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Abstract

The Drosophilainnate immune system is one of the most widely charsed of all
metozoan defense systems, and shares many similaactéastics to the innate
immune systems of higher organisms. As sugilgsophila has become the model
organism of choice for many researchers with regardthdostudy of the general
mechanisms and regulatory elements of innate immuniberel are a number of
mechanisms thabDrosophila employ in order to combat infection, and these include
both humoral and cellular responses. However, perhgsibst widely characterised
of these mechanisms is the systemic production of antirobial peptides (AMPS) via
the activation of two specific immune signalling pathway¥oll and Imd (Lemaitre et
al. 1995a; Belvin and Anderson 1996).

In Drosophila a number of recent studies have identified a rolether diffusible
second messenger nitric oxide (NO) in the positive réigulaof the Imd pathway, a
pathway that is fundamental to host defence againsh®emative bacteria (Lemaitre
et al. 1995a; Nappi et al. 2000; Foley and O'Farrell 2003; Migfaatet al. 2005). To
date, the exact mechanism by which NO is mediatingfiste on the Imd pathway has
not yet been determined. However, it can be suggestedhisaeffect is mediated
through activation of the cGMP signalling pathway, vigeraction with one of its
upstream components, soluble guanylate cyclase (sGC) aihanmtracellular target for
NO (Marletta and Spiering 2003).

Therefore, the aim of this study was to determine tbeerpial role of the cGMP
signalling pathway on regulation of ti¥osophilalmd immune pathway. To do this,
the DrosophilaMalpighian (renal) tubule was used as a model systemMHhgighian
tubule is a very well characterised, extensively studigitheial tissue and for a
number of years has comprised the model system ofeckgib regards to the study of
the epithelial roles of signalling and transport genesw(land Davies 2001). The
suitability of this tissue as a model system for thiglg is two-fold: Firstly, for many
years, the NO/cGMP signalling pathway has been deemetiaal to tubule function
(Dow et al. 1994a). Secondly, a recent study has idenhtifie tubule as an important
autonomous immune-sensing tissue where, upon immune geileth Gram-negative
bacteria, Imd pathway-associated AMPs are systemigaibduced in the tubule

principle cells. Importantly, it has been demonstrated activation of the Imd pathway



in the principle cells is regulated via the autocrine pradn®f NO (McGettigan et al.
2005).

Data obtained from this study has demonstrated a coghpleovel role for cGMP
signalling in the tubule. Expression analysis has reudeiddat cGMP acts to modulate
the expression of Imd pathway-associated AMPs in a degendent manner; whereby
low nanomolar concentrations are shown to stimulgtgericin expression and higher
micromolar concentrations of cGMP are shown to inhibiThis effect does not appear
to extend to the fat body, the canonical tissue involvethé systemic induction of
AMPs, thus suggesting a completely tissue-specific meahanis

Importantly, it is shown here that the cognate cGMpeddent protein kinases (cGKSs),
DG1 and DG2 (MacPherson et al. 2004a; 2004b), mediate diftdreffects on AMP
production in the tubule. Targeted modulation of the esgio@ of these kinases to the
principle cells of the tubule using the GAL4/UAS systemmdastrates that activation
of DG1 mediates positive modulation of diptericin expi@s in the tubule. By contrast,
negative modulation of diptericin expression is showadeur following the activation
of the two main isoforms of DG2, DG2P1 and DG2P2. These ttiatefore describe a
completely novel role for each of these kinasegniBcantly, the effects of these
kinases on diptericin expression in the tubule arBcgerit to impact on survival of the
whole fly in response to septic infection with Gram-negatbacteria, as well as
contribute significantly to bacterial clearance in ¢fog following natural infection with
E.coli. This study has therefore revealed a critical novel f@ieboth the tubule and
cGKs in the regulation of defence mechanisms in resptnéeth septic and natural
infection in the adult fly.

Interestingly, Q-PCR has revealed that DG1 mediasesffects downstream of Imd.
Additionally, studies have revealed that both DG1 and @G2to regulate the Imd
pathway via modulation of Relish activation, thexdBRranscription factor responsible
for the induction of AMPs following activation of the dhpathway (Hedengren et al.
1999). Translocation assays have demonstrated that tametedxpression odgl to
the principal cells of the tubule results in enhancadsiocation of activated Relish into
the nucleus, whereas targeted knock-down of this kibgdeNAI results inhibition of
Relish activation. In contrast to DG1, overexpressibeitherdg2Plor dg2P2to the

principal cells of the tubule results in inhibition oklRh activation, even in the
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presence of immune challenge. However, this study hasrexsaled the exact
mechanism by which these kinases mediate their eff@ct®elish activation, and
therefore it is not clear whether DG1 and/or DG2 atin@directly on Relish, or
indirectly via phosphorylation of an, as of yet, uniofead substrate(s). Despite this, a
completely novel function for each of these kinasatescribed here for the first time.

Importantly, data described in this study also identifiest, with regards to Imd
pathway regulation, DG1 and DG2 may be activated viardiftesources of cGMP
within the cell. Data shows that stimulation of thed pathway in the tubule is
facilitated by the activation of sGC via interactiothwiNO. Alternatively, inhibition of

the Imd pathway in the tubule is shown to be facilitdigdhe activation of a receptor
guanylate cyclase (rGC). Additionally, it is demonstrabgdthis study that cGMP-
mediated inhibition of the Imd pathway in the tubuleeigulated by the dual-specificity,
tubule-enriched phosphodiesterase (PDE), PDE11 (Day €005), thus describing a

functional role for this regulatory enzyme for thetfiise inDrosophila

In conclusion, this study further validates the rolah& tubule as a critical immune-
sensing tissue iDrosophila melanogastetn addition, a completely novel role for the
cGMP signalling pathway, as a differential regulatotrodl pathway activation in the
tubule, is described here for the first time. In pakacguan important novel functional
role for each of thérosophilacGKs, DG1 and DG2, is revealed. The data shown in
this study therefore contributes to fuller understandiignot only Imd pathway
regulation inDrosophila but also provides a significant advance in the undetistgn

of the complexities of cGMP signalling and its regulatad tubule function.
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Chapter 1

Introduction



1.1 Innate immune response

1.1.1 Introduction

There are two systems that eukaryotes utilise to comicabloral invasion — the acquired
immune system and the innate immune system. The acguinedne system operates by
producing receptors through somatic gene rearrangemenéedtognise specific antigens,
therefore allowing organisms to develop immunological omwm Alternatively, the
innate immune system relies on germline-encoded receptodefection of microbes
(Janeway 1989). Vertebrates are capable of activating lhdtiese systems, where the
innate immune system acts as the first line of defegegnst microbial attack. However
in invertebrates, innate immunity is the sole mecharesmployed to combat infection
(Brennan and Anderson 2004). Understanding the mechanismé vdgalate innate

immune responses is therefore of major importance.

1.1.2 Drosophila melanogaster as a model organism for innate immunity

Over the years, insects have emerged as ideal modeligmgafor the study of innate
immune function. Many important discoveries were madéallyi in Lepidopteron
insects such as the silkworBombyx moriand later in moths such ddyalophora
cecropia, Trichoplusia nandManduca Sextayhere their large size made them suitable
for biochemical work (Steiner et al. 1981; Yoshida et al. 1996)vever, in recent years,
studies using the fruit ffprosophila melanogastdnave emerged as fundamental to the
contribution of knowledge within the field. This was fiiBtistrated by Lemaitre et al
(1995b) who identified a key regulatory signalling pathwayived in innate immune
response inDrosophila. These findings subsequently led to the discovery that
components of this pathway are highly conserved amongstmathzoans, thus
establishing insects as the ideal models to study generaé immeune mechanisms in
higher animals.

Since this discoveryprosophilahas by far become the preferred and most potent model
organism for studies into innate immunity and with good neaBwstly, Drosophilahas
been studied as a model organism for over 100 years anckasltamore is known about
the genetics of this insect than any other multi-catlahimal. The wealth of information
that has been gathered abBubsophilaover the past century has subsequently led to the
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development of an array of both molecular and gemeticniques that makerosophila

the most easily manipulated of any model organism. Additipnthe completion of the
Drosophilagenome project has only further enhanced the benefitsmaf Dsosophilaas

the model of choiceDrosophilahas therefore proved invaluable in the last 10 years with
regards to studies in innate immunity and has been instramerthe rapid progress of
the field.

Invading pathogen
@

Cellular Response

¥
“%

Humoral Response

Systemic AMP production Phagocytosis
o
o A\
y Local AMP
Melanization Coagulatieon Reactive oxygen Encapsulation production

species

Figure 1.1 - Immune response mechanisms oDrosophila melanogaster. To combat infection,
Drosophilaemploys a plethora of defence mechanisms that carvisedliinto both humoral and cellular
responses. Humoral responses include the systemic padwdt anti-microbial peptides, which are
secreted into the hemolymph to directly kill invadinghpgens; melanization and coagulation around the
wound site via specific signalling cascades; and praoluabf reactive oxygen species in response to
natural infection. Cellular responses mainly involve th@emocytes, which play a part in both
encapsulation and phagocytosis of invading pathogens. Aatbiml peptides are also produced locally in
epithelial tissues as a result of natural infection

1.1.3 Innate Immune Response iDrosophila melanogaster

The innate immune response Dmosophilais known to manifest itself in a number of
ways, many of which are shared with higher organisms, andbe divided into both
humoral and cellular responses (Figure 1.1). Humoral respoinglude the systemic

production of anti-microbial peptides (AMPSs) via specifgnsilling pathways (Lemaitre
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et al. 1995a), melanization and coagulation at the siiajufy (Nappi and Vass 1993;
Muta and Iwanaga 1996) and production of reactive intermedadtexygen or nitrogen
in response to natural infection (Nappi et al. 2000; Ha @085b). Cellular responses in
Drosophila are mainly mediated by blood cells where invading microlaes
encapsulated and destroyed by specific haemocytes (M230d). In addition, barrier
epithelia such as the gut and trachea, which are inamnsontact with large numbers of
microorganisms through natural infection, are known to predéddVPs locally
(Ferrandon et al. 1998; Tzou et al. 2000). Together, the alasp®nses encompass a
sophisticated defence mechanism to combat infection. Timeiima response mechanisms
that form the focus of this thesis, namely the sygtemmune response, the mechanisms
involved in natural infection and the involvement of nitogide in immunity, are

described in detail below.

1.1.3.1 Systemic Immune Response

1.1.3.1.1 Overview

The systemic immune response is by far the most &xedp characterised of innate
immune mechanisms iDrosophila and consists of three distinct steps: detection of
pathogen, activation of the appropriatedBrsignalling pathway (known as the Toll and
Imd pathways) and production of anti- microbial peptidel¢B8nan and Maniatis 2001).
Over the years, considerable progress has been matentifyiing and characterising the
various components of the signalling cascades involveceisytstemic immune response,

resulting in an enhanced understanding of both its aictivand regulation.

1.1.3.1.2 Detection of invading pathogens

Drosophila detects the presence of invading microorganisms throughcutedeknown

as pathogen-associated molecular patterns (PAMPSs), \wwhichbsent on host cells and
therefore serve as discriminators between self anesalfrfJaneway 1989). Examples of
PAMPs include such molecules [&4,3-glucan of fungi, phosphoglycan of parasites and
peptidoglycan (PGN) and lipopolysaccharide (LPS) of bagteithough the effect of
LPS has been questioned (Leulier et al. 2003). Each oé thedecules contains

repetitive patterns in their structure, e.g. alternatimgres ofN-acetylmuramic acid and
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N-acetylglucosamine residues in PGN, that are recognisedpbygific host pattern
recognition receptors (PRRs) (Medzhitov and Janeway 1997).

To date, most pathogen recognition studies have focused HirédBgnition in bacteria
as opposed to the recognition of other PAMPs. PGN is ssenéial glucopeptidic
polymer consisting of long glycan chains, cross-linked @aoheother by short peptide
bridges. There are marked differences in the PGN leetwédferent bacteria, i.e. gram-
positive and gram-negative bacteria, and it is thederdifces that ultimately determine
how the bacteria are recognised (Mengin-Lecreulx andaliteen2005). In recent years a
significant breakthrough has been achieved with the ideatidn of PGN recognition
proteins or PGRPs (Steiner 2004). PGRPs were first disstbwe 1996 by Yoshida et al
where a 19kDa protein was purified from the hemolympBarhbyx moriand found to
bind strongly to PGN, as well as play a role in actorabf the prophenoloxidase (ProPO)
cascade involved in melanisation (Ashida 1990; Yoshida €it986). Since this initial
discovery a whole family of PGRPs has emerged and foavel to be highly conserved

from insects to mammals.

In Drosophila, there are 13 PGRP genes that are spliced into 19 diffearscripts.
These transcripts are spilt into two different classe®iiher short (S) or long (L)
transcripts and can exhibit either enzymatic or recogngifoperties (Werner et al. 2000).
Those that exhibit, or are predicted to exhibit, enzyemptoperties (PGRP-SC1, LB,
SB1, SC2, SC2) are referred to as catalytic PGRPs.eTR&RPs are known to
demonstrate zinc-dependant amidase activity that reducésolbgical activity of PGN
by removing peptides from the glycan chains, thus convettieg PGN into non-
immunostimulatory fragments (Mellroth et al. 2003; ZagshhRemy et al. 2006). Studies
have indicated that catalytic PGRPs act as scavetgeostrol levels of PGN (Mellroth
et al. 2003). The result of this is a negative feedback lbap dontrols Imd and Toll

pathway activity levels and ensures the appropriate degmeemie activation.

Alternatively, other PGRPs (PGRP-SA, SD, LA, LC,,UF) lack amidase activity but
still bind strongly to PGN and act solely as recognitiostgins (Werner et al. 2000). Of
these PGRPs, epistatic and phenotypic analysis hasaiadi membrane-bound PGRP-
LC as the major recognition protein for the activatidrine Imd pathway, through the
recognition of DAP-type PGN from Gram-negative bactéBattar et al. 2002). Three

25



different splice variants of PGRP-LC exist (LCa, L&wd LCy) where each share the
same intracellular signalling domain but have differextragellular sensing domains
(Kaneko et al. 2004). Additionally, another PGN recognitmmotein, PGRP-LE, is
thought to be involved in activation of the Imd pathw@RP-LE also has an affinity to
DAP-type PGN and is expressed both extracellularly reviteenhances PGRP-LC PGN
recognition, and intracellularly, where it interactsshwany monomeric PGN in the
cytoplasm that has passed through the cell membrane dgesioall size (Takehana et al.
2002; 2004).

Alternatively, activation of the Toll pathway in pEmse to bacteria is thought to be
mediated by PGRP-SA. PGRP-SA is a secreted PGRPsthatsent in the hemolymph
and recognises the Lys-type PGN of Gram-positive bac{bfichel et al. 2001). Recent
studies have indicated that PGRP-SA may form a compidxanother type of pattern
recognition receptor known as GNBP1 (Gram-negative binding ipyptehich was
originally thought to bind to the LPS of Gram-negativetdéaa (Gobert et al. 2003).
GNBP1 shares sequence homology with bact@glucanases and current hypothesis
suggests that it plays a role in degrading Gram-positivd. Atee degraded PGN is then
thought to be recognised by PGRP-SA (Wang et al. 2006). Adaliypanother secreted
PGRP, PGRP-SD, is thought to play a roll in Toll pathaetyvation where it is thought
to cooperate with PGRP-SA and GNBP1 to allow the detecicsome Gram-positive
bacteria such ataphylococcus aure(Bischoff et al. 2004).

In addition to recognition of bacteria, specific PRIRs atilised to recognise other forms
of potential pathogen such as fungiOrosophila,some types of fungi are recognised by
the presence ¢¥-1,3-glucan and recent studies have suggested that the GINE &re
involved in this recognition (Bangham et al. 2006). As mendoearlier, the GNBP
family share a high sequence homology to bactenadaglases and iDrosophilathere
are 3 members of this family (Kim et al. 2006). Of th&SBlBP3 has been shown to
contain a highly similar sequence to that of the Lepiei@ut 3-glucan recognition
proteins, which are known to bind to fun@al,3-glucans (Ochiai and Ashida 1988). It is
therefore suggested that GNBP3 acts as a fungal PRRerfedpported by the reported
sensitivity of GNBP3 mutants to fungal infection. These mutants are also enabl
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activate the Toll pathway, known to be the signalling wathactivated as a response to
fungal infection (Gottar et al. 2006).

1.1.3.1.3 NKB immune signalling: The Toll pathway

Throughout the 1980’s and into the early 1990’s, significangress was made in the
insectimmunity field, with the discovery of a battery of anticrobial peptides and the
genes that encode them (Steiner et al. 1981; Hultmark &0&8; Wicker et al. 1990).
The mechanisms that regulate the production of these pepéidained elusive, however
subsequent sequencing of these genes resulted in the dysocbsequence motifs similar
to those recognised by the mammalian nuclear faddortNFkB)/REL family of
transcription factors (Lemaitre 2004). Since that timegBltranscription factors and the
signalling pathways that control them have been est&lisas fundamental to the
regulation of Drosophila systemic immune response, and represent the crualal li

between microbial recognition and the anti-microbigbogse that follows.

The first of these pathways to be identifieddrosophilais known as the Toll pathway,
so called after one of its main components — the €akptor (Lemaitre et al. 1996). The
gene encoding Toll was discovered in the early 1980’syeker it was originally
classified as an essential component in the establighofiehe dorso-ventral axis of the
Drosophila embryo, as well as several other developmental psese¢Belvin and
Anderson 1996). The connection between the Toll pathwdyimmune response was
not made until the mid-1990s when several research groupsfiekra number of
similarities between thBrosophilaToll pathway and the interleukin-1 receptor (IL-1R)
signalling cascade in mammals (Lemaitre et al. 1996). Tileaid IL-1R receptors are
highly similar and share an intra-cytoplasmic homologyaio, known as a Toll/IL
receptor (TIR) domain. Activation of these receptogsults in a signalling cascade
leading to the eventual nuclear translocation okBlIRranscription factors (Gay and
Keith 1991). The IL-1R pathway was already known to indiheeexpression of several
immune effector genes in mammals, suggesting thatdahedthway might play a role in
immune response Drosophila(Gay and Keith 1991)his hypothesis was supported by
the fact that NkB transcription sites had already been identifiedmsophila AMP

gene sequences (Engstrom et al. 1993).

27



Since that time, the Toll pathway has emerged as th@&idway involved in both anti-
fungal and, to a degree, anti-bacterial (Gram-positivg)orsponses (Rutschmann et al.
2000b; 2002). Over the years, most of the main componente gfathway have been
identified and its activation and regulation has been lwidbaracterised (Figure 1.2)
(Lemaitre 2004). The pathway is dependent on an extraaedysteine-knot polypeptide
dimer known as Spaetzle, which is activated after cgavwaa specific serine protease
(SP) cascades (Weber et al. 2003; Hu et al. 2004). With retganhgnunity, the serine
proteases involved in the cleavage of Spaetzle differ diépgron the nature of the
invading microbe, and are initiated by recognition molecsilet as PGRP-SA/GNBP-1,
PGRP-SD (Gram-positive bacteria) and GNBP-3 (fungic(il et al. 2001; Gobert et al.
2003; Gottar et al. 2006; Wang et al. 2006). In addition, certgpes of
entomopathogenic fungi are thought to be able to actarateP cascade directly, via the
serine protease Persephone (Ligoxygakis et al. 2002). @tigatad, Spaetzle binds to
the Toll receptor and induces dimer formation (Weberlet2003). This leads to a
cytoplasmic cascade that begins with recruitmenthoée Death-domain containing
proteins - the adaptor proteins MyD88 and Tube, and the kiPalke (Lemaitre et al.
1996; Tauszig-Delamasure et al. 2002). Cactus, atBNRhibitor protein recognised by
its ankyrin repeats and similar to mammaliakB,| is then phosphorylated and
subsequently targeted by the proteasome for degradation (Neo&. 1998). It should
be noted that the mechanism of this step is not weliacherised, however it is known
that Cactus is not directly phosphorylated by Pelle,idbtihought to be phosphorylated
by an as of yet unidentified kinase (Nicolas et al. 1998md&val of Cactus results in
subsequent activation of the kB/Rel transcription factors Dorsal and/or Dorsal-like
immune factor (Dif), which are analogous to the Relifawf proteins in mammals and
contain an N-terminal Rel-homology domain (RHD (Lemm@aéet al. 1995b; Manfruelli et
al. 1999). Activation of these transcription factors rssid their translocation into the
nucleus as dimers, where the production of specific AMBsh as drosomycin,
metchnikowin (fungi) and defensin (Gram-positive bacteisainduced (Ip et al. 1993;
Reichhart et al. 1993; Rutschmann et al. 2000a; 2002).

Since the initial discovery that the Toll pathway wagolved in the systemic immune

response, eight other Toll receptors have been itehiii Drosophila, although none of

28



these have yet been clearly implicated as playing armofamunity (Tauszig et al. 2000).
In fact, most of these receptors are expressed syrahging normal embryonic and
pupal development, and are therefore presumed to have anpadevelopmental
functions. Additionally, the discovery of Toll as anmune receptor ibrosophilahas
led to a breakthrough in mammalian immunity studie#f) #ie identification of a whole
family of Toll-like receptors (TLRs) and their ligandRemarkably, it has been
demonstrated that mammalian TLRs are important in teral of both innate and
adaptive immune responses. In addition, unlikeresophilaToll receptor, TLRs have
been identified to function as recognition receptorshiairtown right, and interact
directly with invading microbes (Hoebe et al. 2006).

1.1.3.1.4 NKB immune signalling: The Imd pathway

The Imd pathway was initially defined via the serendimstaliscovery of a mutation,
subsequently namadmune deficiency (imdyyhich impaired the expression of several
characterised AMP genes (Lemaitre et al. 1995a; Georgell. eR001). Since its
identification, Imd has been characterised as a 30kDa @adpamitein, containing a C-
terminal death domain and shown to share similaritiest@mmalian protein, Receptor
Interacting Protein (RIP). RIP is involved in the tumaacrosis factor receptor (TNF-R)
signalling pathway and is known to be essential for hfkB and mitogen activated
protein kinase (MAPK) activation (Georgel et al. 2001)erBifiore, rather unsurprisingly,
Imd has since been recognized as a key component of i3 8ignalling cascade, now
known as the Imd pathway. In recent years, the Imd @atihas emerged as fundamental
to the production of AMPs in response to Gram-negative bactberefore providing a
complimentary role to that of the Toll pathway. So, fdne to a combination of both
genetic screens and reverse genetic approaches, eightr@adianonical components of
the Imd pathway have been identified (Figure 1.2) (Lemnaatral. 1995a; Dushay et al.
1996; Lu et al. 2001, Leulier et al. 2002; Silverman et al. 2003né&let al. 2005).

Unlike Toll, Imd is an intracellular protein and is themef not dependent on an
extracellular ligand for its activation. Instead, Inmleracts directly through both its N-
terminal and C-terminal domains with the cytoplasmic danod the membrane-bound

PGRP-LC, which, as mentioned previously, acts as gynadmn receptor for DAP-type
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Figure 1.2 — The Drosophila Toll/lmd Immune Pathways. The Toll pathway (left) is activated in

response to gram-positive bacteria and fungi andrtitk gathway (right) is activated by gram-negative
bacteria. Activation of these pathways leads to adligig cascades that results in the activation of
NFkB/REL transcription factors known as Dif, Dorsal [Tpathway) and Relish (Imd pathway). These
transcription factors are known to translocate thenucleus as dimers where they initiate the expressio

of anti-microbial transcription factors. SP = serinet@ase; - » = mechanism not confirmed.
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PGN (Gottar et al. 2002). Once activated, Imd interacts wnother death-domain
adaptor protein known abBrosophila Fas-associated death domain protein (dFADD)
(Naitza et al. 2002). dFADD is therosophila homologue of the mammalian protein
FADD, which is known to play a critical role in apopt®sand has two conserved
domains that can act in homotypic protein-protein intevast Of these domains, the C-
terminal death-domain interacts with homologous domain®ther death proteins,
whereas the N-terminal death effector domain (DEDemsded to recruit apical caspases,
such as caspase-8, to receptor adaptor complexes (Huaagd2¥00). Once activated by
Imd, dFADD therefore initiates caspase interaction aeduits theDrosophilacaspase-8
homologue DREDD to the complex (Hu and Yang 2000; Leuliet. &0Q0). Formation
of this complex is then thought to lead to the activatid Drosophila transforming
growth factor-activated kinase 1 (dTAKip its adaptor protein TAK1-binding protein 2
(TAB2), the apoptosis inhibitor protein DIAPP1osophilainhibitor of apoptosis 2) and
the E2 proteins Bendless and dUEVAL (Vidal et al. 2001; Silaeret al. 2003; Kleino
et al. 2005; Zhuang et al. 2006). The mechanism by which thig®bas not yet been
characterised, however it is hypothesised that dTAKIctivaed via an ubiquitination
step (Zhou et al. 2005). In mammals, homologues of BendlesslUEVAL, Ubcl3 and
UEVAL respectively, are known to interact to form az-ubiquitin (Ub) conjugating
enzyme. These enzymes are responsible for the ubiquihnatisubstrate proteins and
are known to carry out this process via interaction WthRING (really interesting new
gene)-finger domain of E3 Ub ligases (Zhou et al. 2005). DIAMR#ch has been
identified as an essential component of the Imd pathigaknown to contain a RING-
finger domain and is therefore a likely candidate as&higase (Leulier et al. 2006). The
substrate for this ubiquitination step has not yet bdentified, however it is likely to be
a component of the Imd/dFADD/DREDD complex as the mairan homologues of
DIAP2, c-IAP1 and c-1AP2, are known to promote ubiquitinatibRk, the mammalian
homologue of Imd, and are also known to interact withpaaes such as DREDD
(Leulier et al. 2006). Following this ubiquitination, it's hypesised that TAB2, the
dTAKL1 adaptor protein, is recruited to the complex vidNaterminal CUE domain that
is able to bind specifically to K63-polyUb chains. ConsedyedT AK1 is recruited to
the complex where it is activated, although this stepyledto be confirmed (Kleino et al.
2005).
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In mammals, the dTAK1 homologue, TAK1, is implicated im@mber of signalling
processes, including the activation of the mammaliak $ignalling complex (Wang et
al. 2001). The mammalian IKK complex is made up of a nurab&B kinases (IKKs),
which together are capable of phosphorylating and de-&ntivixBs, thus leading to the
activation of NKkB transcription factors (Mercurio et al. 1997) Ddosophilahomologue
of the mammalian IKK complex, tHerosophila melanogastdKK (DmIKK) complex,
has been identified in the Imd pathway and is made upuofdubunits containing dimers
of two identified IKKs, Kenny (Key) and ird5 (Rutschmanraet2000b; Lu et al. 2001).
Kenny, a homologue of human IKKis thought to provide a purely structural role in the
complex, whereas ird5, homologous to human BKis known to contain the catalytic
component (Silverman et al. 2000). Epistatic analysis hastifebd that the DmIKK
complex is located downstream of dTAK1 and therefore suggleat dTAK1 mediates
its activation, although direct interaction of theotwhas yet to be demonstrated
(Silverman et al. 2003). Once activated, the DmIKK compk known to interact

directly with the NKkB/Rel transcription factor Relish (Silverman et al, 2000).

Relish, a 110kDa protein similar to mammalian p105 and pl100,isagémonstrated to
play a role in immunity by Dushay et al (1996) and since ties been identified as the
downstream NkB component of the Imd pathway (Dushay et al. 1996; Hedengi@n e
1999). Relish is a compound protein consisting not only of &aridinal Rel-homology
domain (RHD) but also a C-terminadB inhibitory domain. Consequently, Relish is not
regulated by interaction with awB protein, such as Cactus in the Toll pathway, but
instead is regulated by the presence of its own inhibitorgadio (Dushay et al. 1996;
Cornwell and Kirkpatrick 2001). Activation of Relish istiated by the phosphorylation
of the kB domain via the ird5/Kenny IKK complex, which subsequerglgdk to its
endoproteolytic cleavage from the Rel-homology domailvégBnan et al. 2000Rather
surprisingly, studies have shown that this cleavage steprried out by the caspase-8
homologue DREDD, already implicated further up the path{&tpven et al. 2000;
Stoven et al. 2003). It is suggested that DREDD therefagspwo roles in the Imd
pathway, one downstream in cleaving Relish and the othéreapsin the activation of
dTAK1. Once cleaved, activated Relish translocates timonucleus in dimeric form,
where it initiates the production of AMPs such as dipteyicecropin, attacin and
drosocin (Cornwell and Kirkpatrick 2001).
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1.1.3.1.5 Interaction between the Toll and Imd pathways

To date, it has generally been accepted that the Tollnathgbathways serve independent
functions and therefore mediate the specificitypodsophilaimmune responses towards
different microorganisms. The components of each of thlewgegs are clearly distinct

and it has been demonstrated that some AMPs, such asidefethe Toll pathway and

diptericin in the Imd pathway, exclusively respond to omhe of the two pathways

(Dimarcq et al. 1994; Hedengren et al. 2000). However, som& gbhes have been
shown, to different extents, to be regulated by both weth. It has also been

demonstrated that knocking out both pathways can oftenehgueater phenotypic effect
than knocking out Toll or Imd alone (De Gregorio et24l02; Hedengren-Olcott et al.

2004).

As mentioned earlier, AMP expression is induced by dicréFkB transcription factors,
where Relish is induced by the Imd pathway and Dif oralaase induced by the Toll
pathway. It was originally accepted that each of theaestription factors remained
distinct from one another and operated as homodinbarshay et al. 1996; Meng et al.
1999). However, it has been demonstrated that theserigimn factors are able to form
both homodimers and heterodimers, and that the producfionany AMPs can be
induced by various dimer combinations (Han and Ip 1999). Thendasthis appears to
be the presence of a combination of diffenddtbinding sites within the promoters of the
AMPs. AMP promoters are known to contain clustere®binding sites rather than one
distinct binding site and, in a recent bioinformatic studd,binding sites were identified
that were specific for certain dimer combinations ¢&eret al. 2004; Taniji et al. 2007).
For example, studies iBDrosophila S2 cells, using deletion mutants of the promoter
region of the AMP drosomycin, have shown that theeetlreekB binding sites in the
drosomycin promoter, and that each of these sites rdspdferently to immune
stimulation. Results show that site 1 responds to gathway stimulation and can be
bound by Dif or Dorsal homodimers. Alternatively, skeresponds mainly to Imd
pathway stimulation, with a very low partial respors&oll pathway induction. Results
demonstrated that, at this site, relish was able to bindoth homodimeric and
heterodimeric (DIF/Relish, Dorsal/Relish) forms. &y, site 3 appeared to play an
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auxiliary role by demonstrating a very minor response th pathways. Additionally,
expression of drosomycin could be induced by sole awivaif either site 1 or site 2
(although to a much lesser extent by site 2 alone), hewdw highest levels of
drosomycin activity was seen when both sites were atetl together. Therefore, it
appears that although the Toll pathway primarily induces odngsin expression,
simultaneous activation of the Imd pathway acts toapod expression levels. These
results therefore suggest a synergistic effect ofwtepathways (Tanji et al. 2007).

Although the subject of Toll and Imd pathway synergy i whider investigation, and a
synergistic effect has not been demonstrated fdd@sophila AMPs, it appears likely
that the NF«B transcription factors of the two pathways may codpet@ enhance the
production of some immune-response genes. The levdiiahwach AMP is induced by
either pathway is likely to be determined by the ratidiiérentkB binding sites within

each of their promoter regions.

1.1.3.1.6 Anti-microbial peptides

Anti-microbial peptides were first discovered by Hultmatkak (1980) using dormant
pupae of the mothdyalophora cecropiaSince this discovery, it has been found that
AMPs exist as immune effectors across all organisnds endate, approximately 800
AMPs have been identified in a diverse range of organsmeh as bacteria, plants,

insects and higher animals, including mammals (Reddy 2064l).

Currently, at least 20 AMPs have been characterisddrasophila (Table 1.1). These
AMPs can be arranged into seven different groups knovee@spin, diptericin, attacin,
drosocin, defensin, drosomycin and metchnikowin (Imler anétB2005). Following
infection, they are rapidly produced (within 0.5-1 hr) bymune tissues such as the fat
body, some blood cells and the Malpighian tubules, amdecreted into the hemolymph
where they can reach concentrations between 1 anqu0QJttenweiler-Joseph et al.
1998). In general, all of these AMPs can be describethal &10 kDa), with exception
of the 22 kDa attacins, and cationic (Imler and Bulet 20@g)ditionally, as the
expression of each of these peptides is induced viaB\fanscription factors, they can

also be characterised by the existence okBFegulatory domains within their promoter

34



regions, although the number of these domains diffeferdéng on the peptide
(Engstrom et al. 1993). Despite sharing many common deadcs, these peptides
differ in both their mode of action and their activagainst different types of invaders
such as gram-positive and gram-negative bacteria and femgexample, it's considered
that AMPs, due to their highly basic nature, recognise ingachicrobes via the anionic
phospholipids on microbial outer surfaces. It's thought thariations in the net-positive
charge of AMPs may, to a degree, account for their Bpiecitowards different types of

microbes (Reddy et al. 2004). Additionally, some otheplysical properties of the

peptides, such as structural arrangement and hydrophobi@tighawn to influence the

specificity and mechanism of each AMP and they are groapeardingly (Meister et al.

1997).

Table 1.1 — Summary ofDrosophila anti-microbial peptides. Presented in the table is the name, number
of genes, estimated concentration in the hemolymphiafestion and common structural motifs (nd — not
determined) (adapted from Lemaitre and Hoffmann 2007)

AMP Number of Main activity Concentration|  Structural Motjif
genes
Cecropin 4 Gram-negative 20uM a-helices
bacteria
Diptericin 2 Gram-negativg 0.5uM Glycine-rich
bacteria
Attacin 4 Gram-negative nd Glycine-rich
bacteria
Drosocin 1 Gram-negative 40uM Proline-rich
bacteria
Defensin 1 Gram-positive 1uM Csufs
bacteria
Drosomycin 7 Fungi 100uM CSap
Metchnikowin 1 Gram-positive 10uM Proline-rich
bacteria, fungi

The most studiedrosophila AMPs are the cecropins and Drosophilathere are four
known transcripts (CecAl, A2, B and C). Cecropins are 31e3flue peptides that
consist of an amphipathic N-terminal helix and a hydrophGhkierminal helix, separated
by a short flexible hinge (Kylsten et al. 1990; Quesada let2@05). They are
predominately induced after activation of the Imd pathwayaaadnainly active against
gram-negative bacteria, however some studies have stiatvieecropins are also active
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against some types of fungi and can be induced, to a ddgyethe Toll pathway
(Ekengren and Hultmark 1999). The exact mechanism by which &d&s function
remains somewhat elusive, however its considered thae ttypes of AMPs operate by
destroying the membrane integrity of potential pathogens. i$hhought to occur via the
a-helix structures of cecropin, which are capable of icterg with membrane
lipopolysaccharides, thus embedding within the membraneseate aqueous pores
(Christensen et al. 1988).

Diptericin is also induced by the Imd pathway and is actyainst gram-negative
bacteria (Lemaitre et al. 1995a). It does not sharesdhae structural motifs as cecropin
but instead is identified for its higher than average prapomf glycine and proline
residues. There are two isoforms of diptericin Dnosophila (DiptA and B), each
approximately 9kDa in size, consisting of a long C-termytatine—rich G domain and a
short N-terminal proline-rich domain (Wicker et al. 1990Q). dddition, Drosophila
diptericin contains an O-glycosylation site within pgoline domain, resulting in the
presence of a disaccharide side-chain. This side-chaimadbo@ppear to contribute to the
antibacterial activity of diptericin (Cudic et al. 1999; n4ins et al. 1999). The exact
mechanism of diptericin is not clear, however experisiean E.coli, using a
synthetically generated peptide, have shown that diptemay function by disrupting
both the inner and outer membrane of the bacteriaeSiiptericin lacks the required
secondary structure to create pores in the cell mempies hypothesised that it may

instead interact with a target protein to interrupt proggmthesis (Winans et al. 1999).

The attacins are the largest of the AMPs, approxima®i2kDa, with four known
isoforms (AttA-D) in Drosophila. As with diptericin, they can be recognised for their
high proportion of glycine residues and consist of twayl@iterminal glycine-rich G
domains (G1 and G2) (Dushay et al. 2000; Hedengren et al. 2008g3inatare induced
predominately by the Imd pathway and are active against gegative bacteria. The
large size of this peptide renders activity studies dilifichowever work carried out on
H.cecropig the moth where attacin was originally isolated (hhaltk et al. 1983), has
shown that attacin inhibits the growth of gram-negatbaeteria and increases the
permeability of the outer membrane (Engstrom et al. 19843. appears to occur via the
indirect inhibition by attacin of several outer membranateins (Omps) (Carlsson et al.
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1991). Amazingly, it does not appear to be a requirementttatin actually enters the
bacterial cells to carry out this mechanism. Insteadciatis thought to partially embed
into the outer membrane where it's thought to intewaith LPS receptor sites. This
interaction then somehow initiates a signal cascadeinvthe cell that results in the
shutdown of Omp synthesis (Carlsson et al. 1991; 1998).

