cells/well 
were treated with 5 μg dsRNA. For the combined RNAi of several genes, 3–5 µg 
of each dsRNA was used. After 72 hours, the ability of the dsRNA-treated cells to 
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bind or phagocytose FITC-labeled, heat-killed E. coli or S. aureus (Molecular 
Probes) was analyzed using flow cytometry (Rämet et al. 2002b). When assaying 
bacterial binding, the bacterial exposure was performed at +4 ºC, whereas 
phagocytosis was let to proceed at +26 ºC. 

For the RAW 264.7 cells, 105 cells per well were seeded onto 24-well plates 
for flow cytometry. Cells were siRNA-treated using Lipofectamine 2000 Reagent 
(Invitrogen) -mediated transfection 24 hours and 48 hours later. 24 hours after the 
second transfection, 5 × 106 FITC-labeled, heat-killed E. coli or S. aureus was 
added to the fresh growth medium and cells were allowed to internalize 
fluorescent bacteria for 45 minutes at +37 ºC, after which the rate of phagocytosis 
was measured by FACS Calibur (fluorescence-activated cell sorter; BD 
Biosciences). 

4.4.3 Ubi-p63E survival assay (III) 

The double-RNAi strategy was used to identify components of the RNAi 
machinery itself. If the first random dsRNA disturbs the machinery, the effect of 
the second, lethal dsRNA is prevented. dsRNAs were introduced to S2 cells by 
soaking. On a 24-well plate, 5 × 105 cells per well were treated with 10 μg of 
dsRNA. After 72 h, one-sixth of the cells treated with the first dsRNA were 
transferred onto a 48-well plate and Ubiquitin-63E (Ubi-p63E) dsRNA (5 μg) was 
introduced. 72 h later, the ability of the twice dsRNA-treated S2 cells to 
phagocytose FITC-labeled, heat-killed E. coli was measured using flow 
cytometry (Rämet et al. 2002b). 

4.4.4 Endocytosis assay (III) 

In order to investigate the internalization of FITC-labeled dsRNA, 2 × 105 S2 
cells per well were seeded onto 48-well plates for flow cytometry. After 72 h,  
7–20 µg/ml FITC-labeled dsRNA (500 nucleotides) or 4µg/ml Alexa fluor 
488 -labeled AcLDL (Alexa488-AcLDL) (Molecular Probes) was added to the 
growth medium and incubated for 20 min. The extracellular fluorescence was 
quenched by adding Trypan blue just prior to the actual measurement by flow 
cytometry.  

For the CHO cells, 105 cells per well were seeded onto 6-well plates for flow 
cytometry. 36 to 48 h later, 2 µg/ml of Alexa488-AcLDL or 7.5 µg/ml FITC-
dsRNA was added to the growth medium and incubated for 2 h. Thereafter, the 
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cells were washed with phosphate-buffered saline (PBS), detached by 
trypsinization, pelleted by centrifugation, resuspended in ice-cold PBS and 
analyzed by FACS. 

4.4.5 Luciferase reporter assays (II, III, IV) 

Reporter systems are widely used to study the functionality of the intracellular 
signaling cascades. In this study, the integrity of signaling cascades producing 
antimicrobial peptides was assayed in Drosophila S2 cells after RNAi treatments. 
Production of firefly luciferase from the experimental reporter plasmid under 
control of the antimicrobial peptide gene promoter was used as a read-out 
reflecting intact signaling. Dual reporters were used to improve experimental 
accuracy. Specifically, a plasmid encoding either sea pansy Renilla reniformis 
luciferase or β-galactosidase under the Drosophila Actin 5C promoter was used as 
an internal control reflecting the general viability of the cells.  

Luciferase reporter assays were performed essentially as described earlier 
(Kallio et al. 2005). Briefly, for the Imd pathway, S2 cells were transfected with 
the Attacin-luciferase reporter (Tauszig et al. 2000), Actin 5C-β-galactosidase and 
dsRNAs using FuGENE Transfection reagent (Roche). Ecdysone (Sigma-Aldrich, 
Dimarcq et al. 1997) was added 48 h after transfection, and the pathway was 
induced with heat-killed E. coli 60 h after transfection. 90 h after transfection, S2 
cells were harvested by centrifugation and lysed in Passive Lysis Buffer 
(Promega). When assaying luciferase activities under conditions of Iap2 
overexpression, full-length Iap2 cDNA (LD34777), obtained from the Drosophila 
Genomics Resource Center (DGRC; Indiana, USA) and subcloned into 
Drosophila expression vector pMT/BiP/V5/HisA (Invitrogen), was transfected 
(0.5 µg/well) together with the Attacin-luciferase reporter, Actin5C-β-
galactosidase and dsRNAs. Overexpression of Iap2 was induced 48 h after 
transfection using 500 µM CuSO4. Luciferase and β-galactosidase activities were 
measured 48 h later. 

For the Toll pathway, S2 cells were transfected with a constitutively active 
form of Toll receptor (Toll10b, Rosetto et al. 1995), Drosomycin-luciferase reporter, 
Actin 5C-β-galactosidase and dsRNAs. Cells were lysed and luciferase activities 
were measured 72 hours after transfection. Luciferase and β-galactosidase 
activities were measured using standard procedures.  

Alternatively, when assaying the functionality of the RNA interference 
pathway after specific, targeted dsRNA treatment, S2 cells were seeded onto 24-
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well plates and 5 µg of dsRNA was added. After 48 h, the cells were transfected 
with a constitutively active form of Toll (Toll10b) together with the Drosomycin-
luciferase reporter, control plasmid encoding Renilla luciferase (Promega) and 
either MyD88 dsRNA or GFP dsRNA using FuGENE Transfection reagent. The 
cells were lysed and luciferase activities were measured 96 h after transfections. 

4.4.6 Fluorescence microscopy (I, III) 

Fluorescence microscopy is one of the most rapidly expanding microscopy 
techniques employed today in biomedical science. The application of an array of 
fluorochromes has made it possible to identify cells and subcellular components 
with a high degree of specificity. Using fluorescence microscopy, the precise 
location of intracellular components, as well as their transport characteristics and 
interactions with other biomolecules, can be monitored. 

To study the mechanisms and kinetics of dsRNA internalization into S2 cells, 
106 cells per well were seeded onto two chamber slides (Nunc) and treated with 
20 µg of dsRNA(s). 72 h later, cells were allowed to internalize FITC-labeled 
GFP dsRNA (12 µg/ml) for 5, 20 or 60 min at +26 ºC. Cells were fixed for 20 
min with 4% paraformaldehyde, and the cell nuclei were stained for 20 min with 
1 µg/ml DAPI. After the staining, slides were washed twice with PBS, once with 
distilled water and mounted on Shandon Immu-Mount (Thermo Scientific). The 
specimens were viewed with an Olympus Fluoview 1000 confocal microscope 
using appropriate filters and FV10-ASW software (Olympus). 

A similar assay was performed for the CHO cells stably transfected with 
Drosophila Sr-CI (Rämet et al. 2001) to investigate whether the receptor is 
sufficient to mediate dsRNA internalization into the cells incapable of engulfing 
such molecules per se. Cells (105 per well) were seeded onto acid-washed 
22 × 22 mm coverslips on 6-well plates. 36 to 48 h later, 2 µg/ml of Alexa-
AcLDL or 7.5 µg/ml FITC-dsRNA was added to the growth medium and 
incubated for 4 h. Cells were fixed for 20 min with 3% formaldehyde. Fixed 
coverslips were washed with PBS, unreacted aldehyde groups were saturated with 
50 mM ammonium chloride in PBS and coverslips were mounted on 15 µl of 
moviol. Pictures were taken on an inverted Nikon TE2000-U epifluorescence 
microscope equipped with a cooled CCD camera (Hamatsu Orca ER) using a 60× 
Plan-Apochromat oil objective. Images were acquired and enhanced using 
Openlab software (Improvision). 
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For the cytoskeleton stainings of S2 cells, 5 × 105 cells per well were seeded 
onto round glass coverslips on 12-well plates and treated with 10 µg dsRNA. 72 
hours later, cells were allowed to internalize heat-killed E. coli for 5 minutes at 
+26 ºC. Cells were washed with Hank’s buffer, fixed with 4% paraformaldehyde-
PEM (100 mM PIPES, 5mM EGTA, 2 mM MgCl2, pH 6.8) at room temperature 
(RT) and thereafter post-fixed with ethanol at −20 ºC. On ice, fixed cells were 
washed with PBS and stained for 30 min with 1 µg/ml DAPI (Molecular Probes), 
Alexa Fluor 488 mouse anti-β-tubulin (1:10, BD Biosciences), and Alexa Fluor 
568 phalloidin (20 units/ml, Molecular Probes). After the staining, coverslips 
were mounted on Shandon Immu-Mount.  

To visualize cytoskeletons of RAW 264.7 cells, 1.5 × 105 cells per well were 
seeded onto round glass coverslips on 12-well plates for microscopy. 24 h later, 
cells were transfected with Lipofectamine 2000 Reagent (Invitrogen). The 
transfection was repeated after additional 24 hours. 24 h after the second 
transfection, cells were allowed to internalize heat-killed E. coli in fresh growth 
medium for 5 minutes at +37 ºC, after which the cells were washed twice with 
Hank’s buffer and thereafter fixed and stained like S2 cells.  

The cytoskeleton stained specimens were viewed with an Olympus Fluoview 
1000 confocal microscope equipped with diode, argon, and HeNe 1 lasers, using a 
60× oil objective (NA: 1.35), appropriate filters, and FV10-ASW software 
(Olympus). 

4.4.7 Immunoelectron microscopy (IEM) (III) 

Immunoelectron microscopy uses antibodies to detect the intracellular location of 
structures or particular macromolecules at high resolution. Antibodies against the 
required antigen are labeled with gold particles and then applied to ultrathin 
sections, which are then examined in the transmission electron microscope. 