Drosocin is a short-chain proline-rich peptide (approx. 3kida can be characterised by
repeated Pro-Arg-Pro tri-peptide fragments that are synuaky distributed along its
length (Bulet et al. 1993). Additionally, due to an O-glycasgh site on Thre-11, a
disaccharide side-chain is present in the middle ofpdatide. Unlike diptericin, it
appears that this side-chain is necessary for anti-licetivity, as studies have shown
that drosocin activity is significantly decreased ia #ibsence of the disaccharide (Bulet
et al. 1993). The exact mechanism of drosocin remains/elbswever it has been found
that all D-isoforms of this peptide are inactive, themsding to suggestions that native
drosocin is bactericidal through a mechanism that invobteseoselective elements
(Bulet et al. 1996). As with the AMPs described abovesalrm is induced by the Imd
pathway and is primarily active against gram-negative bac{®ulet et al. 1993).
However, unlike the other acute-phase AMPs induced by thephatidvay, which are
active within around 1hr of infection and can kill invadlverteria very rapidly, drosocin
does not exhibit AMP activity until between 6 and 12heraiftfection and can take up to
24hr to kill bacteria (Bulet et al. 1996). On the otherdhanosocin can be detected in the
hemolymph up to two weeks after infection (Uttenweileseph et al. 1998). This
suggests that drosocin is responsible for ensuring a subtasistance to gram-negative
bacteria as opposed to being involved in the acute respdribe other Imd pathway-
induced AMPs.

Defensin was first reported from cell cultures of tlesti fly Sarcophaga peregrinand
has since been found in every insect species investigaateaqAndo et al. 1987). In
Drosophilg there is one defensin gene encoding a 40-residue (4kDa) pephice.
peptide can be characterised by the presence af-laglical domain linked to anti-
parallel 3-strands by two disulphide bridges, known as a cysteatglsed a-helix/B3-
sheet motif (C8) (Dimarcq et al. 1994). As with cecropin, the mechani$medensin

is thought to involve a direct interaction and disruptidrthe bacterial cell membrane
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through the creation of aqueous pores. Studies carriedisingg another Dipteran fly
species,Phormia teranovaehave shown that this disruption results in a loss of
cytoplasmic potassium, a partial depolarisation of tireeri membrane, a decrease in
cytoplasmic ATP and an inhibition of respiration (Cociah et al. 1993). Defensin is
induced by the Toll pathway and is a highly potent anti-battpeptide. It is active
against a broad spectrum of gram-positive strains of baeed has been shown to have
the ability to kill bacteria within less than a minuteeevat very low (0.1 - M)

concentrations (Hoffmann and Hetru 1992).

Drosomycin was first discovered Drosophila melanogasteby Fehlbaum et al (1994)
and, since its discovery, six othelrosomycinlike genes have been identified in
Drosophilaalone (Jiggins and Kim 2005). It is expressed as a 44-residue)(pkpade
and shares a high sequence homology with the antifysigat defensins first isolated
from seeds of Brassicaceae (Terras et al. 1982)with insect defensin, drosomycin
demonstrates a @B structural motif consisting of a centrathelix linked to an anti-
parallel B-sheet by two disulphide bridges. However, it also haadahtional shori3-
strand at its N-terminal and contains four disulphide badgetotal, similar to plant
defensins (Landon et al. 1997). Drosomycin expressiondgced mainly by the Toll
pathway and, even at high concentrations, possessetibacterial activity whatsoever.
Instead, this peptide is active against a broad spectrdifaraéntous fungi (Fehlbaum et
al. 1994). Studies have shown that it inhibits spore geriomait high concentrations
and can delay the growth of hyphae at lower concenisgticesulting in abnormal
morphology (Fehlbaum et al. 1994). The exact mechanisdrasiomycin is unknown,
however, studies using plant defensins Rs-AFP2 and Dm-AM&t the seeds of
Raphanus sativusndDahlia merckilrespectively, have shown that anti-fungal defensins
appear to induce rapid ion fluxes and membrane potenti@igebain invading fungi
(Thevissen et al. 1996). However, despite thexfCStructure of these defensins, it
doesn’'t appear that they operate by creating aqueous pofaagal membranes, but
rather may work via interaction with specific membrémeding sites (Thevissen et al.
1999). Drosomycin is induced rapidly following infection (lland can be potent
towards fungi at concentrations as low auMgdespite the fact that it can be detected
in the hemolymph at concentrations up to @MdO(Fehlbaum et al. 1994). As with

drosocin, drosomycin can also be detected in the hemolylmpl2-3 weeks after
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infection suggesting a role in a sustained anti-fungal resp{Uttenweiler-Joseph et al.
1998).

The last of the characterisddrosophila AMPs, metchnikowin, was first isolated in
Drosophila melanogastdry Levashina et al (1995). Metchnikowin is expressed as a 26-
residue proline-rich (>25%) peptide and shares high sequemeldgy to abaecin, a
long-chain proline-rich AMP isolated from the honey-be@agteels et al. 1990;
Levashina et al. 1995). Unlike short-chain proline-rich AMR&ich exhibit potent
activity against gram-negative bacteria, metchnikowin cancharacterised by its
antimicrobial activity against both gram-positive bactand fungi (Lemaitre et al. 1997).
The exact mechanism of this peptide is unknown, howstteties on lebocin, a long
proline-rich peptide isolated frof.mori and also homologous to abaecin, have shown
that these peptides may function by increasing the perntgaifiithe microbial plasma
membrane (Hara and Yamakawa 1995). As with many obBmsophila AMPs,
metchnikowin is expressed within 1-2hrs of infection arshistericidal and fungicidal at
concentrations as low as M (Levashina et al. 1995). However, as with drosocin and
drosomycin, metchnikowin can be detected in the hemolyngph2{3 weeks after
infection, suggesting a role in maintaining a sustainedstaege to infection
(Uttenweiler-Joseph. 1998). Studies have demonstrated thiahmi@®win expression
can be induced by either the Toll or the Imd pathwaydkaina et al. 1998).

Although each of the AMPs described above are highly patgainst certain types of
microorganism, only defensin and drosomycin are able to abnmfection when
expressed alonm vivo (Tzou et al. 2002b). Studies usimgd;spaetzldlies, which are
deficient for both the Toll and the Imd pathways but @k to constitutively express
individual AMPs under the control of a non-inducible proenp have shown that
defensin and drosomycin are able to confer wild-type eagistto gram-positive bacteria
and fungi respectively when expressed individually (Tzoal.eR002). However, there
aren’t anyDrosophilaAMPs that are able to confer wild-type resistanceesponse to
infection with gram-negative bacteria when expressedealdhis suggests that gram-
negative bacteria may require the differential actietymultiple AMPs for elimination
(Tzou et al. 2002). Rather unsurprisingly theref@msophilaAMPs are expressed as a
battery of peptides in response to infection and are mresedifferent combinations
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according to the identity of the invading microorganism. Ti@isponse ensures the
efficient elimination of invading pathogens and comprese®phisticated mechanism of

deterring the development of pathogen resistance tkattac

1.1.3.1.7 Other pathways involved in systemic immune response

There are two other important pathways that have besociased withDrosophila
immune response — the Janus kinase/signal transduwgractivators of transcription
(JAK/STAT) pathway, and the c-Jun N-terminal kinaseK)Nathway.

The first of these, the JAK/STAT pathway, was fidgntified in mammals and shown to
transduce a variety of cytokines and growth factor f$sgfidarnell 1997). In insects, the
JAK/STAT pathway was originally identified through itderan embryonic segmentation
and consists of four main components - the ligand Unpaitgut)( the receptor
Domeless (Dome), the JAK Hopscotch (Hop), and the drgm®n factor
STAT92E/Marelle (Agaisse and Perrimon 2004). The first ewiddar an involvement
of this pathway in insect immunity was obtained from Esidusing the mosquito
Anopheles gambiaewhere it was demonstrated that the STAT transcriptamtor
accumulates in the nucleus following infection (BarilMagry et al. 1999). Since that
time, gene expression profiles have identified the JAK/Bpathway as the pathway
responsible for the regulation of a number of immuwesponsive genes, including those
encoding the complement-like protein Tep2, which is gfisoactivated in the fat body
upon immune challenge (Lagueux et al. 2000), anduttandot(tot) stress genes, which
accumulate in the hemolymph in response to varioessttonditions, including septic
injury (Ekengren and Hultmark 2001). The precise role of paihway remains to be
established however it has been proposed that the JAK/B&Wway could respond to

tissue damage encountered during infection (Agaisse and Per2idd).

The JNK pathway inDrosophila is a highly conserved MAPK signal transduction
module and is known to play a role in a variety of etéiht processes such as
proliferation, differentiation, morphogenesis, apoptasid immune response (Sluss et al.
1996; Leppa and Bohmann 1999; Stronach and Perrimon 1999; Boudito2G€2; Dong

et al. 2002). In this pathway, the main components arduheN-terminal kinase kinase
(IJNKK) Hemipterous (Hep), the JNK Basket (Bsk) and thadcription factor Jun (Glise
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et al. 1995; Holland et al. 1997). Once activated, Hep phogaltes and activates the
downstream substrate, Bsk. Bsk then goes on to stimthlatactivity of Jun, which,
together with a separate protein Fos, constitutesdmsdription factor AP-1 (Kockel et
al. 2001). Activation of the pathway upstream of Hep isgfd to involve a number of
different INKK kinases (JNKKKs) and in thHerosophilagenome there are six known
genes encoding for putative INKKKs (Stronach 2005). It{ltyesised that the variety
of kinases acting at this level may account for the emsay of different processes
regulated by the JNK pathway by linking specific upstreamassgwith the downstream
signalling module (Stronach 2005). The involvement of th& {dthway in immune
function was first demonstrated by its induction inpmsse to LPS stimulation (Sluss et
al. 1996). Since that time, using a combination of gene exprestidies and epistatic
analysis, studies have demonstrated that the JNK patfiwatiep) is actually activated
in response to infection via the Imd pathway kinase dTARbufros et al. 2002;
Silverman et al. 2003). Despite sharing a common composienties have shown that
the JNK pathway and the Imd pathway remain distinahfome another downstream of
dTAK1 and regulate the transcription of separate setgenés. However, in a study by
Park et al (2004) it was demonstrated that JNK signalling getila sustained activation
in response to infection when the Imd pathway was blodkechstream of dTAKL. This
data suggests that the JNK pathway may be negativelyateduby the Relish branch of
the Imd pathway (Park et al. 2004). The exact role ofJHK pathway in immune
response hasn't yet been confirmed however it is suggdstedne JNK pathway may
play and important role in stress response and woundr répowing infection
(Silverman et al. 2003).

1.1.3.2 Drosophilaimmunity in response to natural infection

The systemic immune response has been proven crai¢edst survival. However, most
of the studies carried out regarding this response havechemsd out using septic injury
as a means of infection, i.e. direct injection otmbes into the hemocoel (Silverman
and Maniatis 2001; Boutros et al. 2002; Tzou et al. 2002a; Hoffi2903; Hultmark

2003; Brennan and Anderson 2004). In nature, it is far morenoconfor an insect to

become infected via the ingestion of microbe-contarathdbod, known as natural
infection. During this type of infection, the barrigoitbelia, and not the fat body, are
believed to be the first line of defence and are afitio host survival (Ferrandon et al.
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1998; Tzou et al. 2000). There are two main defence mecharisanh the epithelial
tissues are known to employ in response to natural iafeetfirstly, the production of
reactive oxygen species (ROS) and, secondly, local prioduzt AMPs.

Reactive oxygen species can be defined as oxygen-derived smwktules. These
include oxygen radicals such as superoxidg )Chydroxyl (OH), peroxyl (RQ) and
alkoxyl (RO), as well as non-radicals that can easily be caeslesuch as hypochlorous
acid (HOCI), ozone (¢) and hydrogen peroxide §8,) (Brown and Borutaite 2006).
Once created, ROS can interact with a number ofrdifitemolecules, such as proteins,
lipids, carbohydrates and nucleic acids, and act to irséohgrdestroy or alter the
function of these molecules (Bedard and Krause 2007Prdeophila,ROS synthesis is
induced rapidly in the gut following natural infection and atctseliminate invading
pathogens by causing oxidative damage in the form of bothggrioxidation and protein
carbonylation (Ha et al. 2005a; 2005b). The generation anthation of ROS is a finely
regulated process, allowing for enough ROS production tdabthe pathogen whilst at
the same time eliminating any residual ROS in order taept the host (Geiszt et al.
2003). This fine redox balance is mediateddvgsophiladual oxidase enzyme (dDuox)
and immune-regulated catalase (IRC) (Figure 1.3). Studiesdiewn that flies deficient
in dDuox are unable to generate ROS and succumb rapidhatanfection by the gram-
negative bacteri&rwinia carotovora(Ha et al. 2005a). Conversely, flies deficient in IRC
produce higher levels of ROS, resulting in fly death dueréwersible oxidative damage
(Ha et al. 2005b). Studies have shown that ROS-dependeminity is critical to host
survival and is the primary mechanism by whitMosophilacombats natural infection.

Duox Immune-related catalase (IRC)
> / \ O H,0, *H,0+0,
¥ (Superoxide) (Hydrogen
NADPH NADP* Peroxide)

Figure 1.3 — Production and elimination of reactive axgen speciesThe production of superoxide from

O, is catalysed by dual oxidase in the presence of NADPH.r&ide is then able to spontaneously form
hydrogen peroxide. Hydrogen peroxide is then broken down into oxggénwvater by immune-related

catalase (Ha et al. 2005a; 2005b).
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In addition to ROS-dependent immunity, several barrietthefpd, including the
epidermis, digestive tract, Malpighian tubules, traclaea reproductive tissues, are
known to produce AMPs locally in response to natural irdec(Ferrandon et al. 1998;
Tzou et al. 2000). Studies usifiggalactosidasef3(Gal) and Green Fluorescent Protein
(GFP) reporter transgenes have shown that at leastAMPs with complementary
activity spectra are expressed in each of these tig8ssset et al. 2000; Tzou et al.
2000). For example, in the respiratory tract, antib&@dtdrosocin is expressed alongside
the antifungal drosomycin. Similarly, in the Malpighiambules, antibacterial AMPs
diptericin and cecropin are expressed alongside antifumgathnikowin (Tzou et al.
2000). To date, a response to natural infectidbrosophilahas only been demonstrated
using gram-negative bacteria such &scarotovora and the entomopathogenic
Pseudomonas emtomoph{lBasset et al. 2000; Vodovar et al. 2005; Liehl et al. 2006).
There is no evidence at present that suggests AMPs aredhdu epithelia in response
to gram-positive bacteria or fungiespite the fact that antifungal AMPs are expressed in
epithelial tissues (Ferrandon et al. 1998; Tzou et al. 200@yestingly, it appears that
the Imd pathway acts as the sole mediator of AMP atigml in epithelia, with no
evidence to date to suggest that the Toll pathway has anjveément in local AMP
production (Ferrandon et al. 1998; Tzou et al. 2000; Onfeltvaihgt al. 2001; Ryu et al.
2006). This is particularly interesting in the case ofahafungal peptides drosomycin
and metchnikowin, which, itmd mutants, are not upregulated in the epithelial tissues
following natural infection but remain fully inducible byetfioll pathway in the fat body
following systemic infection (Tzou et al. 2000). FinaBydies have shown that although
the systemic immune response can be activated aftarah infection, via an as of yet
unknown signalling mechanism between the gut and themsigst@mune tissues, it does
not appear to contribute whatsoever to host survival (laehl. 2006; Zaidman-Remy et
al. 2006). Instead, bacterial clearance after naturattiofe is achieved solely through
local AMP expression and ROS production (Liehl et al. 20§@; & al. 2006). Together,
both ROS-dependent immunity and local AMP production enessip two
complimentary inducible defence mechanisms that aieadrio host survival and act as

the first line of defence following natural infection.
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1.1.3.3 Nitric oxide and immunity

Nitric oxide (NO) is a soluble gas that has been dematest to play role in a variety of
biological processes in both vertebrates and invertebratese include vascular smooth
muscle relaxation, neurotransmission, apoptosis, aalbtility and immunity
(Davies 2000; Bogdan 2001b). NO is produced by a group of enzymes kasonitric
oxide synthases (NOS), which act to conyearginine into citrulline (in the presence of
NADPH and Q), producing NO in the process (Figure 1.4). In vertebréese are three
NOS enzymes, neuronal NOS (nNOS/NOS1), endothelial NEMOE/NOS2) and
inducible NOS (INOS/NOS3) where NOS1 and NOS2 are consatutiexpressed,
calcium-dependent enzymes and NOS3 is an inducible enzyimeetivity independent
of cellular calcium levels (Stuehr 1999). Over the yeseseral NOS homologues have
been identified in insects such AstephensiA.gambiag M.sextaand B.mori (Luckhart

et al. 1998; Nighorn et al. 1998; Imamura et al. 2002; Dimopd068). InDrosophila
there is one gene encoding NOENQS, which is most closely related to vertebrate
NOS1 (Regulski and Tully 1995).

Figure 1.4 — Generation of NO by the NOS enzym®&OS-catalysed generation of NO occurs using the
substrateg-arginine, NADPH and molecular oxygen. NO is produced aldegstrulline and NADP.

Once generated, NO is able to diffuse rapidly acrossraathbranes and can interact as a
signalling molecule with a number of biological targaetstsas heme groups, cysteine
residues and iron and zinc clusters (Bogdan 2001b). Many & thegets are regulatory
molecules, such as transcription factors and compoméntarious signalling cascades,
and therefore NO is able to exert heterogeneous andsdipdenotypic effects (Bogdan
2001b). Additionally, NO is able to act as a reactive nitncgpecies (RNS) and is able to
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form a number of RNS derivatives including peroxynitrate G@N, nitrogen dioxide
(NOy), S-nitrosothiols and dinitrogen trioxide {8) (Brown and Borutaite 2006).

In mammals, NO has been implicated in a number ofumaresponse processes and is
considered a critical component of mammalian immunityeséhresponses include
antimicrobial activity, pathogen tissue damage, anti-inftetory activity, T helper cell
deviation and anti-tumour activity (Bogdan 2001a). Similartyyacent years a role for
NO in Drosophilaimmunity has emerged (Nappi et al. 2000; Foley and O'F&06IB;
Silverman 2003; McGettigan et al. 2005). Studies have shosinNl® contributes to
Drosophilaimmunity in two ways. Firstly, NO (and its derivativemle known to act as
RNS at the site of infection and are able to direcdgtiby invading microbes via a
combination of nitrosylation, nitration and oxidation skential microbial components
(Nappi et al. 2000). Secondly, various studies have slibatnNO acts as an important
signalling molecule in response to infection. This effeas first indicated by Nappi et al
(2000), where it was demonstrated that there was a isgmtifincrease in diptericin
expression in NO-treated larvae. Similarly, NO levets infected larvae were
significantly higher than controls. Since that tireRjdies have shown that NO is critical
to survival in response to both septic and natural infectiath the gram-negative
bacteriaE.caratovora caratovorand is a crucial component in upstream activation of
the Imd pathway (Foley and O'Farrell 2003).

The mechanism of action of NO as a signalling molegulenmunity is still not clear,
however it has been suggested that NO mediates signha#tween immune tissues upon
infection. In this model it is proposed that NOS is ugutated in any particular immune
tissue that has come into contact with an invading pathoThe resulting NO produced
is then thought to mediate a signal, possibly via henescyb other immune tissues in
order to alert them to activate their own defenceesys (Basset et al. 2000; Foley and
O'Farrell 2003; Silverman 2003). This model is supported in antestidy by
McGettigan et al (2005), which has shown that dNOS actiwisygnificantly increased in
the Malpighian tubules upon immune challenge. Similadygeted over-expression of
dNOSto the principal cells of the Malpighian tubules wagmséo confer increased
survival to adult flies upon infection, suggesting an enhancewie AMP expression
within the fly (McGettigan et al. 2005). To date, the idgraf the downstream effector
of NO with regards to immune function has not yetnbeenfirmed. However, it is
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possible that this effect is mediated via the cGMP pagh(fagure 1.5). The main
intracellular receptor for NO is the heme moietysofuble guanylate cyclase, one of the
enzymes responsible for the generation of cGMP andequbst activation of cGMP-
dependent protein kinases (cGKs), ion channels and cGMPgakagen
phosphodiesterases (PDESs) (Schulz et al. 1989; Davies 20@xléar, therefore, that
the role of cGMP signalling iDrosophilaimmunity requires further investigation.

1.2 cGMP signalling

1.2.1 Introduction

The intracellular second messenger guanosine 3’5’ cyainophosphate (cGMP) was
first discovered by in rat urine in 1963 (Ashman et al.xhinyears since this discovery
cGMP has been recognised as a key signalling moleculensbfmfor mediating a wide
variety of physiological responses in both vertebrates invertebrates. These responses
include the regulation of smooth muscle relaxation, phatetuction, renal function,
neuronal plasticity and development of the nervousesygBeavo and Brunton 2002;
Pilz and Casteel 2003).

cGMP is produced as part of a specific signalling pathwiigute 1.5), where
intracellular levels of cGMP are elevated after #uotivation of a family of enzymes
known as guanylate cyclases (GCs). These enzymes exithersseluble or membrane
bound proteins that are stimulated by specific ligands (Biteand Garbers 1994; Lucas
et al. 2000). Once activated, guanylate cyclases work byysiata the conversion of
GTP into cGMP. The cGMP produced goes on to interadt wiracellular receptor
proteins such as cGMP-dependent protein kinases (cGK), e@iHated ion channels
or cGMP-regulated phosphodiesterases (PDE) - with Pidigao regulate cGMP levels
by catalysing the conversion of cGMP to 5GMP (LincolndaCornwell 1993;
Vaandrager and de Jonge 1996; Omori and Kotera 2007). Interatt@MP with these
effectors ultimately determines the physiological responsiee cell.
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Extracelinlar

Multiple targets

Figure 1.5 — The cyclic GMP signalling pathway cyclic GMP is generated through the activation of
guanylate cyclases. Raised levels of cGMP have thendbemmn to interact with either ion channels, or
cGMP-dependent kinases (cGK) to mediate physiologicmoreses. cGMP production is regulated by c-
GMP-dependant phosphodiesterases which convert cGMP i@blB.

1.2.2 Guanylate cyclases

The guanylateyclase family of enzymes was discovered in 1969 and fwarel to exist
in both soluble and particulate fractions, suggesting tharcence of two different forms
of the protein (Hardman and Sutherland 1969). Since thiswaisgotwo classes of GC

have emerged.

The first of these, soluble guanylate cyclase (sGC)tseas a heterodimer made up of
both alpha and beta subunits (Kamisaki et al. 1986). Althoagh similar, studies have
shown that co-expression of both subunits is requirguidduce an enzymatically active
protein (Stone and Marletta 1994). Soluble guanylate cyclasety@cally activated by
nitric oxide, which binds to a heme moiety within the édatinal regulatory domain of
the enzyme. Upon NO binding, a ferrous-nitrosyl-heme dexnig formed, leading to a
conformational change within the catalytic domain of4G€ (Craven et al. 1979).
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Studies have shown that activation of sGC resultanirincrease in guanylate cyclase
activity of up to 200-fold (Friebe and Koesling 2003) Orosophila,there are two sGC
genes, Gya99B and Gyf100B, encoding for the alpha subunit and the beta subunit
respectively. So far, a number of different transergdtthese genes have been identified
(Yoshikawa et al. 1993; Liu et al. 1995; Shah and Hyde 1995). $titegly, a variety of
atypical soluble guanylate cyclases have also been igeniif recent years. The first of
these, discovered by Nighorn et al (1999Mianduca sextéMsGC43) is reported to act

as a homodimer that can function in the absenceti¢ wixide (Morton and Anderson
2003). Since this discovery, three genes encoding atypiCainsensitive sGCs have
been identified irDrosophila,and it has been demonstrated that they play an oxygen-
sensing role (Morton 2004; Vermehren et al. 2006).

The second class of guanylate cyclases, known as recpaoylate cyclases (rGC), are
made up of single transmembrane proteins acting as recdéptaxsvariety of ligands
(Lucas et al. 2000). Receptor guanylate cyclases act pymaarihomodimers, exhibiting
highly conserved domain structures. The C-terminal catalijgmain of rGCs is highly
conserved, however rGC isoforms are found to differ riaidy in their extracellular
binding domains depending upon the ligand to which they bind. Uné&delyn the
extracellular ligands of many rGCs still remain unknpwhus making it difficult to
define specific function. Receptor GCs were first digted in the sea urchifirbacia
punctulatain 1981 (Suzuki et al.), and since that time a number ofsrG&e been
identified in both vertebrates and invertebrates. Immals, seven receptor guanylate
cyclases have been identified (GC-A — GC-G), threelu€lwvare well characterised and
possess identified ligands (Chang et al. 1989; Chinkers é0&9; Lowe et al. 1989;
Schulz et al. 1989; Yuen et al. 1990). For example, GCkAasvn to be activated by the
extracellular ligands atrial natriuretic peptide (AN drain natriuretic peptide (BNP)
and has been implicated in such processes as natrjudasiesis and hypertension
(Kishimoto et al. 1996; 2001). Alternatively, GC-B is actadhtby C-type natriuretic
peptide (CNP), and is thought to play a role in bone devedapm@nd the inhibition of
smooth muscle and fibroblast proliferation (Garbers e2@06). Lastly, GC-C has a
number of identified ligands such as heat-stable entero{8Xia), guanylin, uroguanylin
and lymphoguanylin (Schulz et al. 1990; Hamra et al. 1993; eoré¢ 1999), and has
been implicated to play a role in intestinal functi¢8teinbrecher et al. 2001).
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Unfortunately, GC-D — GC-G remain orphan receptors wihidentified ligands and
therefore unknown function (Schulz et al. 1998) Dirosophila, there are at least nine
genes encoding receptor guanylate cyclases (Flybase —flgtipsé.bio.indiana.edu).
Three of these genegyc32E, gyc76@ndgyc89A have been cloned in previous studies
using rat GC-A cDNA as a probe (Gigliotti et al. 1993; kiual. 1995; McNeil et al.
1995). However, as of yet there are no identified ligandeadptor GCs in insects and

therefore these genes still remain to be charaeteris

1.2.3 Phosphodiesterases

Cyclic nucleotide phosphodiesterases (PDEs) were diistovered by Butcher and
Sutherland (1962). They comprise a superfamily of metallgpmhydrolases that act as
negative regulators of cyclic nucleotide signalling ane &herefore pivotal in
maintaining the role of cyclic nucleotides in cellutanction (Omori and Kotera 2007).
PDE families can be specific to either cGMP or cAMPcan exhibit a dual specificity
for both, and function by cleaving the phosphodiester bohdgher cyclic nucleotide in
order to produce a 5'-nucleotide. To date, a number of PDEsgend their numerous
splice variants have been identified in both vertewsradnd invertebrates, each with
unique kinetic and regulatory properties. Over the yeansas become clear that any
single cell type can express multiple different PRid that the nature and localisation
of these PDEs is likely to be a major regulator chlaGMP or cAMP concentrations in
each cell (Francis et al. 2001). Cyclic nucleotides anerg¢ed in a limited space within
the cell, in close proximity to both their activating enegmand their downstream
effectors. It is suggested therefore that the locabsatf each PDE acts to control the
specific ‘pools’ of cyclic nucleotides within each celg.ito prevent cyclic nucleotides
from spreading to inappropriate areas of the cell, oregjulate the levels of cyclic
nucleotides able to activate the downstream effectorslase proximity (Bender and
Beavo 2006; Omori and Kotera 2007). PDEs themselves areateguby diverse
biochemical reactions including phosphorylation/dephospéiaon, allosteric binding of
cGMP or cAMP, binding of Ca&/calmoldulin and various protein-protein interactions
(Bender and Beavo 2006; Omori and Kotera 2007).

There are six PDEs expressedDnosophilg Drosophila melanogaste(Dm) PDE1,
DmPDE4 (Dunce), DmPDE6, DmPDES8, DmPDE9 and DmPDE11 (Dasl. e2005;
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Davies and Day 2006). Of these, Dunce is the most widelyacterised and acts as a
cAMP-specific PDE with a role in learning and memoryctions (Davis and Dauwalder
1991). Biochemical characterisation of the remairiingsophilaPDEs has demonstrated
that DMPDE1 and DmPDE11 are dual-specificity PDEs, wkdbeaPDEG6 is specific to
cGMP (Day et al. 2005). Interestingly, despite its duatiipgy, DmPDE11 has been
demonstrated to exhibit the highest specificity for cGMRlbother Drosophila PDEs
(Km: 6 +2uM). Unfortunately, due to the lack of appropriate antibqdizsPDE8 and
DmPDE9 have yet to be fully characterised (Day et al. 20@pression studies have
shown that all DmPDEs are expressed in the adult heddbady and, interestingly,
DmPDE6, DmPDE8 and DmPDE11 are all significantly enrichredhe Malpighian
tubules, an important cGMP signalling tissue (Day e2@05).

1.2.4 Cyclic nucleotide-gated channels

Cyclic nucleotide gated (CNG) channels were first discan the plasma membrane of
retinal photoreceptors (Fesenko et al. 1985). CNG chanmelsaaivated by cyclic
nucleotides that bind to probably four intracellular sig®wing differing ligand
selectivity towards cyclic AMP and cyclic GMP (Kaupp aref&t 2002). Activation of
CNG channels results in the fluctuation of differemts, such as sodium, potassium and
calcium, within the cell. CNG channels are highly séresito changes in cytosolic cyclic
nucleotide concentration and therefore provide a powedute by which cyclic
nucleotide signalling pathways regulate cellular proce¢Zegotta and Siegelbaum
1996).

In vertebrates, the activation of CNG channels haslynbeen associated with olfactory
and visual processing, where their role has been widelyacterised (Yau and Baylor
1989; Zufall et al. 1994). Additionally, CNG channels have bessociated with the
regulation of synaptic plasticity and neuronal pathfindingywever their role in these
processes is not as well understood (Zagotta and Siegelb886; Kaupp and Seifert
2002). Unfortunately, very little is known about tihevivo function of CNG channels in
invertebrates, suggesting a wider spectrum of actioDrésophila there are at least four
genes encoding CNG channels, includergy originally shown to be expressed in the
eye and the antennaengl, expressed in the neuronal cells and mushroom bodige in
brain; CG3536andCG17922(Miyazu et al. 2000)
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1.2.5 cGMP-dependent protein kinases

cGMP-dependent kinases (cGKs) belong to a large superfaimgotein kinases. They
function by catalysing the transfer pphosphoryl group of ATP to the hydroxyl group
of serine, threonine or tyrosine residues of accepftiostsate proteins and, as a result, are
able to regulate the activity of numerous proteins (Vaandragérde Jonge 1996). In
general, cGKs can be described as homodimers, with salsunit containing an N-
terminal domain that mediates dimerisation and protestepr interactions; a regulatory
domain that contains two identical cGMP binding sites; aRkthase domain responsible

for substrate phosphorylation (Takio et al. 1984).

In Drosophilg there are two genes encoding confirmed cGlg4,anddg2 (foraging, for)
and another putative cGK genegC&4389(Kalderon and Rubin 1989; Davies 2000). At
present, there is no functional information availatole the CG4289encoded product,
however the kinases encoded diyl and dg2 are quite widely characterised. DG1 and
DG2 were first discovered serendipitously as part ofceeen to identify cAMP-
dependent protein kinases (Kalderton and Rubin 1989). In tily,sexpression data
indicated that DG1 was a head-specific kinase, whddéxx was seen in both the head
and body of adult flies. Subsequent studies have reveaddigh encodes an 84kDa
protein, withbona fidecGK activity, which is expressed in the optic lobes prakimal
cortex (Foster et al. 1996). It has also been demoedtiatrecent years that DG1 is
expressed in the Malpighian tubules and appears to bsotigton nature, with some
association at the basolateral membrane (Dow et984a; MacPherson et al. 2004b).
Interestingly, overexpression studies have implicatedle for DG1 in cGMP-mediated
fluid transport (MacPherson et al. 2004b).

DG2 has been widely characterised and has traditionadly imeplicated as having a role
to play inDrosophilafeeding behaviour (Osborne et al. 199332 is a complex gene,
comprising several exons encoding a number of majosdrgms, which encode proteins
of differing sizes (Kalderton and Rubin 1989; http:/flybbgeindiana.edu/cgi-
bin/unig.htmI?FBgn0000721%3Efbtr). A role for tdg2 gene was first assigned after
studies into larval food-search behaviour identified ittlas source of the naturally

occurring rover/sitteforaging polymorphism, where rovergof) are seen to be much
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more active than sitter§of®) when searching for food (de Belle et al. 1989; 1993).
Subsequent phosphorylation studiesfan mutants revealed that a ~10% reduction in
cGK activity may account for théor® phenotype in larvae (Osborne et al 1997).
Interestingly, thefor® allele has been shown to confer an epithelial ptypeoin the
Malpighian tubules, wheréor® flies were shown to demonstrate a hypersensitivity to
capa-1, a nitridergic neuropeptide known to stimulate dB&P signalling pathway
(MacPherson et al. 2004aplthough all of the studies mentioned above have idextifi
an important role for theg2 gene, the proteins encoded by the gene have only recently
been investigated. In a recent study, imevivo roles of the transcripts alg2 were
examined. Results demonstrated that the two majorctipts of dg2, DG2P1 and
DG2P2, encodéona fidecGKs. Additionally, cGK activity in adult flies appeats be
enriched in the heads and Malpighian tubules, further stiggean important renal
function for cGKs. Targeted expression of DG2P1 and DG@RRe Malpighian tubules
showed that DG2P1 appears to localise to the apical membfaunkule principal cells.
Conversely, DG2P2 was shown to be expressed both apaadlybasolaterally, again

only in the tubule principal cells (MacPherson et al. 2004b).

To date, there are no documented phosphorylation target$sis in Drosophila,
however it appears that both DG1 and DG2 kinases mayihgpgetant roles to play in
the Malpighian tubule. Interestingly, the differentiatalisation of each cGK or cGK
isoform suggests that each has a distinct role from @amother, and are probably
controlled by different sources of cGMP.

1.3 TheDrosophila Malpighian tubule

1.3.1 Introduction

Insect Malpighian tubules have been extensively studiedrinstef both morphology
and function over the years and as a result moreowkmbout this tissue than any other
animal epithelia (Dow and Davies 2001). The Malpighian tubafebe defined as a
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Figure 1.6 — The Drosophila melanogaster Malpighian tubule. Left panel: morphology of the
Malpighian tubule, showing each of the distinct segmentsheftubule as reported by Wessing and
Eichelberg (1978). Right panel (top): tubules of enhancer ftyalines, showing each of the different
regions of the tubule. Right panel (bottom): tubulesrdiancer trap fly lines, showing various pictures of
different cell types within the tubules. Top two pictures shbe principal and stellate cell types of the
main segment of the tubule (Sozen et al. 1997).

fluid-transporting osmoregulatory epithelium that igical for detoxification and ion
homeostasis in the fly. It has emerged over the yasira potent model system for the
study of the signalling and transport genes involved irhefutl fluid transport (Dow et
al. 1994b).

1.3.2 Morphology

Insect Malpighian tubules are simple, free-floating,utab epithelia, joined in pairs
through short common ureters to the alimentary can&sg@iig and Eichelberg 1978).
Drosophilatubules are amongst the smallest ever studied, meast&ingM long by ~35
MM in diameter, and comprising of ~150 cells. Each fly pesse two pairs of tubulesn
anterior and a posterior pair, both contributing equallfubule function. The tubule can
be divided into three segments; an enlarged initial segjma narrower transitional
segment and a main segment that leads to the uftermain segment is responsible for
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fluid secretion and is composed of two cell-types, dblemnar epithelial principal cell
(type 1) and the star-shaped stellate cell (type IheDtell types, such as bar-shaped
cells, are present on the initial and transitionahssgs (Figure 1.6; Sozen et al. 1997).

1.3.3 The Malpighian tubule and the cGMP signalling pathway

Studies have shown that the Malpighian tubule is regiplen®r many processes within
the fly, including fluid transport, osmoregulation, detapation and ion homeostasis. All
of these processes are known to be regulated by the c@vi&llisg pathway in the
tubule (Davies 2006). Microarray studies have demonstrhtgdrany genes associated
with cGMP signalling are expressed in the tubule andygiedlly enriched in this tissue
compared to the whole fly (Wang et al. 2004). For exantbéetubule has been shown to
express NOS and sGC, and also shows a high enrichmeahe akeceptor guanylate
cyclase Gyc76c¢. Additionally, three as of yet unchardsxd rGCs, CG4224, CG9873
and CG5719 are expressed in the tubule, and a putative atgpigaylate cyclase
CG14885 (Wang et al. 2004). The presence of multiple actsrafathe cGMP pathway
therefore suggests its role in regulation of a vadégyhysiological processes.

Similarly, as mentioned earlier in the text, theulebhas been demonstrated to express
multiple cGMP effector molecules (MacPherson e2@04b; Wang et al. 2004; Day et al.
2005). All knownDrosophilaCNG channels, PDEs and cGKs are expressed in the tubule
with particular enrichment of DmPDE11 and the cGK DG1 igveet al. 2004).
Therefore, it would seem that the Malpighian tubulehis ideal tissue to study their
effects. Fortunately, following the development of thedflsecretion assay by Dow and
colleagues (1994), the tubule has proved to be a robust,itgtiamt phenotype with
regards to the study of not only cGMP signalling, but alevimst of signalling and

transport mechanisms (Dow and Davies 2006).