To further elucidate dsRNA internalization as well as intracellular transport 
and localization, 2 × 106 S2 cells were seeded onto 10 cm dishes and 10 µg/ml 
dsRNA was added. After 72 h, cells were allowed to internalize FITC-dsRNA 
(8.5 µg/ml) for 5 or 30 min at +26 ºC. For the IEM, cells were fixed in 4% 
paraformaldehyde in 0.2 M phosphate buffer with 2.5% sucrose for 30 min. The 
fixed cells were immersed in 2% agarose, and the blocks were frozen in liquid 
nitrogen. For the immunolabeling, the sections were incubated with an anti-FITC 
antibody (Zymed) (1:500 dilution) followed by protein A-gold complex (size 
10 nm) for 30 min. The sections were embedded in methylcellulose and examined 
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in a Philips CM100 transmission electron microscope (FEI company). Images 
were captured with a CCD camera equipped with TCL-EM-Menu version 3 from 
Tietz Video and Image Processing Systems GmbH (Gaunting). 

4.4.8 Quantitative reverse transcription PCR (qRT-PCR) (I, II, IV) 

In original publication II, semiquantitative PCR was used to demonstrate the 
effectiveness of dsRNA treatments. Total RNA was isolated using TRI Reagent 
(Sigma-Aldrich). cDNA was synthesized using an Oligo(dT)-primer and 
M-MuLV reverse transcriptase. Semiquantitative PCR reactions were carried out 
using the synthesized cDNAs as templates. Primers used in PCR reactions are 
presented in original article II.  

To assay the CecropinA1 mRNA level after RNAi treatments targeting Relish, 
TAB or Iap2, 1.5 × 106 S2 cells were seeded onto 6-well plates and treated with 
20 µg of sample or control dsRNA. Ecdysone (1 µM, Sigma-Aldrich) was added 
48 h after dsRNA treatment. 72 h after the dsRNA treatment, antimicrobial 
peptide release was induced by heat-killed E. coli (4 h), after which the total RNA 
was extracted with TRIzol Reagent (Invitrogen). cDNAs were synthesized using 
an Oligo(dT)-primer and M-MuLV reverse transcriptase. Semiquantitative PCR 
reactions were carried out using the synthesized cDNAs as templates. Primers 
used in PCR reactions are presented in original article IV. 

qRT-PCR was utilized in original article I. To measure the rate of siRNA 
silencing in mouse RAW 264.7 cells, 5 × 105 cells/well were cultured on 6-well 
plates for total RNA isolation. siRNA treatments were performed as described 
above. 24 h after the second siRNA treatment, the cells were collected directly 
with TRI Reagent (Sigma-Aldrich), and RNA was isolated according to the 
manufacturer’s instructions. qRT-PCR was performed using the Quantitect SYBR 
Green RT-PCR kit (Qiagen) and ABI7000 (Applied Biosystems) instrument. 
Results were analyzed with ABI7000 System SDS Software version 1.2.3. 

4.4.9 Relish processing assays (IV) 

Processing assays were performed to determine the possible role of TAB and Iap2 
in the cleavage and/or nuclear translocation of Relish.  
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Relish-cleavage assay: Protein extraction, SDS-PAGE and Western 
blotting 

Mbn-2 or S2 cells were seeded onto 6-well plates and treated with control or 
experimental dsRNAs (20 µg/well) for 72 h. Relish cleavage was induced by 
incubating the cells with LPS (10 µg/ml) for 30 min. Cells were placed on ice and 
protein lysates prepared as described previously (Stöven et al. 2003). For SDS-
PAGE, 25 µg of protein per sample was used. Electrophoresis and 
immunoblotting with α-C antibody to detect both cleaved and uncleaved Relish 
protein were carried out as previously described (Stöven et al. 2000).  

Relish localization assay: Immunofluorescence microscopy 

S2 cells were seeded onto a 24-well plate and treated with dsRNAs (4 μg/well, by 
soaking) for 72 h. Relish cleavage was induced with LPS (final concentration of 
10 μg/ml) for 10 min, after which the cells were spun to glass slides, fixed and 
labeled with Relish-recognizing α-RHD antibody as previously described (Stöven 
et al. 2000). 

4.5 In vivo and ex vivo fly experiments (I, II, IV) 

Fly lines used in in vivo experiments are described in section 4.3. 

4.5.1 Northern Blotting and in situ hybridization analysis (II) 

Northern blotting is used in molecular biology to semiquantitatively probe 
mRNAs of interest from total RNA preparations. To investigate the expression of 
eater in different cell lines and developmental stages, poly(A) RNA samples 
(Oligotex beads, Qiagen) were separated by denaturing gel electrophoresis, 
transferred to a nylon membrane, probed with an eater, an rp49 or a diptericin 
random-primed DNA probe (Rediprime II, Amersham). The eater cDNA probe 
(663 bp) was obtained by PCR from cDNA clone SD22390.  

In situ hybridization is a method to detect and localize specific mRNAs 
straight from the morphologically preserved cells and tissues by hybridizing the 
nucleotide probe to the messenger of interest. In this study, in situ hybridization 
was used to determine the expression profile of eater. The same eater cDNA 
fragment was cloned in plasmid vector pCR-BluntII-TOPO (Invitrogen). In situ 
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hybridization on larval and adult whole mount tissues and on circulating 
hemocytes was carried out as described earlier (Irving et al. 2005). 

4.5.2 Infections (I, II, IV) 

To analyze the effect of gene knock downs on Drosophila’s cellular immune 
response, the flies were infected with enterobacterium Serratia marcescens (S. 
marcescens). Eater null flies were generated and RNAi flies were crossed over a 
C564-GAL4 driver (induced; targets the expression of the RNAi construct to 
hemocytes and fat body) or w1118 (uninduced). Canton S flies or the deficiency 
lines Df(3R)D605 and Df(3R)Tl-I were used as negative controls and RelishE20 
flies as the control for defective immune response against S. marcescens infection. 
The experiments were performed with healthy adult offspring 4–8 days after 
eclosure. The S. marcescens feeding assay was essentially performed as 
previously described (Nehme et al. 2007). Briefly, an overnight culture of 
S. marcescens Db11 strain in LB-medium was diluted 1:10 in sterile 5% sucrose 
solution, and 7 ml of infected sucrose solution was absorbed into cotton balls 
placed at the bottom of empty vials. Twenty-five flies, both males and females, 
were placed in infection vials kept at 25 °C, and the number of surviving and 
dead flies was monitored. To control that the flies died from S. marcescens 
infection instead of old age or general effects of RNAi on viability, parallel flies 
were placed into vials with cotton balls moistened with 7 ml of sterile LB-
medium diluted 1:10 to sterile 5% sucrose solution. The survival of flies was 
monitored for one week.  

To analyze the effect of gene knock downs on Drosophila’s systemic, 
humoral immune response instead of the cellular one, survival assays with E. coli, 
Enterobacter cloacae (E. cloacae), Erwinia carotovora (E. carotovora) and 
Micrococcus luteus (M. luteus) were performed by pricking adults with a thin 
needle dipped into a concentrated culture of bacteria (detailed descriptions in 
Tzou et al. 2002, Gobert et al. 2003, Valanne et al. 2007). Natural fungal 
infections were caused by shaking flies on a lawn of sporulating Beauveria 
bassiana (B. bassiana) (Gobert et al. 2003). After E. cloacae infections, the 
survival of the flies was monitored for two days. 
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4.5.3 qRT-PCR of antimicrobial peptides after infections (II,IV) 

Expression levels of antimicrobial peptides Diptericin and Drosomycin were 
quantified after infections with E. coli, E. carotovora, M. luteus or B. bassiana. 
Total RNA was extracted from whole animals, cDNAs were synthesized and 
SYBR Green -based qRT-PCR analyses were performed. Detailed descriptions of 
the method, primer pairs and statistical analysis of the results are presented in 
Pili-Floury et al. (2004), Gobert et al. (2003), and original publications II and IV. 

4.5.4 Phagocytosis assays (I, II) 

In vivo and ex vivo phagocytosis assays were performed as previously described 
(Elrod-Erickson et al. 2000, Lanot et al. 2001, Pearson et al. 2003) with some 
modifications. 

Larval phagocytosis assay 

The deficiency lines Df(3R)D605 and Df(3R)Tl-I were rebalanced over a larval 
GFP balancer. Homozygous RNAi flies Abi (9749 R-2 and 9749 R-3), cpa (10540 
R-2), pirk (15678 R-1 and 15678 R-2), and 14-3-3ζ (17870 R-2) were crossed 
over a C564-GAL4 driver (Harrison et al. 1995), which targets the expression of 
the RNAi construct to hemocytes and fat body. Canton S or Oregon R larvae were 
used as reference for normalization. Heat-killed S. marcescens was labeled with 
FITC or Alexa Fluor 488 (Molecular Probes) by standard procedures. Ex vivo 
bacterial phagocytosis assays were performed as described (Pearson et al. 2003) 
with some modifications. Equal numbers of male and female late wandering 3rd 
instar larvae were bled into ice-cold Schneider’s Drosophila medium on a 96-well 
plate (Sigma-Aldrich). Excess medium was removed and 3× 106 FITC-labeled 
bacteria were added and centrifuged briefly onto the cells. Afterwards, the cells 
were allowed to phagocytose for 10 minutes at 25 °C. Plates were placed back on 
ice, and the cells were fixed with 2% glutaraldehyde at RT. Extracellular 
fluorescent particles were quenched with trypan blue solution. Microscopy and 
imaging were performed using an Olympus IX71 microscope with an F-view soft 
imaging system and analysis 3.2 software. 

Injections of india ink (Pébéo, Gemenos, France) were performed as 
described (Lanot et al. 2001). Larvae were anaesthetized using Flynap (Carolina 
Biological Supply Company) and hemocytes were observed in vivo through the 
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larval cuticle or after bleeding hemocytes onto acid-washed glass coverslips 
followed by formaldehyde fixation. 