1.3.4 The Malpighian tubule and immunity

One of the most recent developments with regard to eufouction is the identification
of the tubule as an important immune sensing tissue.eStidive shown that the tubule
constitutes an autonomous immune system that is capabénsing bacterial challenge

and mounting an immune response, entirely independenthedét body (McGettigan et
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al. 2005). Previously, a role for the tubule in local legdial AMP production has been
indicated, where it was shown that diptericin, cecragma metchnikowin levels are
upregulated in the tubule in response to natural infeciaoy et al. 2000). However,
since that time it has been demonstrated the tubutapsble of activating immune
mechanisms in response to septic injury, suggesting a imokystemic immunity
(McGettigan et al. 2005). In this study, it was demongirabat tubules, excised and
incubatedn vitro with E.coli, show an up-regulation of diptericin expression, configni
that the tubule is capable of sensing and responding toribhatéection autonomously.
Additionally, targeted over-expression @NOSto the tubules (the enzyme responsible
for generation of NO, a known activator of immune res@s)was seen to confer
increased survival to adult flies upon septic infection, tlaundicning the involvement of
the tubule in systemic immunity and also demonstratisgimportance in immune
function (McGettigan et al. 2005). In support of these dateoarray studies have also
indicated the importance of the tubule in immune respd@éentapalli et al. 2007 -
www.flyatlas.org). When comparing expression levels ajomcomponents of immune
signalling pathways in different tissues of the adult ftycan be seen that many
components of the Imd signalling pathway are highly eedah the tubule. For example,
Relish shows an mRNA signal of 788k in the adult tubule, compared to an mRNA
signal of 42681 in the adult carcass (consisting of the adult fatybeells, as well as
cuticle). Additionally, Relish is also highly enrichedthre larval tubule (mRNA signal =
398+12) although not to the same level as the larval fat od@®NA signal = 685%5)
(www.flyatlas.org- search string Relish). These data therefore sudgasthe tubule is
very important to Imd pathway activation in the adiylt f

The involvement of the tubule in immune function @ surprising. The morphology of
the tubules means that they are spread throughout thedaedy, both anteriorly and
posteriorly, which suggests that they are likely to be @nthe first tissues exposed to
bacteria upon infection. It makes sense thereforéttieaubule may act alongside the fat
body in the activation of immune response. Seconddytuhules open into the gut lumen
and are therefore in contact with a large number afaorganisms on a constant basis
(Dow and Davies 2006). It is possible therefore that theléumay act as the signalling
tissue between natural infection defence mechanismshaenslystemic immune system.

To date, investigation into the involvement of the Mahma tubule in immune function
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is still in the early stages, however, from the evideseen so far it appears that the

tubule is a critical immune sensing tissu®nosophila

1.4 Drosophilaas a model organism — useful genetic tools

Although traditionally associated with developmental ssidover the yeafdrosophila

has become a valuable model organism for studying many [dyisil processes (Dow
and Davies 2003). There are a number of reasons Dvbgophila is of particular
biological significance as a model organism. Firsblypsophilahas a short generation
time and is cheap and easy to breed in large numbersgyuvidompromising genetic
power. SecondlyDrosophilahas been studied as a model organism for over 100 years
and as a result there is a wealth of genetic markexigable. Thirdly, those wishing to
use Drosophila as their model of choice have access to a sequencedveandvell
annotated, genome. Finally, a wealth of available transdeols has madBrosophilaa

very powerful model system for integrative organismalissiDow and Davies 2003).

An example of this is the adaptation of DwsophilaP-element by enhancer trapping, a
technique that has allowed rapid identification of genetimalos and genes with
expression patterns of interest (Rubin and Spradling 198ZBetlal. 1989). P-elements
are known to form a classic transposable system wherabgposons are able to ‘jump’
around the genome, an effect mediated by the transpasagae (Robertson et al. 1988).
In the enhancer trapping technique, the transposase gdéweRrelement is replaced with
a reporter gene, consisting of various genetic markergnstream of a weak promoter.
Flies carrying the P-element are then crossed to anftyHae carryingA2,3 P-element,

a defective transposon that can only express trangpostd®e germ line, and which itself
is unable to move. Therefore, as ki 3 P-element flies provide a source of transposase,
the reporter P-element can effectively jump around thrme in the progeny of this
cross. Thus, the progeny are allowed to breed and thesubisequent progeny that have
lost theA2, 3 P-element are selected. These flies are nowingrtile reporter gene
trapped in a new position (Bellen et al. 1989). This technigjeatremely useful as, in a
significant fraction of these enhancer trap lines, mjgorter P-element may become
trapped near a potentially interesting gene and may beaotinated to produce a similar

expression pattern.
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Figure 1.7 — The GAL4/UAS crossing systenin this system an enhancer-trap line expressing GAL4 in a
tissue of interest is crossed to flies carrying a Wi sgene. Expression of the transgene is subsequently
driven in the GALA4 tissue in the resulting progeny (Brand Perrimon 1993)

The genetic toolbox dDrosophilahas evolved even further with the development of the
GAL4/UAS (upstream activating sequence) system (Brand andnfdn 1993). In this
system, the reporter gene is the yeast transcriptiaorf@AL4. This transcription factor

is completely inert in th®rosophilagenome under normal circumstances, however it is
capable of driving transgenes under the control of the y#a&Stpromoter (Fischer et al.
1988). Therefore, by cloning a gene of interest downstrdatinecUAS promoter, its
expression can be activated in cells where GAL4 isepte¢Figure 1.7). Targeted
expression of genes of interest using this system bepasmble after the development
of an enhancer-trap GAL4 construct (pGAWB) (Brand andiferr 1993). Using this
construct, it has been possible to develop GAL4 ‘driflgrines for any tissue or cells of
interest and, as a result, an astounding array of GiAk4 are now available for use. The
advantages of this system are extensive. For example, amappropriate GAL4 driver
line has been developed, it can be maintained as a pastatkl Targeted expression of
any gene can then be achieved in a tissue of intergslyday crossing this GAL4 line to
the UAS-transgene fly line of choice, without the need firther enhancer trapping
studies. Similarly, a UAS-transgene fly line can be kapa gparental stock without any
serious loss of fitness, as there is no source of 458l promote expression. This is
particularly useful in fly lines where a gene is silethaising UAS-RNAI, resulting in an
easily maintained and viable stock. Overall, the developroethe GAL4/UAS system
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has been paramount in improving the genetic tractabifitiprmsophila even further,
confirming the status ddrosophilaas a very powerful model organism.

1.5 Project Aims

In recent years, nitric oxide signalling has emerged kesyacomponent of the immune
response irDrosophila, using bothin vivo andin vitro systems (Weiske and Wiesner
1999; Nappi et al. 2000; Foley and O'Farrell 2003). It has beensgadghat NO plays
some functional role in activating the Imd pathway wgestr of the Imd protein and that
NO may act to mediate signalling between immune tis@asset et al. 2000; Foley and
O'Farrell 2003; Silverman 2003). The mechanism by which this sdtas not been
elucidated, however, considering that the main intraeelltdceptor for NO is soluble

guanylate cyclase, it is highly possible that cGMP sigmalihay play a role.

Recently, the Malpighian tubule has been demonstraeoh anportant immune sensing
tissue (Tzou et al. 2000; McGettigan et al. 2005). Simildl®/cGMP signalling has
long been reported as critical to normal tubule funcfidavies 2006). Consequently, the
tubule appears to be the ideal tissue for studying theof@d&MP in immune response.
Therefore, using a combination of microarray, Q-PCRteantsgenic approaches, the aim
of this study was to investigate the role of cGMP digmain immune response. This
was achieved using tHarosophilaMalpighian tubule as a model system, with particular

emphasis being placed on its role in Imd pathway regulati
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Chapter 2

Materials and Methods



2.1 Drosophila melanogaster

2.1.1 Drosophila stocks

Table 2.1 —Drosophila melanogaster lines used in this study

Strain

Genotype

Description and application

Reference
applicable)

(if

Oregon R

Wild type

Q-PCR, survival assays.

Diptericin-GFP

W; +/+; diptGFP

Fluorescence studies, natural infection experime

Tzou et al. 2000

Cecropin-GFP

W; +/+; cecALGFP

Flouresence studies

As above

c42 W +/+; c42 Tubule principal cell-specific GAL4 driver Sozen et al. 199
McGettigan et al
2005
c42 (balanced) | w;bl/Cyo,c42 As above -
GAL8O’ w;P{tub-GAL8G};, | GAL4 repressor line, inactivated after heat shock | (Lee and Luo
TM2/TM6b 30 °C 1999)
GAL80;c42 W;P{tub-GAL8GY}; Inducible tubule principal cell-specific GAL4 drive | -
c42 — used for Q-PCR and survival assays
uo UO; +/+; +/+ Tubule principal cell-specific GAL4 driver Terhzaz et al, in
preparation
c564* w; c564; +/+ Fat body specific driver
UAS-dgl w;+/+;UASdgl Overexpressor afgl,crossed to either c42 or ¢56 | MacPherson et
GAL4 drivers — used for Q-PCR, survival assays | al. 2004a ; 2004
natural infection experiments
UAS-dgIRNAiI | w; UAS-dgIRNAi; [ Knocks downdglexpression by RNAi — crossed t | -
it either c42 or c564 and used as above
UAS-dg2P1 UAS-dg2P3, +/+; Overexpressor alg2P1,crossed to either c42 or MacPherson et al
+H+ c564 and used as above 2004a; 2004b
UAS-dg2P2 w; UASdg2P1 +/+ | Overexpressor alg2P2,crossed to either c42 or | As above
c564 and used as above
UAS-dgRNAi | w; UAS-dgRNAi; [ Knocks downdg2expression by RNAI - crossed to| -
++ the GALS8O0;c42 driver, used as above
UAS- w; +/+; UAS- Knocks downPDE11expression by RNAI - crossed -
PDE11RNAI PDELIRNAI to the c42 GAL4 driver and used for Q-PCR and
survival assays
UAS-GC-A w; UAS-GC-A +/+ | Overexpressor of the rat ANP receptor — crossed dKerr et al. 2004)
c42 and used for Q-PCR
dN1-8 w; UASANOS +/+ | dNOSoverexpressor — crossed to UrO and used fprMcGettigan et al.
Q-PCR 2005
Relish E20 * w; +/+;relish™, & | Homozygous Relish null mutant carrying g&teony | Hedengren et al.
marker — used for Q-PCR 1999
Imd** w; pr,imd/CyQ, Balanced Imd mutant carrying tperple marker — Lemaitre et al.
TM3sb/GFPser used for Q-PCR and to generate lines for epistati¢ 1995, Georgel et
analysis al. 2001
Key'* w; cn-bw, Key/ Balanced Kenny mutant carrying tbi@nabar- Rutschmann et al|
CyQ TM2tb/TMBe | brown marker — used to generate lines for epistati¢ 2000
analysis
UAS-imd* w; UAS-imd/CyQ Balanced Imd overexpressor — used to generate I[n€zorgel et al.
TM3sb/TM6e for epistatic analysis 2001
UAS-relish® w; UAS+elish- Balanced Relish overexpressor tagged with 6xHI$ Hedengren et al.
HIS/CyQ, used to generate lines for epistatic analysis 1999; Stoven et
TM3sb/TM6e al. 2000: 2003
Imd%c42 w; pr,imd/CyQ, Tubule principle cell-specific GAL4 driver in amd | -
c42/TM3sb mutant background — crossed to UdGtand used
for epistatic analysis (Q-PCR)
Key';c42 w; cn-bw, Key/ Tubule principle cell-specific GAL4 driver in an -
CyQ, c42/TM2th Kennymutant background
UAS-imd;c42 w; UAS-imd/CyQ Tubule principle cell-specific GAL4 driver -

c42/TM3sh overexpressing Imd

UAS-relish;c42 | w; UAS~elish- Tubule principle cell-specific GAL4 driver -
HIS/CyQ, overexpressing Relish — crossed to cGK transgenjc
c42/TM3sb

lines and used for epistatic analysis (ICC)

°_ Kind gift from Professor J. L Imler, Universityf Gtrasbourg, Francé;— Bloomington Stock Centre; * - Kind gift from

Professor S Kurata, Tohoku University, Sendai, dabakind gift from Professor D Hultmark, University thmea, Sweden.
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The varioudrosophilalines used in this study and their genotypes and applicaton a
listed in Table 2.1. Unless otherwise stated, fly lines kb stocks. Relavent
references for these lines are also listed wherecaigdi.

2.1.2 Drosophilarearing

Flies were reared in vials on stand&bsophilamedium (appendix 1) at 22-25 in
a 12 h: 12 h light: dark cycle. If large quantities wezquired (>100), flies were
reared in large bottles on standard medium.

2.1.3 Dissection oDrosophila tissues

For dissection of tubule and midgut samples, 7-day old #ehstwere anesthetized on
ice before acute dissection in sterile Schneider's mgaiégtrogen). For dissection of
fat body, late third-instar larvae were dissected livsterile Schneider’s medium. For
RNA samples, approximately 50 tubule pairs (25 flies) bbdaly from approximately
10 larvae were dissected for each sample. Where appepsamples were then
incubated in 3 ml of sterile Schnieder's medium containihg ®&ppropriate
concentration of either cGMP, dibutyryl-cGMP, cAMP, SRAODQ (all Sigma), or
PGN(-) (Invivogen) as stated throughout the text.

2.2 RNA extraction

RNA extraction was carried out using the QIAGEMNeas§ Mini kit and a
QIAGEN® RNase-free DNase set as according to the manufactimsteuctions.
RNA was typically eluted in 25ul RNase-free water and tifi@sh as described in
Section 2.5.

2.3 First strand cDNA synthesis

First strand cDNA synthesis was carried out using Supetst” Il Reverse
Transcriptase (Invitrogen). For each 20 pl reaction, df @ligo(dT)2-18 (500 pg/ml),
1 — 10 pl total RNA (up to 1 pg) and 1 pl of dNTP mix (final @amtration 200 uM
each) were added to a nuclease-free PCR tube. Eactoreaets then made up to a
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volume of 12 pl with RNase-free water and incubated &406for 5 min followed by a
quick chill on ice. The contents of each tube werentlmmllected by brief
centrifugation, followed by the addition of 4 pl of 5xdtistrand buffer (250 mM Tris-
HCI [pH 8.3], 375 mM KCI, 15 mM MgG), 2 pl of 0.1 M DTT and 1 pl of
RNaseOUT™ (40 units/pl). Each reaction was then mixed briefly acdbated at 42

°C for 2 min. 1 ul of Superscript’ || Reverse Transcriptase was then added to each
tube and the contents mixed by gentle pipetting. Eachioseasts then incubated at
42 °C for 50 min, followed by heat inactivation of theyme at 70 °C for 15 min.
cDNA concentration was then quantified as describecati@ 2.4. Unless otherwise
stated, all components used in this reaction were pwdHesm Invitrogen.

2.4 Preparation of genomic DNA

For PCR procedures that required moderate amounts of geDiNc the Berkeley
DrosophilaGenome Project Quick Fly Genomic DNA prep, by E. JdyRevas used
(see http://www.fruifly.org/about/methods/inverse.pcrintrBriefly, 30 anaesthetised
flies were collected in a 1.5 ml eppendorf tube and briedigen at -70C. Flies were
then ground in 20Qul of Buffer A (100 mM Tris-HCI [pH 7.5], 100 mM EDTA, 100
mM NacCl, 0.5 % [w/v] SDS) using a disposable tissue grifidentes). An additional
200ul of Buffer A was then added and grinding continued untiy @aticles remained.
The suspension was then incubated 4Ca%6r 30 min. 80Qul of LiCI/KAc solution (1
part 5 M KAc: 2.5 parts 6 M LIiCl) was then added and tkelting solution incubated
on ice for at least 10 min. Samples were then ceged at 13,000 g at for 15 min at
room temperature. 1 ml of the supernatant was thenférasd into a new tube,
avoiding floating material. 60Ql of isopropanol was then added, the solution mixed,
and centrifuged at 13,000 g for 15 min at room temperature. Thenatg@rwas then
carefully aspirated, and the DNA pellet washed with 7@tk@nol (v/v) in HO. The
washed pellet was air-dried and then resuspended iplX&0TE buffer (10 mM Tris-
HCI [pH 8.0], 1 mM EDTA). Genomic DNA samples were tlstored at —2TC.

2.5 Quantification of nucleic acids

Nucleic acid concentrations were measured at 260 nsg)(Asing a NanoDrop
1000™ (Thermo Scientific) according to manufacturers’ instions. Readings were
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zeroed with the solution in which the samples had bekmed and nucleic acid
concentrations were displayed as ng/ul. A ratio eff/A.soprovided an estimate of
nucleic acid purity. Values of 1.8 for DNA and 2.0 for RNAdicated pure
preparations.

2.6 Oligonucleotide synthesis

Oligonucleotides were synthesised by the MWG Biotechoougirimer service on a
0.01 umol scale, purified by High Purity Salt Free (HE$Eechnology, and their
quality assessed by Matrix Assisted Laser Desorption dtois - Time of Flight
(MALDI-TOF) analysis. Oligonucleotides were received aslyophilised pellet,
resuspended inJ@ to a stock concentration of 1QM, and further diluted with KO
to a working concentration of 6;8V. All primers were stored at -2G. A list of all

the primers used in this study is provided in appendix 2.

2.7 Polymerase chain reaction (PCR)

2.7.1 Standard PCR usingrag DNA polymerase

Standard PCR protocols were used in the everyday amptificat DNAs. For a small
number of PCRs, reactions were set up according to maarges instructions using
a pre-aliguoted PCR master mix containing Thermoprime Plu& piNymerase and
2.5 mM MgC} (Abgene). For each reaction, 2 pl each of forward andrse primers
(final concentration 260 nM each) and 1 pl of templateAQ{Np to 1 ng of plasmid
DNA, 100 ng of genomic DNA or 500 ng of cDNA) or gl (no template control)
were added to the master mix to make up a final volume pt.50

For large numbers of PCRs, reactions were set up in DtRimwvalled PCR tubes to
contain 5 pl of 10x PCR reaction buffer containing 2.5 MICL, 1 pl of dNTP mix
(final concentration of 200 uM each), 2 pl each of fodvand reverse primers (final
concentration 260 nM), 0.5 ul afaq DNA polymerase (1.25 Units) and 1 pl of
template DNA (concentrations as before) on@Hcontrol). Each reaction was then
made up to a final volume of 50 ul with gBl All components were purchased from
Invitrogen. Cycling was then performed using either a HybaithbB, Hybaid PCR



Sprint or Hybaid PCR Express-Gradient thermocyclertypical cycling procedure is
described in Table 2.2.

Table 2.2 — Typical cycling procedure for DNA amplificaton using Tag DNA polymerase.

Step Temperature Time Comments
Initial 94 °C 3 min To ensure template denaturation
Denaturation
Denaturation 94 °C 30 seg -
Annealing 50 - 60 °C 30 seg 25-30 Temperature is set depending orj the

cycles melting temperature of the primers
used; typically ~5 °C lower than,T

Extension 72 °C 30 sec¢ 30 sec extension for each 500 bp o
—5min DNA to be amplified
Final 72 °C 5 min -
Extension

2.7.2 PCR usingofu DNA polymerase

Pfu DNA polymerase (Promega) is a thermostable enzyme Ryiomcoccus furiosus
which catalyses DNA dependent polymerisation of nu@estinto duplex DNA in
the 5> 3’ direction, exhibits 3.5’ exonuclease (proofreading) activity and is used
for PCR reactions requiring high fidelity synthesis sashexpression constructs. The
reaction mix was set up as follows; 5 ul of By DNA polymerase buffer (Promega),
1 ul dNTPs (final concentration 2QOM each - Invitrogen), 2 ul each of forward and
reverse primers (final concentration 260 nM each), 1 fuIDNA template
(concentrations as before) or giH(control), 0.5 pPfu DNA polymerase (1.25 Units -
Promega), made up to a final volume of @0vith dH,O. Temperature cycling for a
typical pfu DNA polymerase PCR was carried out as described in Tabldh@wever
as pfu exhibits a lower extension rate comparedl&m DNA polymerase, extension
times were increased to 1 min for every 500 bp of DNA tarbplified.

For all PCR protocols, DNAs were separated following ldogtion by agarose gel

electrophoresis (Section 2.7.5).

2.7.3 Reverse-transcription (RT)-PCR

RT-PCR was carried out in two steps in order to fatdittne amplification of a
number of different sequences from the same cDNA sankjor this approach, total
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RNA was extracted from tissues of interest as desdrin Section 2.2. cDNA was
then synthesised from each sample using SuperStript Reverse Transcriptase
(Section 2.3). Sequences of interest were then antplifem the resultant cDNA

using a standard PCR protocol (Section 2.7.1). Prior tathise&oncentration of cDNA

was quantified as described in Section 2.5 and equal amduidNé added to each

PCR reaction. Additionally, in order to control forgsible genomic contamination,
primer pairs were designed to span intron/exon boundafieaah gene of interest.
Following amplification, DNAs were separated by electrophiz on a 0.1 % agarose-
TBE gel (Section 2.7.5).

2.7.4 Quantatitive (Q)-PCR

To quantify levels of expression of genes of interesB@R was carried out using the
fluorescent double-stranded DNA dye DyNAMoSYBR® Green (Finnzymes). As
with RT-PCR, total RNA was extracted from tissuestdrest as described in Section
2.2. cDNA was then synthesised from each sample using Suipé Il Reverse
Transcriptase (Section 2.3). Prior to setting up eachtioeagene-specific primers
were designed to generate an optimal PCR product of <500 [ypefdix 2). In
addition, primers were designed, where possible, to sgeoniaxon boundaries of
each gene of interest in order to control for posgieleomic contamination. For each
cDNA sample, reactions were set up in triplicate tatam 25 pl 2x SYBR Green
Master Mix (Tbr DNA polymerase, SYBR Green |, optimised PCR buffer, 5mM
MgCl,, dNTP mix), 2 ul each of primers (0.3 uM final concetrg and 1 pl of
template cDNA (up to 500 ng), made up to a final volume of b@With dH,O.
Additionally, in order to facilitate quantification efch gene of interest relative to a
standard reference gene, reactions were also set dplirate for each cDNA sample
containing primers specific for thp49 gene, known to encode a ribosomal protein of
standard expression.

Reactions were set up on ice using optical grade PO ¢iviJ Research) alongside
two blanks (1 x SYBR Green Master Mix), primer-only cotg (set up in duplicate
for each set of primers used) and a range of extemadiatds (in duplicate) for each
gene containing I — 10” ng of template amplicon DNA (obtained from PCR
amplification). Cycling was then performed using an Optio3 thermal cycler
according to the protocol described in Table 2.3.



Table 2.3 — Typical cycling conditions for Q-PCR

Step Temperature Time Comments
Initial 95 °C 10 min To ensure template denaturation
Denaturation
Denaturation 95 °C 20 s -
Annealing 55 °C 20s Temperature is set depending on{ the

35 — 45| melting temperature of the primers usgd;
cycles typically ~5 °C lower than §

Extension 72 °C 5-203 5 s per 100 bp of product
Data - - Fluorescence data collection is performed
Acquisition after each cycle
Final Extension 72 °C 5 min -
Melting Curve 60 —90 °C lsholdper0.3°C Used to khtwe specificity of thd

amplified product

Following amplification, each Q-PCR reaction was asedy using Opticaf' 3
software as according to the manufacturers’ instructidisolute quantification of
gene expression was calculated using a standard curve whhreblold cycle C(t)
values of each unknown sample were compared to they&(@@s of gene standards of
known DNA concencentrations. Specificity of each afigal product was also

analysed using melting curve data.

Following absolute quantification of DNA in each reawgtioelative quantification of
each sample was determined by calculating a ratio ofttgege DNA concentration
to rp49 DNA concentration. Results were then plotted asnsgé&5EM (where control
= 1) using GraphPad Prism 4.0 software. Statistical sigmfe of data was
determined by 2-way ANOVA and/or Studertttests where appropriate.

2.7.5 Agarose gel electrophoresis

DNAs were separated in 1 % agarose in 0.5x TBE [90 mid, PO mM boric acid
(pH 8.3), 2 mM EDTA] containing 0.j1g/ml EtBr as described in Sambrook and
Russell, 2001), using 0.5x TBE as the electrophoresis b&itazs were compared to a
1kb ladder (Invitrogen). Prior to loading, 6x loading d9e2b % (w/v) bromophenol
blue, 0.25 % (w/v) xylene cyanol, 30 % (v/v) glycerol in erdtwas added to the
samples to a final 1x concentration of loading dythexsample.
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2.7.6 PCR purification

DNA bands were excised from agarose gels using a ctedpes blade and the DNA
extracted using the QIAGEN QIAquick Gel Extraction Kit according to the
manufacturers’ instructions. Alternatively, PCR prodweese purified directly using
the QIAGEN® QIAquick PCR purification kit according to instructions. DN#as
typically eluted in 20ul of Buffer EB (10 mM Tris-HCI, pH 8.5) and quantified as

described in Section 2.5.

2.8 DNA Cloning

2.8.1 E.coli strains and plasmids
Listed below are th&.coli strains and plasmids used in this study (Table 2.4).

Table 2.4 —E.cali strains and plasmids

E.coli

Strain Genotype

DH5a™ subcloning efficiency (F ¢80dacZ AM15, A(lacZYA-argF), U169,decR, recAl, endAl,
competent cells (Invitrogen) hsdR17 (k-,m*+), phoA, sugE44)\’, thi-1, gyrA96, relAl).

Plasmids

Name Purpose

pGL3-Basic Vector Used to clone AMP promoter sequences of interest upstrEtim

(Promega) luc* luciferase gene. Also contains thempg® gene to confe
ampicillin resistance when transformed igaoli.

pAc5.1/V5-His/lacZ Plasmid expressing thacZ p-galactosidase gene. Co-transfecfed

(Invitrogen) alongside AMP promoter/pGL3 constructs in order to detemi

transfection efficiency. Also contains themp® gene to confe
ampicillin resistance when transformed igaoli.

2.8.2 DNA constructs generated for this study

Table 2.5 lists the DNA constructs generated for this st@instructs were made
according to the protocols listed in Sections 2.8.3 — 2.8.& Dbkkrts were generated
by pfu DNA polymerase PCR (Section 2.7.2) using forward and reverseers
encoding appropriate restriction sites for ease of mtpnihe primer sequences used
for this study, including restriction sites, are desdrilmeAppendix 2.



Table 2.5 — DNA constructs generated for this study

Construct Method of cloning Purpose

Dipt-pGL3 Promoter sequence of diptericin cloned upstredteasurement of diptericin
of luc” in the multiple cloning region of pGL3 | expression by luminescence ir
between th&pnl andHindlll restriction sites DrosophilaS2 cells

AttD-pGL3 Promoter sequence of attacin D cloned upstrgakteasurement of attacin D
of luc” in the multiple cloning region of pGL3 | expression by luminescence ir
between th&pnl andBglll restriction sites DrosophilaS2 cells
CecAl-pGL3 Promoter sequence of cecropin Al cloned Measurement of cecropin Al
upstream ofuc” in the multiple cloning region | expression by luminescence ir
of pGL3 between thKpnl andHindlll DrosophilaS2 cells

restriction sites

2.8.3 Restriction digests

Restriction digests were set up to contain 10 ul of gmeapriate 10 x Buffer for the
restriction enzyme(s) used, bovine serum albumin (BS#gl fconcentration of 100
pg/ml, only used if necessary), up to 1 pug of templaMACand the appropriate
restriction enzyme(s) (10 Units/ul) at a ratio of 1 Wfitenzyme/pg of DNA. Each
reaction was then made up to 100 ul with,@Hand incubated for 1-2 h at &7
Where a double digest was required but enzymes were ngiatible to use in the
same buffer, a single digest was first of all perfednand the resultant DNA product
purified using a QIAGER QIAquick PCR Purification kit (Section 2.7.6). Purified
DNA was then eluted in an appropriate volume o3@rnd another digest performed
with the second enzyme and appropriate buffer as descrilme.aFollowing each
digest, samples were purified as described above and gechréié described in
Section 2.5. For this study, all restriction enzymes emdesponding buffers used
were purchased from New England Biolabs.

2.8.4 DNA ligation

For cloning DNA inserts into vectors, the vector and DA insert were first
digested with the appropriate restriction enzymes and @drés described in section
2.8.3. Ligation reactions were then carried out using theh& Rapid DNA Ligation
Kit according to the manufacturers’ instructions. For eaeattion, a molecular ratio
of 3:1 insert: vector was used (typically 50-100 ng of vectbmyations were
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incubated for 5 - 30 min at room temperature before tramsfiion into competent

E.coli.

2.8.5 Transformation into E.coli

Plasmids were transformed into Ditf3' subcloning efficiency chemically competent
cells (Invitrogen) by the addition of 50-100 ng of plasmid topb®f cells on ice.
Samples were then incubated on ice for 15 min followed hgat-shock at 37C for
30 s. Following heat-shock, samples were transferrekl toaice for a further 2 min,
and 950ul of L-broth added (appendix 1). Each sample was then atedbat 37 °C
for 30 min to allow expression of tleeng® gene. 10Qul of each transformation was
then spread onto L-Agar plates (appendix 1) containing HdgJénl ampicillin and

incubated overnight at 37 °C.

2.8.6 Identification of positive clones

2.8.6.1 Plasmid selection

Each plasmid used in this study contained the ampicillistance geneap)
encodingB-lactamase. Therefore, transfornteaoli containing the plasmid of interest
were selected for by their ability to grow in the preseaf 100ug/ml ampicillin when
cultured in L-Broth media or on L-Agar plates. Amgdiail(Sigma) was made as a 100
mg/ml stock solution (w/v) in 50% 4@, 50% ethanol) and stored at 2€0

2.8.6.2 Diagnostic PCR

To identify the presence and orientation of a DNA inse# vector, bacterial colonies
could be tested directly using PCR. Reactions were set @pdatg to the protocol
described in Section 2.7.1 using one primer that bound tonsiegtiand one primer
that bound within the vector (facing into the cloning sitgr DNA template, selected
colonies were touched with a sterile pipette tip, whiaswhen used to pipette the
PCR solution up and down.



2.8.6.3 Diagnostic restriction digest

For diagnostic restriction digests, selected coloniewrown overnight at 37 °C in 5
ml of L-broth supplemented with 100 pg/ml ampicillin. PlasnDNA was then
isolated from each culture as described in Section 2.8.quanttified as described in
section 2.5. Isolated plasmids were then digested in todéetermine the successful
insertion and orientation of the DNA insert into thetee. To do this, digestion sites
were identified in each construct both within the DNAemisand within the plasmid
that, once digested, would result in DNA products of kmaize. Digestions were
carried out as described in Section 2.8.3, however tlaé totume of each reaction
was reduced to 10 pl. The volumes of the components of @igelst were also
adjusted accordingly. Following digestion, DNA was sefgatdn each sample by
agarose gel electrophoresis (Section 2.7.5).

2.8.7 Isolation of plasmid DNA

Small scale plasmid DNA preparation was carried outgudie QIAGEN Qiaprep
Spin Miniprep kit. Large scale preparation for germlirensformation and cloning
was carried out using the QIAGENDiagen Plasmid Maxi, Endofree Maxi or the Hi-

Speed] Plasmid Maxi kit according to the manufacturers’ instangi

2.8.8 Automated DNA sequencing

Automated sequencing was performed at the Glasgow Univédsilgcular Biology

Support unit (MBSU). Automated sequencing at the MBSU was peefibras a
single-stranded reaction with template and primer supgted pg and 3.2 pmol,

respectively, with a PCR mix containing fluorescently lidoe dideoxynucleotides.
Samples were run on an agarose gel with the nucleoltideng detected on an ABI
automated DNA sequencer. Analysis was performed using anedpBiosystems
automated sequence analysis programme and the sequencetoweflwaded from

the server onto Editview (version 1.0, free DNA sequencofgvare from Perkin

Elmer) and further analysed.
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2.9 Drosophila S2 cell culture

2.9.1 Passaging of S2 cells

Drosophila S2 cells (Invitrogen) were maintained in Complete Scarés Medium
(Schneider's medium (Invitrogen) supplemented with 10% imaativated Foetal
Bovine serum) (CSM) at a temperature of°28 Cells were typically kept in a total
volume of 15 ml in 75crflasks. For general maintenance, cells were passaged at
density of 10 cells/ml. To do this, cells were resuspended by geipting and then
diluted 1:2.5 by adding 6 ml of cells into 9 ml of fresh CSM.

2.9.2 Transient transfection of S2 cells

Transient transfection was carried out in tissue cellsin-well plates. 24 hours before
transfection 6 x 10cells in a volume of 3 ml were seeded into individuallsveFor
each 600 ul transfection, 199 of each plasmid DNA and 36 ul Cadk M -
Invitrogen) were added to a sterile 1.5 ml eppendorf tube ade mp to a total
volume of 300Qul with dH,O. This was mixed well and then added drop-wise over 1-2
min to 300ul of 2 x Hepes buffered saline (HBS — 50 mM Hepes, 1.5 mMiR@&),,
280 mM NacCl, pH 7.1; Invitrogen) with continuous mixing. E&0 pl reaction was
then left to precipitate for 30 min at room temperatufereebeing added drop-wise to
the seeded S2 cells whilst swirling continually to mixell€were then incubated for
16 — 24 hr at 28C. Following incubation, cells were resuspended by geipittng
and transferred to a 15 ml falcon tube. Each sample thas pelleted by
centrifugation at 15009 for 1 min at room temperature asdspended in 3 ml fresh
CSM to wash. This step was repeated twice more betdiewere resuspended in 3
ml of CSM and returned to the same six-well plate.a [flasmid encoding a metal
inducible promoter was used, protein expression was induceacim 3 ml culture by
the addition of 15 pl of 100 mM CuS@nd expression was allowed to proceed for 40-
42 hours. Cells were then incubated with 100 uM di-butyryl-&38&igma) and/or 10
pg/ml lipopolysaccharide (LPS - Calbiochem) for 3 hr befoarvest. Cells were then
harvested by centrifugation at 1500g for 1 min, washed ongdosphate-buffered
saline (PBS — 135 mM NaCl, 1.3 mM KCI, 3.2 mMN&Q,, 0.5 mM KHPO, [pH
7.4]) and pelleted by centrifugation as before. 100 ul of reemperature Reporter
Lysis Buffer (RLB — Promega) was then added to eacletpatid cells lysed using a
single freeze-thaw cycle. Each cell lysate was tinéed thoroughly and centrifuged
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at 13,0009 for 5 min at 4 °C. The supernatant of each samasi¢hen transferred to a
microcentrifuge tube and mixed thoroughly by pipetting. Celitys were then used
for further analysis as described in Sections 2.10 and 2.11.

2.10p-galactosidase assays

In order to account for discrepancy in both cell numbeads taansfection efficiency,
each cell lysate was assayed for levels pedalactosidase activity as well as
luminescence. For this assaf;galactosidase activity was measured using an
Invitrogenp-gal assay kit as according to manufacturers’ instraosti@riefly, 5 pl of
cell lysate was added to a sterile microcentrifuge et made up to 30 pl using
dH;O. To this, 70 pl of ortho-nitrophenpHD-galactopyranoside (ONPG — stock of 4
mg/ml) and 200 pl of 1x Cleavage buffer containing 200 Whercaptoethanol
(Sigma) were added and each sample mixed thoroughly. Sawgrleshen incubated
at 37 °C for 30 min. Each reaction was then stopped bgdtiion of 500 pl of STOP
buffer. The absorbance of each sample was read at 42Qsmg a standard
spectrophotometer (CECIL CE2021 2000 Series) against a blan&iraogt ONPG
and 1x Cleavage buffer without cell lysatp-galactosidase activity was then
calculated for each sample using the equation below;

_(OD,,,)(8x10°nanolitreg
(450Nl / nmoles- cm)(1cm)

nmoles of ONPG hydrolysed

where;

4500 = extinction coefficient

1cm = path length

8 x 10 nl = total volume of the reaction

2.11 Luciferase assays

Luciferase assays were carried out using a Prorhagéerase Assay System kit as
according to the manufacturers’ instructions. Fachesample, 20 ul cell lysate was
added to 100 pl Luciferase Assay Reagent and tmamsf to a luminometer tube.

Luminescence was then detected in each sample astandard manual luminometer
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programmed to perform a 2 second measurement delay &lldy a 10 second
measurement read. Luminescence counts were then rneechdtir each sample by
comparison to correspondiffiggalactosidase expression levels assayed from same cell
lysate (Section 2.10) and expressed as counts/nmole of ysellcdDNPG.