Adult phagocytosis assay 

The In vivo adult phagocytosis assay was performed as previously described 
(Elrod-Erickson et al. 2000) with modifications. Groups of about 10 adult male 
flies were injected with 69 nl of bacterial suspension in PBS (1010 particles/ml) or 
a 100-fold dilution of PKH26 dye in Diluent B (Red Fluorescent Phagocytic Cell 
Linker Kit; Sigma-Aldrich) using a nanoject II automatic nanoliter injector 
(Drummond). Phagocytosis was allowed to proceed at room temperature for 30 
minutes (bacteria) or for four hours (PKH26). In the case of bacteria, the flies 
were then injected twice to three times with 69 nl of trypan blue solution to 
quench the fluorescence of extracellular particles. For phagocyte ablation 
experiments, CML latex beads (0.3 μm diameter, Interfacial Dynamics Corp.) 
were washed in PBS and used at 2–4 times concentration in PBS, and 69 nl were 
injected 24 hours before the phagocytosis test. Flies were anaesthetized with 
Flynap and mounted under a glass coverslip on clear double-sided tape (pictures) 
or on children’s modelling clay (quantification). Fluorescence pictures were taken 
on an inverted Nikon TE2000-U microscope and a cooled CCD camera (Hamatsu 
Orca ER). Fluorescence around the dorsal vessel was quantified from raw 
unaltered pictures of the abdomens of injected flies using Openlab 4 software 
(Improvision). 

4.6 In vitro protein work (II) 

Full-length Eater protein was in vitro translated and the amino-terminal 
(N-terminal) part of Eater protein was expressed in S2 cells to determine protein’s 
size and binding properties to different kinds of ligands. 

4.6.1 Linked in vitro transcription/translation 

A non-radioactive “Linked in vitro SP6/T7-Transcription/Translation Kit” (Roche) 
was used for linked in vitro transcription/translation. The biotin-labeled 
translation products were separated on 12% or 10% reducing, discontinous SDS 
gels and blotted onto a PVDF membrane (Immobilon-P, Millipore). Reaction 
products were visualized by direct incubation with streptavidin-horseradish 
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peroxidase (Amersham) or by Western Blot using an anti-His(C-Term) antibody 
(Invitrogen) or an anti-β-galactosidase antibody (Promega). 

4.6.2 Expression, purification and deglycosylation of Eater 1-199 His 
protein (Eater N-terminus) 

The cDNA fragment encoding the N-terminal 199 amino acids of Eater was 
obtained by PCR from cDNA clone SD22390. The PCR fragment was cloned into 
expression vector pMT/V5-His (Invitrogen). Eater 1-199 His protein was 
overexpressed in stably transfected S2 cells using the Drosophila Expression 
system (Invitrogen). Secreted protein was precipitated with 70% saturated 
ammonium sulfate from the culture supernatant, dialyzed, and purified by nickel 
affinity chromatography. Purified Eater 1-199 His protein was transferred to a 
PVDF membrane and subjected to N-terminal sequencing by automated Edman 
degradation. For deglycosylation, Eater 1-199 His protein was incubated at 37 °C 
for 1 h with Endoglycosidase H or Peptide:N-Glycosidase F (New England 
BioLabs). 

4.6.3 Direct binding of Eater 1-199 His protein to microbes 

Eater 1-199 His protein was biotinylated with EZ-Link Sulfo- NHS-LC-Biotin 
(Pierce). For microscopic observation, heat-killed bacteria (2× 106) were 
immobilized on glass coverslips treated with polylysine (0.01%) and incubated 
with biotinylated proteins in 10 mM sodium phosphate buffer or in Robb’s 
Drosophila phosphate-buffered saline (Robb 1969) containing 0.5% bovine 
serum albumin. Biotin-labeled proteins were detected with 1 μg/ml streptavidin-
Alexa Fluor 488 (Molecular Probes). For flow cytometry, bacteria were labeled in 
solution at the indicated concentrations. Analysis was performed on a FACS 
Calibur. 

4.7 Statistical analysis 

Most statistical analyses of results were carried out using one-way ANOVA. For 
the larval phagocytosis assay, statistical significance was assessed either by 
calculating two-tailed p-values by ANOVA or by using logrank analysis. For the 
adult phagocytosis assay, statistical significance was assessed by calculating two-
tailed p-values by a non-parametric rank sum test (Mann-Whitney U-test). 
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Depending on the experimental set-up, a p-value ranging from ≤ 0.05 to ≤ 0.001 
was considered to be significant. 
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5 Results 

The specificity and effectiveness of RNA interference (RNAi) in S2 cells was 
investigated prior to its utilization in a large-scale screening. One gene was 
selected for RNAi silencing based on its cellular location and function with as 
few as possible secondary effects caused by the gene knock down. Gene CG5210 
encoding secreted, chitinase-like protein was RNAi silenced. The expression 
profile of CG5210 knock down cells was compared to the expression profile of 
untreated S2 cells. This comparison revealed extremely specific silencing of the 
dsRNA-targeted gene expression (Figure 6). 

Fig. 6. Specificity and effectiveness of RNAi in Drosophila S2 cells (figure from 
original article IV). 

In the original publications I, III and IV, RNAi-based large-scale screening was 
utilized to identify novel mediators of the Drosophila immune response. dsRNAs 
for gene silencing were produced from an S2 cell -derived cDNA library (Pearson 
et al. 1995), and different kinds of fluorescence- and luminescence-based read-
outs were used to explore Drosophila’s immunological signaling cascades. 
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5.1 Identification of genes essential for phagocytosis in Drosophila 
S2 cells (I) 

During the past decade, powerful genetic tools have made Drosophila one of the 
most popular model organisms to study cellular functions by means of functional 
genomics. A couple of studies have also focused on revealing mechanisms of 
bacterial phagocytosis and pathogenesis (Agaisse et al. 2005, Cheng et al. 2005, 
Philips et al. 2005, Stuart et al. 2005, Stroschein-Stevenson et al. 2006, Derré et 
al. 2007, Koo et al. 2008). The very first one of these was published by Rämet et 
al. (2002b). This paper described PGRP-LC as a phagocytic receptor of gram-
negative bacteria, and additionally demonstrated the usefulness of flow 
cytometry-based quantification of fluorescently labeled bacteria as a method to 
identify novel gene products essential for efficient phagocytosis.  

Phagocytosis is a complex cellular process, and its efficient function requires 
the cooperation of numerous proteins. When mediating the engulfment and 
elimination of bacteria, several kinds of signaling molecules, kinases, lipid-
associated proteins and regulators of the actin cytoskeleton are known to 
participate in functions like membrane reorganization, cytoskeleton remodeling 
and coordination of endocytosis components, microtubules and actin structures in 
intracellular vesicle trafficking (Aderem & Underhill 1999). In the current study, 
the possible involvement of more than 3000 random Drosophila gene products in 
the engulfment of E. coli was assayed using the flow cytometry -based method 
published by Rämet et al. (2002b). Altogether six genes were found to be crucial 
for this cellular function as disruption of their function by RNAi led to more than 
40% reduction in the ability of Drosophila S2 cells to phagocytose heat-killed, 
FITC-labeled E. coli. The identified genes were Abelson interacting protein (Abi, 
CG9749), capping protein alpha (cpa, CG10540), 14-3-3ζ (CG17870), tousled-
like kinase (tlk, CG2829) and unnamed genes CG2765 and CG15609.  

In addition, knock down of five other genes using RNAi led to significant 
reduction of S2 cell phagocytic ability. However, these reductions were not 
constantly and reproducibly over the 40% cut-off and therefore were excluded 
from original article I. These particular genes were CG12592 and CG4841 of 
unknown function, receptor signaling protein serine/threonine kinase Pak3 
(CG14895), protein kinase A binding partner A kinase anchor protein 200 
(Akap200, CG13388) and transcription factor Checkpoint suppressor homolog 
(CHES-1-like, CG12690). Of the above-mentioned genes, Pak3 has been 
suggested to participate in actin filament organization (Kiger et al. 2003) and 
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transcription factor CHES-1-like has been twice before connected to bacterial 
phagocytosis (Rämet et al. 2002b, Stroschein-Stevenson et al. 2006). Even 
though they are still mainly unexplored in the context of immune response, these 
genes potentially contribute to bacterial engulfment in Drosophila. 

Of note, the depletion of an additional 27 genes was shown to reduce the 
ability of the cells to phagocytose bacteria in our experimental setting. However, 
RNAi treatments targeting these genes were shown to affect the viability of the 
cells instead of having a direct effect on phagocytosis. The list of these genes is 
presented as a supplementary table in original article I. 

5.1.1 Ex vivo/in vivo validation, analysis of evolutionary 
conservation and functional characterization of Abi, cpa, 
14-3-3ζ, CG2765, tlk and CG15609 (I) 

To validate the in vivo relevance of the genes necessary for efficient phagocytosis 
in S2 cells, Abi, cpa, and 14-3-3ζ RNAi flies were purchased. Using selected 
crossings, the expression of the RNAi construct was targeted to hemocytes. By 
isolating primary hemocytes from wandering third instar larvae and testing their 
ability to internalize FITC-labeled, heat-killed bacteria, it was demonstrated that 
Abi, cpa, and 14-3-3ζ RNAi flies display strongly impaired phagocytosis (original 
article I, Figure 7). Additionally, the phagocytic ability of adult RNAi flies was 
studied in vivo. Flies were injected with fluorescently labeled, heat-killed 
S. aureus followed by injection with trypan blue to quench extracellular 
fluorescence. Thereafter, abdomens of the flies were imaged with a fluorescence 
microscope. Abi RNAi flies were shown to exhibit less fluorescence in blood cells 
accumulated around the dorsal vessel (Drosophila’s equivalent of a heart) 
compared to flies expressing Abi normally (Figure 8). A similar, although not 
conclusive, reduction in phagocytic ability was observed for cpa and 14-3-3ζ 
RNAi flies (data not shown). 
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Fig. 7. Defective ex vivo phagocytosis of primary hemocytes from 14-3-3ζ flies. Upper 
panel: microscopy images of hemocytes after 10 minutes of E. coli exposure. Lower 
panel: quantification of hemocyte phagocytosis. Asterisk represents a p-value ≤ 0.001 
compared to Canton S flies, which were considered wild type controls. 
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Fig. 8. The effect of Abi RNAi on phagocytosis of S. aureus in vivo. 