2.12 cGMP-dependent protein kinase assays

The cyclic GMP-dependent protein kinase activity of Mdimg tubules was
ascertained by using direct measurement of radiolabeledpo-transfer to a short
peptide sequence substrate (MacPherson et al. 2004b). Appeyid0 tubules per
sample were dissected and homogenised on ice jul @Dhomogenisation buffer (20
mM Tris [pH 7.5], 250 mM sucrose, 2 mM EDTA, 100 mM NaCl, 50 ngM
mercaptoethanol, 1:100 dilution of protease inhibitor cocktaigma)). Protein
concentration of each sample was then determined f@chassay (Section 2.13).
Two stock solutions of kinase assay buffer were prepavet,and without 1uM
cGMP. This comprised 20 mM Tris-HCI, pH 7.5, 1 mM EDTA, 2 r&K8TA, 10 mM
magnesium acetate, 1 nM PKA inhibitor (TYADFIASGRTGRAR-NH>), 20 uM
ATP, 1 mM zaprinast, 1uM sildenafil, 1 mM DTT, 0.2pug/ml GLASS-tide
(RKRSRAE, a heptapeptide cGK-specific substrate, Calbioph@.5-2pl of [y->%P]
ATP (370 MBg/ml, to an approximate specific activity of 4000 gpnol ATP).

For each reaction, 40l reaction buffer was added to gub(approximately 30 pg of
protein) tubule sample. This was carried out with ba@MP-containing (+cGMP)
and cGMP-absent (-cGMP) buffer. Sample blanks wenmergéed using 40 ul
reaction buffer and 5 pl of homogenisation buffer. ddeas were incubated for 30
min at 30 °C, after which 35 ul of each sample was spotttal individual squares of
P81 paper (Whatman). These squares of paper are refemeddaction samples. In
order to determine the specific activity of the radielsad ATP at the end of the
reaction, several reactions were chosen randomly gridsémples (representative of
1/9 of total counts) of each spotted onto individual squair®81 paper (‘total count’),

allowed to dry and set aside.



The reaction samples were washed for 3 x 5 min in 75 rhdsghoric acid, then
washed once for 15-20 s in ethanol and allowed to drysqMares of paper, including
the total count samples, were then transferred téilitiion vials, with the addition of
3 ml scintillation fluid and counted in a scintillatiamounter (Beckman) for 60 s.
Specific activity of {-*3P] ATP was calculated (9 x mean c.p.m. of total count
squares/[ATP] in reaction) and used to calculate proteiaski activity (pmol ATP

min pg™ protein).

2.13 Bradford protein assay

The Bradford protein assay was used to estimate the paateaentration of different
protein samples. Each assay was carried out on a 9¢detell Eight standards of 0-5
pg of BSA in water were set up in triplicate in ajgGotal volume. Between 1 and 3
pl of each protein sample (usually approximatelyg2of protein) were also set up in
triplicate in a final volume of 5Ql. To these were added 2(Dof a 1 in 5 dilution of
Bradford reagent concentrate (Biorad). The absorbain880 nm of the samples were
read on a standard plate reader and standard curve andn pcoteentrations
calculated using Quanta Smart software.

2.14 Survival assays

Cultures ofE. coli, B. subtilisor P. aeruginosaSelectrol freeze-dried pellets, TCS
Biosciences) were grown overnight in 5 ml LB-brothstationary phase at 37 °C.
Bacterial challenge was performed by pricking groups of 30diseven day old adult
flies of the appropriate genotype (as stated throughouexewith a thin needle (BD
Microlance ™ 3, 26 G x°/g) dipped in the concentrated bacterial cultures. Control
experiments were carried out by mock-stabbing flies witteales needle. Following
infection, flies were transferred into clean vialsl aurvival monitored over several
days. The percentage of survivors was then calculateshfdr experiment and plotted
using a Kaplan-Meier survival curve (GraphPad Prism), asee SEM.
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2.15 Natural Infection assays

2.15.1 Natural infection ofDrosophila using E.coli

Prior to infection, 7-day old adult flies of appropriate @gpe were incubated for 2 hr
without food. Flies were then transferred into emptysviebntaining filter paper
hydrated with 5 % sucrose solution contaminated with eatnated ampicillin-

resistantE.coli (ODggo = 1; concentrated to contain 1@FU/mI). Control flies were

transferred to vials containing filter paper hydrated with S@rose solution alone.
Each vial was then incubated at 25 °C for 24 hr, fatgwwvhich flies were dissected
and assessed for either levels of bacterial clearantbe gut (Section 2.15.2) or
diptericin expression levels in the tubules, either bP@R (Section 2.7.4) or GFP

fluorescence (Section 2.16.1).

2.15.2 Assessment of bacterial clearance

For the assessment Bfcoli proliferation in the intestine, adult flies of the apgmiate
genotype were infected as described in Section 2.15.1wkogjanfection, the midgut
of each fly was carefully dissected (10 per sample3ed in dHO and then dipped in
70 % (v/v) ethanol for surface sterilisation. Midgutsnir@ach sample were then
transferred into 100 pl of sterilised PBS (pH 7.4) and homagéd using a disposable
tissue grinder (Kontes). Each sample was then dilutB@Dlwith LB-broth and 150 pl
of each mixture spread onto LB-agar plates in the present®0 pg/ml ampicillin.
Each plate was then incubated overnight at 37 °C anduier of colony forming
units (CFUs) monitored. Results were then plotted usimgpid?ad Prism 4.0 software
as means 5EM and significance of data determined by Studé+tésts.

2.16 Fluorescence Imaging of Tubules

2.16.1 Live imaging of GFP fluorescence

For live imaging of GFP expression Drosophilg tissues were carefully dissected as
described in Section 2.1.3 and mounted on pre-treated Pghltietcoated (100 pl/mi
— Sigma) BDH microscope slides in 100 pl PBS for immediaéwing using either
the Zeiss Axiocam HRC System or the Zeiss 510 Meta cahfgystem as stated
throughout the text. For samples viewed using the ZeisscAmi HRC system, GFP

fluorescence was excited using a standard UV source (rgelannp) and images
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recorded at identical exposure conditions using Axiovisionasduisition software.

Confocal analysis of GFP fluorescence is describedatidde2.16.3.

2.16.2 Immunocytochemistry (ICC) of Relish translocation

Malpighian tubules from 7-day old adult flies (either c4®3Jrelish or UAS-
cGK/c42;UASrelish as appropriate) were dissected and incubated as described in
Section 2.1.3 with appropriate concentrations of eiti@vie (Sigma) and/or PGN(-)
(Invivogen) as stated throughout the text. Tubules weea arranged on pre-treated
Poly-L-lysine-coated BDH microscope slides in 100 ul PBBS was then carefully
removed and each sample fixed with 4% (w/v) paraformaldemy@&BS for 15 min.
Samples were then washed 5 times in PBS and incuba@®# % (v/v) Triton-X-100
in PBS for 15 min in order to permeabilise the cells.ule were then washed in 0.2
% (v/v) Triton-X-100, 0.5 % (w/v) bovine serum albuminRBS (PAT) for 3 hr and
then incubated overnight at@ in PAT containing a 1:50 dilution of monoclonal
mouse anti-tetra-HIS primary antibody (QIAGEN After washing in PAT for 2 hr
(changing solution every 30 min) tubules were incubatd?Ail containing 2 % (v/v)
goat serum for 4 hr and then subsequently incubated olieraig4C in PAT
containing anti-mouse FITC-labelled secondary antibodyO(.:dilution; Jackson).
Tubules were then washed in PAT for 2 hr and incubated, i®-diamidino-2-
phenylindole (DAPI) solution (1:5000 dilution of a 5 mg/ml stocBigma) for 1-2
min in order to stain the nuclei. After washing thremes with PBS for 10 min,
tubules were mounted in VectaShield (Vector Labs) using 22 sguare BDH
coverslips, and sealed with glycerol/gelatin (Signs®mples were then viewed using

the Zeiss 510 Meta confocal system.

2.16.3 Confocal microscopy

Samples were imaged using a Zeiss 510 Meta confocal systepfed to a Zeiss
microscope. An Argon 488 laser and a 505-530 band pass filterused for imaging
the FITC antibody or GFP-fluorescent proteins. For \isaaon of DAPI, a pseudo-
DAPI technique was used. The DAPI was excited using thadatd UV source
(mercury lamp) and the image captured using the confocadmindtipliers. The DAPI
image was then merged with the other channels retrosdgctinggng LSM 510 Meta
Browser  software. A 63x objective was used in all cases
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Chapter 3

cGMP modulation of Imd pathway-associated

antimicrobial peptide expression



3.1 Summary

Recently, NO has been determined as a key regulatoscoielin both mammalian and
Drosophila immunity (Nappi et al. 2000; Bogdan 2001a; Foley and O'Farrell ;2003
McGettigan et al. 2005). Ibrosophila studies have identified NO as critical to fly
survival in the adult fly in response to infection by grargatee bacteria (McGettigan et
al. 2005), and have implicated NO as playing a crucial rolgpgtream activation of the
Imd pathway (Foley and O’Farrell. 2003). The mechanism bglwNO exerts its effects
is likely to be mediated by the cGMP signalling pathway soluble guanylate cyclase,
however this has yet to be determined. Therefore, usingmdination of microarray,
guantitative (Q) PCR and transgenic approaches, the fral8MP signalling in immune
response was investigated. Given the role of the Malpigiubule as both an immune-
sensing tissue and one that utilises NO/cGMP, theseimqrdgs were carried out using
the adult tubule as the model system. In this chaptsujtseshow that not only does
cGMP have a modulatory effect on the expression of Inldwzsy AMPs in the tubule,
but that this effect is both dose and time-dependerst.allso demonstrated that the effect
of cGMP does not appear to occur in all immune-sensisgdss with no change in Imd
pathway AMP expression seen in the larval fat body gpaase to exogenous cGMP.
Additionally, it is indicated that there may be aerédr cAMP signalling irDrosophila

tubule immune response, possibly involving the regulatiaanadnti-fungal response.

3.2 The Malpighian tubule is a viable model for investigatig immune

response inDrosophila

3.2.1 Introduction

Over the years, NO/cGMP signalling has been establiabeessential to the regulation of
tubule function (Davies 2006). As such, the tubule has gedeas the ideal genetic
model for investigation into NO/cGMP signalling vivo. However, the role of the

Malpighian tubule as an important immune-sensing tissue drdy recently been

established (Tzou et al. 2000; McGettigan et al. 2005). Betbtudies, it is demonstrated
that certain AMPs (diptericin, cecropin and metchnikgveire upregulated in the tubule
in response to infection (Tzou et al. 2000) and that allntiagor immune-associated
genes of the Imd pathway are expresseldrosophilatubules (McGettigan et al. 2005).

Additionally, experiments usindacZ reporter flies have indicated that diptericin
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expression is under the control of the Imd pathwaybules, although this regulation
has not yet been demonstrated quantitatively (Tzou 80@D). Therefore, using a both a
bioinformatic and reverse transcriptase (RT)-PCR approfacther validation of the
results of previous studies was carried out, as wetioasirmation by Q-PCR that the
Imd pathway is responsible for diptericin production inMapighian tubule.

3.2.2 Imd pathway-associated genes are strongly expressed ine tBrosophila
Malpighian tubule

The Imd pathway has been established as the main pathwayeidvin sensing and
response to gram-negative bacteria (Georgel et al. 200bunfer of AMPs are also
known to have specific activity against gram-negative bactand it has been
demonstrated that the expression of these AMPs istlgliiaduced through activation of
the Imd pathway (Lemaitre et al. 1995a). As mentioned @biova previous study by
McGettigan et al, it was demonstrated that all of mh@&n components of the Imd
signalling pathway are expressed in the tubule (Figure 3aké&ntfrom McGettigan et al.
2005). However, to date, the only Imd pathway-associated sAMRt have been
identified in the tubule are diptericin and cecropind’ 2t al. 2000; McGettigan et al.
2005). Therefore, in order to further validate that thd pathway may be operational in
the tubule, the expression of selected Imd pathway-@tedcAMPs was investigated.
This was carried out via an RT-PCR approach whereby-gigesfic primers were used
to amplify cDNA derived from the tubules of 7-day old Onedd (OrR, wild type) adult
flies. It should be noted that all primers were desiga®und intron/exon boundaries of
the genes so as to control for the possibility of gaoocontamination of cDNA
preparations. Results show that all of the AMP geasted are expressed in the tubule,
including two cecropin isoforms and two attacin isoforfigiyre 3.1B). Therefore, these
data further demonstrate that the tubule has all therarlecomponents in place to

activate a sufficient immune response to gram-neghteéeria via the Imd pathway.
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Figure 3.1 - Expression of Imd pathway-associated genes the Malpighian tubule. [A] Previous
studies have demonstrated that all components of th@athdvay are expressed in the tubule (taken from
McGettigan et al. 2005). [B] Imd pathway-associated AMsatso expressed in the tubule. RT-PCR was
performed on tubule cDNA from 7-day old OrR flies using gspecific primers. Results show that all of
the AMPs tested are expressed in the Malpighian tubdide® 1 depicts a ‘no template’ control.

In order to determine the relevance of these data wdhrds to expression of the Imd
pathway in the tubule compared to other tissues, a bionafiics approach was used.
Using the Drosophila databasewww.flyatlas.org a comprehensive view of gene
expression in specific tissues can be obtained. Theredeaeches were performed using
this database to determine expression levels of Imd patleeayponents in various

tissues of the fly. Interestingly, results show timany components of the Imd pathway
are highly enriched in the tubule, especially Dredd aniésRé¢Table 3.1). In fact, it is

demonstrated that Relish, the dB7Rel transcription factor involved in AMP induction,

is most abundantly expressed in the adult tubule comparether tissues. Therefore, it
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is suggested that not only is the Imd pathway active inubele, but that the tubule is a
significantly important tissue with regards to Imd pathwaetyvation.

Table 3.1 — Expression of Imd pathway components iBrosophila fly tissues. Table shows mMRNA
abundance of both Dredd and Relish in various fly tissndsralicates their enrichment in comparison to
the whole fly signal. Major sites of enrichment are shawred and tubule data is shown in bold. Dredd
and Relish are tabulated here as an example, for expreskiother Imd pathway components see
www.flyatlas.org

Dredd Relish

Tissue MmRNA | Enrichment | Affy MRNA | Enrichment | Affy

signal Call signal Call
Brain 632 0.70 Down 114 + § 0.50 Down
Head 92+3 1.00 None | 445+ 35 1.80 UP
Thoracicoabdominall 82 + 2 0.90 None 147 £ 5 0.60 Down
ganglion
Crop 2025 2.20 UP 724 + 10 2.90 UH
Midgut 170 £ 7 1.90 UP 517 + 15 2.10 UP
Tubule 170 £ 4 1.90 uUpP 783 + 91 3.10 UR
Hindgut 217+8 2.40 UP 735 + 3B 2.90 UH
Ovary 91+2 1.00 None 211+ 6 0.80 Nope
Testis 54+6 0.60 Down 40+ 3 0.20 Down
Male Accessory 251 +7 2.80 UP 380 = 22 1.12 UH
Gland
Adult carcass 140+ 2 1.50 UP 426 + 34 1.50 UH
Larval tubule 189 +5 2.10 uUP 398 + 12 1.60 URA
Larval fat body 191+9 2.10 UP 685 £ 55 2.70 UH
Whole fly 90+ 8 250 + 14

3.2.3 Diptericin expression in the Malpighian tubule is dpendent on the Imd
pathway

To date, evidence that the Imd pathway is responsibletherregulation of AMP
expression in the tubule has been provided udiptgricin-lacZtransgenic reporter flies,
where it was reported that activation of the diptarmmomoter is hindered imd mutant
flies (Tzou et al. 2000). To further support this data, experisnevere carried out in
order to quantify the levels of diptericin expressiortha tubule in both wild type and
mutant flies. In this experiment, tubules of 7-day old &adligls were excised in Relish
E20 andmd" flies, null mutants of theelish andimd genes respectively (Hedengren et al.
1999; Lemaitre et al. 1995; both kind gifts from Professor (Batq, University of
Tohoku, Japan). Additionally, tubules from wild type Onedd (OrR) flies were excised
to act as controls. Tubule cDNA was then generatedefmh line and diptericin
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expression quantified by Q-PCR using an Opticon 2 thermaércyResults show that
diptericin expression is completely abolished in the legafrelish flies and that there is
only minimal expression of diptericin in the tubulesimid mutant flies (Figure 3.2).
These data support the results of previous studies andmaqpfantitatively that the Imd

pathway is responsible for diptericin expression inMiagpighian tubule.
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ANDYA Table Sum-ofzquares| dof |hdean sguare F walue
Treatment (b etveen columns) 2605 2 1.305 F=0.0001
Fesidual gnithin columnsl 0,001 o Q005357
Total 2.61 11

Figure 3.2— Diptericin expression in tubules is depermht on the Imd pathway.Expression of diptericin
was assessed by Q-PCR in OrR tubules (Control) and inetufrom bothrelish andimd" mutant flies.
Resulting data were normalised against expressioredtindardip49, and expressed as a fold change of
diptericin expression where control =1 (N=4SEM). Significance of data was determined by one-way
ANOVA (See table). Data shows that diptericin exp@sss significantly lower in the tubules of both
relish andimd mutant flies.

3.3 cGMP modulates expression of Imd pathway-associated ant

microbial peptides in the Drosophila Malpighian tubule

3.3.1 Introduction

In recent years, NO has been shown to modulate amaf the Imd pathway in a
number of differentDrosophilatissues such as the hemocytes, Malpighian tubules and
the fat body (Bassett et al. 2000; McGettigan et al. 2008yFmd O’Farrell. 2003). The
main role of NO is to stimulate cGMP production and vatd cGMP-dependent
signalling processes. As such, it is likely that the meishha by which NO acts to
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regulate immune function occurs via cGMP signalling. Teeda definitive role for
cGMP signalling in immunity has not been establishedarebrates or invertebrates,
however studies have implicated the involvement ofctB®IP pathway in mammalian
immune processes. For example, cGMP signalling is stgdeo be involved in the
proliferation of lymphocytes (Sadighi Akha et al. 1996 chex et al. 2001), chemotaxis
and adhesion of neutrophils and macrophages (Syrovetis #097; VanUffelen et al.
1998; Lawrence and Pryzwansky 2001), and the gene expressi@®%fand TNE in
macrophages and dendric cells (Harbrecht et al. 1995; Kietvadr 2000; Paolucci et al.
2000). Therefore, given the already established role oirN@rosophilaimmunity and
the implication from mammalian studies that cGMP calgb be involved in immune
regulation, studies were initiated to determine the potertlalof cGMP signalling in
Drosophilainnate immunity. This was carried out using the tubularasm vivo model
system and achieved using a combination of microarray, R-R8d transgenic

approaches.

3.3.2 Expression of Imd pathway-associated AMPs is down-reguéat in the
Malpighian tubules in response to stimulation by cGMHnN vitro

With the development of microarray analysis it hasobee possible to generate large
amounts of information regarding changes in gene expressioasponse to specific
signals. Therefore, microarray analysis was carrigdnoDrosophilaMalpighian tubules
in order to ascertain the effect of cGMP on gene egmes(Dow, Davies and Day,
unpublished). In this study, tubules of 7-day old OrR flieseveacised and incubated for
3 hr in either sterile Schneiders medium (control) sterile Schneiders medium
containing 10QuM cGMP. It should be noted that 1p® cGMP was used in this assay
as previous studies have determined this to be the conaamtndtich elicits maximum
physiological response from the tissue (Davies et al. 189%) was then extracted from
these tubules and applied to Affymetidxosophilagenome array chips according to a
standard protocol. Results were then analysed using AffiM&S 5.0 software (Dow,

Davies and Day, unpublished).

The effect of cGMP on immune-related genes in theleéulsusummarised in Table 3.2.
Interestingly, the genes that appear to be modulatedGibyPcare those expressed in

response to Imd pathway activation. This data further stgpploe evidence that NO is
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involved in Imd pathway regulation and suggests that cGMifse a key modulator of
immune response iDrosophila However, in complete contrast to studies carried out
using NO, cGMP appears to modulate AMP expression ingative manner. Results
show that, at this concentration, cGMP is respondinebetween approximately a 25-
90% downregulation of Imd pathway-associated AMPs.

Table 3.2 — Tubule expression of AMP genes in respam to cGMP stimulation. Summary of
microarray analysis of gene expression in cGMP-stimutatiedles compared to non-stimulated tubules.
Data shows that in the presence of cGMP there isdest a ~25-90% downregulation of Imd pathway-
associated AMPs compared to controls

Average mRNA signal (SEM) Fold
Gene Control cGMP- Change
Diptericin 734 +90 368 +65 0.50
Attacin C 216 +48 160 +49 0.74
Attacin D 9480 +615 2839 #499 0.30
Cecropin A1 | 4168 +473 789 +77 0.19
Cecropin A2 | 1770 +183 363 450 0.21
Cecropin C | 2639 +221 279 89 0.11

In order to validate this data, both a Q-PCR and transggproach was used (Figure
3.3). In these experiments, tubules of 7-day old OrR fliese excised and incubated
under exactly the same conditions as the previous ar@p experiment. For Q-PCR,
cDNA was then derived from RNA extracted from each tilsaimple and expression of
specific AMP genes quantified as described previously. Asbeaseen in Figure 3.3A,
guantitative analysis of microarray results confirtmat timd pathway-associated AMPs
are down-regulated in response to 1@ cGMP in the tubules. Results show that the
tubule expression levels of all the AMPs tested agaifstantly lower after cGMP
stimulation, with the decrease in expression levelspared to controls ranging from
approximately 30% (AttC) to 80% (CecAl and CecC).
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Figure 3.3— Validation of microarray by Q-PCR and transgenianethods.For both approaches, tubules
were dissected and incubated under the same conditioricesarray. [A] Q-PCR shows approximately
between a 30% and 80% down-regulation of Imd pathway-agedciAMPs in response to cGMP.
Resulting data were normalised against expressiontahdard genep49, and expressed as a fold change
of AMP expression where control =1 (N=4,SEM). Data significant from control are indicated by
(P<0.05) or ** (P<0.01) (as analysed by Studentsst). [B] Fluorescence is reduced in AMP-GFP
transgenic flies in response to cGMP, suggesting a downateguin expression. All pictures were taken
at the same exposure using a Zeiss Axiocam HRC.
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To further support this data, AMP expression in respons&kRcwas monitored in the
tubules of both diptericin-GFP and cecropinAl-GFP repdties (Tzou et al. 2000;
McGettigan et al. 2005; kind gifts from J.L Imler, Univeyf Strasbourg). In these flies,
GFP expression is under the control of the promoténetorresponding gene. It should
be noted that in unchallenged flies, fluorescence lewé€ldoth diptericin-GFP and
cecropin-GFP are relatively low, however this expenime&as carried out merely as
further support to both the microarray and Q-PCR data.

As with the Q-PCR, tubules of 7-day old flies were @li$ed and incubated under the
same conditions as those used for the microarraer Aftcubation, all tubules were
mounted in Phosphate Buffered Saline (PBS) for imntedieewing under fluorescence
using a Zeiss Axiocam HRC System. All subsequent pictwezge taken under exactly
the same exposure conditions. As Figure 3.3B shows, eigraxfsboth cecropinAl and
diptericin is reduced in the tubules when stimulated W@QuM cGMP. Therefore, these
data further support the evidence provided by microarray andRtR& cGMP is a key
modulator of Imd pathway activation in the Malpighian tebu

3.3.3 The effect of cGMP on anti-microbial peptide expregm occurs in a dose

and time-dependent manner

As mentioned earlier, the original time of incubatam concentration of cGMP used in
these assays was determined by results obtained from ysestiodies (Davies, 1995).
However, in an organismal context, due to the preseneenaimber of different cGMP
activators within each cell, as well as a number efrtktream effectors, transporters and
regulators of cGMP, the basal concentration of cGMAvo is difficult to determine. In
fact, it is known that cGMP is present as specific Ipoof differing concentrations and
frequency within each cell, allowing for its role innamber of distinct physiological
processes (Beavo and Brunton 2002; Piggott et al. 2006). Trer€fe?CR was carried
out in order to determine the effect of different conications and incubation times of
cGMP on the expression of Imd-pathway induced AMPs. Fesetlexperiments, focus
was placed on diptericin, an AMP controlled solely bwd pathway activation
(Hedengren et al. 2000).
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Fold Change

AHOVA Table Sum-of-sguakes | df [Mean sgusre P walue
Treatment (hetween colunnz) 2844 =] 474 0.0003
Fesidud Dwithin colum ns) 13.74 21 0.6542
Total 4215 27

Figure 3.4— Dose-dependent effects of cGMP on dipteniciexpression.Tubules were dissected and
incubated under the same conditions as described inxhdResulting data were then normalised against
expression of a standard gen@49, and expressed as a fold change of AMP expression wherelceh
(N=4, * SEM). Significance of data was determined by One-wB{DXA (See table). Data shows that
effect of cGMP on diptericin expression is biphasic depenglingoncentration used. Analysis by One-way
ANOVA shows that this effect is considered statisticaignificant.

When assaying the effect of different concentrations@¥P on diptericin expression,
tubules were excised under the same conditions as previdestribed and incubated
with an array of physiologically relevant cGMP cortcations ranging from 1 nM — 100
MM. Interestingly, results show that at low concattms of cGMP (within the

nanomolar range), diptericin expression is increasedirwthe tubule, suggesting that
cGMP may be involved in activation of the Imd pathwaglermcertain cellular conditions,
possibly via NO. In contrast, when tubules are incubatddaencentrations of cGMP in
the micromolar range, a decrease in diptericin expressiseen relative to increasing
cGMP concentration. Therefore, it is implied fronegh data that cGMP signalling is
able to mediate either a stimulatory or an inhibitdfget on Imd pathway signalling and
that this effect is dependent on cGMP concentratiottimtihe cell.
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When assaying the effect of time on cGMP modulatiodiptericin expression, tubules
were excised as previously described and incubated inMOOGMP for varying time-

points ranging from 0 min-180 min. Additionally, in orderaimcount for any endogenous
variation in gene expression over time, control sétsubules were incubated in the
absence of cGMP for each time-point. Q-PCR analysis then carried out on cDNA
derived from each tubule set and resultant data (aftiéali normalisation torp49

expression) was normalised against expression of cerfimoleach time-point (where
control equals 1) (Figure 3.5). Results show that, atctimgentration, cGMP appears to
exhibit a biphasic effect on diptericin expression depending/hether the cGMP signal

within the tubule is acute or sustained.

Fold Change

AMNDVATable Sum-of-z quares df |mleansquare F wvalue
Treatment (between columns) 1111 < 2778 F=0.05
Rezidual (within columns) 28949 15 24559
Total 0.1 19

Figure 3.5 — Time-dependent effects of cGMP on dipteagin expression.Tubules were dissected and
incubated under the same conditions as previously desdcriResulting data were normalised against
expression of a standard gen®49, and expressed as a fold change of AMP expression wherelceh
(N=4, * SEM). Separate control data was obtained for eachgoim to account for natural changes in
gene expression. Significance of data was analysed byvayneANOVA (See table). Data shows that
effect of cGMP on diptericin expression is biphasic depend®MP incubation time, however statistical
analysis does not show that this effect is significant.
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To explain further, it appears that when tubules are mtewbwith 10QuM cGMP there
is an initial induction of diptericin expression, followdd/ a down-regulation of
expression between 30 and 60 min. Unfortunately, the iniiedease in diptericin
expression seen at 30 min was only consistent for "jerity of datasets, resulting in a
large error. This experiment was therefore repeatetipteutimes (N = 8), using shorter
time-points of 15min, 30 min and 45min, in order to try amddown the precise time at
which the increase in diptericin expression occurs. Wmf@tely, although an increase in
diptericin expression was seen in every dataset dedomwn-regulation occurred, the
exact time of this increase was very transient, gowyat varying times in the first 30
min after incubation (data not shown). Thereforeait only be indicated by this data that
cGMP might exhibit a biphasic effect depending on timeyewer further work is

required to confirm this.

3.4 cGMP modulation of Imd pathway anti-microbial peptide

expression in otherDrosophilatissues.

3.4.1 Introduction

Following validation that cGMP signalling acts to reguldte tmd pathway in the
Malpighian tubule, studies were initiated in order to deiee the effects of cGMP on
AMP production in both the fat body abtosophilaSchneider line 2 (S2) cells. The fat
body has been described as the canonical immune seissing &nd therefore the effect
of cGMP signalling on the Imd pathway in this tissue issome interest. Similarly,
DrosophilaS2 cells have emerged as a usefwitro cell-based system for the analysis
of the activity of many genes and gene products. Therefisieg a combination of Q-
PCR, molecular cloning and reporter assay techniques, teet eff cGMP on Imd
pathway activation in fat body and S2 cells were ingastd.

3.4.2 cGMP modulation of Imd pathway AMP expression does not ogr in the
Drosophila fat body

To date, most studies of innate immune signalling pathwayrosophila have been
carried out in the fat body (Silverman and Maniatis 200hg fat body originates from
the mesoderm during embryogenesis and is critical to d@uaf processes including
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Figure 3.6 - Fat body expression of Imd pathway-associate®MPs in response to cGMP. Fat body
was dissected from@3instar larvae and incubated with 1A dibutyryl-cGMP for 3hr. Resulting data
were normalised against expression of a standard gef@, and expressed as a fold change of AMP
expression where control =1 (N = 4,SEM). Data shows no significant change in AMP expoess

response to 104M cGMP.

nutrient sensing, energy metabolism and ‘liver’-reldteattions (Van Doren 2006). Like
the Malpighian tubules, the fat body is present througtiwibody cavity of the fly and
therefore represents a powerful tissue for sensingesmbnding to invading pathogens.
As such, numerous studies have identified the fat bodgnagmportant tissue with
regards to the activation of immune signalling pathwawsthe subsequent production of
AMPs. Additionally, in a study by Foley and O’Farrell (200R)Q was demonstrated to
play a role in regulation of the Imd pathway in the lfady. This would suggest that
cGMP signalling might also play a role in fat body immauresponses. Therefore
experiments were carried out in order to determine thectebf cGMP on AMP
expression in larval fat body. Larval tissue was usedHese studies as it is extremely
difficult to isolate intact fat body from the adult flgxperiments were carried out under

the same conditions as with tubules however, a®tlseno known cGMP transporter
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present in fat body, a cell-permeable analogue of cGMPPusad (dibutyrylguanosine 3’,
5’-cyclic monophosphate). As Figure 3.6 shows, there issigaificant difference in
expression of diptericin, cecropin or attacin in reggoto 100uM cGMP. These data
therefore suggest that Imd pathway regulation in thebdaty may occur by cGMP-

independent means, although further investigation is required.

3.4.3 Heterologous expression of Imd pathway AMPs iDrosophila S2 cells

Drosophila S2 cells are derived from a primary culture of 20-24 hr Didsophila
embryos, and are hemocyte-like in quality (Schneider 1972¢y Ttave long been
established as an effective cell-line for thevitro analysis of the activity of many genes
and their products, and their suitability as a systentHerstudy ofDrosophila innate
immune responses has been demonstrated in a numbeevadygr studies (Foley and
O'Farrell 2004; Kallio et al. 2005; Kaneko and Silverman 2005eikuattikul et al.
2005).
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Figure 3.7 — Cartoon map of the promoter regions of digricin, attacin D and cecropin Al following
downstream cloning of the firefly luciferase gene.

For this study, the promoter regions @iptericin, cecropinAland attacin D were
amplified and cloned into the pGL3-Basic Vector upstreamhefirefly luciferase gene,
luc+ (Figure 3.7). The resultant DNA plasmids were then mdifind transfected into S2

cells using a calcium phosphate transfection metAdditionally, in order to control for
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Figure 3.8 — AMP-luciferase gene expression in S2 cellsThe effect of cGMP on Imd pathway
regulation was monitored in S2 cells after transfecdnAMP-luc reporter plasmids. AMP-reporter
expression was measured by luminescence and data reauntdi corresponding-gal expression levels.
Data is expressed as luminometer counts per nmole of O(SB& Materials and Methods for assay
details). For each reporter gene, 4 datasets of resaltdepicted above. Results show highly variable
expression levels between samples. Key in top pangpissentative of all three graphs.
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variations in transfection efficiency or cell numpeells were transfected with tifge
galactosidase expression vector, pAc5.1/V5-His/lacZ (logén). Transfected cells were
then stimulated with 10QM cGMP and/or 1qug/ml LPS for three hours before harvest.
It should be noted that again a cell-permeable analo@bR; di-butyryl-cGMP, was
used Iin these studies, as there are no known transportecssMP expressed
endogenously in S2 cells. Once harvested, cells were lysegithe Promega Luciferase
Assay system and luminescence detected using a standandrogber. All data obtained
was then normalised to corresponding expression lev¥@galactosidase. Unfortunately,
the data obtained from these assays was highly variadole & a consequence, no
significant trends could be demonstrated with regardsléoatocGMP in Imd pathway
regulation (Figure 3.8). In the case of diptericin-lu@ta, it can be seen that expression
levels between each individual dataset are extremebablar with control data alone
ranging from 4 — 155 counts/nmole ONPG. This variability is glesent for stimulated
cells. However, when looking at each dataset individuallgasic trend can be identified
whereby diptericin-luc expression is increased in respink®S, decreased in response
to cGMP (though not significantly), and increased aftenwgation with both LPS and
cGMP, although to a lesser extent than when stimulatddLPS alone. Unfortunately,
these data are too variable for this trend to be considegedicant. For attacin-luc, both
control data and cGMP-stimulated data are fairly confparbetween datasets, however
data obtained from cells stimulated with LPS or LP34&Gis highly variable. When
comparing control expression levels to expression leaftds cGMP stimulation, it can
be seen that there is no significant difference inesgon of attacin-luc, suggesting that
cGMP does not have an effect on Imd pathway regulati®@®inells. Finally, expression
data obtained from cells transfected with the cecropin&l-{plasmid shows no
significant trends whatsoever and variability betweenaskts is too vast for

interpretation.
Overall, these experiments have proved inconclusive agdest that S2 cells do not

comprise a suitable system for investigation of the i cGMP in Imd pathway

regulation.
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3.5 cAMP signalling also plays a role irDrosophila immune response
in the Malpighian tubule

Another important cyclic nucleotide second messengeradsnosine 3’,5-cyclic
monophosphate (CAMP). cAMP was first discovered in #te fifties by two different
groups (Cook et al. 1957; Sutherland and Rall 1958) and sinceirtf@ttthas been
established as a critical regulator of a number of prosesseh as glucose and lipid
metabolism, cell proliferation, vasodilation, neurbrfanction and fluid secretion
(Sutherland 1972; Beavo and Brunton 2002). The cAMP and cGdhaleng pathways
are very closely related, whereby cross talk is knawoccur between the pathways via
dual-specificity phosphodiesterases. For example, ammals, cGMP is known to
stimulate cAMP hydrolysis by PDE2. Similarly, cGMP iokm to act as a competitive
inhibitor of cAMP hydrolysis by PDE3 (Omori and Kotera 2007¢c&do and Movsesian
2007). Therefore, given the role of cGMP signalling in tlegulation of immune
response inDrosophila it is suggested that CAMP may also be implicated is thi
regulation. To date, as with cGMP signalling, a roledaMP signalling inDrosophila
immune response has not been investigated. Howevernmmmaks, CAMP signalling has
been implicated in a number of immune-related processes as macrophage survival
and regulation of T-cell activation (Park et al. 2005; ¢koet al. 2005).

In order to investigate a possible role of CAMP in Imdhpaty regulation, a Q-PCR
approach was used. Tubules from 7-day old OrR flies wersedisd as described
previously and incubated for 3 hr in sterile Schneidersiumedcontrol) or sterile
Schneiders medium containing 1QM cAMP. Expression levels of selected Imd
pathway-associated AMPs were then quantified by Q-PCR wfiA derived from

each tubule sample.
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Figure 3.9 - Effects of CAMP on AMP expressionTubules were dissected and incubated with or without
100uM cAMP for 3hrs. Resulting data were normalised agairgtession of a standard gemp49, and
expressed as a fold change of AMP expression where contr@N=4, * SEM) Data significant from
control are indicated by * (P<0.05). Data shows that cAMPs not have an effect on either diptericin or
attacin expression but effects all isoforms of ceeroghowing between a 50-60% downregulation of
expression for each.

As Figure 3.9 shows, stimulation with cAMP does not $igautly effect the expression
of diptericin or attacins C and D, however a significdacrease in expression can be
seen for all three cecropin peptides. Interestinglyikerdiptericin and attacin, which are
solely active against gram-negative bacteria, previousestutave demonstrated that
cecropin is active against both gram-negative bacteriduangd (Ekengren and Hultmark
1999). Data therefore indicates that whilst cGMP regulatitay be specific to Imd
pathway activation in response to gram-negative bacietiabules, CAMP may play a

role in regulation of anti-fungal immune respanse

3.6 Discussion

In this chapter, a novel role for cGMP signalling haen identified in thé®rosophila
Malpighian tubule. Data shows that cGMP modulates egjmesof Imd pathway-
associated AMPs, and that this effect can be eitivaukative or inhibitory depending on
concentration levels of cGMP. These data would theezefmggest that Imd pathway
regulation by cGMP occurs via two distinct cGMP signaithin the cell. As mentioned
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earlier, cGMP is known to exist in localised ‘pools’differing concentrations, generated
in close proximity to particular upstream activators seluble or receptor guanylate
cyclases. Consequently, the action of each disti@¥iR signal within each cell is
determined by its proximity and affinity to particular dstneam effectors such as cGKs,
PDEs and CNG channels (Beavo and Brunton 2002; Piggott2604). With regards to
Drosophilaimmunity, previous studies have demonstrated a role foinl\t@e activation
of the Imd pathway. Similarly, it is shown here thativation of Imd pathway-associated
AMP expression is observed in response to low nanoneolacentrations of cGMP in
the Malpighian tubule. Therefore it is suggested thatyivo, activation of the Imd
pathway by cGMP may occur via NO-mediated activatios@€. Alternatively, it can
be suggested that the inhibitory effect of cGMP seen atomiolar concentrations is
probably mediated via NO-independent means, through thatmh of a receptor GC.
The differential effects of cGMP on Imd pathway adima in the tubule, as well as the
cGMP activator and effector proteins involved in this regutatiorm the basis of the

remaining chapters presented in this thesis.

When investigating the effect of cGMP signalling on AMPpression in other
Drosophilatissues, it is demonstrated that cGMP stimulationrnieasignificant effect on
AMP expression in the fat body, and, as such, doeapu#ar to play a regulatory role in
Imd pathway activation in this tissue. Since the fat bbay been determined as a key
immune tissue inDrosophila, this result would suggest that further investigation is
required to determine the relevance of cGMP regulatidheofmd pathway in the tubule
with respect to overall immune response in the whodamism. Therefore, this effect is
investigated in future chapters, whereby whole animal surigvatsayed in response to
infection using a transgenic approach.

Unfortunately, when investigating the effect of cGMP oA expression in S2 cells,
results proved highly variable. The reason for such bditia between samples is
unknown. Promoter sequences were verified before trdimsfecand variations in
transfection efficiency were controlled for by sinaumeous transfection of &acZ
expression vector. As mentioned earlier, S2 cells lpaegiously been validated as a
suitable model for investigation into immune signalling patys. However, it is not
known whether S2 cells are able to naturally expressfdalie components involved in

cGMP signalling, as previous studies have involved the hetgos expression of
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cGMP pathway components (MacPherson et al. 2004b; Ddy 20Gb). Therefore, this
may result in cells deficient in the proteins needecc@MP signalling, or alternatively,
S2 cells expressing inactive versions of the needed comizor@onsequently, based on
the data obtained, it can be concluded that S2 cellaaira valid system to investigate

the effects of cGMP signalling on Imd pathway regulatioBrosophila.

Finally, a role for cAMP in regulation of immune respenn theDrosophilatubule is
demonstrated here, where data shows that expressioecafpan (Al, A2 and C) is
significantly reduced in response to cAMP. As mentionetieeaprevious studies have
implicated a role for cecropin as a potent anti-funggnd (Ekengren and Hultmark
1999). This would suggest that cAMP might play a role in g of anti-fungal
responsgpossibly through interaction with the main anti-funganalling pathway in
Drosophilg the Toll pathway. Further investigation into this effisctequired. However,
given the similarities between cGMP and cAMP signglliand the fact that cGMP and
CAMP are both regulated by a number of common PDEsynaplementary role for
CcAMP signalling in immune response to that of cGMP dlgriawould not be surprising.
Therefore, the effect of CAMP signalling @rosophilaimmune response pathways is a

subject for future work.
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Chapter 4

Modulation of immune response by cGMP is mediated
by the Drosophila cGKs DG1 and DG2



4.1 Summary

In the previous chapter, cGMP was shown to modulate sxipre of Imd pathway-
associated AMPs in the Malpighian tubulesDirosophilg cGMP is known to mediate
its effects via the cognate cGMP-dependent kinases DGD&®&] both of which are
expressed in the tubule (Dow et al. 1994a). Thereforehis ahapter, the possible
effector role oDrosophilacGKs in cGMP-mediated immune regulation was investijate
This was carried out using a transgenic approach, wherebgssigm ofdgl and the two
main transcripts ofig2, P1 and P2, was modulated in the principal cells of the tubule
using the GAL4/UAS binary system (Brand and Perrimon 1993)nshenic flies were
then assessed for changes in diptericin expressidreitubule by Q-PCR. Additionally,
in order to determine the impact of cGMP pathway-mediat®dulation of AMP
expression in the tubules on the whole organism, surinvasponse to septic infection
with both Gram-negative and Gram-positive bacteria masitored in each transgenic
fly line. Furthermore, the potential role of cGKs imettubule in response to natural
infection was investigated by both Q-PCR and bacterigdratee assaysResults
demonstrate that targeted over-expression or knock-dowRN# of cGKs in tubule
principal cells of the adult fly results in different@ffects of DG1 and DG2 on Imd
pathway regulation. It is shown here that diptericipression is stimulated by DG1 in
the tubule of the adult fly. Similarly, the effects DG1 in the tubule are sufficient to
impact positively on whole fly survival in response to memtfection with Gram-
negative bacteria, and are also shown to mediate esthdoacterial clearance in the gut
following natural infection with E.coli. Alternatively, DG2P1 and DG2P2 are
demonstrated to have an inhibitory effect on diptericipression in the tubule. These
effects are shown to have a negative impact on survivalhole flies in response to
septic infection with Gram-negative bacteria. Additiopalit is demonstrated that
modulation of DG2P1 in the tubule is sufficient to sigaintly inhibit bacterial clearance
in the gut following natural infection with.coli. Interestingly, it is shown that the effects
mediated by cGKs on AMP regulation are tissue-specdi, modulation of cGK

expression in the fat body does not confer similar sahyhenotypes in the adult fly.
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4.2 Drosophila cGKs, DG1 and DG2, mediate differential effects on

diptericin expression in the tubule

4.2.1 Introduction

To date, investigation of functional effects@fosophilacGKs has mainly focussed on
neuronal function. For example, expression analysiess have demonstrated that DG1
and the various isoforms of DG2 are enriched in the hé#duecadult fly (Kalderon and
Rubin 1989; Foster et al. 1996). Additionally, a number of studgivolving genetic
analysis of thelg2 (for) genehave implicated cGKs to play a role in neuronal processes
such as feeding behaviour, sensory responsiveness, anddeandi memory (Osborne et
al. 1997; Scheiner et al. 2004; Mery et al. 2007). Howeveredant years, a role for
cGKs in tubule function has also emerged (MacPhersal. €004a; 2004b). Studies
involving the analysis of the gene products of baghh anddg2 have demonstrated that
the tubule contains almost as much endogenous cGK ga#/ithe head (tubules: 16.8
1.3 pmol of ATP/min/mg; heads: 149 0.9 pmol of ATP/min/mg — data from
MacPherson et al. 2004Db). Interestingly, a mutatiotgidwhich results in a behavioural
phenotype does not result in a dg2-associated phenotype irsububgesting tissue-
specific effects of such mutations; and/or effects dfeotcomponents of the GMP
signalling pathway (Osborne et al. 1997; MacPherson e@04a). Additionally,
targeted overexpression of DG1, DG2P1 and DG2P2 to theigmi cells of the tubule is
demonstrated to result in significantly enhanced fluidet@or in the tubule in response
to exogenous cGMP (MacPherson et al. 2004Db).

Given the significance of cGK activation in medigtithe effects of cGMP in the tubule,
it is possible that cGKs mediate the effects of cGdiPthe Imd pathway. Interestingly,
previous studies have already indicated a role for a maameGK, protein kinase G
type 1 (PKG1), as an important immune regulator. For elgngpudies in mice have
shown that PKG1 is highly expressed in a number of mlymphoid tissues such as the
thymus, lymph nodes and the spleen (Kurowska et al. 2002).idwahlly, PKG1 has
been implicated to play a role in inhibition of T-getbliferation, and has been identified
in a number of studies as an important regulator of nehitropemotaxis and granule
secretion (Wyatt et al. 1991; Pryzwansky et al. 1995; VaateH et al. 1997; Fischer et
al. 2001).
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In order to determine the involvement DBfosophila cGKs in regulation of the Imd
pathway, a transgenic approach was used. In this approaggtethexpression or knock-
down of cGKs was achieved using transgenic linesiddr dgIRNAI, dg2P1 dg2P2and
dgZRNAi under control of the UAS promoter (flies genedaby Dr M. R. MacPherson,
University of Glasgow; (MacPherson et al. 2004b)). In otddarget overexpression or
knockdown of these genes, the UAS-transgene fly linegidedcabove were crossed to
the tubule principal cell-specific GAL4 driver line, c42. Speky of this driver line has
been established previously in a number of studies usirgUa$-aequorin and UAS-
YFP transgenic flies, and counter-staining of cell nudkaisay et al. 1997; Sozen et al.
1997; Broderick et al. 2004; McGettigan et al. 2005). It should bés noted that the
UAS-dgl, UAS-dg2P1and UASdg2P2 transgenic lines used in this study have also
been previously validated to show increased expressidrc@K activity in the tubule
when crossed to c42 driver flies (MacPherson et al. 200thdation of knockdown of
cGK activity in the tubules of c42/UABgIRNAI and c42/UASdgZ2RNAI flies is
demonstrated in later in this chapter. Diptericin expo@ssvas monitored in acutely-
dissected tubules from the resultant progeny of thesesodescribed above using Q-PCR.

4.2.2 DG1 is a positive regulator of diptericin expression ithe principal cells of
the tubule

To date, functional roles oDrosophila DG1 in vivo have not been extensively
documented. Previous studies have demonstratedghancodes an enzyme wibona

fide cGK activity that is highly expressed in optic lobes araknal cortex of the head,
suggesting a role in neuronal function (Foster et al. 199&jitionally, studies have
shown that DG1 is highly expressed in the Malpighian lagyuwhere it has been
demonstrated to be important in cGMP-mediated fluid secrgfMacPherson et al.
2004b). Interestingly, microarray studies have demonstrdtat DG1 expression is
actually approximately 16-fold enriched in the tubule congbdcethe rest of the fly
(http://lwww.mblab.gla.ac.uk/%7Ejulian/arraysearch.cgiangy et al. 2004). Thus, there

may be other, yet unexplored, roles of DG1 in tubuletfanc

In order to determine whether any of the effects of cGeéh in the previous chapter are
mediated by DGL1, diptericin expression was monitoredspanse to various stimuli in
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Figure 4.1 — Targeted overexpression algl to the principal cells of the tubule results in inceased
diptericin expression. Expression of diptericin in response to specific stimulé wasessed by Q-PCR in
excised tubules of adult flies in whidgl expression was modulated in tubule principal cells ugieg t
GAL4/UAS binary system. Resulting data were normal&gdinst expression of the standam#9, and
expressed as a fold change of parental control expressioe atrerol =1 (N = 47 SEM). Significance of
data was determined by Two-way ANOVA apdst hocanalysis was carried out using Bonferroni tests,
whereby significant data are indicated by * (P<0.05). [Adt€ricin expression in the tubule in response to
cGMP whendglis overexpressed. Analysis by two-way ANOVA reveadsgaificant interaction between
genotype and stimulus (See table). Interestinglyst hocanalysis shows a significant difference in
diptericin expression in the tubules of c42/UA&L! flies compared to parental flies in response to cGMP.
[B] Diptericin expression in the tubule in responséteoli whendglis overexpressed. Analysis by two-
way ANOVA reveals no significant interaction betwegenotype and stimulus. However, the effect of
stimulus alone and genotype alone is considered sigmifigdthough diptericin expression levels are
higher in the tubules of c42/UA8g1 flies compared to parental flies in responseEtooli, post hoc
analysis did not reveal a significant difference
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the excised tubules of adult flies either over-expressgigor flies wheredgl expression
was significantly reduced in the tubules via RNAI. To dis,tparental lines containing
either UASdgl or UAS-dgIRNAI transgenes were crossed to c42 driver flies. Tubules
were excised from 7-day old adult flies of both the UR&isgene parental lines (as a
control) and the c42/UAS-transgene progeny. Excised tulades then incubated for 3
h in either sterile Schneider’'s medium (control) t@riee Schneider’'s medium containing
100 uM cGMP. cDNA was then generated from these sampleslipbericin expression
quantified by Q-PCR. Similarly, in order to test the effef DG1 on diptericin
expression in the tubule after infection, the samdirflgs were inoculated via bacterial
injection ofE.coli, a Gram-negative bacteria known to induce the Imd pathhayditre

et al. 1995a). In order to control for possible changesptedcin expression as a result
of injury from injection, a number of flies from eadlip line were also mock-injected
using a sterile needle. Tubules were then excised 3 h iplestion and diptericin
expression quantified by Q-PCR as described above.

Interestingly, it can be seen from the results D& acts as a positive regulator of
diptericin expression in the tubule. As Figure 4.1A shaagjeted overexpressionagl
results in an approximately 2-fold increase in dipterieikpression in the tubules of
c42/UASdgl flies compared to parental controls, even in the algseri stimulation.
Unsurprisingly, when tubules of UA&g1 parental flies are stimulated with 1Q0/
cGMP, diptericin expression is significantly reduced m tilloule, which is similar to the
response of wild-type flies demonstrated in the previdepter. However in contrast,
diptericin expression is significantly increased in thbutes of c42/UASig1l flies in
response to cGMP stimulation. These data therefodecate that the changes in
diptericin expression seen in the tubules of c42/Uij3{lies are a result of activation of
DG1 by cGMP. When flies are infected withcoli (Figure 4.1B), diptericin expression
levels are significantly higher in the tubules of bdtle UASdgl parental and the
c42/UAS4dgl flies. However, it can be seen that diptericin expoesss induced to a
higher degree in the tubules of flies whelgl is overexpressed than those whegd
expression has not been modulated, although, accordstgtistical analysis, expression
levels between genotypes are not significantly differélrtterefore, although it is
indicated from Figure 4.1B that DG1 acts as a positivelasgu
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Figure 4.2 — Targeted reduction ofdgl expression in the principal cells of the tubule rasdts in
reduced diptericin expression.Expression of diptericin in response to specific stimalswassessed by Q-
PCR in excised tubules of adult flies as described preyiqsl= 4, SEM). Significance of data was
determined by Two-way ANOVA angost hocanalysis carried out using Bonferroni tests, whereby
significant data are indicated by * (P<0.05) or, whetevamnt, ns (not significant). [A] cGK activity in the
tubules wherdg1 expression is knocked-down (N ="&EM). cGK activity is significantly reduced in the
tubules of c42/UAS3IgIRNAI flies compared to parental controls. [B] Dipterigrpression in the tubule
in response to cGMP aftefgl-knockdown in the tubule. Analysis by two-way ANOVA rewea
significant interaction between genotype and stim(iee table). Additionallypost hocanalysis shows a
significant difference in diptericin expression in théules of c42/UASIgIRNAI flies compared to
parental flies in response to cGMP. [C] Diptericin expi@s in the tubule in responseEocoli whendgl
expression is reduced in the tubule. Analysis by two-way ANQ¥veals no significant interaction
between genotype and stimulus. Interestinglgst hocanalysis shows that tubules with reduaigi
expression are unable to significantly induce diptericimesgion in response Ecoli, unlike controls.
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of diptericin expression in the tubule in responseEtooli, further investigation is

required to determine the significance of this effect.

Therefore, in order to confirm the positive effect c&81) studies were carried out to
monitor diptericin expression in tubules whetgl expression was knocked-down by
RNAI. Experiments were carried as above, using progetly the c42/UASdgIRNAI
genotype. This was compared with tubules from 7-day old fzdrieme UAS-dgIRNAI
and c42/UASdgIRNAI transgenic flies.

Figure 4.2A shows that assay of cGK activity in the tubuwé UASdgIRNAI and
c42/UASdgIRNAI flies results in a significant reduction in cGktwity in the tubules
of flies wheredgl expression is knocked down. These data therefore cotiieihugl
expression has been knocked down sufficiently enough giaifisantly effect cGK
activity in the tubules of c42/UA8¢g1RNAI flies.

It can be seen from Figure 4.2B that, as with wild tflpes, diptericin expression is
reduced in the tubules of UA®3IRNAI parental controls in response to cGMP.
However, in contrast to results seen in Figure 4.1A, dgxerexpression is also
significantly reduced in the tubules of c42/UA§IRNAI flies in response to cGMP.
Interestingly, results show that the reduction of @iptn expression seen in response to
cGMP in the tubules of the flies whedgl expression is knocked-down is significantly
greater than in those of parental controls. Giventtiemnhegative effect of 1Q@M cGMP

on diptericin expression normally seen in the tubuldsotti wild-type flies and parental
controls is significantly enhanced in the absence ofil DiBese data therefore further
suggest that DG1 plays a role in positively regulating dgpteexpression in the tubule.
In support of this data, it can be seen from Figure 4.2€ tthbules from c42/UAS-
dgIRNAI flies are unable to significantly induce diptericin eegsion in response to
infection with E.coli, unlike parental controls. These data would therefore sugjgast
DGL1 is required by the tubule in order to sufficiently indadgtericin expression in
response to infection with Gram-negative bacteria. &lehe data presented in Figures
4.1 and 4.2 demonstrate a stimulatory role for DG1lhe tegulation of diptericin

expression in the tubule.
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4.2.3 DG2P1 and DG2P2 are negative regulators of diptericin exggsion in the
principal cells of the tubule

To date, a definitive role for th#g2 gene has been established in a number of neuronal
processes such as feeding behaviour, sensory responsivamdsarning and memory
(Osborne et al. 1997; Scheiner et al. 2004; Mery et al. 20@%yeter, as witldgl, dg2

has also been established to play an important rolé&sMRemediated epithelial fluid
transport in the Malpighian tubules (MacPherson e@04a; 2004b). As mentioned
previously, dg2 is a complex gene that encodes ten major transcripts
(http://flybase.bio.indiana.edu/cgi-bin/uniq.htmlI?FBgn0000721%3Efbtdpwever, to
date, functional studies have only identified the twoomaganscripts oflg2, DG2P1 and
DG2P2 to exhibibona fidecGK activity (MacPherson et al. 2004Db). Interestingigse
studies also revealed that these transcripts are diffallg localised within the tubule,
whereby DG2P1 is located on the apical membrane and D@2B2ated on both the
basolateral and apical membrane (MacPherson et al. 2084bmentioned above,
DG2P1 and DG2P2 have both been implicated in the regulatitimic secretion in the
tubule. However, due to the presence of multiple isodoofDG2 in the tubule, and the
demonstration that the two major transcripts of DG2 differentially localised within

this tissue, it can be suggested that there may bepheultiles for DG2 in tubule function
that have yet to be explored.

Therefore, studies were initiated in order to determinepibesible effect of the two
major isoforms of DG2, P1 and P2, on cGMP-mediated inemagulation. As with
previous experiments, expression of diptericin was moadtan response to either 100
UM cGMP or infection withE.coli in the tubules of flies either over-expressdgPlor
dg2P2 or flies where expression of tkdg2 gene has been knocked-down in the tubules
via RNAI. Targeted expression aig2P1 and dg2P2 in the tubule was achieved by
crossing parental lines containing UA§2P1or UAS-dg2P2transgenes to c42 GAL4
driver flies. Tubules were then excised from both UAgsgene parental lines and the
resultant c42/UAS-transgene progeny and stimulated as dsbcnib section 4.2.2.
Similarly, each fly line was inoculated with.coli by bacterial injection as described
previously. Diptericin expression was then quantified fachesample obtained by Q-
PCR.
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Figure 4.3 - Targeted overexpression alg2P1 to the principal cells of the tubule results in deczased
diptericin expression. Expression of diptericin in response to specific stimulé wasessed by Q-PCR in
excised tubules of adult flies wheretbg2P1expression was modulated in tubule principal cells usiag th
GAL4/UAS binary system. Resulting data were normal&gdinst expression of the standam#9, and
expressed as a fold change of parental control expressioe atrerol =1 (N = 4; SEM). Significance of
data was determined by Two-way ANOVA apdst hocanalysis was carried out using Bonferroni tests
whereby significant data are indicated by * (P<0.05). [AtEricin expression in the tubules in response to
cGMP whendg2P1is overexpressed. Analysis by two-way ANOVA revealssignificant interaction
between genotype and stimulus (See table). Howeveeffiaets of stimulus alone and genotype alone are
considered significantfPost hocanalysis shows a significant difference in diptericin esgion in the
tubules of c42/UASig2P1flies compared to parental flies both in the absenckimarthe presence of
cGMP. [B] Diptericin expression in the tubules in respotsde.coli when dg2P1is overexpressed.
Analysis by two-way ANOVA reveals a significant inteian between genotype and stimulus.
Additionally, post hocanalysis shows that diptericin expression is significaltlyer in the tubules of
c42/UASdg2P1flies than in UASdg2P1parents in response Eocoli.
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Figure 4.4 - Targeted overexpression alg2P2 to the principal cells of the tubule results in de®ased
diptericin expression. Expression of diptericin in response to specific stimulé wasessed by Q-PCR in
excised tubules of adult flies whereby DG2P2 expression was ateduh tubule principal cells using the
GAL4/UAS binary system. Resulting data were normal&gdinst expression of the standam#9, and
expressed as a fold change of parental control expressioe atrerol =1 (N = 47 SEM). Significance of
data was determined by Two-way ANOVA apdst hocanalysis was carried out using Bonferroni tests
whereby significant data are indicated by * (P<0.05) dnene relevant, ns (not significant). [A] Diptericin
expression in the tubule in response to cGMP wtgBP2 is overexpressed. Analysis by two-way
ANOVA reveals no significant interaction between gigpe and stimulus (See table). However, the effect
of stimulus alone and genotype alone are considered sagmtifiAdditionally,post hocanalysis shows a
significant difference in diptericin expression in tabules of c42/UASig2P2flies compared to parental
flies both in the absence and in the presence of cGB]Miptericin expression in the tubule in response
to E.coli whendg2P2is overexpressed. Analysis by two-way ANOVA revealsignificant interaction
between genotype and stimulus. Howeparst hocanalysis shows that tubules of c42/UA§2P2flies are
unable to significantly induce diptericin expression ispanse toE.coli. Additionally, diptericin
expression is significantly lower in the tubules of c42/Ufg2P1flies than in UASdg2P1 parents in

response té&.coli.
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As Figure 4.3A shows, diptericin expression is signifigangdduced in the tubules of
flies overexpressinglg2P1even in the absence of exogenous cGMP. When stimulated
with 200puM cGMP, it can be seen that expression of diptergeven further reduced in
the tubules of c42/UA8g2P1flies. This reduction in expression follows the saneadr
as parental lines, however it can be seen that diptexigpression is significantly lower
in the tubules of c42/UA8g2P1flies than in the tubules of parental flies in respose t
cGMP. These data therefore indicate that, in conta<DG1l, DG2P1 may play an
inhibitory role in regulation of diptericin expressiom support of this data, it is
demonstrated in Figure 4.3B that when flies are infectet ®itoli, the tubules of
c42/UASdg2P1flies are unable to induce diptericin expression to theesdegree as the
tubules of parental flies, further suggesting a role f&2B1 as a negative regulator of
diptericin expression in the tubule.

Similarly, it can be seen from Figure 4.4 that DG2P2 alsgs an inhibitory role in
regulation of diptericin expression. As with the tubuddédlies over-expressingg2P1,
when dg2P2 is over-expressed in the tubule, expression of dipteigisignificantly
lower than in the tubules of parental controls, evethe absence of stimulation with
cGMP (Figure 4.4A). Equally, when tubules are stimulatetd ®@0uM cGMP, it can be
seen that expression of diptericin is even further redlun the tubules of c42/UAS-
dg2P2flies. Again it can be seen that changes in dipterigpression in the tubules of
both the parental control flies and the c42/UégzP2progeny are following the same
trend in response to 1AM cGMP, however diptericin expression is significaridywer

in c42/UASdg2P2 flies, thus suggesting that activation of DG2P2 by cGMRB &
negatively regulate diptericin expression in the tubbdesupport of these data, it can be
seen from Figure 4.4B that the tubules of c42/Ug2P2flies are unable to significantly
induce diptericin expression in response to infection wittoli. This is in contrast to the
tubules of parental controls whereby an approximatelyld/-fiocrease in diptericin

expression is demonstrated in response to infection.

In order to confirm the inhibitory role of DG2P1 and DG2P2regulation of diptericin

expression in the tubule, the effect of knock-dowrdg2 expression was investigated.
This was achieved using a UAIgZRNAI transgenic line (generated by Dr JP Day,
University of Glasgow). Unfortunately, when this line wa®ssed to c42, therefore



knocking dowrdg2 expression in the principal cells of the tubule, survofahe progeny
beyond pupal stage was minimal, suggesting a critical o0l®&2 in the tubules during
pupal development. In order to overcome this problem the GAS@m®m was used (Lee
and Luo 1999). GALS8O is a temperature-sensitive yeast repr@szsgme able to potently
inhibit GAL4 activity by binding to its transcriptional azition domain. Fortunately,
GALS8O0 is only active at temperatures under “€) therefore GAL4 activity can be
resumed by means of a simple heat-shock step. As sudanhlyining flies expressing
GALS8O with an appropriate GAL4 driver line, it is possibleréwersibly repress GAL4-
induced expression of target UAS-transgenes in both dewmgl@nd adulDrosophila
For this study, a homozygous stable fly line was genetajettossing flies expressing
the GAL8O transgene under the control of a tubulin prom@te]; P{tubP-GAL80%;
TM2/TM6b - Bloomington Stock Centre) with the c42 GAL4wern line (P-element
insertion on the "8 chromosome). Following the generation of this stable ([€];
P{tubP-GAL80%}; c42), inducible knock-down oflg2 expression was achieved by
crossing with UASAgZRNAI transgenic flies. In the progeny of this cross, GAL4
expression was inhibited until 24 h before dissectiomhath time flies were incubated
at 30C in order to inactivate GALS80. It should be noted thatS4#§2RNAi parental
flies were also incubated at @ for 24 h in order to control for changes in expassis

a result of temperature.

In order to firstly confirm theexpression of the UA8g2RNAI transgene in the tubules
of the GALBO;c42/UASHgRNAI flies, cGK activity was assessed in both the UAS
dgZRNAI parental line and the GAL80;c42/UAR2RNAI progeny. As Figure 4.5A
shows, cGK activity is significantly reduced in the t@sulof the GAL8O0;c42/UAS-
dgZRNAiI flies, thus confirming thatdg2 expression has been sufficiently reduced.
Following this, experiments were carried out as deschibediously, whereby diptericin
expression was quantified in the tubules of both WHARNAI and GAL80;c42/UAS-
dgZRNAi flies in response to either stimulation with c@Nor infection withE.coli. As
expected, it can be seen from Figure 4.5B that in paremtdlols diptericin expression is
significantly reduced in the tubules in response to IOcGMP. However, in contrast
to data shown in Figure 4.3A and 4.4A, it is demonstrated khatk-down ofdg2
expression in the tubules of adult flies results isignificant increase in diptericin
expression in response to cGMP. These data therefoherfiaupport the indication from
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Figure 4.5 - Targeted knock-down ofdg2 expression by RNAI results in increased diptericin
expression in the tubule Expression of diptericin in response to specific stimalswssessed by Q-PCR
in excised tubules of adult flies as described previously=(M, * SEM). Significance of data was
determined by Two-way ANOVA angost hocanalysis carried out using Bonferroni tests whereby
significant data are indicated by * (P<0.05). [A] cGktidty in the tubules wherdg2 expression is
knocked-down (N = 67 SEM). Shows that cGK activity is significantly reducedtire tubules of
GALB8O0;c42/UASdg2RNAI flies compared to parental controls. [B] Diptémiexpression in the tubule in
response to cGMP afteilg2-knockdown in the tubule. Analysis by two-way ANOVA revealsignificant
interaction between genotype and stimulus (See tatest. hocanalysis shows a significant difference in
diptericin expression in the tubules of GAL80;c42/UAGRNAI flies compared to parental flies in
response to cGMP. [C] Diptericin expression in the tuliuleesponse té&.coli whendg2 expression is
knocked-down in the tubule. Analysis by two-way ANOVA revealsignificant interaction between
genotype and stimulus. Additionallgpst hocanalysis shows that whely2 expression is knocked-down,
diptericin expression is significantly higher in the tulbuté GAL80;c42/UASdg2RNAI flies in response
to E.colithan in parental flies.
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previous results that DG2P1 and DG2P2 act as negative magulat diptericin
expression. Similarly, it can be seen from Figure 4tB& in tubules wherelg2
expression has been knocked-down, diptericin expressismgmficantly higher than
UAS-dgZRNAI parental controls in response to infection wihcoli. These data
therefore confirm that the cGKs encoded @#g2 act as suppressors of diptericin

expression in the tubule.

4.3 Modulation of immune response by cGKs in the tubules critical to

fly survival in response to septic infection

4.3.1 Introduction

The data described in previous sections of this chapterlycldamonstrate that the
Drosophila cGKs DG1, DG2P1 and DG2P2 exhibit differential effects diptericin
expression in the tubules of the adult fly. Howevke, televance of these findings with
regards to overall immunity of the whole animal haslrexn determined. Traditionally,
the fat body has been considered the critical tisstreragards to systemic production of
AMPs in response to infection (Silverman and Maniatis 200hgrefore, it could be
suggested that the tubule may only play an auxiliaryaslan immune-sensing tissue in
the adult fly, and might not impact on survival of theolkhorganism when under
immune challenge. However, as mentioned previously,sithegn indicated in a recent
study that this is not the case (McGettigan et al. 200%bYhis study, it was shown that
targeted expression afNOSto tubule principal cells results in increased diptericin
expression in the tubules, which in turn was demonstitatenhance overall survival of
adult flies in response to infection with.coli. These data therefore indicate that the
tubule comprises an important immune system, with gaifggant role to play in

maintaining fly survival in response to infection.

Studies were therefore initiated in order to determineteeall impact of cGK-mediated
modulation of diptericin expression in the tubule. lest studies, each of the transgenic
cGK fly lines described previously were monitored for survivalesponse to septic
infection with various bacteria. For each transgeng;, Ibacteria were introduced directly
into the hemolymph of adult flies using a sterile needilgped into a concentrated

suspension of bacterial culture. Similarly, as with presiexperiments, a number of flies
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from each transgenic line were also mock injected in ai@eontrol for any negative
impact on survival caused solely by injury. Following iniect each fly line was then
monitored for survival and results plotted using a Kaplingvisurvival curve (Graphpad
Prism Version 4.0).

4.3.2 Modulation of immune response by cGKs in the tubulesicritical to survival
in response to septic infection with Gram-negative bacteria.

As mentioned previously, expression of diptericin is induodldwing the activation of
the Imd signalling pathway. A number of studies have ifledta fundamental role of
the Imd pathway in response to invasion by Gram-negativteria (reviewed in
(Lemaitre and Hoffmann 2007). Therefore, in order to teksether cGK-mediated
immune regulation in the tubule is sufficient to effesurvival of the whole animal,
assays were performed to assess survival of cGK transfliesian response to septic
infection with Gram-negative bacteria. Given that pinevious data in this chapter has
already revealed that diptericin expression is inducetdrtubule in response tcoli,
and that this expression can be differentially moddldig DG1, DG2P1 and DG2P2,
studies were first of all carried out in order to assessival of cGK transgenic flies in
response to infection witle.coli. Targeted expression of UA®yl, UAS-dgIRNAI,
UAS-dg2P1 UAS-dg2P2and UASdgZRNAI to the principal cells of the tubule was
achieved as described previously. In addition, in order toircorthat the modulatory
effects of cGKs on immune regulation are tubule-spedifAS-parental flies were also
crossed to the fat body-specific GAL4 driver line c564 (kiftdlfigom Professor S Kurata,
University of Sendai, Japan). Finally, it should be noted,tunder normal conditions
E.coli is not a natural pathogen Dfosophila Therefore, it was expected that infection
with this bacteria would not confer any significant suaViphenotypes in samples of

wild-type or parental control flies.

Figure 4.6 shows survival in response to infection Wittoli in flies wheredglis either
overexpressed or knocked-down in the tubule. Previoushdatalemonstrated thdgl
acts as a positive regulator of diptericin expressiorthie tubule, therefore it was
expected that overexpression dgl in the tubule would enhance survival of flies in
response t&.coli. As Figure 4.6A shows, there is no significant diffe in survival of
c42/UAS4dg1l flies compared to either wild-type flies (OrR) or paed controls.
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Figure 4.6 — Survival in response tce.coli when dgl is over-expressed or knocked-down in the
tubules. Survival was monitored in 5-day old adult flies that weither infected with a concentrated
suspension oE.coli via a thin needle, or were mock infected using a stegkzlle. Survival of flies was
then monitored at appropriate intervals for a 50 h peiibg 80). This protocol was repeated three times
on each fly line. Results for each line were then poatedi expressed as a percentage of survival using a
Kaplin-Meier survival curve(SEM). [A] Survival in response t&.coli when dgl is overexpressed in
either the tubule (c42) or the fat body (c564) [B] Surviaalesponse t&.coliwhendglis knocked-down

in either the tubule (c42) or the fat body (c564). Datavsha significant decrease in survival in response to
E.coliwhendglis knocked-down in the tubule.

However, a€.coliis not naturally pathogenic @rosophila no definite conclusions can
be drawn from this data. However, it can be seen ffogure 4.6B that whemlgl
expression is knocked-down in the tubule, a significantedse in survival is observed,
with approximately 30% of flies dying in the first 5 h aftefection. These data therefore
indicate, in support of previous data, that DG1 is requiredhbytubule to mount an
appropriate immune response when challenged Wiitoli. Importantly, it is also
demonstrated from this data that sufficient activatibrmmune responses in the tubule
appears to be critical to survival of the whole organisterestingly, it can be seen that
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Figure 4.7 - Survival in response toE.coli when dg2 is over-expressed or knocked-down in the
tubules. Survival was monitored in 5-day old adult flies that weither infected with a concentrated
suspension oE.coli via a thin needle, or were mock infected using a stegkzle. Survival of flies was
then monitored at appropriate intervals for a 50 h peiibg 80). This protocol was repeated three times
on each fly line. Results for each line were then poatedi expressed as a percentage of survival using a
Kaplin-Meier survival curve®(SEM). [A] Survival in response t.coli whendg2P1is overexpressed in
either the tubule (c42) or the fat body (c564). Data shewignificant decrease in survival in response to
E.coli when dg2P1is overexpressed in the tubule. [B] Survival in responsk.¢oli when dg2P2 is
overexpressed in either the tubule (c42) or the fat bdgBA{cData shows a significant decrease in survival
in response t&.coli whendg2P2is overexpressed in the tubule. [C] Survival in respaagecoli when
DG2 is knocked-down in either the tubule (GAL80;c42)
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DG1 appears to have no effect on survival when expressimondulated in the fat body,
further suggesting that cGK-mediated immune regulationusulé-specific. When
survival is monitored in response Eocoli in flies overexpressing the two DG2 isoforms,
it can be seen that targeted expressiordg#P1 or dg2P2 to the tubules results in
significant survival phenotypes in each line. As Figures 4id@é4.7B show, in each case,
infection withE.coli results in an approximately 40% decrease in survival wig@i®1or
dg2P2are overexpressed in the tubule. Again, these data syppuibus results where
it was demonstrated that DG2P1 and DG2P2 act as negapuéates of diptericin
expression in the tubule. In contrast, it can be seatnwhendg2 expression is knocked-
down in the tubule, there is no significant differencdélyrsurvival in response t&.coli
infection compared to controls (Figure 4.7C). Overall, taita further demonstrates the
inhibitory role DG2P1 and DG2P2 play in maintaining appropriatels of immune
function in the tubules in response to infection vitholi. As before, the important role
of the tubules in overall fly immunity is also highlighdt from the data. Interestingly,
again it can be seen from Figures 4.7A and 4.7B that tieulatory effects of either
DG2P1 or DG2P2 on immune function do not extend to theofdy.brherefore, again it

can be seen that this effect appears to be specitie tiubule.

Overall, it can be seen from this data that cGK-ntedianodulation of immune response

in the tubule is necessary for the survival of the whiglen response té&.coli.

As mentioned aboveE.coli is not a natural pathogen t@rosophila under normal
circumstances. Thus, it is difficult to confirm any enlement to survival in response to
infection in the c42/UASIglor GAL80;c42/UASdgZRNAI fly lines. Therefore, studies
were initiated in order to determine survival of transgeniK ¢I$ lines in response to
Pseudomonas aerugingsan opportunistic and versatile Gram-negative bacteriamish
highly pathogenic to wild-typeDrosophilg whereby 100% fly mortality has been
observed within 30 h of infectio(D'Argenio et al. 2001; Apidianakis et al. 2005).
Previous studies have shown that resistance to infeetith these bacteria is both Imd
and Toll-dependent, and that a wide variety of AMPs, aalhethose associated with
the Imd pathway, are induced in response to infection. ederwy despite induction of
systemic immune mechanisms in response to these lacdtehas been shown that
P.aeruginosais able to overcome and suppress this induction (Lau efQfl3;
Apidianakis et al. 2005). Therefore, it was hypothesikatl in flies where cGK activity
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has been modulated in the tubules in order to eitheulstienor inhibit AMP expression
prior to infection, different rates of survival may be albed in response to infection
with P.aeruginosa.Targeted expression or knock-down of cGKs was achieved as
described previously and adult flies were inoculated asrdaising a sterile needle
dipped into an appropriate suspensio® @eruginosa
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Figure 4.8 - Survival in response td°.aeruginosa whendgl is over-expressed or knocked-down in the
tubules. Survival was monitored in 5-day old adult flies that wenher infected with a concentrated
suspension dP.aeruginosavia a thin needle, or were mock infected using a steeélle. Survival of flies
was then monitored at appropriate intervals for a 30 iogpéN = 30). This protocol was repeated three
times on each fly line. Results for each line were thesled and expressed as a percentage of survival
using a Kaplin-Meier survival curve” GEM). [A] Survival in response t@.aeruginosawhen dgl is
overexpressed in either the tubule (c42) or the fat boB§4(c Data shows a slight, but non-significant
enhancement of survival in responsePtaeruginosain c42/UASdgl flies [B] Survival in response to
P.aeruginosawhendgl is knocked-down in either the tubule (c42) or the fat h@#p4). Data shows a
slight, but non-significant, decrease in survival in resgdaoP.aeruginosan c42/UASdg1RNAI flies.