Phagocytosis is an ancient cellular process, which has its origins in the uptake of 
nutrients by unicellular organisms. To test if the same gene products are 
responsible for bacterial phagocytosis in a simple model organism like 
Drosophila as well as in higher eukaryotes, orthologs were sought for the 
identified phagocytosis genes. NCBI BLAST analysis showed that mouse 
proteins Abi2, Capping protein (actin filament) muscle Z-line, alpha 1 (Capza1), 
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 
polypeptide (Ywhaz), Mid1-interacting protein 1 (Mid1ip1), Tlk2 and EH domain 
binding protein 1 (Ehbp1) are the closest homologs of Abi, cpa, 14-3-3ζ, CG2765, 
tlk and CG15609, respectively. Vice versa, alignment of the mouse proteins in 
question to the Drosophila protein database identified the same, above-mentioned 
Drosophila proteins. This suggests that these particular proteins are orthologs. 
Inparanoid-analysis (O’Brien et al. 2005) was executed to confirm this 
preliminary conclusion. As a result, Abi2, Capza1, Ywhaz, Mid1ip1 and Ehbp1 
were verified as orthologs of the corresponding Drosophila proteins. The 
orthologs/closest homologs of Drosophila phagocytosis genes, together with two 
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other homologous mouse genes Abi1 and Tlk1, were knocked down in 
macrophage-like mouse RAW 264.7 cells using commercial siRNAs. Altogether 
four genes (Abi2, Capza1, Ywhaz, Mid1ip1) were efficiently silenced, and three of 
these genes, namely Abi2, Capza1 and Ywhaz, were found to be important for the 
engulfment of fluorescent, heat-killed bacteria in the mouse cell line. 

To investigate the function of Abi, cpa, 14-3-3ζ, CG2765, tlk and CG15609 in 
phagocytosis in more detail, a flow cytometry -based assay was used to assess the 
ability of the dsRNA-treated S2 cells to bind fluorescent, heat-killed bacteria. 
None of the identified phagocytosis genes significantly contributed to the 
bacterial binding ability of S2 cells, suggesting a role for these genes in 
engulfment events downstream of binding. 

To further characterize the molecular functions of the identified genes, the 
possibility was studied that these genes participate in bacterial engulfment by 
regulating the actin cytoskeleton. The actin cytoskeleton, microtubules and nuclei 
of the dsRNA-treated S2 cells and siRNA-treated RAW 264.7 cells were 
visualized before and after exposure to heat-killed E. coli. Fluorescence 
microscope imaging of the stained cells suggested that Abi/Abi2, cpa/Capza1, 
14-3-3ζ/Ywhaz and Drosophila CG15609 function in phagocytosis by remodeling 
the actin cytoskeleton in response to recognized bacteria. 

The contribution of phagocytosis to Drosophila’s host defense has remained 
elusive because of the lack of phagocytosis-defective mutant strains and 
competent infection models. In the current study, entomopathogenic bacterium S. 
marcescens was orally introduced to the flies. By monitoring the survival rates of 
the infected flies, it was shown that Abi and cpa RNAi flies succumb to bacterial 
infection significantly faster than intact control flies. This introduces a novel, 
valid method to study phagocytosis in vivo and demonstrates that phagocytosis, 
and specifically the function of Actin-related protein 2/3 (Arp2/3) -related 
cytoskeletal regulatory proteins Abi and cpa, is required for efficient host defense 
in Drosophila. 

5.1.2 Identification and characterization of eater (II) 

From the phagocytosis screen, one specifically interesting gene was identified. 
This gene, namely serpent (CG3992), encodes a protein that functions as a 
transcription factor regulating the expression of numerous genes in Drosophila. 
Serpent has been shown to participate in hematopoiesis, and is also known to be 
expressed in plasmatocytes (Evans et al. 2003). Because of its major role in the 
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regulation of hematopoiesis, serpent was postulated to also play a role in 
regulation of phagocytosis, despite the obvious effect of its knock down on S2 
cell viability. To identify genes that are under the control of serpent, the 
expression profile of serpent RNAi -treated cells was compared to the expression 
profile of untreated S2 cells. This expression profiling approach identified 
approximately 200 genes downregulated at least 50% in the absence of serpent 
(Figure 9). Of these genes, 46 contained either a secretion signal or a 
transmembrane domain. RNAi treatments targeting each of these genes, one by 
one, revealed only one gene, in addition to the previously published Sr-CI, which 
seemed to play a major role in bacterial phagocytosis. RNAi targeting gene 
CG6124 caused 55% or 70% reduction in phagocytosis of E. coli or S. aureus, 
respectively, compared to untreated S2 cells. This gene was named eater. 

Fig. 9. Microarray data reveals that the expression of approximately 200 genes is 
positively regulated by transcription factor serpent. One of these genes (CG6124) was 
named eater. 
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The immunological function of eater in S2 cells in vitro was further characterized. 
Using a luciferase reporter assay and flow cytometry -based binding assay, the 
intact production of antimicrobial peptide expression was observed and the 
phagocytosis defect of eater knockout cells was linked to impaired bacterial 
binding.  

Based on the database minings and basic bioinformatic studies, eater encodes 
a protein with 32 typical, extracellular, epidermal growth factor -like (EGF-like) 
repeats, a transmembrane domain and 28 intracellular amino acids containing a 
potential tyrosine phosphorylation motif. The four N-terminal EGF-like repeats 
are the most variable ones, suggesting a role for them in bacterial recognition. 
Therefore, the 199 N-terminal amino acids of Eater together with the secretion 
signal sequence and carboxy-terminal (C-terminal) histidine tag (Eater 1-199 His) 
were stably expressed in S2 cells. The secreted protein was purified and 
biotinylated, after which its binding properties were analyzed. Eater 1-199 His 
protein showed specific binding to heat-killed S. marcescens, S.aureus and 
Candida silvativa (C. silvativa), representatives of gram-negative bacteria, gram-
positive bacteria and yeast, respectively. In addition, typical scavenger receptor 
ligands, oxidized and acetylated LDL, efficiently competed with bacteria for 
binding to Eater 1-199 His protein. This data demonstrates Eater as a scavenger 
receptor and confirms its function as a microbial cell surface receptor directly 
participating in microbial recognition and binding. 

Eater was shown to be expressed specifically in blood cells in larvae and 
adult flies, but not in prepupa or pupa, except for very late pupal stages. In eater 
null flies, systemic, humoral immune response responded normally to bacterial 
infection, as demonstrated by the induction of antimicrobial peptide gene 
expression after infection of flies by pricking with a bacterially contaminated 
needle. To determine the in vivo role of eater in bacterial phagocytosis, the above-
described phagocytosis analyses (chapter 4.5.4) were utilized. Primary hemocytes 
from eater null larvae were strongly impaired for phagocytosis of S.marcescens 
and S. aureus (phagocytic reduction of approximately 50% and 80 %, 
respectively). Similarly, in vivo phagocytosis of bacteria by sessile macrophages 
of adult eater null flies was robustly defective (Figure 10). Finally, eater null flies 
were discovered to be immunocompromised after exposure to gastrointestinal S. 
marcescens infection, making Eater essential for Drosophila’s host defense. 
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Fig. 10. Eater null flies exhibit drastically defective phagocytosis in vivo. Upper panel: 
confocal and fluorescence microscopy images of flies injected with fluorescent 
bacteria, Lower panel: quantification of in vivo phagocytosis (dots correspond to the 
amount of fluorescence in the fly abdomens). Figure modified from Ulvila & Rämet 
2005, published with permission of the Duodecim Medical Journal. 

5.2 Contribution of Eater to bacterial phagocytosis in Drosophila 
S2 cells (I, II) 

During the past decade, several proteins have been suggested to function as 
phagocytic recognition receptors in Drosophila. These proteins include scavenger 
receptor Sr-CI (Rämet et al. 2001), CD36 family scavenger receptors Peste 
(Philips et al. 2005) and Croquemort (Stuart et al. 2005), PGRP-LC (Rämet et al. 
2002b), immunoglobulin superfamily member Dscam (Watson et al. 2005) and 
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EGF-like repeats containing proteins Nimrod (Kurucz et al. 2007) and Eater. To 
study the relative contribution of these receptors to phagocytosis of E. coli and S. 
aureus in S2 cells, they were knocked down in different combinations using 
RNAi (Figure 11). Peste was excluded from the experiment because of its binding 
specificity to Mycobacterium fortuitum and Listeria monocytogenes, but not E. 
coli or S. aureus in S2 cells. Likewise, Nimrod was excluded because of its 
extremely low expression level in S2 cells. 

Fig. 11. Relative contribution of published phagocytic receptors to engulfment of 
fluorescent, heat-killed E. coli. Five Drosophila PRRs were RNAi silenced in different 
combinations in S2 cells, after which the phagocytic ability of the cells was 
determined. 
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For the phagocytosis of both E. coli and S. aureus, Eater was found to be the most 
important receptor. Similarly, Sr-CI was shown to play the second major role in 
phagocytosis of both bacteria (Figure 11 and original article I). The defects 
caused by depletion of these receptors were shown to be additional, thereby 
identifying the two major internalization routes for bacteria into Drosophila cells. 
Knock downs of the three other receptors had only subtle effects on phagocytosis 
of both tested bacteria, resembling previously published observations. 

Abi, cpa, 14-3-3ζ, CG2765, tlk and CG15609 were RNAi silenced in 
combination with eater or Sr-CI in order to investigate whether their function is 
specific for one of the two major phagocytosis routes. The results of the combined 
RNAi experiments denoted the involvement of all six genes in both bacterial 
internalization pathways. 