It can be seen from the results shown in Figures 48&hthat, in agreement to previous
studies, infection witP.aeruginosaesults in 100% mortality within 30 h in all fly lines
tested. However, it can also be seen that in fliesrer cGK activity has been modulated
in the tubule, rates of survival are either enhanced or awssulein response to infection,
although this effect is not significant. To explain furthecan be seen from Figure 4.8A
that whendglis overexpressed in the tubule, complete fly moytades not occur until
~28 h post infection, unlike in all other fly lines whereby 100f4rtality is observed at
24-25 h post infection. Similarly, in Figure 4.8B, it can $®en that whergl is
knocked-down in the tubule, rate of survival is decreasetpaced to all other fly lines
whereby complete fly mortality is observed at ~21 h &4d25 h post infection
respectively. Although these data do not exhibit a sigmfichange in survival rates in
response td®.aeruginosanfectionwhendgl expression is modulated in the tubule, they
do imply that DG1 may act in the tubule to enhance imentesponse and therefore
survival of flies in response to infection with these tbaa. Additionally, as with
infection byE.coli, modulation of DG1 in the fat body does not appear toiatedny
effect on survival in response BhaeruginosaSimilarly, it can be seen that whdg2 is
modulated in the tubules, a negative effect on fly suhivabserved in response to
infection with P.aeruginosa(Figure 4.9). As Figure 4.9A and 4.9B shows, when
expression oflg2P1or dg2P2is increased in the tubule, complete fly mortakyseen at
~20 h post infection. Again it can be seen that 100 %atityrof all other lines tested is
observed at 24-25 h after infection, suggesting that DG2@1D€a2P2 confer an
inhibitory effect on immune responses in the tubule gpoase td?.aeruginosaWhen
dg2 is knocked-down in the tubule, a very slight enhancerémsurvival is observed
compared to all other fly lines tested, although againghigancement is not significant
(Figure 4.9C). It can therefore be implied from the datans in Figure 4.9 that again,
although modulation of DG2 in the tubule does not coafeignificant effect on survival
of flies in response t@.aeruginosaDG2P1 and DG2P2 may act to inhibit induction of

immune responses in the tubule in response to infetibrthese bacteria.

Overall, the role of cGK-mediated immune regulationtle tubule in response to
infection with P.aeruginosacan only be implied from the data shown in Figures A8 a
4.9. Although modulation of cGKs in the tubule has arckféect on survival in the

majority of cases, the effects observed are not déesigmificantly different. Therefore

further investigation is required in order to confirm thigseings.
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Figure 4.9 - Survival in response td°.aeruginosa whendg? is over-expressed or knocked-down in the
tubules. Survival was monitored in 5-day old adult flies that werher infected with a concentrated
suspension dP.aeruginosavia a thin needle, or were mock infected using a steetlle. Survival of flies
was then monitored at appropriate intervals for a 30 iogpéN = 30). This protocol was repeated three
times on each fly line. Results for each line were thesled and expressed as a percentage of survival
using a Kaplin-Meier survival curvé GEM). [A] Survival in response tB.aeruginosavhen dg2P1is
overexpressed in either the tubule (c42) or the fat body (cB&ta shows a slight, but non-significant,
decrease in survival in responsePt@eruginosavhendg2Plis overexpressed in the tubule. [B] Survival
in response t®.aeruginosavhendg2P2is overexpressed in either the tubule (c42) or the fay teEb4)
Data shows a slight, but non-significant decrease inva&lrwhendg2P2is overexpressed in the tubule.
[C] Survival in response tB.aeruginosavhendg2 expression is knocked-down in the tubule. Data shows
a very slight, but non-significant, increase in sua/in GAL80;c42/UASdg2RNAI flies.
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4.3.3 Modulation of immune response by cGKs in the tubule aks not effect
survival in response to septic infection with the Gram-pasve bacteria
Bacillus subtilis.

As mentioned previously, activation of the Imd pathwaydéemed critical to the

production of specific AMPs in response to infection wiBnam-negative bacteria
(Lemaitre et al. 1995a). In contrast, the other systemiciune pathway, the Toll

pathway, has been demonstrated as fundamental to resgasest infection with either
Gram-positive bacteria or fungi. Therefore, studiesewnitiated in order to determine
the effect of cGK-mediated AMP modulation in the t@bud response to Gram-positive
bacteria. Since previous data has only demonstratedeant ef cGMP on Imd pathway-

associated AMPs, it was hypothesised that cGKs wouldoallyoplay a role in regulation

of Imd pathway-associated AMP expression.

In order to carry out this experiment, flies were idated as before with the Gram-
positive bacteridacillus subtilis Previous studies have shown that, although harmless to
humansB. subtilisis naturally pathogenic tBrosophila(Tzou et al. 2002b). However,
as with P. aeruginosa observations that flies carrying mutations in bt and spz
(Spaetzle)are more susceptible to infection wih subtilisthan wild-type flies suggest
that Drosophilais able to induce a limited defence against this pathogen.dEffésce
appears to be dependent on the induction of the Toll pgtaependent AMP defensin,
as studies show that ubiquitous overexpression of this AN? to infection is enough
to confer complete resistance agaiBssubtilis (Tzou et al. 2002). Therefore, as data
presented in this thesis so far has not indicatedeaf@olcGMP or cGKs in regulation of
defensin expression, it is hypothesised that cGK-medist@aune regulation in the
tubule will have no effect on survival in response to itidecwith B.subtilis

As Figure 4.10A shows, whedglis over-expressed in the tubules, no significant effec
on survival in response to infection wiBh subtilisis observed compared to controls.
Equally, whendgl is knocked-down in the tubule (Figure 4.10B), there isigoificant
difference in survival between all fly lines testedesponse t@. subtilis Additionally,

it can be seen that, as with all previous survival datalulation ofdgl expression in the
fat body does not effect survival in response to infectiohes& data therefore
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demonstrate that DG1 is not required for regulation of imentesponses in either the
tubule or the fat body in response to infectiorBoyubtilis

Similarly, it can be seen from Figure 4.11 that modutatibdg2 expression in the tubule
also has no effect on fly survival in responseéBtasubtilis As both Figures 4.11A and
4.11B show, there is no significant difference in ratswvival in any of the fly lines
tested. Similarly, it can be seen from Figure 4.11C khatk-down ofdg2 in the tubule
does not confer a significantly different survival phgpetin response to infection either.
Again, there is also no significant effect wiag2P1lor dg2P2are overexpressed
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Figure 4.10 - Survival in response td. subtilis when dgll is over-expressed or knocked-down in the
tubules. Survival was monitored in 5-day old adult flies that werther infected with a concentrated
suspension oB. subtilisvia a thin needle, or were mock infected using a stegktlle. Survival of flies
was then monitored at appropriate intervals for a 3pdeiod N = 30). This protocol was repeated three
times on each fly line. Results for each line were thesled and expressed as a percentage of survival
using a Kaplin-Meier survival curve® (SEM). [A] Survival in response t®8. subtilis when dg1l is
overexpressed in either the tubule (c42) or the fat bdeBaAjc [B] Survival in response 8. subtiliswhen
dglis knocked-down in either the tubule (c42) or the fat l{o8§4).
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Figure 4.11 - Survival in response td. subtilis when dg2 is over-expressed or knocked-down in the
tubules. Survival was monitored in 5-day old adult flies that werher infected with a concentrated
suspension oB. subtilisvia a thin needle, or were mock infected using a steedlie. Survival of flies
was then monitored at for a 3 day peridd= 30). This was repeated three times on each fly line. Resul
for each line were then pooled and expressed as a geeoit survival using a Kaplin-Meier survival
curve { SEM). [A] Survival in response tB. subtiliswhendg2P1is overexpressed in either the tubule
(c42) or the fat body (c564). [B] Survival in respons®tsubtiliswhendg2P2is overexpressed in either
the tubule (c42) or the fat body (c564) [C] Survival inp@sse tdB. subtiliswhendg2is knocked-down in
the tubule.
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in the fat body. As with data shown in Figure 4.10, it deerdfore be concluded that
DG2 does not play a role in regulation of immune respamshe tubule or the fat body

in response to infection witB. subtilis

Overall, the data shown in this section indicates t@d-mediated regulation of immune
response in the tubule is not relevant to infectiorh Vi@t subtilis and therefore, as
expected, does not extend to regulation of defensin expnasstihe tubule.

4.4 Modulation of immune response by cGKs in the tubuleis

important in response to natural infection with E.coli.

4.4.1 Introduction

The data described previously in this chapter has demoms@atenportant regulatory
role for Drosophila cGKs in the tubules in response to septic infectiorh v@ram-
negative bacteria. However, in nature it is far masenmon for an insect to become
infected via the ingestion of microbe-contaminated foasl,opposed to infection as a
result of wounding. Despite the central role of tiistesmic immune response following
septic infection, systemic AMP production is not deemedcalito host survival in
response to natural infection (Ferrandon et al. 1998; leehl. 2006; Ryu et al. 2006).
Instead, Drosophila are known to combat natural infection via the local indurctof
AMP synthesis in several epithelial tissues, includirgttibules (Ferrandon et al. 1998;
Tzou et al. 2000). Studies have shown that, following oraiction with the Gram-
negative bacteri&. carotovora the tubules are able to induce strong expression of
diptericin, as well as moderate expression of bothropgc and the anti-fungal
metchnikowin (Tzou et al. 2000). Additionally, it has beemndestrated that local
induction of all AMPs in epithelial tissues, includingetlnti-fungal drosomycin and
metchnikowin, is dependent on the activation of the Imtvpay (Ferrandon et al. 1998;
Tzou et al. 2000; Onfelt Tingvall et al. 2001)

Given that data shown previously in this study has demaiest a critical role for
DrosophilacGKs in the regulation of diptericin expression in theuteb following septic
infection with Gram-negative bacteria, studies wereat@tl in order to investigate the
potential regulatory role for cGKs in the tubules folloginatural infection. In this
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approach, UAS-cGK transgenic flies were crossed to tmeiple cell-specific GAL4
driver c42, as described previously, and the progeny assedlsadnip natural infection
with Gram-negative bacteria. As with previous experitsiethese studies were carried
out usingE.coli, where adult flies of the appropriate genotype were fe@4ohn on filter
paper soaked in 5 % sucrose solution contaminated with miwatelE.coli. Control flies
were fed for 24 h on filter paper soaked in a sucroseswilytion. The impact of cGK
modulation in the tubules following natural infection wHgen assessed in each
transgenic fly line by analysis of bacterial proliferatio the gut. In addition, diptericin
expression was monitored in the tubules of each transfigtice by Q-PCR.

4.4.2 Natural Infection with E.coli induces diptericin expression in the Malpighian
tubules of the adult fly.

Previous studies have shown that following oral infectigtih E.carotovora diptericin
expression is strongly induced in the tubules and the malfgine adult fly (Tzou et al.
2000). However, as all previous experiments in this chapdee lusedE.coli as an
effective immune inducer, and, to date, the effects @drahinfection withE.coli on
epithelial AMP expression have not yet been reporadiies were initiated in order to
determine whethekE.coli elicits a similar response to that Bf carotovoraafter natural
infection. To achieve this, adult flies expressing arfisoent diptericin-GFP reporter
gene were orally infected with.coli as described above. Following infection, the entire
gut, with tubules attached, was dissected from each fiiy maunted in Phosphate
Buffered Saline (PBS) for immediate viewing under fluoeese using the Zeiss 510
Meta confocal system.

As Figure 4.12 shows, diptericin expression is strongly iedun the tubules following
oral infection withE.coli. Interestingly, unlike the diptericin response obseradidving
infection with E. carotovorashown in previous studieg can be seen that there is no
visible expression of diptericin in any areas of the fgbwing infection with E.coli,
despite the obvious exposure of this tissue to the invadingbyarganism. This would
suggest that the gut induces a different set of AMPgsspanse td.colithan it does in
response tdc. carotovora.Therefore, it can be suggested that the tubules areritizal
epithelial tissue with regards to local diptericin egsien following natural infection
with E. coli
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Overall, it is shown here for the first time, tmatural infection withE.coli results in an
epithelial immune response in the adult fly, and thatttbules play an important role in

the induction of diptericin expression during this response

[A] [B]

Figure 4.12 — Expression of diptericin-GFP in the Malpigian tubules after oral infection with E.cali.
7-day old adult flies expressing diptericin-GFP were nooad for diptericin expression 24 h after oral
infection withE.coli using the Zeiss 510 Meta confocal system. [A] Contres fivere fed on a 5 % sucrose
solution for 24 h prior to dissection. Data shows nibleésexpression of diptericin in the tubules or the gut.
[B] Infected flies were fed on a concentratedoli pellet re-suspended in 5 % sucrose solution for 24 h
prior to dissection. Results show strong expressionptédcin in the tubule but no visible expression of
diptericin in the gut.

4.4.3 Modulation of cGK expression in the tubule resultsni differential effects on
bacterial clearance in the gut following natural infectionwith E.coli.

In order to assess the potential importance of cGKsairittbule with regards to immune
response following natural infection, studies were initaite order to assess bacterial
persistence in the midguts of flies whereby cGK exprassi@as modulated in the tubule.
In these experiments, UA&31, UAS-dgIRNAI and UASdg2P1flies were crossed to
the principle cell-specific GAL4 driver c42, and progeny ratyr infected with
ampicillin-resisitantE.coli as described above. Following infection, fly midguts were
dissected and surface-sterilised in 70 % (v/v) ethanfur&ehomogenisation in PBS.
Homogenates were then diluted 1:100 and spread on LB-Agagsplaintaining
100pg/ml ampicillin. Each plate was then assessedsfoiumber of colony forming units
(CFUs).
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As Figure 4.13 shows, modulation of cGK expression inttiteile has a significant
effect on the ability of flies to clear bacteria fraine gut following natural infection with
E.coli. To explain further, it can be seen from Figure 4.13A, tbampared to that of
parental control flies, intestinal bacterial load igngicantly lower in flies wheralgl is
overexpressed in the tubule. This would suggest that, hssejitic infection, DG1 acts
to stimulate an immune response in tubules in respons&woal infection. In support of
this data, it can be seen from Figure 4.13B that vdudrexpression is knocked-down in
the tubules, the ability of the flies to clear baetdrom the gut is significantly impaired.
These data therefore demonstrate an important roB@dr in the activation of immune
response in the tubule following natural infection. Furtigre, these results also reveal
an important role for the tubule itself with regardsszterial elimination in the gut in
response to oral infection witb.coli.

Similarly, it can be seen from Figure 4.13C that DG2P1 apgealay an inhibitory role
in the tubule in response to natural infection. Datanvshitat in flies wherelg2P1has
been over-expressed in the tubule, intestinal battead is significantly higher than that
of parental controls. These data therefore further dstrate an important role for the
tubules in bacterial clearance following natural infactwith E.coli and show that this
effect is negatively regulated by DG2P1. Unfortunately, @uénte limitations, these
experiments were not carried out in order to assessfiinet of either overexpression of
dg2P2or knock-down ofdg2 expression by RNAI, therefore the inhibitory effect who
here can only currently be applied to the DG2P1 isoforid@2. However, as previous
data has demonstrated a similar role for both DG2P1 and DG®@ regards to
regulation of immune function in the tubule, it canhypothesised that DG2P2 may also
play an important inhibitory role in the tubule in respon® natural infection.
Investigation into the role of DG2P2 in the tubule inpose to natural infection

therefore remains a subject for future work.

Overall, these results demonstrate, for the firsetithat the tubules play an important
role in eliminating invading bacteria in the gut followingtural infection withE.coli.
Additionally, it is shown here that, as with septifection, cGKs play an important role
in regulation of this effect.
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Figure 4.13 -Targeted overexpression or knock-down of cGKs to the prihcghs of the tubule results in
differential effects on bacterial clearance in the fplfowing natural infection withE.coli. Bacterial
clearance was assessed in the midguts of 7-day old flieselh cGK expression was modulated in the
tubules after natural infection with ampicillin-resist E.coli. Following infection, ten midguts were
dissected per sample and surface-sterilized beforedgemation in PBS. Homogenate was then diluted and
spread on LB-ampicillin plates and resultant CFUs courRedults are displayed as a mealNGt 4 (
SEM). Significance of data was determined by Studetdsts and data significant from control indicated
by * (P < 0.05). [A] Bacterial load in the midguts of fliedheredgl is overexpressed in the tubule. [B]
Bacterial load in the midguts of flies whetlgl expression is knocked-down in the tubule. [C] Bacterial
load in the midguts of flies wherdg2P1lis overexpressed in the tubule.




4.4.4 Modulation of cGKs in the tubule results in differatial effects on diptericin

expression following natural infection withE.coli.

In order to confirm that the results shown in Figure 4fe a result of cGK-mediated
modulation of AMP production, experiments were carriad t assess diptericin
expression in the tubules c42UAS-dgl, c42UAS-dgIRNAI andc42UAS-dg2P1flies
following natural infection witrE.coli. In these experiments, each of the fly lines above
were infected witlE.coli as described before. Following infection, the tubulesach fly
line were excised and diptericin expression monitored IRCR-

Figure 4.14 shows that, as expected, diptericin expressggriificantly increased in the
tubules of control flies in response to natural infactwith E.coli. Interestingly, in
support of the data shown in Figure 4.13, it can be seewtigndglis overexpressed in
the tubules, diptericin expression is further increasagsponse t&.coliin comparison
to controls (Figure 4.14A). Unfortunately, due to variableiltesin the tubules of the
infected flies, analysis has shown that this effectoisstatistically significant. Therefore
a stimulatory role for DG1 on diptericin expressiontie tubule following natural
infection can only be implied from this data, and furtiverk is required in order to
confirm this hypothesis. Equally, wheigl expression is knocked-down in the tubules,
diptericin expression is reduced in respons&.tli in comparison to parental tubules
(Figure 4.14B). These data therefore further suggest aool2G1 as a positive regulator
of diptericin expression in response to natural infectidowever, as with the tubules of
dgl-overexpressing flies, due to large variability in data, géhesults are not deemed
statistically significant. Therefore, despite the oadion from the data shown in both
Figure 4.14A and Figure 4.14B that DG1 acts to positively reguligtericin expression
in the tubule in response to natural infection vitholi, further work is required in order

definitively confirm this role.

In contrast, it is demonstrated by the data shown gargi4.15 that overexpression of
dg2P1in the tubules has a very significant effect on dipterexpression following
natural infection withE.coli. Data shows that, unlike parental contraé2/JAS-dg2P1
flies are unable to significantly induce diptericin expr@ssn the tubules following oral
infection. These data therefore indicate an imporiambitory role for DG2P1 in the
tubule in response to natural infection witcoli. As before, due to time limitations, it
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Figure 4.14 — Targeted overexpression or knock-downf algl to the principal cells of the tubule
results in differential effects on diptericin expression following natural infection with E.cali.
Expression of diptericin was assessed by Q-PCR in respgons&tural infection withE.coli in excised
tubules of adult flies in which cGK expression was modulateédtinle principal cells. Resulting data were
normalised against expression of the standq4d, and expressed as a fold change of parental control
expression where control =1 (N =4SEM). Significance of data was determined by Two-wayOMA
andpost hocanalysis was carried out using Bonferroni tests, whesajificant data are indicated by *
(P<0.05) or ns (not significant) as appropriate. [Aptericin expression in the tubules in response to
natural infection whendgl is overexpressed. Analysis by two-way ANOVA reveals significant
interaction between genotype and stimulus. The effestimiulus alone is considered significant, but the
effect of genotype alone is not considered significRost hocanalysis shows a significant difference in
diptericin expression in the tubules of both parental #ied progeny in response Eocoli. Diptericin
expression is higher in the tubulescd2UAS-dgl flies compared to parents, though not significantly so
[B] Diptericin expression in the tubules in response to amhtofection whendglis knocked-down in the
tubule. Analysis by two-way ANOVA reveals no significanteraction between genotype and stimulus.
The effect of stimulus alone is considered significdrdywever genotype alone is not considered
significant. Post hocanalysis shows a significant difference in diptericin esgimn in the tubules of both
parental flies and progeny in responséstooli. However, diptericin expression is lower in the tubules of
c42MJAS-dgIRNAI flies compared to parents, though not significantly so.
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Figure 4.15 - Targeted overexpression oflg2P1 to the principal cells of the tubule results in a
negative effect on diptericin expression following nafral infection with E.coli. Expression of diptericin
was assessed by Q-PCR in response to natural infegtibrE.coli in excised tubules of adult flies in
which dg2P1expression was modulated in tubule principal cells. Raguttata were normalised against
expression of the standanh49, and expressed as a fold change of parental control expreskene
control =1 (N = 4," SEM). Significance of data was determined by Two-way AMQCand post hoc
analysis was carried out using Bonferroni tests, whesignificant data are indicated by * (P<0.05), or ns
(not significant) as appropriate. TWO-way ANOVA reveats extremely significant interaction between
stimulus and genotype. Additionally, the effect ofratius and genotype alone are considered significant.
Post hoanalysis shows that, unlike parents, the tubulegl#fJAS-dg2P1flies are unable to significantly
induce diptericin expression in response to natural imieetith E.coli.

was not possible to carry out these experiments in todarestigate the effect dg2P2
overexpression in the tubule or knock-dowrdg® by RNAI. However, as before, it can
be hypothesised that DG2P2 may play a similar inhibitoty to that of DG2P1 on
diptericin expression in the tubule in response to nhinfiection withE.coli.

Overall, the data shown here demonstrates differeetiatts of DG1 and DG2P1 on
diptericin expression in the tubule in response to nainfiection with E.coli. Given that
previous data has demonstrated that cGK modulation itubude has a significant effect
on bacterial clearance in the gut following infectiancan be suggested from the data
shown here that this effect is due to cGK modulation dgdtericin expression.
Unfortunately, in the case of DG1, the data obtainedhas deemed statistically
significant. Therefore, further work is required in arde definitively determine the

importance of DG1 with regards to diptericin regulationesponse to natural infection.
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4.5 Discussion

In this chapter, a novel role has been described focdagaateDrosophilacGKs, DG1
and DG2 in the tubules @rosophila cGKs are known to function as part of the cGMP
signalling pathway and, in the previous chapter, it was dstraird that cGMP is able to
either stimulate or inhibit expression of Imd pathwayasted AMPs in a dose-
dependent manner. Data shown here demonstrates thdiffémential effects of cGMP
on AMP expression in the tubules are mediated via activaf cGKs, whereby DG1 is
shown to stimulate diptericin expression and the twansmforms of DG2, P1 and P2,
are shown to inhibit diptericin expression. Importantly)as been demonstrated that the
distinct effects exhibited by DG1 and DG2 are sufficientonfer differential survival
phenotypes in the whole organism in response to segdction with Gram-negative
bacteria but not infection with Gram-positive bacteAdditionally, it is shown here that
the differential effects mediated by DG1 and DG2 on digteexpression in the tubule
play an important role in maintaining the ability oétfly to clear bacteria from the gut

following natural infection withe.coli.

To date, due to a high sequence homology in the both tMPd@nding and kinase
domains of DG1 and DGZ2rosophila cGKs have been implicated to share related
function (Kalderton and Rubin, 1989). Indeed, studies have rshbat each of these
cGKs share similar expression patterns and both hesa Implicated to play a role in
neuronal function, as well as act as positive regrdatd fluid secretion in the tubule
(Kalderon and Rubin 1989; Foster et al. 1996; MacPherson 20@da; MacPherson et
al. 2004b). However, for the first time, it is shownéehat DG1 and DG2 exhibit
distinct function in the tubule, whereby DG1 is showntbhmsate diptericin expression
and DG2 is shown to inhibit it. It can be suggested tlettmtrasting roles of DG1 and
DG2 on Imd pathway regulation are a result of activabpmlifferent sources of cGMP.
As described in the previous chapter, cGMP signalling is knimwe compartmentalised
within each cell in order to facilitate the regulatioh a number of simultaneous
physiological processes. Therefore, given that DG1, DG2RILDG2P2 are localised
differently within the tubule, it is perhaps not surpigsthat DG1 and DG2 may play

different roles in tubule function.
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Interestingly, the data shown in this chapter suppoeshipothesis presented in the
previous chapter. In chapter 3, it was suggested that tmellstory effect on Imd
pathway regulation by cGMP seen in the tubule may besaltref activation of the
cGMP pathway by NO. As mentioned previously, NO has bstabkshed in a number
of studies as a positive regulator of the Imd pathway. dtdiffusible molecule known to
activate cGMP signalling via the cytosolic enzyme srestingly, DG1 has also been
demonstrated to be localised to the cytosol in the éyubmiplying that it may reside in
close proximity to the cGMP generated by activation of §@lacPherson et al. 2004b).
Indeed, dgl overexpression in tubules has previously been linked toséinsing of
cytosolic cGMP (MacPherson et al. 2004b). It can theeefie suggested that NO-
dependent regulation of the Imd pathway may be mediat&dzdy

Similarly, if the negative effect of cGMP on Imd patdywegulation is mediated by NO-
independent means, i.e. through activation of a receptowyge cyclase, it is likely that
the cGMP generated would mediate its effects through teffamolecules in close
proximity to the plasma membrane such as DG2P1 or DG2P2rtumddely to date, it is
not known whether DG2P1 or DG2P2 reside in close proxitotyny of the rGCs
known to be expressed in the tubule, as expression shaliesnot yet been carried out.
However, it can be implied that DG2-mediated regulabbnmmune response in the

tubule may occur via activation of an rGC.

Importantly, cGK regulation of immune response in thisutes has been shown here to
have a significant impact on whole fly survival in respon® infection. It is
demonstrated here for the first time that modulatibn@Ks in the tubule significantly
effects survival in response to septic infection vidtboli. Unfortunately, when the same
fly lines were infected with another Gram-negative bateraeruginosa despite the
fact that cGK modulation in the tubule exhibited a clagrdmall effect on survival, the
levels of survival observed were not significantly diéier. The reason for this is not
known, however previous studies have demonstratedPthatruginosas a very potent
pathogen, known to overconmosophila’simmune responses by suppressing induction
of AMP expression (Lau et al. 2003; Apidianakis et al. 20055 suggested therefore
that although cGK modulation of AMP expression in theuteds may have had some
stimulatory or inhibitory effects on immune response ediately upon infection,
resulting in the small differences in fly survival se¢hese effects may have been

132



superseded after infection by the pathogenic action obakeeria.Therefore, although
the effect of cGK modulation in the tubule is confidn® impact survival of flies in
response té.coli, it can only be implied from data that tubule cGKs rhaye a role to
play in the regulation of imnmune mechanisms in respém&eaeruginosalnterestingly,
in support of data from the previous chapter, it is demaestfzere that cGK modulation
in the fat body has no effect on survival in responsaedptic infection with Gram-
negative bacteria. Additionally, as expected, when ssgsg the effect of cGK
modulation in the tubule in response to infection witha@positive bacteria, no
significant survival phenotypes were observed in fliesatdd withB.subtilis These data
therefore confirm previous data, which has shown thatc®MP signalling pathway is
important in Imd pathway regulation, and not Toll pathwegulation.

Perhaps unsurprisingly, these studies have also demodsamatenportant role for the
tubule in response to natural infection. Previous studde® already reported the local
induction of AMPs in the epithelia following natural infeect with Gram-negative
bacteria (Ferrandon et al. 1998; Tzou et al. 2000; Onfafgvaill. 2001; Liehl et al.
2006). However, it is shown here for the first timegtthctivation of immune responses
in the tubule have a significant effect on the abilifythe fly to clear bacteria from the
gut following natural infection witle.coli. Importantly, data has indicated that as with
septic infection, this effect is regulated by the diffeia@ action of DG1 and DG2 on
diptericin expression in the tubule. Unfortunately, statal analysis has deemed the
effect of DG1 on diptericin expression following naturdection as not significant due
to the large variability of expression in the tubulesnéécted flies. The reason for this
effect is unknown, however it can be suggested thavahability of these results may
simply be due to some inconsistency in the feeding effllbs. Certainly, the same
degree of variability of diptericin expression is notrsgethe tubules of flies fed on the
sucrose-only solution. Furthermore, a clear effecDGfL modulation in the tubule is
observed in experiments assessing bacterial clearandbei gut, thus indicating a
significant role for DG1 in regulation of immune respena the tubule. Therefore,
although it is implied from the data obtained in this sttidy DG1-mediated stimulation
of diptericin expression in the tubules is importartofeing natural infection, further

confirmation of the significance of this effect is reqd.
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Overall, the data presented in this chapter not only denad@sa completely novel role
for DrosophilacGKs in the regulation of Imd pathway-associated imm@sponse in
the tubule, but they also highlight the fact that thaute appears to be a critical tissue in
the induction of immune mechanisms in response to bgiticsend natural infection
with Gram-negative bacteria. At this time, it is nobwm whether the tubule acts as a
completely independent immune tissue, or whether itaeacessignalling tissue in order to
alert other tissues, such as the fat body, to activauppress immune mechanisms.
Certainly, a role for NO has already been suggestetie@diating signalling between
tissues (Bassett et al. 2000; Foley and O’Farrell. 2003;rgie 2003). However, the
answer to this question is beyond the scope of this sthualyrerefore remains a subject

for future work.
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Chapter 5

Epistatic analysis of cGK-mediated Imd pathway

regulation



5.1 Summary

In the previous chapter, tlrosophilacGKs, DG1 and DG2, were demonstrated to play
a novel role in the regulation of Imd pathway-assediammune response within the
tubule of the adult fly. Given that kinases are knowmiediate their effects via direct
phosphorylation of target proteins, it is hypothesised Bl and DG2 may therefore
interact with components of the Imd pathway. Therefar¢his chapter, studies were
initiated in order to identify potential targets for DG dNG2 within the Imd pathway.
This was carried out using a transgenic approach, wherebiyndly were generated in
order to epistatically assess the effects of cGK moidulah the tubules of flies where
components of the Imd pathway were either mutated ereapressed. The tubules of
transgenic flies were then either assessed for changistericin expression by Q-PCR,
or were monitored directly using an immuno-cytochemigiC) approach. Data
obtained demonstrates that DG1 acts downstream of imthe immune pathway.
Furthermore, studies reveal that the dose-dependent modudditdiptericin expression
by cGMP demonstrated in chapter 3 (Figure 3.4) is a resutegilation of Relish
activation; whereby translocation of Relish into thecleus is enhanced in response to
low nanomolar concentrations of cGMP, and inhibitedesponse to higher micromolar
concentrations. Additionally, data further demonstrates these effects are mediated by
DG1 and DG2. Results show that when both Relish and &€& verexpressed in the
tubule, translocation of Relish into the nucleus isamclked. Conversely, overexpression
of Relish with either DG2P1 or DG2P2 in the tubule is destrated to inhibit

translocation.

5.2 Introduction

Drosophila cGKs have been implicated in a number of neuronal peesesuch as
foraging, learning and memory, and sensory responsivenessori@ et al. 1997;
Scheiner et al. 2004; Mery et al. 2007). Additionally, cGKsehbgen demonstrated to
play a stimulatory role in fluid secretion in the tulsuleHowever, despite the established
role of cGKs inDrosophila to date there are no identified phosphorylation targets
these kinases. Conversely, a number of substrates/eidebrate cGKs have been
identified, including Vasodilator-Stimulated Phosphoprot®ASP) (Butt et al. 1994),
the small GTPase RhoA (Gudi et al. 2002; Zhuang et al. 280d)the transcription
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factors TFII-I (Casteel et al. 2002) and cAMP responsmeht-binding (CREB) (Gudi et
al. 1996). Additionally, the NkB transcription factors p49/52, p50 and p65 have been
identified as phosphorylation targets for the verteb@®K, PKG, where studies have
demonstrated that the transcriptional activity of p49/52, p%D @65 is significantly
enhanced as a result of direct phosphorylation by PKG &Heé Weber 2003).
Interestingly, p50 and p65 are known to dimerize to formNtReB transcription factor
involved in the mammalian Tumour Necrosis Faato(TNFa) signalling pathway,
which is known to share several homologous components thé Drosophila Imd
pathway (reviewed in Li and Lin 2008). Consistent with bmel pathway, the TNé
pathway is known to trigger activation of KB through a number of signalling
molecules such as Receptor Interacting protein (RIPd-Homologue), FADD, TRAF6
(which acts as an E3 ligase through its RING domainghriike Drosophila dIAP2)
TAB2, TAK1, IKKa, IKKB (ird5 homologue) and NEMO (Kenny homologue).
Activation of NKB in this pathway results in the regulation of a numiiebiological
processes such as cell proliferation, differentiatapgptosis and immune responses. To
date, a number of studies have identified NO/cGMP/PK@asng an important role in
regulation of the TNé& pathway (Gertzberg et al. 2000; Kalra et al. 2000; Aizawal. et
2003). For example, studies have demonstrated that NQoagi®voke TNE/NF«B
activation through a cGMP/PKG-dependent pathway in baammalian heart tissues
and T-lymphocytes (Kalra et al. 2000; He and Weber. 2003).vetsely, cGMP has
been shown to significantly inhibit TNFNFkB activation in vascular smooth muscle
cells (VSMCs) via both sGC and rGC (Aizawa et al. 200®8)nisicantly, in addition to
the NB substrates for PKG, p50 and p65, it has also been derumasthat PKG is
able to activate the TNF pathway via direct phosphorylation okB, the NKB
inhibitory protein (Kalra et al. 2000).

Given the established role of cGMP/PKG in the regoilatif the TN pathway, and the
identification that this regulation occurs via direct gploorylation of two TNE pathway
components by PKG, perhag3rosophila cGKs play a similar role in the direct
regulation of thdmd pathway. Indeed, it can be suggested from the resukmed in
mammalian studies that a putative target for DG1 an@G2 may be the Né&B
transcription factor Relish, which consists not only anf N-terminal Rel-homology
domain (RHD) but also a C-terminakB inhibitory domain (Dushay et al. 1996).



However, due to the opposing effects of DG1 and DG2 onplatkdway regulation, it is
likely that these cognate kinases mediate their affeiet the phosphorylation of distinct
substrates. Therefore, studies were initiated in ordéetermine the potential target(s) of
DG1 and DG2 in the Imd pathway. This was carried out usitrgresgenic approach,
where the effects of cGK-mediated modulation of thel Ipathway were assessed

epistatically.

5.3 Generation of transgenic lines for epistatic analysis

In order to carry out epistatic analysis of cGK-regalaof the Imd pathway within the
tubule, several fly lines were generated which expressuthde principal cell-specific
driver, c42, in a transgenic Imd pathway background (Figure 6riginal imd!, UAS-
imd andKey' (Kenny)transgenic fly strains, kind gift of Professor S Kurataiversity of
Tohoku, Japan; original UA&Ilish transgenic fly strain, kind gift of Professor D
Hultmark, University of Umea, Sweden). This was achievedguihe crossing scheme
shown in Figure 5.1, whereby balanced Imd pathway transgegaios were crossed to a
balanced c42 transgenic line. The resultant progeny were délected to contain one
copy of the Imd pathway transgene, over tffecBromosomeurly (CyO) balancer, and
one copy of c42, over either tiseubble(SH or tubby (Th) 3 chromosome balancers.
Selected flies were then crossed to homozygous UAS-c&tsdenic flies as appropriate
and progeny selected to contain one copy of each transgel@wing selection, the
tubules of transgenic flies were then either assesgechinges in diptericin expression
by Q-PCR, or were monitored directly using an ICC approach.

Unfortunately, due to time limitations, and low yieldpsbgeny of the correct genotype
from some of the crosses, data was not obtained from crosses vingolthe
wO:en-bw(Key)/CyO,c42/TM2Tbandw;UAS-imd/CyGc42/TM3Shransgenic fly lines.

Therefore, the results shown here represent prelisnteta from epistatic analysis.
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Figure 5.1 — Crossing scheme depicting generation of tragenic c42 driver flies in an Imd pathway
mutant background. Balanced Imd pathway transgenic flies were crossedtdaamced c42 driver line. In
order to maintain a balanced parental stock, for eads @mgeny were selected to contain one copy of
each transgene over an appropriate balancer garlg [CyO)on the 2 chromosome anstubble (Sbpr
tubby (Tb)on the & chromosome]. Parental Imd-transgene/c42 flies were thessent to homozygous
UAS-cGK flies as appropriate and tubules of the progerth®fdesired phenotype assessed for diptericin
expression by Q-PCR or monitored directly by immunodytoaistry (ICC).

5.4 Peptidoglycan (PGN) activation of the Imd pathway in the
Drosophila Malpighian tubule

Traditionally, in experiments requiring activation oéthmd pathway, crude preparations
of lipopolysaccharide (LPS), a major component of tlweio membrane of Gram-
negative bacteria, were used as an immune stimwantever in recent years, a number
of studies have been published regarding the efficienty8ffor activating an immune
response irDrosophilatissues (Leulier et al. 2003; Werner et al. 2003; Kaneko. et al
2004). In these studies, it has been demonstrated tlsatsL& very weak activator of the
Imd pathway and that DAP-type PGN(-), derived from Gragatige bacteria, is a
significantly stronger activator of the Imd pathway.



Therefore, for a number of the epistatic experimeatsied out in this chapter, PGN(-)
(derived fromE.coli strain 0.111:B4 - Invivogen) was used as an Imd pathway smtiva
The use of PGN(-) as an immune stimulant inBiesophila Malpighian tubule has not
been published previously. Therefore, the effect of PIBNG activation of AMP

expression in the tubules was first of all validatesgi€dregon R wild-type flies. In this
experiment, tubules were excised and incubated in stecimeider’'s medium for 3 h
both in the absence (as a control) or presencepg/gl PGN(-). Diptericin expression
was then quantified by Q-PCR. As Figure 5.2 shows, dipter@ipression is

significantly increased in PGN(-)-stimulated tubulegjstitonfirming the potency of

PGN(-) as an Imd pathway activator in the tubule.

- o

Fold Change
l'i.'l

Control +5ugim PGN(-)

Figure 5.2 — PGN(-) stimulation of diptericin expressio in the Drosophila Malpighian tubule.
Expression of diptericin was assessed by Q-PCR in the dxtigeiles of Oregon R flies following
stimulation with 5 pg/ml PGN(-). Resulting data weremalised against expression of the standiqu49,
and expressed as a fold change of control expression whet®l =1 (N = 3, SEM). Data significant
from control are indicated by *** (P = <0.0001) (as analysg®tudents-test)

5.5 DG1 modulation of the Imd pathway in the tubule occurs
downstream of Imd

As shown in the previous chapter, DG1 has been demonstmtadt as a positive
regulator of Imd pathway activation. Therefore, for ggtis analysis of DG1-mediated

regulation of Imd pathway, initial experiments wereriear out to assess the effect of
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overexpression of DG1 in the tubules of flies defickntmd. For this experiment, DG1
expression was targeted to the principal cells of thelésbby crossing homozygous
UAS-dg1 transgenic flies to the/”;pr(imd')/CyO,c42/TM3Sb imdieficient tubule driver
line. Progeny were then selected to contain one copgdi transgene. As with previous
experiments, tubules were then excised from 7-day oldt atles of both the
imd"/CyO,c42/Sb parental lines (as a control) and timed/+;c42/JAS-dgl progeny.
Excised tubules were then incubated for 3 h in sterifen&der’'s medium alone (control)
or sterile Schneider’'s medium containing 100 uM cGMP. katig incubation, RNA
was extracted from each sample and diptericin expresgiantified by Q-PCR (Figure
5.3).

o
1000+
= EE Control
"'; +100uM cGMP
S 100-
B
P
S 10-
=]
L
1 . T ; T
imd (CyQcddish imd J+;c42 UASdg
Source of Vanation [ Of | Sum-ofzquares | hdean square F P walue
nteraction 1 7447 7447 TA55 [ D.0225
Stimulation 1 7621 7621 8142 [ 00214
Genotype 1 472100 472100 f04.4 | <0000
Rezidual i iG] 936 1

Figure 5.3 - Targeted overexpression of DG1 to the pringal cells of the tubule inimd-deficient flies.
Expression of diptericin was assessed by Q-PCR in excisatksubfimd-deficient adult flies following
targeted overexpression of DG1 in tubule principal cellagughe GAL4/UAS binary system. Resulting
data were normalised against expression of the stangd@j and expressed as a Log 10 of fold change of
parental control expression where control =1 (N £5EM). Significance of data was determined by Two-
way ANOVA andpost hocanalysis was carried out using Bonferroni tests, aliyesignificant data are
indicated by * (P<0.05) or ns (not significant) where appaber Analysis by two-way ANOVA reveals a
significant interaction between genotype and stimulbe effect of stimulus and genotype alone are also
considered significant (See table). Additionalppst hocanalysis shows a significant difference in
diptericin expression in the tubules iofd'/+;c42/UAS-dg1 flies compared tomd/CyO;c42/sbparental
flies in both controls and in cGMP-stimulated tubules. tremhore, it can be seen that there is no
significant effect on diptericin levels in the tubulek parental flies in response to cGMP, whereas
diptericin expression is significantly increased in respaiscGMP in the tubules dfd/+;c42/UAS-
dglflies.
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It can be seen from the results in Figure 5.3 that, duthé presence of thiend'-
transgene, diptericin expression is extremely low intthriles of thémd'/CyO,c42/Sb
parental controls. However, whelyl expression is targeted to the tubule in imel-
deficient flies, expression of diptericin is drastigalicreased (approximately 350-fold)
compared to parental controls. Furthermore, when tubfudes imd'/+;c42UAS-dg1
flies are stimulated with exogenous cGMP, diptericin eggpion levels are further
increased, confirming that the data observed are a dsadtivation of DG1 by cGMP.
These findings are in support of data shown in chapter gur@i4.1), where it is
demonstrated that overexpressiordgl in the tubule not only results in an up-regulation
of diptericin expression in the tubule, but that thfeat is enhanced in response to 100
UM cGMP. Interestingly, when the tubules mhd/CyQ,c42/Sb parental flies are
incubated with cGMP, there is an increase in dipteesipression, though this effect is
not deemed significant (as determined by Bonferroni post}teBrevious data has
demonstrated an inhibitory effect of 100 uM cGMP on AMP eggion in the tubule in
both wild-type and parental flies (Figures 3.3, 4.1 — 4.5)wéi@r, it is probable that
initial expression levels of diptericin are so lowtlre imd* mutant fliesthat incubation
with cGMP would have no significant effect on expressidlternatively, it could be
suggested that the inhibitory effect on AMP expressiomadly seen in response to high
concentrations of cGMP is mediated upstream of Imd.eSihese inhibitory effects are
mediated via DG2, it can therefore be implied from gasental data that DG2-mediated
regulation of the Imd pathway may occur upstream of Imawver, further
investigation is required in order to confirm this hypothesis.

Overall, it can be seen from results that overexgweasof DG1 in the tubule is sufficient
to significantly rescue activation of diptericin exmmies in the tubules amd-deficient
flies. These data therefore confirm that DG1-mediatgllation of the Imd pathway

occurs downstream of Imd.
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5.6 cGMP pathway regulation of the Imd pathway is a result of

modulation of Relish activation

5.6.1 Introduction

As mentioned previously, stimulation of the Imd pathwayDrosophila ultimately
results in the activation of the NB transcription factor, Relish. Relish is a 110 kDa
protein, homologous to mammalian p105, comprising an N-terniRelhomology
domain (RHD) and a C-terminatB-like inhibitory domain (Dushay et al. 1996). Studies
have shown that upon activation full-length Relishapidly cleaved by the caspase-8
homologue DREDD to form two stable fragments; REL-6&itaming the RHD, which
translocates into the nucleus immediately upon clegvaigd REL-49, which contains the
IxB inhibitory domain and is retained in the cytoplasnoy8h et al. 2000; Stoven et al.
2003). Given that previous studies have identified mammalidfxBN as a
phosphorylation target for PKG (He and Weber 2003), andirthat epistatic analysis
has confirmed a role for DG1 downstream of Imd, studiese initiated in order to
investigate Relish as a potential target for the actiamGdfiP/cGKs.

In recent years, a number of studies have used eithereficent reporters or ICC
methods to visualise translocation of REL-68 into theleauscin bothDrosophila cell
lines andex vivoin the fly (Stoven et al. 2000; Stoven et al. 2003; Bettericet al. 2004;
Foley and O'Farrell 2004). The ability to visualise Re#ishvation in a cellular context
has provided a valuable tool for defining upstream regulatortheflmd pathway.
Therefore for this study, activation of Relish wasoflescently monitored in the tubules
in order to assess the effects of cGMP/cGK-mediatgdlation of the Imd pathway. In
this approachw”;UAS-relish/CyQc42/Sbflies (described in Section 5.3) were either
monitored directly for Relish activation in responsestinulation with either cGMP or
PGN(-), or were crossed to homozygous UAS-cGK transgéegand the activation of
Relish assessed in the resultant progeny. To do thigubdes of each transgenic line
were excised and the localisation of Relish in eaclofsietbules was then determined by
ICC. It should be noted that the original UASish transgenic fly line used to generate
the w®;UAS-relish/CyQc42/Sbparental flies has been described previously and can be
characterised by its expression of a Relish fusion pratemprising the full-length
Relish protein downstream of a N-terminal hexahistiding. t@herefore, in these

14¢



experiments Relish activation was fluorescently detkasing an anti-tetra-HIS primary
antibody (QIAGEN) followed by a FITC-labelled secondaayntibody (Jackson).
Additionally, tubules were stained with 4, 6-diamidiaghenylindole (DAPI), a
fluorescent dye known to bind double-stranded DNA, thus allpwisualisation of cell
nuclei. Samples were then viewed using the Zeiss 510 Mataaal system.

5.6.2 Nuclear translocation of Relish in the tubule is madated by cGMP in

response to immune challenge

Prior to carrying out experiments to determine theceffé cGK modulation on Relish
activation, initial studies were carried out in ordeassess the effect of stimulation with
cGMP and/or PGN(-) on Relish activation in the tubules the w;UAS-
relish/CyQc42/TM3Shparental flies. To do this, tubules were excised and ateabfor

3 h in either sterile Schneider's medium (as a contaol sterile Schneider’'s medium
containing either 100 uM cGMP and/or 5 pg/ml PGN(-). LeeéRelish activation were
then detected by ICC as described above. It should bd tiwe ICC experiments were
also carried out on the tubuleswd?;UAS-relish, TM3Sb/TM6eparental flies to act as a
negative control for antibody staining.

As Figure 5.4A shows, in the absence of stimuli Reltalisation in the tubule is
mainly basolateral (yellow arrows). Interestinglpwl! levels of Relish can also be
detected in the nucleus (white arrows), despite the ebssan immune stimulant. This
is in agreement with previous studies however, whereast leen demonstrated that
Relish is constitutively active at a basal level (®8toet al. 2000; Bettencourt et al. 2004).
Conversely, it can be seen that when an immune resperstimulated in the tubules via
incubation with PGN(-), complete translocation ofli§te into the nucleus is observed
(Figure 5.4B). This data therefore further confirms theatf¥eness of PGN(-) as an Imd
pathway-activator in the tubule. When tubules are udtited with 100 pM cGMP, a
concentration shown previously to inhibit diptericin eegsion in the tubules, it can be
seen that localisation of Relish remains predominddabplateral (Figure 5.4C). As with
controls, only minimal levels of nuclear Relish can detected in cGMP-stimulated
tubules, though it appears that levels of nuclear lo¢mlisaf Relish are lower in cGMP-
stimulated tubules compared to control tubules. Inteigdgt it can be seen from Figure
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Figure 5.4 — Nuclear translocation of Relish in the tubles. Relish localisation was monitored in the
tubules of c42/UASelish(6xHis) flies using ICC. [A] In the absence of stimuli Belis mainly localised

to the basolateral membrane with basal levels oflikation to the nucleus, indicating a basal level of
relish activation. [B] When an immune response is atg in the tubule using PGN(-), there is complete
translocation of Relish to the nucleus, with no bascéd localisation. [C] Relish localisation in respens
100 pM cGMP. As with controls, Relish is mainly localigedthe basolateral membrane, with minimal
localisation to the nucleus [D] Immune activationhdRGN(-) in the presence of 100 uM cGMP results in
the inhibition of nuclear translocation. [E] UASlish parental control. Left hand panel — FITC (Green);
right hand panel — FITC and DAPI (Red) merged (stainmghie nuclei may appear red/yellow or
yellow/green depending on levels of Relish translocatMh)ite arrows — nuclear staining, yellow arrows
— basolateral staining

5.4D that incubation of the tubules with both 5 ugR@GIN(-) and 100 uM cGMP results
in mainly basolateral localisation of Relish, with ymlightly higher levels of Relish
translocation into the nucleus than in control tubullespite the presence of an immune
stimulant. This data therefore confirms that the negagffect of 100 uM cGMP on
AMP expression shown in previous results is a resufegtilation of Relish activation,

and subsequent regulation of AMP transcription.
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5.6.3 Nuclear translocation of Relish is modulated by cGMP ia dose-dependent

manner.

In chapter 3, it was demonstrated that the effect of BGWM AMP expression in the
tubule is dependent on concentration; whereby low, nal@moncentrations of cGMP
were shown to enhance diptericin expression, and higittomolar concentrations were
shown to inhibit diptericin expression. Therefore, idesrto investigate this effect with
regards to Relish activation, studies were initiated usife W;UAS-
relish/CyQc42/TM3Sb transgenic flies described previously. In these experiments
tubules were excised and incubated for 3 h in stecl&der’'s medium in the presence
of varying concentrations of cGMP. Levels of Relishiation were then detected by
ICC as described above.

As Figure 5.5 shows, the dose-dependent effect of cGMRIigtericin expression
described previously is a result of cGMP-mediated moduladibriRelish activation
within the tubule. To explain further, it can be seem¥ control tubules (Figure 5.5A)
that, as before, Relish is localised mainly basoddiiewith only basal levels of nuclear
Relish observed. Conversely, it is demonstrated thahwiiaules are stimulated with 1
nM cGMP (Figure 5.5B, complete translocation of Relish to the nucleusus;cthus
indicating complete activation of the protein. Simyards Figures 5.5B and 5.5Hi
show, when tubules are stimulated with either 10 nML@® nM cGMP respectively,
almost complete nuclear translocation occurs, witly aminimal levels of inactivated

Relish observed basolaterally.

Equally, it can be seen from Figure 5.5C that incubatfaie tubules with micromolar
concentrations of cGMP appears to have an inhibitogcefin Relish activation. When
tubules are incubated with 1 uM cGMP (Figure %)5Relish localisation appears to be
very similar to that of control tubules, whereby Relgppears to be mainly basolateral
with only low levels of nuclear translocation. Simija when tubules are incubated with
either 10 pM or 100 pM cGMP (Figures 5ibGnd 5.5@i respectively), Relish
localisation is again mainly basolateral. Howevergaih be seen from the results that as
cGMP concentration is increased, levels of nuclearsRedre decreased. Indeed, it is
demonstrated in Figure 5.b8Cthat, as before, only minimal levels of nuclear Retan
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Figure 5.5 - Nuclear translocation of Relish is modulaté by cGMP in the tubules.Relish localisation

was monitored in the tubules of c42/UASish(6xHis) flies in response to various concentrations of
cGMP. [A] Control - In the absence of challenge Reissmainly localised to the basolateral membrane

with slight localisation to the nucleus, indicating aabdsvel of activation. [B] Relish localisation in
response to low nanomolar concentrations of cGMPauition with 1 nM cGMP [i] results in complete
translocation of Relish into the nucleus. Stimulatiéth 10 nM cGMP [ii] or 100 nM cGMP [iii] results in

almost complete nuclear translocation of Relish, heweseome basolateral staining is still observed. [C]
Relish localisation in response to high micromolar eotrations of cGMP. As with controls, stimulation
with either 1 uM cGMP [i] or 10 uM cGMP [ii] results ihigh levels of basolateral staining, with low
levels of localisation to the nucleus, however basal$ewf nuclear translocation in response to 10 uM

appears to be slightly decreased compared to contratsul&ton with 100 uM cGMP [iii] results in

almost completely basolateral staining, with minimal leaic localisation.
(Green); right hand panel — FITC and DAPI (Red) mergtar(ing in the nuclei may appear red/yellow or
yellow/green depending on levels of Relish translocatMh)ite arrows — nuclear staining, yellow arrows

— basolateral staining

Left hand panel — FITC



be observed in the tubules compared to controls in resptmsl00 puM cGMP,
suggesting an inhibitory effect of cGMP at this conceiatnat

Overall, these data show for the first time, thateddspendent regulation of the Imd
pathway by cGMP is a result of modulation of Relistivation.

5.6.4 DG1 modulation of the Imd pathway activates Relish translation in the
tubule

As demonstrated previously, stimulation of the Imd pathiwa cGMP is mediated by
DGL1. Therefore, given that the results shown in Figudd Slemonstrate that cGMP-
mediated stimulation of the Imd pathway occurs via mdauwlaof Relish activation, it is
probable that this effect occurs via activation of DGlidies were therefore initiated in
order to assess Relish activation in the tubules lieb fwherebydgl was either
overexpressed or knocked-down via RNAIi. To do this, homozyg@msgenic flies
containing either UASIgl or UAS-dgIRNAi transgenes were crossed wd;UAS-
relish/CyQc42/TM3Shflies and resultant progeny were selected to contancopy of
each transgene. Tubules were then excised and incubate® h in either sterile
Schneider’'s medium (as a control), or sterile Schnaideedium containing either 100
UM cGMP and/or 5 pg/ml PGN(-). Relish activation wasntimonitored in the tubules of
selected flies by ICC as described previously.

As Figure 5.6A shows, it can be seen that targeted esipresfdgl to the tubule
principle cells results in enhanced levels of Relidghvaton, even in the absence of an
immune stimulus. It is demonstrated that, in conttadti AS+elish/CyQc42/Sbparental
controls (Figure 5.3A), targeted overexpressiord@t to the tubules results in almost
total activation of Relish, with only minimal basolatlestaining detected (Figure 5.6A
Interestingly, it can be seen that enhanced Retsiliation also occurs in the tubules of
flies over-expressinglgl in response to 100 uM cGMP (Figure 5i6A These results
support previous data (Figure 4.1) which shows that diptericiression is increased in
the tubules in response to 100 uM cGMP wtghis overexpressed. As expected, when
the tubules are stimulated with exogenous PGN(-), camptanslocation of Relish is
observed (Figure 5.68. However, in contrast to results obtained fromtthmiles of the
UAS-relish/CyQc42/Shparental flies (Figure 5.3D), it can be seen that cot@ple
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[A] Control +PGN (-)

IB] Control +PGN (-)

Figure 5.6 - Nuclear translocation of Relish is stimated by DGL1 in the tubules.Relish localisation
was monitored in the tubules of flies wherealgd expression was modulated using the GAL4/UAS binary
system. Targeted overexpression or knock-dowdgdfwas achieved by crossing c42/UASish(6xHis)
flies to UAS<dgl or UAS-dgIRNAI flies respectively. [A] Relish localisation indhtubule wherdgl is
overexpressed [i] Control — Shows high levels of nuclearstocation of Relish with minimal basolateral
staining [ii] +5 pg/ml PGN(-) — results in complete nucleanslocation of Relish [iii] +100 pM cGMP —
shows almost complete translocation of Relish, wittova llevel of basolateral staining [iv] +100 pM
cGMP/5 pg/ml PGN(-) — results in complete nuclear traasime of Relish. [B] Relish localisation in the
tubule whendgl expression is knocked-down [i] Control — As with parentalticds (See Figure 5.4A),
shows mainly basolateral staining with low levels of eacllocalisation [ii] +5 pg/ml PGN(-) — results in
partial nuclear translocation of Relish with low leveldasolateral staining [iii] +100 uM cGMP - results
in complete basolateral localisation [iv] +100 uM cGBIRG/mI PGN(-) — results in low levels of nuclear
translocation of Relish with high levels of basolatdéoahlisation. Left hand panel — FITC (Green); right
hand panel — FITC and DAPI (Red) merged (staining in thienonay appear red/yellow or yellow/green
depending on levels of Relish translocation). Whitevasr— nuclear staining, yellow arrows — basolateral
staining
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translocation of Relish is also observed in respem$eGN(-) in the presence of 100 uM
cGMP (Figure 5.6/).

In support of this data, it is demonstrated that wihghexpression is knocked-down in
the tubule principal cells, Relish activation is intebit As Figure 5.6B shows, it can be
seen that the tubules dfl-deficient flies are unable to induce Relish activationhi t
same degree as the tubules of UwkEsh+;c42/Sbparental flies (Figure 5.3B) in
response to stimulation with PGN(-) (Figure S5i§BResults show that, unlike in parental
tubules where Relish is localised completely in thdauscafter PGN(-) stimulation, only
partial nuclear translocation of Relish can be olexkrin the tubules oflgl-deficient
flies, with low levels of basolateral staining alsaedted. These results therefore indicate
an inhibitory effect on the Imd pathway in the tubuldseemwdgl expression is depleted.
Indeed, this effect is further enhanced when tubulesteanelated with 100 uM cGMP.

It can be seen from Figure 5.@Bhat in the presence of cGMP alone, Relish locddisa

is completely basolateral, with no nuclear staining detk This suggests that the
negative effect on Relish activation normally seertha tubules of parental flies in
response to 100 uM cGMP is enhanced in the absence of B&dting in significant
inhibition of basal levels of Relish activation. dnpport of this, it can be seen that when
the tubules ofigl-deficient flies are stimulated by PGN(-) in the preseof 100 uM
cGMP, Relish localisation remains mainly basolaterith only a low level of nuclear
translocation detected.

Overall, the data shown in Figure 5.6 demonstrates aletehpnovel role for DG1 in

the tubule as a positive regulator of Relish activatio

5.6.5 DG2 modulation of the Imd pathway inhibits Relish tran®cation in the
tubule

As shown in the previous chapter, the two main isofan®G2, DG2P1 and DG2P2,

have been demonstrated to act as negative regulatdistericin expression. Therefore,

given that the results shown in Figure 5.4C indicat¢ ¢&MP-mediated inhibition of the

Imd pathway is a result of modulation of Relish adtoua, it is probable that this effect

occurs via activation of DG2P1 and DG2P2. Therefore, stwdies initiated to assess
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Relish activation in the tubules of flies where expi@s of eitherdg2Plor dg2P2was
modulated. To do this, homozygous transgenic flies contirither UASdg2P1 or
UAS-dg2P2 transgenes were crossed wd;UAS-relish/CyQc42/TM3Sbflies and, as
with previous experiments, resultant progeny were ssdettt contain one copy of each
transgene. Tubules were then excised and incubated Whén BIGN(-) and/or cGMP and
Relish activation monitored by ICC.

It can be seen from Figure 5.7 that targeted expressieither dg2P1or dg2P2to the
tubule results in inhibition of Relish activation. AstiwUAS-relisiV+;c42/Sb parental
controls, it can be seen that in the control tubofefies overexpressing eithelg2P1or
dg2P2(Figures 5.7Aand 5.7B respectively), localisation of Relish is mainly bseral
with only minimal levels of nuclear localisation degegt It cannot be concluded from
these figures, however, whether or not overexpressfodg2P1 or dg2P2 alone is
enough to inhibit Relish activation in the tubule. Conelytsa clear inhibition of Relish
activation can be seen in the tubules of bdgRP1and dg2P2 overexpressing flies in
response to PGN(-) (Figures 5ivAand 5.7H respectively). Unlike the tubules of
parental flies, whereby complete translocation ofidReto the nucleus is observed in
response to stimulation with PGN(-) (Figure 5.3B), it banseen that in the tubules of
the dg2P1 and dg2P2 overexpressing flies, a great deal of Relish is retainetheé
cytoplasm, with only partial translocation of Relistoi the nucleus observed. Similarly,
it is shown that this inhibitory effect is enhancedthe presence of cGMP. As Figure
5.7Aiii shows, when the tubules d§2PXoverexpressing flieare stimulated with 100
KM cGMP, localisation of Relish is almost complgtbhsolateral, with only minimal
levels of nuclear Relish observed. This effect is furdmhanced in the tubules @g2P2
overexpressing flies, where it can be seen that saiounl with 100 uM cGMP results in
completely basolateral localisation of Relish (Fig&&Bii). Importantly, when the
tubules of eithedg2P1or dg2P2overexpressing flies are stimulated with PGN(-) in the
presence of 100 uM cGMP (Figures 5ivAnd 5.7Bv respectively), Relish activation
does not appear to be enhanced above a basal level, dR&ESpi{e stimulation.

Unfortunately, experiments assessing the impact of knockrduivelg2 expression on

Relish activation in the tubule could not be carried &g mentioned in the previous
chapter, when UASIgZRNA. flies are crossed to c42, only minimal survival of the
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[A] Control +PGN (-)

IB] Control +PGN (-)

+100uM cGMP

Figure 5.7 - Nuclear translocation of Relish is inhibitd by DG2 in the tubules.Relish localisation was
monitored in the tubules of flies in which DG2 expressi@s modulated using the GAL4/UAS binary
system. Targeted overexpressiondgPP1and dg2P2was achieved by crossing c42/UASish(6xHis)
flies to UASdg2Plor UAS-dg2P2flies respectively. [A] Relish localisation in the tubwhendg2Plis
overexpressed [i] Control — shows minimal levels of nuctemmslocation of Relish with high levels of
basolateral localisation [ii] +5 pg/ml PGN(-) — resutispartial nuclear translocation of Relish with low
levels of basolateral localisation [iii] +100 uM cGMPshows minimal levels of nuclear translocation of
Relish with high levels of basolateral localisation [iv{100 uM cGMP/5 pg/ml PGN(-) — results in
minimal nuclear translocation of Relish with high levef basolateral localisation. [B] Relish localisati

in the tubule whemlg2P2is over-expressed [i] Control — shows mainly basdtstaining with minimal
levels of nuclear localisation [ii] +5 pg/ml PGN(-) esults in partial nuclear translocation of Relish with
low levels of basolateral localisation [iii] +100 pPMGKBIP - results in almost complete basolateral
localisation with minimal nuclear localisation [iv] +1Q0 cGMP/5 pg/ml PGN(-) — results in very low
levels of nuclear translocation of Relish with higlidls of basolateral localisation. Left hand panel — FITC
(Green); right hand panel — FITC and DAPI (Red) mergtar(ing in the nuclei may appear red/yellow or
yellow/green depending on levels of Relish translocatMh)ite arrows — nuclear staining, yellow arrows
— basolateral staining
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progeny is observed beyond pupal stage. Therefore it wassibje to investigate the
effect of dg2 knock-down using thew);UAS-relisWCyO,c42Sb transgenic line
generated for this study. Unfortunately, the use of the ibBu6GAL80;c42 transgenic
line generated to facilitate UAGgZRNAI expression in the previous chapter was also not
possible, as the generation of a transgenic line that ssqueboth UASIgZRNAI and
UAS-relish alongside both GAL80 and c42 could not be achieved due to the
chromosomal location of each of the transgenes. Henydvis hypothesised that had it
been possible to investigate the effectdg® knock-down on Relish activation in the
tubule, results would show stimulation of Relish ia #ibsence of DG2.

Overall, a clear inhibition on Relish activation can $en in the tubule of flies
overexpressing eithelg2P1 or dg2P2 in the tubule (Figure 5.7). Therefore the data
shown here demonstrates a novel role for both DG2P1D&m2P2 in the tubule as

negative regulators of Relish activation.

5.7 Discussion

In the previous chapter, tligrosophilacGKs, DG1 and DG2, were demonstrated for the
first time to play an important role in regulationimimune response in the tubules of the
adult fly. In chapter 4, it was reported that these cteghanases mediate differential
effects on the production of the anti-microbial peptiggetticin, and that these effects
are sufficient to impact on whole fly survival in responeebacterial challenge. As
mentioned previously, induction of diptericin production i®\Wn to occur as a direct
result of activation of the Imd pathway. Therefotecan be hypothesised that cGK
modulation of diptericin expression occurs either throunteraction with one or more
components of the Imd pathway, or by transcriptional leggun of diptericin expression
itself. In this chapter, it is demonstrated for thetfiisie that activation of the NdB
transcription factor, Relish, is dose-dependently modulaedcGMP and that these
effects are mediated differentially by DG1 and DG2.

Initial epistatic analysis has shown that overexpoessof DG1 is sufficient to
significantly rescue activation of diptericin expressio the tubules ofnd-deficient flies.
This data has therefore confirmed the regulatory roleDGfL downstream of Imd.

Interestingly, analysis of diptericin expression i ttubules of parentaimd-deficient
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flies has shown that, unlike in wild type tubules, wheaibation with 100 uM cGMP
has an inhibitory effect on diptericin expression, tabudtomimd-deficient flies show no
significant change in diptericin expression in respans&00 uM cGMP. This effect is
most likely explained by the fact that initial expressievels of diptericin are already
extremely low in the tubules of thend" mutant flies, and therefore incubation with
cGMP would have no significant effect on expressiotematively, this data may have
revealed a potential serendipitous upstream role for DG2nd pathway modulation.
The typicalinhibitory effect of 100uM cGMP on diptericin expressionttie tubules is
known to be mediated by DG2. As this effect is not obskimethe tubules ofmd-
deficient flies, it can therefore be suggested that D@R &t upstream of Imd. However,
this can only be implied from the data obtained. Furémastatic analysis is required in

order to conclusively determine a potential target for DGRiwthe Imd pathway.

Importantly, it is demonstrated here that dose-dependedulation of AMP expression
by cGMP/cGKs is a result of activation/inhibition Belish. Unfortunately, extensive
epistatic analysis could not be carried out, thus fois known whether the effects of
these kinases are a consequence of upstream regulétitve dmd pathway, or are
occurring through direct interaction with Relish itselherefore, further analysis is
required in order to determine the exact target of aatibreach of these kinases.
Furthermore, it cannot be concluded from this data vendiltG1 or DG2 are mediating
their effects on the Imd pathway directly or inditgcte. — whether the action of these
kinases is a result of direct phosphorylation of coreps of the Imd pathway, or via
phosphorylation of an as of yet unidentified substratewéver, given that previous
studies have identified NdB as a phosphorylation target for mammalian PKG, rit loa
hypothesised that one, or both, of these kinases masctieg to modulate Relish
activation through direct phosphorylation of Relishlitse

Overall, this study has identified that the novel, edéghtial regulatory roles of DG1 and
DG2 on AMP expression are a result of either stinmtator inhibition of Relish
activation respectively, however further investigatisnrequired in order to identify
definitive candidates as substrate(s) for either DA2@2 in this regulation.
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Chapter 6

The role of other cGMP pathway components in Imd

pathway regulation



6.1 Summary

As mentioned previously, cGMP is known to exist in leszdi pools, generated in close
proximity to particular upstream activators, i.e. solubtereceptor guanylate cyclases
(Davies and Day 2006). As such, the effect of each dist@&BMP signal within the cell is
then determined by its proximity and affinity to particudlmwnstream effectors such as
cGKs, PDEs and CNG channels (Beavo and Brunton 2002; Piggatt 2006). This
study has demonstrated that, in the tubule, cGMP nesddifferential regulation of the
Imd pathway, via the activation of the cGKs, DG1 and DOB@e to their differing
localisation within the tubule, it has been hypothestbatl DG1 and DG2 are activated
via different ‘sources’ of cGMP within the cell, thuacilitating the distinct action of
these otherwise cognate kinases. Similarly, the dmivaf the kinases themselves is
known to be finely regulated via the hydrolysis of cGMPStGMP by specific PDEs.
Therefore, using a combination of transgenic, pharmacabgiod Q-PCR approaches,
preliminary studies were carried out in order to investigidie role of other cGMP
pathway components in Imd pathway regulation in the ®@b@lata obtained has
demonstrated that the differential effects of cGMP gutedicin expression are mediated
by activation of distinct guanylate cyclases, wherebyediph expression is stimulated
by sGC and inhibited by rGC. Similarly, a role for the es@cificity phosphodiesterase,
DmPDEL1, is described here, where it is demonstrated thak#oan of this enzyme in
the tubule principal cells by RNAI results in inhibitiaxf diptericin expression and

reduced survival in response to septic infection Eittoli.

6.2 The differential effects of cGMP signalling on Imd pthway

regulation are mediated via distinct guanylate cyclases

6.2.1 Introduction

To date, as with studies investigating cGK-related effectSrosophilg investigation
into the functional effects dbrosophila guanylate cyclases have mainly focussed on
neuronal function. For example, isoforms of both s€&@ rGC have been mapped to the
head and nervous system (Yoshikawa et al. 1993; Liu et al. 1998¢eiMet al. 1995;
Shah and Hyde 1995; Langlais et al. 2004; Morton et al. 20@6)laBy, a number of
studies have identified GCs to play a role in such process&gaging, axonal guidance,

synaptic transmission and neuromuscular junction vesagase (Wildemann and Bicker
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1999; Ayoob et al. 2004; Riedl et al. 2005; Morton et al. 20@8paddition, a role for
sGC has been described with regards to visual system develppmnere studies have
shown that sGC is highly expressed in the retina ana dgites and acts to regulate
growth cone behaviour (Yoshikawa et al. 1993; Shah and Hyde G3915s et al. 2001).

Rather unsurprisingly, given the important role of cGMghailling in tubule function,
studies have also demonstrated that sGC and a numb&Cofispforms, particularly
Gyc76C, are enriched in the Malpighian tubule (Wang let2@04; Davies 2006;
www.flyatlas.org. In addition, an important role for both sGC and ri@®he regulation
of epithelial fluid secretion in the tubule has alserbdemonstrated (Davies et al. 1997;
Kerr et al. 2004). However to date, aside from a rolelumd fsecretion, the specific
function of each of these GCs with regards to the don@am physiological effects of
cGMP signalling in the tubule has not yet been definedersihat a number of GCs are
expressed in the tubule, it can be suggested that the owsnphysiological effects
regulated by cGMP signalling in this tissue may be mediatethe activation of specific
guanylate cyclases, which act to generate distinct lecai&MP signals within each cell.
Indeed in this study, it has been hypothesised that thgasting effects of cGMP
signalling on Imd pathway regulation in the tubule areesult of the differential
activation of cGKs by different ‘sources’ of cGMP. éFhfore, in order to determine
whether the contrasting roles of cGKs with regardsnimune function are mediated by
differential activation of GCs, preliminary studiesrevearried out, using a combination
of transgenic, pharmacological and Q-PCR approaches, testigate the role of

guanylate cyclases in Imd pathway regulation.

6.2.2 Activation of soluble guanylate cyclase by NO mediates pogéiregulation of
diptericin expression in the tubule

As described previously, soluble guanylate cyclases areatadithrough interaction
with NO, a diffusible molecule that is produced by aifgrof enzymes known as nitric
oxide synthases (NOS) (Stuehr 1999; Marletta and Spiering 2R88¢ntly, a number of
studies have identified tHerosophilaNOS, DNOS, as an important positive regulator of
immune function (Foley and O’Farrell. 2003; McGettiganakt2005). In the first of
these studies, it was shown that DNOS inhibition resaltecreased survival of larvae
in response t&.caratovora.Similarly, larvae that had been fed the NO donor $eiNd-



N-acetylpenicillamine (SNAP) were shown to exhibit eledalevels of diptericin
expression (Foley and O’Farrell 2003). Interestingly,h@ second of these studies, an
important role for DNOS in tubule immune function lhaen described. In this study, the
tubules were identified to exhibit increased NOS activity @sponse to immune
challenge. Additionally, overexpression dNOS in the tubule was demonstrated to
increase tubule diptericin expression, which was sefiicio confer increased survival of

the whole organism in response to septic infection witloli (McGettigan et al. 2005).

Considering that the main intracellular receptor for SG&GC, it is probable that the
effects of ANOS on immune regulation in the tubuleliakeed, via activation of sGC, to
cGMP/cGK-mediated regulation of the Imd pathway, demorestragrlier in this study.
Furthermore, given that the role of dNOS has been dderated as stimulatory, it can be
suggested that it may be mediating its effects, via $l86Gugh downstream activation of
DGL1. Indeed, if the differential effects of DG1 and DG2Imd pathway regulation in
the tubule are mediated via the generation of dispoots of cGMP within the cell, then
the mainly cytosolic localisation of DG1 would suggest #etivation of this kinase is
mediated via a cytosolic source of cGMP, i.e. cGMR tfes been generated via the
activation of sGC by NO. Therefore in this study, prelemy experiments were initiated
in order to determine whether NO-mediated immune regulati the tubule is facilitated
by activation of sGC and therefore subsequent activatibrdownstream cGMP

signalling.

Prior to investigating the role of sGC in immune &atiivn in the tubule, studies were
first of all initiated in order to investigate the rhaaism by which NO is mediating its
effects on immune response. Previously in this studygstbeen demonstrated that cGK-
mediated regulation of diptericin expression is a resuthodulation of Relish activation,
whereby DG1 has been shown to enhance Relish activatidi G2 has been shown to
inhibit it. Recent studies have demonstrated that,la&inio DG1, NO acts to increase
diptericin expression in the tubule (McGettigan et al. 20BBWwever, the mechanism by
which NO achieves its effects has not yet been denaiedtr It can be suggested
however, that if NO-mediated stimulation of diptemidn the tubule is a result of
modulation of Relish activation, then perhaps NO maymediating its effects via the
cGMP signalling pathway. Therefore, in order to investighie hypothesis, Relish
activation was monitored in the tubules in responsd&eonttric oxide donor SNAP. To
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do this, an ICC approach was used. Briefly, the tubules wt;UAS-

relish/CyQc42/TM3sb transgenic flies, described in chapter \were excised and
incubated for 3 hr in either sterile Schneider's mediias & control), or sterile
Schneider’s medium containing 1 mM of SNAP. Levels ofifRe&ctivation were then

detected by ICC as described previously.