5.3 Identification of Eater and Sr-CI as mediators of dsRNA 
internalization into Drosophila S2 cells (III) 

In original article III, clathrin-mediated endocytosis was demonstrated as a route 
for dsRNA into S2 cells (discussed in more detail in section 5.4.1). This finding 
led to a search for receptors responsible for the recognition and binding of dsRNA. 
Seven different scavenger receptors, one at a time, were RNAi silenced in S2 
cells, after which the uptake of fluorescently labeled dsRNA into the cells was 
assayed using flow cytometry. Two scavenger receptors, Sr-CI and Eater, were 
shown to be essential for dsRNA internalization as knock down of both of these 
receptors at the same time prevented 92% of the normal dsRNA uptake (Figure 
12). 

Additionally, microscopy analysis of Sr-CI and eater knock down cells 
revealed drastically hampered dsRNA binding, suggesting a role for these 
scavenger receptors in dsRNA recognition. Stable transfection of Sr-CI to 
mammalian CHO cells that are normally almost incapable of dsRNA 
internalization led to a marked increase in dsRNA uptake when compared to non-
transfected control cells. This result indicates that the Drosophila scavenger 
receptor is sufficient to mediate dsRNA internalization into mammalian cells. 
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Fig. 12. Eater and Sr-CI: dsRNA receptors in Drosophila S2 cells. 

5.4 Additional screens (III, IV) 

In original publications III and IV, other Drosophila immunological signaling 
cascades were characterized besides the phagocytic one. These studies utilized 
RNAi-based screening and the same cDNA expression library (Pearson et al. 
1995) as in original publication I. 

5.4.1 RNAi mechanism (III) 

During the years 2002–2005, RNA interference was speculated to be a defense 
mechanism against viruses. In the case of Drosophila, this was proven to be true 
in 2006 (Galiana-Arnoux et al. 2006, Wang et al. 2006). Therefore, to identify 
gene products that are essential for viral defense in Drosophila, we used RNAi to 
screen for genes functioning in the RNAi pathway itself. The screen was based on 
rescue from RNAi-induced lethality: if the random RNAi silenced a gene required 
for efficient function of RNAi pathway, that particular dsRNA treatment also 
protected the cells from the following second RNAi known to be lethal for the 
cells. 
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Examination of approximately 2000 random dsRNA treatments resulted in 
the identification of four gene products: DEAD-box RNA helicase Belle (Bel), 
proteasome subunit Pros45, a component of the endocytic pathway Clathrin 
heavy chain (Chc) and a known component of the RNAi machinery, endonuclease 
Argonaute 2 (AGO2). The suggested role of these proteins in the RNA 
interference pathway was verified using novel, targeted dsRNAs and a secondary 
screen, which also utilized the double-RNAi strategy, but relied on a different 
read-out based on luciferase production. In the secondary screen, dsRNA 
internalization was bypassed using lipid-mediated dsRNA transfection. As 
expected, AGO2, Belle and Pros45 turned out to be components of the 
intracellular RNAi machinery, whereas Chc was negative in this assay, suggesting 
a role for it in the uptake of dsRNA into the S2 cells. Thus, original publication III 
identified two novel proteins playing a role in the RNAi pathway in Drosophila. 
The detailed molecular functions of these proteins remain to be elucidated. 
Additionally, chemical disruption of the endocytic pathway in S2 cells led to 
impaired dsRNA mediated gene silencing, verifying the role of clathrin-mediated 
endocytosis in the uptake of dsRNA into the S2 cells. 

5.4.2 Imd pathway (IV) 

Production of antimicrobial peptides through the Imd and Toll signaling pathways 
is considered the most efficient and well-defined aspect of Drosophila immunity. 
In original article IV, the potential roles of almost 7000 random Drosophila gene 
products in the context of AMP production through the Imd pathway were 
determined. Using a luciferase production -based read-out in S2 cells, four novel 
Imd pathway components were identified. These were transcription factor 
Longitudinals lacking (Lola), JNK signaling component Kayak (Kay), Inhibitor 
of apoptosis 2 (Iap2) and Tak1-associated binding protein2 (TAB or Tab2). 
Additionally, depletion of the function of 22 genes caused at least a three-fold 
increase in the production of AMPs by the Imd pathway (listed in original article 
IV), and RNAi knock down of 83 genes was shown to affect cell viability instead 
of immune signaling (listed in the supplement of original article IV). Of the novel 
signaling components, Iap2 and TAB were investigated further. 

RNAi targeting either Iap2 or TAB caused a 98 ± 1% reduction in the Imd 
pathway -mediated production of Attacin-luciferase in S2 cells. A similar defect in 
Imd pathway output in response to gram-negative bacteria was also demonstrated 
by monitoring the production of other AMPs using RT-PCR, namely CecropinA1 
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in S2 cells after dsRNA treatments targeting Iap2 or TAB and Diptericin in Iap2 
RNAi flies in vivo. More detailed epistatic analyses and Relish processing assays 
demonstrated that both Iap2 and TAB perform their functions in the signaling 
cascade downstream of Imd, but upstream of transcription factor Relish. 
Additionally, cytoplasmic cleavage of Relish was shown to take place without the 
contribution of Iap2 or TAB, but instead, they were both suggested to facilitate 
translocation of cleaved Relish from the cytoplasm to the nucleus. 

5.5 Summary of the genes identified in the screens of Drosophila 
immune-related signaling cascades (I–IV) 

Table 1. Drosophila genes and mammalian orthologs. 

Inparanoid-orthologs Drosophila gene Symbol CG-number 

Mouse Human 

Abelson interacting protein Abi CG9749 Abi2 ABI2 

capping protein alpha cpa CG10540 Capza1 CAZA1 

14-3-3ζ 14-3-3ζ CG17870 Ywhaz 1433Z 

CG2765 CG2765 CG2765 Mid1ip1 M1IP1 

tousled-like kinase tlk CG2829 – – 

CG15609 CG15609 CG15609 Ehbp1 Q8N3D4 

eater eater CG6124 – – 

Scavenger receptor class C, type I Sr-CI CG4099 – – 

Clathrin heavy chain Chc CG9012 Cltc CLH1 

Pros45 Pros45 CG1489 Psmc5 PRS8 

belle bel CG9748 Ddx3x DDX3X 

Inhibitor of apoptosis 2 Iap2 CG8293 Birc3 BIRC2 

Tak1-associated binding protein2 TAB/Tab2 CG7417 – – 

kayak kay CG33956 Jdp2 – 

longitudinals lacking lola CG12052 – – 
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Table 2. Novel functions of the identified genes. 

Drosophila gene Symbol CG-number Biological process Molecular function 

Abelson interacting 

protein 

Abi CG9749 phagocytosis regulator of actin cytoskeleton 

capping protein alpha cpa CG10540 phagocytosis regulator of actin cytoskeleton 

14-3-3ζ 14-3-3ζ CG17870 phagocytosis regulator of actin cytoskeleton 

CG2765 CG2765 CG2765 phagocytosis not determined 

tousled-like kinase tlk CG2829 phagocytosis not determined 

CG15609 CG15609 CG15609 phagocytosis regulator of actin cytoskeleton 

eater eater CG6124 phagocytosis, 

dsRNA 

internalization 

receptor 

Scavenger receptor 

class C, type I 

Sr-CI CG4099 dsRNA 

internalization 

receptor 

Clathrin heavy chain Chc CG9012 dsRNA 

internalization 

mediator of endocytosis 

Pros45 Pros45 CG1489 RNA interference not determined 

belle bel CG9748 RNA interference not determined 

Inhibitor of apoptosis 2 Iap2 CG8293 Imd pathway mediator of Relish translocation 

TAK1-associated 

binding protein2 

TAB/Tab2 CG7417 Imd pathway mediator of Relish translocation 

kayak kay CG33956 Imd pathway not determined 

longitudinals lacking lola CG12052 Imd pathway not determined 
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6 Discussion 

Innate immunity is a common arsenal of defense mechanisms exploited by all 
multicellular organisms. In the present study, signaling systems responsible for 
Drosophila’s host defense were investigated. The objective was to identify novel 
mediators of immune signals. Using RNAi-based large-scale screening in the S2 
cell culture model, pathways of phagocytosis, RNA interference and antimicrobial 
peptide production were explored. The methodological advantages and drawbacks, 
as well as obtained results in the context of existing knowledge, are discussed in 
the following sections. 

6.1 Methodological aspects 

Major methodology issues in the present thesis study include utilization of simple 
model organisms and large-scale screening, especially in immunological research. 
Additionally, current state and controversial problems of high-throughput RNAi 
technology are discussed. 

6.1.1 Drosophila as a model organism to study innate immunity 

During the past decades, the fruit fly D. melanogaster has turned out to be a 
model organism able to give knowledge about fundamental biological processes 
involved in human development and disease conditions. For instance, cancer, 
aging, neurodegeneration and the endocrine system have been successfully 
studied in Drosophila. This is due to evolutionarily highly conserved cellular 
signaling cascades, in many cases actually identified first in Drosophila. The 
applicability of Drosophila in modelling human physiology and diseases is well 
illustrated by the fact that 77% of the human disease-associated genes have close 
homologs in the fly genome (Veraksa et al. 2000, Reiter et al. 2001, O’Kane 2002, 
Bier 2005). 

Besides being economical, easy to handle and ethically trouble-free, 
Drosophila’s short life-cycle also makes it an attractive model organism. 
Technically, Drosophila is a particularly convenient model system because of its 
sequenced genome (Adams et al. 2000) and powerful postgenomic tools, 
including RNA-mediated interference (RNAi) at both the cellular and organismal 
level. Yet another real advantage is that the Drosophila system is much simpler 
than the mammalian one, with a compact genome of less genetic redundancy, 
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which allows loss-of-function methods to reveal roles of single genes in various 
cellular functions. 

Living in dirt, and thus obviously having an efficient host defense, 
Drosophila is well-suited for immunological research. While lacking the adaptive 
arm of the immune system, mechanisms of innate immunity are easily studied 
without interference or compensation by the potentially more dominant adaptive 
mechanisms. After years of extensive comparative research, the current 
knowledge supports the idea that despite the fundamental differences between 
mammalian and invertebrate immunities, there are also striking similarities. 
Actually, it seems that all signaling cascades known to mediate immune functions 
in Drosophila are evolutionarily conserved. The usefulness of the genetically 
tractable Drosophila model in the field of immunology was exquisitely illustrated 
by the discovery of human Toll-like receptors (TLRs) as the key mediators of the 
mammalian innate immune response based on the finding that a homologous 
protein Toll mediates the induction of effective immune functions in Drosophila 
(Rosetto et al. 1995, Lemaitre et al. 1996). Additional examples demonstrate the 
conserved nature of immunological mechanisms and signals: the Drosophila Toll 
pathway shares components and strategies with the mammalian adaptor protein 
MyD88-dependent interleukin 1 receptor-TLR pathway, just as the Imd pathway 
resembles adaptor protein TIR (Toll/interleukin-1 receptor) domain-containing 
adaptor inducing IFN-β (TRIF) -dependent TLR signaling cascades (Cherry & 
Silverman 2006). Moreover, the same cellular machineries (translation machinery 
and components of the endocytosis pathway) have been shown to associate with 
viral infections in Drosophila and human cells (Cherry & Perrimon 2004, Cherry 
et al. 2005). 

Drosophila is also suitable for studies of cellular immune mechanisms. 
Drosophila’s circulating phagocytic blood cells make it possible to model host-
pathogen interactions in flies. Especially in the case of phagocytosis research, the 
reduced redundancy presumably facilitates identification of interesting 
phenotypes compared to mammalian systems with large, redundant gene families.  

The knowledge about Drosophila immunity as such is meaningful as it 
resembles that of other insects, including those having a direct impact on mankind 
as agricultural pests or vectors of human diseases, thereby giving valuable 
information about the mechanisms concerning insect immune functions (Lemaitre 
& Hoffmann 2007). Knowledge about insect immunity enables development of 
pesticides as well as prevention of insect-mediated infectious diseases still having 
deleterious effects around the world. Moreover, studies of lower animals’ defense 
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mechanisms offer insights to the evolutionary arms race between pathogens and 
their hosts. 

6.1.2 Cell culture models 

Drosophila has circulating blood cells, plasmatocytes, capable of phagocytosis 
(Rizki & Rizki 1980). These primary macrophages have several serious 
limitations with respect to their usefulness in scientific research. First, there is 
only a few hundred to a few thousand plasmatocytes in one animal. Additionally, 
plasmatocytes are very adhesive, which further complicates their usage in most 
experimental settings. For example, analysis of primary macrophages using flow 
cytometry has turned out to be nearly impossible because of their above-
mentioned properties. However, in the original articles I and II, primary 
plasmatocytes were utilized in a semi-quantitative, microscopy-based 
phagocytosis assay, which has been proven to give reliable results when repeated 
carefully and sufficiently many times (Pearson et al. 2003).  

For research purposes well-characterized, continuous cell lines, for example 
the S2 and Mbn-2 cell lines used in the present study, are especially useful. These 
cells are hemocyte-like and immune responsive, thereby resembling Drosophila’s 
professional macrophages, plasmatocytes (Schneider 1972, Gateff 1978, Dimarcq 
et al. 1997, Rämet et al. 2001). Previous studies have demonstrated that S2 cells 
express immune receptors and are highly phagocytic (Rämet et al. 2001, Rämet et 
al. 2002b). Likewise, both S2 and Mbn-2 cells are well-established models of 
AMP production (Samakovlis et al. 1990, Samakovlis et al. 1992). In both of 
these Drosophila immune cell lines, RNAi functions promptly. dsRNAs of 
variable lengths are introduced to the culture medium, from where they are 
readily taken into the cells for processing, which leads to functional silencing of 
the target gene (Caplen et al. 2000, Clemens et al. 2000, Werner et al. 2003). This 
makes the cell lines in question readily amenable to large-scale RNAi screening. 
Considering yet another additional advantage of Drosophila cell lines, the 
easiness of culturing, which can be performed at room temperature with no gas 
implementation, fly cells can validly be regarded as one of the best models for 
large-scale studies of immunological functions. Indeed, RNAi screens of 
microbial recognition and engulfment, as well as activation of immunological 
signaling cascades, in Drosophila cells were among the first to be published, 
demonstrating the applicability of the Drosophila model and its genetic tools to 
studies of host-pathogen contacts and immune signaling (Rämet et al. 2002b, 
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Foley & O’Farrell 2004, Baeg et al. 2005, Muller et al. 2005, Agaisse et al. 2005, 
Philips et al. 2005, Stroschein-Stevenson et al. 2006). 

In the present thesis study, three large-scale RNAi screens were performed in 
S2 cells (original articles I, III and IV). Given the fact that a large part of the 
current knowledge about the RNAi mechanism was gained using Drosophila cells, 
read-out for identification of RNAi machinery components was chosen for one of 
the tasks. In addition, at the time RNAi machinery was presumed to share 
components with the antiviral immune mechanisms, thereby fulfilling the task set 
for the performed screens to be immunological. Also, two screens of purely 
immunological functions were established: one for bacterial 
engulfment/phagocytosis and one for production of antimicrobial peptides 
through the Imd pathway. Moreover, results of the phagocytosis screen were 
verified in a mammalian system. For the modeling of mammalian phagocytosis, 
continuous mouse cell line RAW 264.7, which has been shown to demonstrate 
macrophage properties including the ability for phagocytosis (Raschke et al. 
1978), was utilized. Results from the screens further underscored the usability of 
Drosophila cell culture models in immunological research: in most tested cases 
the primary findings were extrapolative to both mammalian cell culture models 
and Drosophila in vivo. 

There are some great benefits in cell culture models compared to in vivo 
situations. First of all, the availability of research material is always guaranteed. 
Use of cell cultures is also a markedly convenient way to by-pass the 
developmental lethal effects of gene manipulations. This is especially appreciated 
in immunological research, where the genes important for adult host defense are 
often found to be essential in development. A special advantage of the Drosophila 
cell culture models is the possibility to utilize simultaneous double-RNAi, or even 
multi-RNAi, a property demonstrated by our studies (original article I) as well as 
the studies of others (Dorer et al. 2006). This greatly facilitates dissection of 
intracellular signaling pathways as well as studies of genes with redundant 
functions. 

Nevertheless, one needs to remember that while some aspects of cell biology 
are easily studied in continuous cell lines, some instead admittedly require a 
physiological context. Additionally, immortality of the continuous cell lines, a 
possible lack of some regulatory mechanisms and changes caused by the years of 
repeated passages must be taken into account. Basic research in cell models, 
although giving valuable information and aiming to therapeutic applications, 
always have to be interpreted carefully until verified in in vivo models. 
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6.1.3 Large-scale research and RNAi-based screening 

The still continuing boom of large-scale research in molecular biology began in 
the 1990s. Transcriptomics, proteomics and metabolomics followed each other, 
and the combination of all the gathered information gave rise to systems biology. 
In the new millenium, the same objective has been pursued using RNAi screening. 

Completed genome sequencing projects were the driving force behind the 
rapid development of RNAi screening. The C. elegans genome was sequenced in 
1998, the Drosophila genome in 2000, and the mouse and human genomes in 
2001. After the genome projects, it was time to take a step forward and start to 
discover the molecular functions for the thousands of newly identified, previously 
unknown genes. The discovery of RNAi came perfectly at the right time, offering 
a powerful tool for this job.  

In C. elegans, RNAi silencing can be achieved by three different methods: by 
injecting dsRNA into the embryos, by feeding worms with bacteria transformed to 
express dsRNA or by soaking worms in a dsRNA-containing solution (Fire et al. 
1998). Generation of a genome-wide, bacterial RNAi library enabled the very 
first genome-wide RNAi screen to be executed in C. elegans by feeding (Kamath 
et al. 2003). As discussed above, RNAi functions straightforwardly also in 
Drosophila cell lines, demonstrated by the publication of the first genome-wide 
screen in Drosophila cells as early as in 2004 by Boutros et al. In contrast, long 
dsRNAs were discovered ineffective in terms of gene silencing in mammalian 
cell lines (Caplen et al. 2000). Instead, long dsRNAs were shown to trigger an 
unspecific immune response in vertebrates (Clemens & Elia 1997, Player & 
Torrence 1998), thereby preventing their use in gene silencing. At first, this was 
considered a major drawback in the field. However, further studies shortly 
demonstrated that instead of long dsRNAs, short, approximately 22 nt dsRNAs 
can be utilized to silence genes in mammalian cell lines (Caplen et al. 2001, 
Elbashir et al. 2001). Thereafter, genome-wide RNAi screening strategies in 
mammalian cells have been developed based on the use of either chemically or 
enzymatically produced siRNAs. During the past year, the first genome-wide 
mammalian screens, including immunological ones, have been published (Brass 
et al. 2008, Tang et al. 2008). 

In the future, studies in model organisms will presumably continue in parallel 
with mammalian systems, which are still far too problematic and expensive to 
totally replace more primitive models. 
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Designing of an RNAi screen 

Although RNAi screening offers unlimited research possibilities, a few important 
aspects have to be considered when designing the screen. First, there are several 
kinds of libraries to be exploited. Some target only selected sets of genes, while 
others are designed for genome-wide analysis. The selection of the library to be 
utilized depends on the objectives: while screens targeting limited sets of genes 
can give interesting insights into certain cellular functions, a more comprehensive 
picture can be gained only by using genome-wide collections. Still, no screen 
should be considered totally comprehensive. There is always a certain amount of 
false negatives in every screen, depending on the quality of the RNAi library. In 
the current thesis study, restricted sets of genes were silenced using random 
dsRNAs produced from the cDNA library. A random dsRNA collection was 
chosen mainly because genome-wide libraries were still under development in 
2002, when the screens in question were started. The previous validation of the 
cDNA library -based screening was considered an advantage (Rämet et al. 2002b), 
as well as natural repetition through commonly expressed genes, which served as 
an internal controlling system ensuring accuracy of the screening. 

The type of the utilized library also correlates with the costs and amount of 
labor. Therefore, genome-wide libraries are typically used with high-throughput 
technology. In the development from pilot experiments to a high-throughput 
screen, careful optimization concerning cell number, RNA amount and RNAi 
durability should be carried out in order to keep the assay accurate. Additionally, 
it should be kept in mind that although automatization excludes random errors, it 
also increases the probability of systematic ones, like edge effects and position 
dependent variations. Careful set-up procedures for the screens in original articles 
I, III and IV were performed and also published along with the screen results. All 
three screens were carried out manually, without any automated technology. 
Especially in the case of such a temperature-sensitive cellular process as 
phagocytosis (original articles I and III), this was considered the only possibility 
in order to ensure rigid experimental conditions. Additionally, the large sample 
volume required for the flow cytometric assay supported the use of manual 
methods.  

The other major issue in screen designing is the choice of the read-out. 
Typically, read-outs based on automated microscopy or quantification of 
fluorescence or luminescence have been used. In any case, careful designing of 
both read-out selection and subsequent data analysis is needed to minimize the 
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false positive results. In the screens of the present study, quantitative read-outs 
were preferred. In the phagocytosis-based read-outs, previously established flow 
cytometry analysis was utilized (Rämet et al. 2002b). For the dissection of 
intracellular signaling cascades (original article IV), a luciferase reporter assay 
with internal β-galactosidase control was the traditional and obvious choice. Extra 
care was taken for the exclusion of false positives. Multiple repeats were 
performed, some of which always using dsRNA different than in primary screen 
and specifically produced for verification of the results. Also, several different 
means to exclude false positives caused by the secondary effects on cell viability 
were utilized. And of course, whenever possible, results from the primary screens 
were verified in secondary screens, in other cell lines or at the organism level in 
vivo. 

More guidelines for setting up a large-scale RNAi screen are presented in 
Echeverri & Perrimon (2006), Ramadan et al. (2007) and Boutros & Ahringer 
(2008). 

Efficiency and specificity of RNAi 

As large-scale RNAi screening has become a more common laboratory practice, 
debate about the efficiency and, particularly, specificity of RNAi has emerged. 
Generally, RNAi using dsRNAs has been thought to function quite efficiently. In 
Drosophila cells, nearly all cells have been suggested to take up dsRNA, with 
silencing at the protein level being almost 100% (Clemens et al. 2000). This was 
also true in our studies. In original articles II and IV, very efficient dsRNA 
silencing at the mRNA level was demonstrated in all studied cases. Instead, 
siRNA technology has been under constant development because of the often 
insufficient silencing efficiency. One reason for this is presumably more rigid 
siRNA concentrations needed compared to dsRNA ones: the concentration range 
that is functional and effective without causing side-effects (i.e. off-target effects 
discussed below) can be quite narrow for siRNAs. The other reason is that 
siRNAs have to be transfected into the cells. Indeed, transfection efficiency is 
often the limiting factor in siRNA-based RNA silencing. Problems of siRNA 
silencing were recognized also in the current studies. The difficulty of 
macrophage transfection together with the usage of commercial, not validated 
siRNAs can be seen in original article I: only four of the eight pursued gene 
silencings were successful in the continuous mouse cell line. In the RNAi 
screening, inefficiency means false negatives, which are, as discussed above, 
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inevitable by-products of screening. However, in the more specific studies as well 
as in the screen-based follow-up studies, verification of siRNA silencing is 
recommended. 

The specificity of RNAi was re-evaluated in 2003 because of a couple of 
reports arguing that siRNAs silence off-target genes in addition to the targeted 
one in mammalian cells (Jackson et al. 2003, Saxena et al. 2003). In these studies, 
off-target silencing with a surprisingly small degree of sequence similarity was 
demonstrated at both the transcriptional and translational levels. As a solution, 
single siRNAs used at that time were advised to be replaced with pools of several 
siRNAs to dilute the concentrations of individual siRNAs, thereby preventing a 
large part of the off-target effects (OTEs). In Drosophila cells, OTEs were not 
considered a problem because of the use of long dsRNAs, which naturally 
produce pools of siRNAs after Dicer-mediated cleavage. However in 2006, two 
groups published evidence for OTEs also when using dsRNAs in Drosophila cells 
(Kulkarni et al. 2006, Ma et al. 2006). In these studies, homologous nucleotide 
sequences even as short as 13 nt, though typically about 19 nt, in length were 
reported to contribute to OTEs. One study using a second generation dsRNA 
library designed to minimize OTEs reproduced two previously performed RNAi 
screens in Drosophila cell lines (DasGupta et al. 2007). The 73% and 51% 
reproducibility of results demonstrates the scale of false positives, presumably 
caused by OTEs as well as other pitfalls of high-throughput screening, in the very 
earliest or negligently performed screens. The way to avoid OTEs in dsRNA-
triggered screens is to verify all positive results using second, independent, 
preferably non-overlapping dsRNAs. This guideline was also followed in the 
screens of the present study. 

Although RNAi screening methods, especially data processing, will be 
developed in the near future, false results definitely continue to occur to some 
extent. Likewise, limitations of screening, like lack of the detailed molecular gene 
functions, are there to stay. Still, RNAi screening can be considered the research 
tool of the future, the advantages of the system being more significant than the 
drawbacks. One just always has to interpret the information flow from the screens 
with healthy criticism. 

6.2 Drosophila phagocytic signaling cascades 

Historically, dissection of phagocytic mechanisms has been difficult. Lack of 
infection models and essential functions of phagocytosis-related genes in 



 

 93 

organismal development have hindered the gaining of knowledge even in model 
organisms. During the past years, RNAi technology has markedly facilitated the 
situation. Original articles I and II aimed at identifying components and 
mechanisms underlying complex cellular events composing phagocytic uptake of 
bacteria into Drosophila cells.  

Using a combination of RNAi screening and expression profiling, 
transmembrane protein Eater was identified as Drosophila’s major phagocytic 
receptor, covering about 60–70% of phagocytosis of representative gram-negative 
and gram-positive bacteria. Eater was shown to bind directly to bacteria, most 
apparently via its extracellular EGF-like repeats. Although EGF-like repeats have 
been previously implicated in phagocytosis of apoptotic corpses in different 
organisms (for example Drosophila Draper (Manaka et al. 2004) and its 
C. elegans ortholog cell death abnormal 1 (CED-1) (Zhou et al. 2001)), Eater’s 
extracellular domain is the first indication of EGF-like repeats in microbial 
recognition. Furthermore, Eater’s domain structure differs from that of the 
previously published receptors: unlike the signaling, cytoplasmic tails of Draper 
or CED-1, the intracellular domain of Eater is short and presumably incapable of 
signal transduction. Very recently, Kurucz et al. (2007) described a family of 10 
Drosophila proteins sharing drastic similarities with Eater. This family of proteins 
also resembles Draper and CED-1 in their domain structure, but they are 
characterized by their short, non-signaling cytoplasmic sequences and a number 
of peculiar, conserved, cysteine-rich EGF-like repeats (NIM repeats), after which 
the family was named Nimrod proteins. Currently, one Nimrod protein has been 
implicated in microbial recognition and phagocytosis in Drosophila hemocytes 
and one other in the engulfment of apoptotic corpses in Drosophila glial cells 
(Kurucz et al. 2007, Kurant et al. 2008). A Nimrod-related, EGF-like repeats 
containing protein was also established as a pattern recognition protein for LPS in 
the beetle Holotrichia diomphalia (Ju et al. 2006). Additionally, similar Nimrod-
like proteins in mammals have been recently implicated in the clearance of 
apoptotic cells. Taken together, identification of Eater started a series of 
publications establishing an evolutionarily conserved role for EGF-like 
repeats -containing receptors in the phagocytosis of both microorganisms and 
apoptotic cells. 

An RNAi screen of mediators of phagocytosis in Drosophila identified six 
gene products: Abi, cpa, 14-3-3ζ, CG15609, CG2765 and tlk. Of these, only Abi 
and cpa have been identified in other screens for components of bacterial 
phagocytosis. This can well be due to the different kinds of microbes utilized in 
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screening: internalization mechanisms of Candida albicans (Stroschein-
Stevenson et al. 2006), Mycobacterium fortuitum (Philips et al. 2005) and 
Listeria monocytogenes (Agaisse et al. 2005) are likely to differ from the ones 
executed by E. coli or S. aureus. 

In 2001, the first Drosophila receptor mediating the engulfment of 
microorganisms was characterized (Rämet et al. 2001). Since that, several 
recognition proteins with distict but overlapping ligand specificities have been 
suggested (see section 2.3.2). In original article I, combinatorial RNAi treatments 
were used to address contributions of published bacterial receptors for 
phagocytosis of E. coli and S. aureus. Not surprisingly, scavenger receptors Eater 
and Sr-CI, with previously demonstrated broad ligand specificities, were shown to 
play the major roles. Only minor contributions were suggested for the other 
presumed phagocytic receptors with narrower ligand preferences. This is in line 
with the model suggested by Stuart & Ezekowitz (2005) in which phagocytic 
receptors are hypothesized to also function synergistically albeit redundantly. 
With variable affinities and specificities, all these receptors aim to fulfill their 
collective task, the engulfment of a microorganism, in the most efficient manner. 

In the malaria mosquito A. gambiae, two distinct pathways with distinct 
ligand-binding specificities have been suggested to mediate the engulfment of 
bacteria (Moita et al. 2005). As all phagocytosis components identified in our 
screen seemed to act downstream of bacterial recognition, we conducted an assay 
to determine whether similarly distinct bacterial internalization routes also exist in 
Drosophila. Our studies suggested that Eater- and Sr-CI -mediated phagocytic 
pathways are at least partially overlapping, sharing all six newly identified 
mediators. However, the function of most of the screen-defined components of 
phagocytosis was implicated in the regulation of the actin cytoskeleton. 
Involvement in such an essential aspect of phagocytosis obviously explains the 
requirement of these particular components in both bacterial internalization routes. 
Thus, the possibility for receptor-specific signal transducers still exists and 
warrants further research. 

Altogether, the results of original articles I and II underscore a few aspects of 
phagocytosis and phagocytosis research. The roles of the receptors seem to be 
explicit and therefore they also are the easiest to study. Signaling downstream of 
the receptors is far more complicated. Being essential for development, 
mechanisms of phagocytosis are heavily compensated: redundant proteins take 
care of the vital functions. Lack of phagocytosis mutants and an only 40% defect 
in one of the few phagocytosis mutants (Scar; Pearson et al. 2003) demonstrates 
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well the complexity of the process. This is why establishing in vivo roles in 
phagocytosis for Eater, Abi, cpa and 14-3-3ζ is one of the gains of the present 
study. The contribution of mouse homologs of Abi, cpa and 14-3-3ζ to the 
phagocytosis of bacteria demonstrates an even higher level of redundancy in 
mammalian cells compared to fly ones and further implies the conservation of 
core components of this cellular process. The evolutionarily conserved roles of 
Abi, cpa and 14-3-3ζ, which are all proteins functionally associated with Actin-
related protein 2/3 (Arp2/3), suggest an important role for this major cytoskeletal 
regulatory pathway in bacterial phagocytosis. Similar observations were recently 
published by Pielage et al. (2008) confirming this conclusion.  

6.3 Eater, Sr-CI, Chc, Belle and Pros45 as components of the 
Drosophila RNAi pathway 

In plants, worms and flies, intracellular RNAi machinery functions as an 
immunological defense system cutting up viral replication intermediates. Also in 
mammals, recent evidence suggests that there is a close connection between RNA 
silencing pathways and viral defense. The contribution of RNA silencing to the 
innate immune response is discussed in more detail in section 2.1.2. Novel 
mediators of the Drosophila antiviral response were combed using the RNAi of 
RNAi -strategy (original article III). DEAD-box RNA helicase Belle and a 
proteasomal 19S regulatory subunit component Pros45 were identified via careful 
double-checking using two distinct dsRNA silencers and two distinct read-outs. 
Additionally, dsRNA internalization into Drosophila cells was shown to occur via 
scavenger receptor -mediated endocytosis. 

The belle gene encodes a protein conserved from yeast to man. A homolog of 
Belle has previously been identified in a C. elegans screen of RNAi pathway 
components (Kim et al. 2005). Belle’s yeast ortholog has been implicated in 
translation initiation, RNA unwinding and modulation of RNA-protein 
interactions, all processes closely connected to RNA silencing machinery 
(Chuang et al. 1997, Iost et al. 1999, Fairman et al. 2004). At the molecular level, 
the still uncharacterized interaction of Belle with RNAi machinery was recently 
further supported: Belle’s yeast ortholog in Saccharomyces cerevisiae was shown 
to localize and contribute to the formation of p-bodies, cellular cites of mRNA 
degradation via RNA interference (Beckham et al. 2008). On the contrary, none 
of the studies conducted so far has supported the involvement of the proteasome 
in the RNAi pathway. However, our unpublished results suggest the connection, 
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warranting further studies to clarify the mechanisms behind the proposed 
interaction. 

Soon after publication of original article III, the route of entry for dsRNAs 
into Drosophila cells was confirmed. A study by Saleh et al. (2006) demonstrated 
that clathrin-mediated endocytosis is an evolutionarily conserved mechanism of 
dsRNA uptake mediating, besides RNAi in Drosophila cells, also systemic RNAi 
in C. elegans. A genome-wide RNAi screen scavenging components of the RNAi 
pathway led Saleh and colleagues on the tracks of the dsRNA internalization 
mechanism. The screen also identified approximately one dozen gene products 
involved in RNAi but not associated with dsRNA uptake. Additionally, one other 
genome-wide RNAi of RNAi screen has been published (Dorner et al. 2006). 
Dorner and colleagues identified altogether six novel genes functioning in the 
RNAi pathway. RNAi was performed by transfection, therefore excluding dsRNA 
internalization from the analysis. Interestingly, there is no overlap between the 
above mentioned three screens. Our study conducted with a very limited set of 
silenced genes obviously cannot cover the results of the other screens. Also 
different kinds of read-outs detecting either silencing of the endogenous or 
exogenous reporter may contribute to variation in the results. In our study, this 
was taken into account by verifying the results of the screen using a secondary 
screen based on an exogenous reporter after primary screening using the 
endogenous reporter. Additionally, different kinds of statistical analyses, variable 
cut-offs and the complexity of the RNAi of RNAi setting may have caused 
divergence in the screen results.  

As the cellular functions executed by different RNA silencing machineries 
expand, knowledge about the composition and functional mechanisms of the 
machineries themselves will be more and more valuable. While further studies are 
needed to reveal the actions of Belle and Pros45 in the process, the identification 
of Eater and Sr-CI as receptors mediating dsRNA internalization into cells, even 
mammalian ones, opens avenues for more accessible and efficient RNA silencing 
in eukaryotic cells. 
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6.4 Iap2 and TAB in the middle of the signaling network producing 
antimicrobial peptides 

In original article IV, Iap2, TAB, Kay and Lola were identified as novel mediators 
of antibacterial immune response in Drosophila hemocyte-like S2 cells. 
Specifically, these signaling molecules were shown to participate in the 
production of antimicrobial peptides (AMPs) through the Imd signaling pathway. 
The Imd cascade has been extensively studied during the past decade, and two 
large-scale RNAi screens aiming at a more comprehensive understanding of the 
signaling events of this immune pathway have been executed in Drosophila cells 
(Foley & O’Farrell 2004, Gesellchen et al. 2005). Excluding the known pathway 
components, there is no overlap between the results of our screen and the screen 
by Foley & O’Farrell. This may be due to the different pathway inducers used in 
these studies: heat-killed E. coli in ours and LPS in Foley & O’Farrell’s. Another 
explanation may be the usage of distinct dsRNA libraries, neither one being 
genome-wide. Additionally, a recent study points to false positives in the earliest 
large-scale screens because of the off-target effects (DasGupta et al. 2007). Also, 
false positives caused by secondary effects on cell viability were often defectively 
excluded in the earliest screens. By contrast, two of the four genes identified in 
our screen were identified also in the screen by Gesellchen et al. (2005), 
identifying altogether eight genes. Identification of Iap2 and TAB in both screens 
demonstrates a very reasonable overlap between these two screens. 

 Lola is a transcription factor with a previously described immunological 
function in bacterial phagocytosis in Drosophila cells (Rämet et al. 2002b). 
However, the role of Lola in the production of antimicrobial peptides still remains 
to be clarified. Kay, in turn, is a component of JNK signaling, which has been 
recently repeatedly shown to interact with the Imd pathway. Several groups have 
reported contradictory information, whether JNK downregulates, upregulates or 
does not even affect the production of AMPs through the Imd pathway (Boutros 
et al. 2002, Kallio et al. 2005, Delaney et al. 2006, Kim et al. 2007). Thus, the 
exact role JNK signaling plays in the Imd pathway still remains to be discovered. 
In addition to instant verification of the contribution of Iap2 and TAB to Imd 
signaling, the function of Iap2 has also been verified in Drosophila in vivo 
(Leulier et al. 2006, Valanne et al. 2007). The current hypothesis is that in the Imd 
pathway, Iap2 functions as a part of the non-degradative ubiquitination machinery 
involved in signal transduction from Imd to Tak1 (Zhou et al. 2005, Aggarwal & 
Silverman 2008). Sequentially, TAB presumably functions in a complex with 
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Tak1 to induce both downstream branches of the Imd pathway: namely JNK and 
Imd itself (Silverman et al. 2003, Zhuang et al. 2006). 

As both Iap2 and TAB have mammalian homologs, these results, together 
with the previous ones, further demonstrate the usability of Drosophila as a model 
system giving valuable clues and background information for the studies of innate 
immune mechanisms of higher organisms. 
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7 Conclusions 

– The fruit fly Drosophila melanogaster is an exemplary model organism to 
study mechanisms of innate immunity especially because of the lack of the 
adaptive arm of immune responses and the vast repertoire of applicable 
genetic tools. 

– RNA interference is currently the most powerful tool for analyses of gene 
functions enabling functional genomics and thorough dissection of complex 
cellular processes. 

– Phagocytosis of pathogenic microorganisms is essential for Drosophila’s host 
defense. 

– Abi, cpa, 14-3-3ζ, tlk, CG2765 and CG15609 are mediators of bacterial 
phagocytosis in Drosophila. The phagocytic function of Abi, cpa and 14-3-3ζ 
is executed through Arp2/3-related actin cytoskeleton regulation and 
conserved from flies to mammals. 

– Eater is the most important phagocytic receptor in Drosophila exhibiting 
broad ligand specificity and constituting a novel mode of microbial 
recognition through EGF-like -repeats. 

– Eater, together with another scavenger receptor Sr-CI, mediates the RNAi-
enabling dsRNA internalization into Drosophila cells.  

– Receptor-initiated dsRNA internalization occurs via clathrin-mediated 
endocytosis. 

– Proteasome component Pros45 and RNA helicase Belle are, through 
unidentified mechanisms, required for efficient RNAi and potentially also for 
antiviral defense in fly cells. 

– JNK signaling is required for efficient production of antimicrobial peptides 
through the Imd pathway. 

– Iap2 and TAB are mediators of antibacterial signals through the Drosophila 
Imd pathway and required for nuclear translocation of the antimicrobial 
peptide genes inducing NF-κB-like transcription factor Relish. 
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