[A]

[B]

Figure 6.1 — Nuclear translocation of Relish in the tubles is stimulated by NORelish localisation was
monitored in the tubules of c42/UA8lish(6xHis) flies in response to the NO donor SNAP. [A] Coht

In the absence of challenge Relish is mainly localisetid@diasolateral membrane with slight localisation
to the nucleus, indicating a basal level of activati8j.Ificubation of the tubules with 1 mM SNAP results
in almost complete nuclear translocation of Relishthvanly minimal levels of basolateral staining
observed. Left hand panel — FITC (Green); right hand panBlG &d DAPI (Red) merged (staining in
the nuclei may appear red/yellow or yellow/green dependinggewels of Relish translocation). White
arrows — nuclear staining, yellow arrows — basolatesatiag
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Figure 6.1 shows that, as with previous results, in theerace of stimuli Relish
localisation is mainly basolateral, with only bakalels of activated Relish localised to
the nucleus (Figure 6.1A). However, when the tubulessaneulated with SNAP, thus
increasing intracellular NO concentration, almost plete translocation of Relish into
the nucleus is observed (Figure 6.1B). These results ther@émonstrate that, similar to
modulation of AMP production by cGMP signalling, NO-medatstimulation of
diptericin expression in the tubule is a result of@éased Relish activation. It is therefore
indicated by this data that NO is likely to mediateeitects on Imd pathway regulation
through the cGMP signalling pathway, via activation of sGC

In order to extend these studies, diptericin expressionmaastored in the tubules of
flies overexpressingINOSin the presence of the sGC inhibitor 1H-(1,2,4) oxad@zo
(4,3-a) quinaxalin-1-one (ODQJdata generated by Dr Susan Wan, University of
Glasgow). To do this, expressiondflOSwas targeted to the tubules by crossing UAS-
dN1-8 (McGettigan et al. 2005), a transgenic line containingdii®Sgene under the
control of a UAS promoter, to the principle cell-specifubule GAL4 driver, UO
(Terhzaz et al, in prep.). Tubules were then exciseu ff-day old adult flies of both the
UAS-dN1-8parental line (as a control) and the UO/UAIS1-8progeny. Excised tubules
were then incubated for 1 h in either sterile Schnesderédium (control) or sterile
Schneider’s medium containinguM ODQ. Diptericin expression was then monitored in

each sample by Q-PCR.

As Figure 6.2 shows, in support of data shown in McGettigaat €005), wherdNOS
expression is targeted to the tubule, diptericin expass significantly enhanced
compared to parental controls. However, in contrasgngdNOSoverexpressing tubules
are incubated with the sGC inhibitor ODQ, this effeateiersed. Indeed, it can be seen
that diptericin expression is not only significantlyvier in ODQ-treated UO/UASN1-8
tubules compared to non-stimulated UO/UAIS1-8tubules, but is also lower compared
to diptericin expression in the control tubules of paktihes. These data would
therefore suggest that not only does sGC play a critadalin facilitating NO-mediated
stimulation of diptericin expression, but also that 8&Z/cGMP signalling may play an
important role in maintaining basal levels of dipterigirpression in the absence of

immune challenge.
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Overall, the data described here have demonstratethéhstimulatory effects of NO on
diptericin expression in the tubule are mediated viaulet¢gpn of Relish activation.
Importantly, it has been shown here that this eftemturs as a result of downstream

activation of the cGMP signalling pathway, via soluble guatieytyclase.
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Figure 6.2 - NO-mediated stimulation of diptericin expession in the tubules is a result of sGC
activation. Expression of diptericin in response to the soluble guamyistiase inhibitor ODQ was
assessed by Q-PCR in the excised tubuletN@Soverexpressing flies. Resulting data were normalised
against expression of the standam¥9, and expressed as a fold change of parental control expressio
where control =1 (N = 4,SEM). Significance of data was determined using One-wa@¥A\ (See table).
Additionally, in order to compare significance betwerdividual genotypesost hocanalysis was carried
out using Dunnett's multiple comparison tests (See taldata shows that diptericin expression is
significantly increase in the tubules of flies overexpiregdNOScompared to parental controls. However,
when the tubules of these flies are incubated with 1QD®, diptericin expression is significantly lower,
thus suggesting that NO-mediated effects on diptericin esipres the tubule are facilitated by sGC.

6.2.3 Ectopic expression of the rat rGC, GC-A, resultsni negative regulation of
diptericin expression in the tubule

In addition to sGC, there are a number of rGCs expdess the tubule. These include

Gyc76C (Liu et al. 1995; McNeil et al. 1995; Ayoob et al. 20@4)d the as of yet

uncharacterised rGCs CG4224, CG9873 and CG5719. Of these, Gycgédiaslarly
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enriched in the tubule compared to other tissues, thus suggestiimportant role in
tubule function (Wang et al. 200dww.flyatlas.org. In this study, it has been suggested
that the differential effects of cGMP/cGKs on Imdipeay regulation in the tubule are a
result of activation by different sources of cGMP, gyated via distinct guanylate
cyclases. As data shown earlier in this chapter ha®u&ated, cGMP/DG1-mediated
positive regulation of the Imd pathway is facilitated dngivation of sGC. Therefore, it
can be hypothesised that cGMP/DG2-mediated inhibition @fltid pathway may be
facilitated via activation of an rGC. Indeed, given kbealisation of DG2P1 and DG2P2
(MacPherson et al. 2004b), it can be suggested that thepenactivated via a source of
cGMP generated near the plasma membrane, i.e. in plasemity to a receptor

guanylate cyclase.

Unfortunately, due to the lack of information regarding ratligands forDrosophila
rGCs, experimental manipulation of these enzymes igulif to carry out. However, a
recent study has demonstrated the successful activatitine cGMP pathway in the
tubule via ectopic expression of a characterised mammaGC, GC-A (Kerr et al.
2004). GC-A is a well characterised rGC involved in natrisfésiresis in the kidneys of
mammals and is activated by atrial natriuretic peptideFA{Drewett and Garbers 1994).
GC-A is also a homologue of Gyc76c, thbeosophilarGC found most abundantly in
tubules (Wang et al. 2004). Therefore, in this study, irabdsence of a suitable activating
ligand for indigenous tubule rGCs, changes in diptericior&ssion were monitored in
flies where GC-A is expressed ectopically in the tubphkncipal cells via the
UAS/GAL4 system. To do this, flies containing a UAS-GCQAnsgene were crossed to
the principle cell-specific GAL4 driver c42. Tubules wehert excised from 7-day old
adult flies of both the UAS-GCA parental line (as antcol) and the c42/UAS-GCA
progeny. Excised tubules were then incubated for 3 hrtheresterile Schneider’s
medium (control) or sterile Schneider's medium canitgj 10° M ANP. Diptericin
expression was then monitored in each sample by Q-RGRould be noted that there is
no natural receptor for ANP iDrosophila,therefore ensuring that any effect seen is due
to specific activation of GC-A (Kerr et al. 2004).

It can be seen from the data shown in Figure 6.3 teagxpected, incubation of UAS-
GCA parental flies with ANP has no effect on diptericikpreession in the tubule.
Similarly, whenGC-A is expressed in the tubule in the absence of ligamue tis no
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significant effect on diptericin expression. Howevergwhhe tubules of c42/UAGCA
flies are incubated with exogenous ANP, diptericin esgiomn is significantly inhibited.
These data therefore indicate that, as with DG2P1 #&®&F2, activation of GC-A has a
negative effect on Imd pathway regulation in the tubf&gesuch, given that GC-A is the
mammalian homologue ddrosophila Gyc76C, it can be suggested that Gyc76C may

function in a similar way in response to its naturgeiid.

Overall, it is demonstrated by the data shown hererégative regulation of the Imd
pathway in theubule by cGMP/DG2 is likely to be mediated via activated an rGC.
Unfortunately, the identity of the speciftrosophilarGC involved in this effect remains

elusive and is a subject for future work.
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Figure 6.3 - Targeted overexpression of the rat rGC, G-A, to the principal cells of the tubule results

in reduced diptericin expression in response to ANFExpression of diptericin was assessed by Q-PCR in
the excised tubules of flies overexpressing GC-A in resptinés natural ligand, ANP. Resulting data
were normalised against expression of the standpdA®, and expressed as a fold change of parental
control expression where control =1 (N =*4EM). Significance of data was determined by Two-way
ANOVA andpost hocanalysis was carried out using Bonferroni tests, whesigmyficant data is indicated
by * (P<0.05) or ns (not significant) where appropriatealfsis by two-way ANOVA reveals a significant
interaction between genotype and stimulus. Addittionalig, effect of stimulus and genotype alone are
also considered significant (see tablEpst hocanalysis shows no significant difference in diptericin
expression in the tubules of UAS-GCA pareffiiak in response to ANP. However, diptericin expresgon
extremely reduced in the tubules of GC-A overexpressingwiien incubated with ANP. Data therefore
suggests that cGMP-mediated inhibition of diptericin expoessi facilitated by an rGC.
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6.3 A regulatory role for the dual-specificity PDE, DmPDH1, in Imd
pathway immune function in the tubule

As mentioned previously, PDEs comprise a superfamily abliophosphohydrolases
that act as negative regulators of cGMP and cAMP Higgand are therefore pivotal in
maintaining the role of cyclic nucleotides in cellutanction (Omori and Kotera 2007).
To date, studies investigatingrosophila PDEs have mainly focused on the cAMP-
specific mammalian PDE4 homologudynce which has been demonstrated to play a
critical role in learning and memorpavis and Dauwalder 1991However, a recent
study using the Malpighian tubule as a model system hasfidéra further five novel
Drosophila PDEs (Day et al. 2005). Of these, the cGMP-spe®fPDEG, the dual-
specificity DMPDE11 and the as yet to be characterBe@DES8 are highly enriched in
the tubules compared to other tissues, suggesting an impoostanfor each of these
enzymes in tubule functiow{vw.flyatlas.orgy. Surprisingly, despite its dual-specificity,
DmPDEL11 has been demonstrated to exhibit the highest spedificit¢iMP of all other
DrosophilaPDEs (Kn: 6 +2uM) (Day et al. 2005).

In this study, it has been suggested that the contrastiegts of cGMP/cGKs on Imd
pathway regulation are a result of generation of spegdols of cGMP. Over the years,
it has become clear that PDEs are pivotal to the regualeof cyclic nucleotide
compartmentalisation within each cell, i.e. by coninglithe duration, amplitude and
localisation of each cyclic nucleotide signal (Bended Beavo 2006; Omori and Kotera
2007). Therefore, it can be hypothesised that one or BrmsophilaPDEs may have an
important role to play in the regulation of cGMP/cGKdiated Imd pathway modulation
in the tubule. In order to investigate this, studies wet&iad to assess both diptericin
expression in the tubule and survival in responde d¢oliin PDE transgenic flies. Due to
its high specificity for cGMP, and its enrichment ir ttubule, focus was placed on the
dual-specificity PDEDmMPDE11. Briefly, expression d?DE11 was knocked-down in
the tubule by crossing UABdelRNAI transgenic flies (generated by Dr Jon Day,
University of Glasgow) to the principle cell-specific GAldriver c42 (validation of
pdellknockdown is shown in Figure 6.4A). Tubules of 7-day old adiel fvere then
dissected and incubated for 3 hr in sterile Schneideweslium alone (control) or
Schneider’'s medium containing 100 pM cGMP. Diptericin exprassvas then

monitored in each sample by Q-PCR. Additionally, in otdedetermine the survival of
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the flies in response to immune challenge, adult fhese infected using a thin needle
coated in a concentrated suspensioB.obli, as described previously. As before, in order
to control for possible death as a result of injuryueber of flies from each line tested
were mock-infected using a sterile needle. Survival of déigclne was then monitored
over a number of hours and results plotted using a KaMeier survival curve
(GraphPad Prism 4.0).

As figure 6.4B shows, whepdellexpression is knocked down in the tubule, diptericin
expression is significantly reduced compared to pareotatas. Indeed, it can be seen
that expression of diptericin in these flies is dimilar level to that of the tubules of
UAS-pdelRNAI parental flies following stimulation with 100 uM &@°. This would
therefore suggest that knock-downpaliellexpression in the tubules results ini@wivo
increase of intracellular cGMP levels similar tottb&the levels achieved in the tubules
of wild-type or parental flies aftexx vivoincubation with 100 uM cGMP. Interestingly,
when the tubules of c42/UARdelRNAI flies are incubated with 100 uM cGMP, a
further decrease in diptericin expression is not obserM®wever, it can be suggested
that the levels of intracellular cGMP reached witliie tubule due to the knock-down of
pdellexpression are at the maximum level required to affadtpathway regulation. In
support of this data, it can be seen from Figure 6.4C tlmatkklown ofpdellexpression
in the tubule confers decreased survival of flies in resptois.coli. These data therefore
demonstrate that regulation of cGMP signalling in the wlay PDE11 is critical to

survival of the whole fly when under immune attack.

Overall, the data described in Figure 6.4 demonstratexc@MP-mediated modulation
of the Imd pathway is finely regulated. Furthermoresishown here that the cGMP
signal responsible for inhibition of diptericin expressionthe tubule is regulated by
PDE11.

165



[Al

[B]
=3 Contrdl
+100 LM cGVP
&
= 1,04
o
& e
- :
S 0.5 T
0.0
UAS—pdeﬂRNﬁu cdﬂUAS—pdeHRNﬂu
Source of Variation Sum-of-sguares |Mean square F P walue
Interaction 1 0.2174 0.2174 2255 | 01563
Stimulus 1 04415 04415 4644 | 0.0522
Genotype 1 0.3599 0.35899 4403 | 0.0B56
R esidual 12 1.14 0.09:02
[C]
11
1 = —— QOragon R {Mock)
- i — ok
[ : —o— Oregon R {E.coli}
£ T —&- PDE11 RMAi {Maock)
B0+
b EQ- ¥~ PCE11 RMAI (E.coli)
= &
S g —&— C42PDET RMAL {Mack)
[-E]
8 204 —o— C42/PDE11 RNAI (E.coli)
10+
c T T T T T 1
o 10 20 30 a0 50 1]
Tima (hr)

Figure 6.4 - Targeted knock-down ofpdell in the principal cells of the tubule results in rediced
diptericin expression and decreased survival in respae toE.coli. For Q-PCR experiments, expression
was assessed in the excised tubules of 7-day old adulafiteenalysed as described previously (N = 4,
*SEM). Where appropriate, significance of data wasrohited by Two-way ANOVA (see table) apdst
hoc analysis was carried out using Bonferroni tests, aliyesignificant data are indicated by * (P<0.05) or
ns (not significant) where appropriate. [A] Q-PCRidation of the knock-down gidellexpression in the
tubules of c42/UASdelRNAI flies. [B] Diptericin expression in the tubule insponse to cGMP after
pdeliknockdown. Analysis by two-way ANOVA reveals that intéi@t between stimulus and genotype
is not significant. Similarly, the effect of stimulusgenotype alone is not considered significant. However,
post hocanalysis shows that diptericin expression is significafdlyer in the tubules of c42/UAS-
pdelRNAI flies compared to parents. Diptericin expressionads further reduced in response to cGMP,
however, the maximum effective concentration of cGiWé8/ have been reached by the knock-down alone.
[C] Survival in response tB.coli. Data shows that survival of c42/UASle1 RNAI flies is significantly
reduced compared to wild-type and parental lines when é@dfetith E.coli.
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6.4 Discussion

In previous chapters, an important role for the cGMjpaling pathway in the regulation
of Imd pathway-related immune response has been descHbagkver, thus far in this
study, investigation into cGMP pathway-mediated regulatibthe Imd pathway has
focused on the role of the downstream cGMP effectoep®tDG1 and DG2. Therefore,
in this chapter, the potential role of other cGMP pathwaymponents in
Imd pathway regulation was investigated. For the firsetithis shown here that NO-
mediated stimulation of the Imd pathway occurs througtivaton of the cGMP
signalling pathway, via sGC. Similarly it has been dematetl in this chapter that
cGMP-mediated inhibition of the Imd pathway in the tubude facilitated by the
activation of an rGC. Finally, an important regulatoole for the dual-specificity PDE,
PDE11, has been described; where it was shown thakidowen ofpdellexpression in
the tubule results in significantly decreased levelditericin expression.

It has been hypothesised throughout this study that fferetitial regulatory effects of
cGMP/cGKs on the Imd pathway in the tubule are medittesligh the generation of
different sources of cGMP. As such, it has also Hegrothesised that these different
sources of cGMP are generated as a consequence oéwlitié activation of guanylate
cyclases; where, following activation by NO, sGC isught to generate a cytosolic
cGMP signal and rGCs are thought to mediate the geoeraticGMP in close proximity
to the plasma-membrane. In this study, these hypothdmsesbeen confirmed. Data has
shown that positive regulation of the Imd pathway in tbeule is mediated by
NO/cGMP/DGL1 via the activation of sGC. Similarly,dbgh the ectopic expression of a
mammalian rGC homologous tBrosophila Gyc76C, it has been demonstrated that
cGMP/DG2 inhibition of the Imd pathway is mediated via \ation of an rGC.
Unfortunately, due to the lack of information regarding rtrestivating ligands, the
Drosophila rGC(s) that mediate this effect remain elusive. dnh de hypothesised
however that, as Gyc76C is tBFosophilahomologue of mammalian GC-A and is so
highly expressed in the tubule, it may be a good candidafattire investigation into the
identity of the activating rGC in cGMP/DG2-mediated Ipathway regulation.

Importantly, it has been shown here that the aatibthe cGMP signalling pathway on

Imd pathway regulation in the tubule is finely regulatedP®Es. Data has shown that



whenpdellexpression is knocked-down in the tubule, inhibitionliptericin expression
is observed. These data therefore indicate that PDEZXI tachegatively regulate
cGMP/DG2 inhibition of the Imd pathway and therefore dbssra role for this PDE for
the first time. Unfortunately, the regulation of PDEitgelf is currently unknown.
Previous studies have shown that PDEs can be regulathddrge biochemical reactions
including phosphorylation/dephosphorylation, allosteric inigdof cGMP or cAMP,
binding of C&"/calmoldulin and various protein-protein interactions @=mand Beavo
2006; Omori 2007). It can be hypothesised that, with regardbtdetimmune response,
PDE11 activation may be stimulated following immune @majke in order to repress the
cGMP signal responsible for activating DG2, and thus repmdsibition of the Imd
pathway. Unfortunately, the mechanism by which PDE11 actigityegulated in the

tubule is beyond the scope of this study and therefomains a subject for future work.

Overall, the data described in this chapter has demoatstiiaat the action of the cGMP
signalling pathway on Imd pathway modulation in the tubsilelegantly regulated via
the activation and inhibition of distinct sources GMP within each cell. As such, given
the wealth of genetic tools available for manipulatibthe cGMP pathway in this tissue,
the tubule can be considered a powerful model for futuresiigagion into Imd pathway

regulation.
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Chapter 7

Summary and future work



7.1 Summary

In recent years, due to the wealth of powerful and-etisttive genetic and genomic
tools available,Drosophila has emerged as a potent model organism for integrative
organismal studies. As such, our understanding of the fusmta mechanisms
controlling theDrosophilainnate immune response has progressed considerably ever th
years and, as a resubrosophila melanogasteexhibits one of the best characterised
host defence systems of all metazoans. Importarly,Drosophila innate immune
response has been demonstrated to share a number lariseni with the defence
systems of other Diptera species, suchAa®pheles and also essential aspects of
vertebrate innate immunity (Dimopoulos 2003; Rutschmann aetéi2008). Therefore,
Drosophila has emerged as a critical model organism for deciphg@amgral innate

immune mechanisms in both invertebrates and vertebrate

Over the years, NO has been identified as an imporegulator of the Imd pathway in
Drosophila, however the mechanism by which this diffusible messeager has not yet
been determined. Given that the main intracellular ptecefor NO is sGC, it was
hypothesised that NO may be mediating its effects viac@®IP signalling pathway.
Thereforein this study, the role of cGMP signalling in regulatmf the Imd pathway was
investigated. This was carried out using Dwsophila Malpighian tubule as a model
system. The suitability of the tubule as a model tigsuéhis study was two-fold: Firstly,
previous studies have identified the tubule as an impoirtantune-sensing tissue (Tzou
et al. 2000; Kaneko et al. 2006), in which NO plays an impbnegulatory role
(McGettigan et al. 2005). Secondly, the NO/cGMP sigmgllipathway has been
demonstrated as critical to tubule function (Davies 2006; d3a2007). In this chapter,
the main findings and implications of this study are sunsedr Future work is also

suggested.

In this thesis, a novel role for the cGMP signallpaghway in the regulation of the Imd
pathway in the Malpighian tubule of the adult fly hasei described. Data has shown
that cGMP is able to modulate the expression of Imd-pathassociated AMPs in the
tubule in a dose-dependent manner; whereby low nanomolaemations of cGMP
have been shown to stimulate diptericin expression arghigicromolar concentrations

of cGMP have been shown to inhibit it.
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These differential effects have been shown to be atedlivia the activation of the
cognate downstream effector molecules of cGMP, DG1[¥Bd. Data has shown that
diptericin expression is positively regulated by DG1 and tegg regulated by DG2.

Importantly, these effects have been demonstrated wr @sca result of modulation of
Relish activation, thus revealing for the first timejavel regulatory role fobrosophila

cGKs in Imd pathway regulation in the tubule. The exaethanism by which DG1 and
DG2 are mediating their effects on the Imd pathway wasdetermined in this study.
Therefore, it is not known whether these kinases etirgaon the Imd pathway directly,
or indirectly by phosphorylation of an, as of yet, uniifeed substrate(s). However, it
has been hypothesised that, as previous studies haveifiedenNF«B as a

phosphorylation target for mammalian PKG (He and We&li)3), DG1 and/or DG2

may be acting to modulate Relish activation via diptasphorylation of Relish itself.

Significantly, it has been demonstrated in this studya@a€-mediated modulation of the
Imd pathway in the tubule is sufficient to impact be survival of the whole organism.
Data has shown that targeted overexpression or knockdbw@GK expression in the
tubules significantly effects survival of the adult fiyiesponse to septic infection with
the Gram-negative bacterid.coli. These findings therefore not only confirm the
importance of cGKs in Imd pathway regulation in the tapudut also highlight the
critical role of this tissue in systemic Imd pathway ittt in the adult fly.
Traditionally, the fat body has been described as fihieat tissue involved in systemic
immune response iDrosophila. However, these data indicate that the tubule may
contribute just as significantly to systemic productiorinod-pathway associated AMPs
in the adult fly in response to immune challenge. Thesdings are not entirely
surprising given the morphology and function of this efidhe¢issue. As with the fat
body, the tubules are spread throughout the body cawityaen likely to be one of the
first tissues in contact with any invading organisms prese the haemolymph.
Furthermore, given the main role of the tubule as anoosgulatory and detoxifying
tissue, where waste metabolites and toxins are cléamedthe haemolymph at very high
rates compared to the haemolymph volume (Dow et al. 1984s)ikely that the tubule
would be the first tissue exposed to key components deneed the bacterial coat of
microbial invaders, such as PGN or LPS. Certainly, prevstudies have described the
ability of acutely-dissected tubules to autonomously bindiatednalise exogenous LPS
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(McGettigan et al. 2005). In addition, it has been dematestrthat constitutive secretion
of AMPs by the tubule is sufficient to confer a sigrafit killing effect onE.coli, with
less than 50 % of bacteri@maining after the treatment of bacterial culture with
bathing media in which tubules have been incubated (Mc@ettet al. 2005). Taken
together, the data shown here and that described in prestizdiss therefore suggest that
the role of the tubule may just as critical to thetexysc production of AMPSs in response

to septic infection as that of the fat body.

At present, it cannot be concluded from this study whetietubule acts as a completely
independent immune tissue in response to septic infectidhthe tubule acts as a ‘first-
response’ signalling tissue to alert other tissues, suctheagat body, to activate or
suppress immune mechanisms appropriately. Certainly, daiolRO has already been
suggested in mediating signalling between epithelial tssand the fat body, possibly via
hemocytes (Basset et al. 2000; Foley and O'Farrell 200&r&ian 2003). Interestingly,
it is shown here that regulation of the Imd pathway BWI® does not appear to extend
to the fat body, thus suggesting that the latter of thggetheses may be correct. Overall,
regardless of whether the tubule acts completely indepéydaf other tissues, it has
been demonstrated in this study that this tissue coreslgignificantly to the survival of
the adult fly in response to septic infection witleoli, and that cGK-mediated regulation

of the Imd pathway in the tubule is critical to thisghanism.

Importantly, a role for the tubule in response to natafaction has also been described
in this study. Data has shown that not only does theduyllal a critical role in inducing

diptericin expression following natural infection wihcoli, but that this expression is
regulated, as with septic infection, by the different@dtion of DG1 and DG2.

Importantly, it has been demonstrated in this study ttmatdiptericin produced in the
tubule following natural infection is secreted into the gd subsequently contributes to
bacterial clearance in this tissue. These findings tberedescribe a completely novel
role for the both the tubule and cGKs in the elimmaf bacterial invaders after natural

infection with Gram-negative bacteria.

Finally, throughout this study, it has been suggested hieatdntrasting effects of the
otherwise cognate cGKs, DG1 and DG2, are mediated viggeheration of distinct

sources of cGMP within the tubule. Certainly, the masytosolic localisation of DG1
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(MacPherson et al. 2004b) would suggest that it is activate@ cytosolic source of
cGMP, such as that generated by the activation of s@@la8y, it was suggested that
activation of DG2, localised near the plasma membddnke tubule (MacPherson et al.
2004b), is mediated via a source of cGMP generated by @n IrGthis study, these
hypotheses were confirmed. Data has shown that pos#igedation of the Imd pathway
by cGMP in the tubule is mediated by the activation of gANO. Similarly, through
the ectopic expression of the mammalian rGC, GC-Ajatee regulation of the Imd
pathway in the tubule by cGMP has been demonstrated tetmated via the activation
of rGC. Unfortunately, due to the lack of informationtba activating ligands of rGCs in
Drosophila, the identity of theDrosophilarGC mediating this effect is not confirmed.
However, given that thBrosophilarGC, Gyc76C, is abundantly expressed in the tubules
and is also a homologue of GC-A, it has been hypothedis¢dstyc76C may be a good
candidate for further investigation.

Interestingly, this study has also identified a reguatlement of the cGMP pathway
itself with regards to Imd pathway modulation in the tebdata has shown that cGMP-
mediated inhibition of the Imd pathway is regulated by hidrolysis of cGMP by
PDE11. PDE11 is a dual-specificity PDE that is abundamyessed in the tubules and
has shown a high affinity for cGMP compared to other lIRRDEs (Day et al. 2005).
PDE11 has not previously been characterised, therefiorgcional role for this enzyme
has been described here for the first time.

Given the data obtained from this study, a model fomteehanism by which the cGMP
signalling pathway is mediating its effects on the Imdyaly in the tubule is illustrated
in Figure 7.1. In this model, it is proposed that the biféial modulation of the Imd
pathway by the cGMP signalling pathway in the tubuleingly regulated via the
activation and inhibition of distinct sources of cGM#hin each cell; whereby activation
of sGC by NO results in a cytosolic source of cGMME agtivation of rGC by an
unknown ligand results in the generation of cGMP neaimplasma membrane. Each of
these cGMP sources are then demonstrated to act iatenéfie activation of either DG1
or DG2 respectively, which then go on to mediate cotmigagffects on the Imd pathway,
and subsequently modulate AMP expression in the tubhle.ekact mechanism of this
action has not yet been determined, however it is krfoovn data in this study that both
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DG1 and DG2 act to modulate the activation of Relish,NReB transcription factor

responsible for mediating the transcription of spe@fidPs.

Unknown ligand

i

rGC

Figure 7.1 — Model for the mechanism of cGMP pathway-mediat regulation of the Imd pathway in

the Drosophila Malpighian tubule. It is suggested that the differential effects of cGMP/c@Kghe Imd
pathway are mediated by different sources of cGMP. Stitioal of the Imd pathway is thought to be
regulated by the generation of cGMP in the cytosol,agtivation of sGC, which leads to activation of
DG1 and subsequent activation of Relish. Inhibition of the pathway is suggested to be regulated by the
generation of cGMP near the plasma membrane, vigatioti of an rGC, which leads to activation of DG2
and subsequent inhibition of Relish activation. Dashed lindicate that the exact mechanism of action for
this step has not yet been determined.

It should be noted that, to date, the upstream activatboN@sS, the enzyme responsible
for the generation of NO, has not yet been identifietthe tubule with regards to immune
activation, although it is very probable that calciutayp an important role in the
regulation of this response. Recent work has showrctieineurin, a calcium-dependent
phosphatase, mediates NO-induced AMP production in theofdy, lpossibly via the

regulation of DNOS activation (Dijkers and O'Farrell 2003)milarly, a number of

studies have demonstrated an important role for the peptide capa in the activation of
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NO/cGMP signalling in tubule (Davies et al. 1995; Davieale1997; Rosay et al. 1997,
Kean et al. 2002). There are three capa peptides expres&xosophila (capa 1-3)
(Predel and Wegener 2006). Of these, capa-1 and capa-2 hawhbe@rto function via
the capa receptor (lversen et al. 2002) to increas&][Ca the principle cells of the
tubule through activation of either L-type voltage-deendC&* channels in the plasma
membrane (Rosay et al. 1997; MacPherson et al. 2001) or thtbegmtracellular
production of inositol triphosphate @R(Pollock et al. 2003). This capa-induced raise in
[Ca®]i has been shown to trigger the activation of DNOS amdesyuently NO/cGMP
signalling (Davies et al. 1995; Davies et al. 1997). Studies bhwen that capa is
instrumental to NO/cGMP-mediated fluid secretion (Dawesal. 1995; Davies et al.
1997; Kean et al. 2002) which is critical to tubule functiomergfore, it can be suggested
that capa is a likely candidate as the upstream actigh@NOS in NO/cGMP-mediated
Imd pathway regulation in the tubule, however this remsaisubject for future work.

The implications from the findings in this thesis axtremely significant. As mentioned
earlier, theDrosophilainnate immune response has been demonstrated to be mdey si
to that of other Dipteran insects, as well as vertebrauch as humans (Dimopoulos 2003;
Rutschmann and Hoebe 2008). With regards to other Diptera, stiormon the
regulation of immunity in many of these insects can miely have a huge impact on
research into the development of suitable insecticidethbse insects which are known
agricultural pests or, more importantly, for those atsewhich act as vectors for
infectious diseases such as malaria, yellow feveDemgue fever, e.gAnophelesor
Aedes aegyptiCertainly, a number of studies are now udhigsophilaas a comparative
model organism in order to understand the mechanisms by wigsh disease vectors
combat infection (Christophides et al. 2002; Dimopoulos 20031 rat al. 2008).

With regards to the impact of these findings on whatursenitly known about human
innate immunity, the data described here is also extyemighificant. Despite the

importance and sophistication of the acquired immunessyst vertebrates, the innate
immune system is still considered a critical comporanhost survival against many
infectious agents. Indeed, studies have shown that maoyramune and inflammatory
diseases in humans, such as rheumatoid arthritis,ipfeulsclerosis, celiac disease,
diabetes mellitus and lupus, are aggravated by alteratiotie innate immune system
(Lang et al. 2007). For example, studies have shown thbétdsm mellitus is a major
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cause of end-stage kidney disease in humans (Atkins 2008heFmnore, it has been
reported that activated innate immunity and inflammatiorparticular activation of the
TNFa signalling pathway, contributes significantly to the paggnesis of this disease in
the kidney (Navarro and Mora 2006). Given that the dMignalling pathway in
mammals is highly homologous to tBeosophilalmd pathway, and that the Malpighian
tubule represents thBrosophila equivalent of the mammalian kidney, the findings
obtained in this thesis could therefore potentially prealeable to research in this field,

thus highlighting the suitability ddrosophilaas a model organism for human disease.

Overall, not only has this study confirmed the rolehef tubule as an important immune-
sensing tissue iDrosophila melanogastehut has also demonstrated, for the first time,
completely novel roles for components of the cGMgnalling pathway, particularly
DG1 and DG2, in the differential regulation of the Imdhpaay in the tubule. The
identification of cGMP signalling as an important regaadf immune response is
therefore a significant advance in our understanding efcdmplexities of not only
immune regulation ibrosophila, but also of the complexities of cGMP signalling, its

compartmentalisation within each cell and subsequentagon.

7.2 Future Work

Further epistatic analysis of cGK-mediated effects on thend pathway

As mentioned previously in the text, several transgegitirfes were generated in order
to determine where in the Imd pathway DG1 and DG2 were atiegli their effects.
Unfortunately, due to time limitations, not all of thdses were used. Therefore, future
work would entail using these lines for further epistatimalgsis of cGK-mediated
regulation of the Imd pathway. For this approach, thess Wwould be crossed to UAS-
cGK transgenic lines as appropriate and diptericin expnressssessed by Q-PCR as

before.

Phosphorylation targets for DG1 and DG2

Following the identification of potential targets for DGnd DG2 through epistatic
analysis, further work would be required to determine thehar@sm by which these
targets are modulated, i.e. whether they are dirgttbsphorylated by DG1 or DG2, or
whether they are modulated by these kinases indirdutbugh phosphorylation of an
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unknown substrate. For this approach, both immunoprewgta (IP) and
phosphorylation assays would be used. Initially, theperaxents would be carried out
using Drosophila S2 cells as a model system, whereby tagged componerts dfnt
pathway would be cloned and co-expressed with the app@po@®K plasmid.
Interaction between each cGK and its potential satesitould then be determined by IP
of each cGK. Each IP fraction could then be analysegdtential cGK-interacting Imd
pathway components by Western blot. Similarly, for phosghtion assays,
phosphorylation of potential targets of DG1 and DG2 would irbesstigated by
incubating cell lysate, containing the co-expressed protentd) the radioactive
phosphatey-**P. Imd pathway components of interest could then batidlby IP, and
any levels of phosphorylation detected by autoradiographyser@gproaches could then

be carried out in the adult fly following the generatidthe appropriate antibodies.

Identification of the rGC involved in Imd pathway inhibition in the tubule

As mentioned in the text, at present there is no inion regarding the natural ligands
of rGCs inDrosophila. Therefore, examination of the rGC involved in Imd pathwa
inhibition in the tubule could not be carried out phacologically. Therefore, for future
work, a transgenic approach would have to be used. Foapipioach, initial studies
would focus on the tubule-enriched rGC, Gyc76C, wherelpyession of this enzyme
would be modulated in the tubule using the GAL4/UAS systEnansgenic flies would
then be monitored for survival following infection with @urgs bacteria. Similarly,
tubules would be excised from these transgenic flidevimlg infection and levels of
diptericin expression assessed by Q-PCR as describedysigvio

The role of other PDEs in Imd pathway regulation in the tiule

In this study, a role for PDE11 in the regulation of d&khediated Imd pathway
inhibition has been described. Therefore, further wankict be carried out in order to
investigate the potential role of other tubule PDEs enréggulation of cGMP-mediated
Imd pathway modulation, possibly as potential regulatbteeocGMP signal responsible
for stimulation of the Imd pathway. For this approaictitial studies would focus on
another cGMP-dependent tubule enriched PDE, PDEG6. As RiitE11, investigation
into the role of PDE6 in Imd pathway regulation would imeoassessment of both
survival of the whole organism in response to infectiow, diptericin expression by Q-
PCR in the tubules of PDEG6 transgenic flies.



Initiation of tissue-tissue signalling by the tubule

As mentioned previously in this text, it is not currgrkhown from this study whether
the impact of AMP modulation in the tubule on fly surviialkolely a result of altered
AMP expression only in the tubule, or if, following régfion of AMP expression, the
tubule acts as a signalling tissue to alert other tissues, as the fat body, to induce or
suppress their immune response mechanisms in the saywethua having a greater
impact on fly survival. Further work would therefore focus assessing the levels of
AMP expression following infection in oth&rosophilatissues, such as the fat body, in
flies where AMP expression has been modulated in thdesiby cGKs.

Visualisation of the cGMP signal in the tubule following inéction

With the development of fluorescence resonance erteaggfer (FRET) techniques, it
has become possible to visualise real-time activatioa mimber processes within each
cell, including the activation of the second messeng&MP and cGMP (Lissandron et
al. 2007; Russwurm et al. 2007). Therefore, a suggestion fdrefuntork would be to
investigate the spatio-temporal dynamics of cGMP in tifseile in response to immune
challenge by visual imaging of a FRET-based cGMP repoftee data obtained from
these experiments could then be used to further validateadlklel proposed in this study,
where it is suggested that the differential effects d#iéGsignalling on the Imd pathway
are due to compartmentalisation of cGMP.
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Appendices

Appendix 1: Media used in this study

Drosophila Media

Standard growth media per litre of water

Escherichia coli growth media

L-broth per litre of water

L-agar per litre of water

10 g agar

15 g sucrose

30 g glucose

35 g dried yeast
15 g maize meal
10 g wheat germ
30 g treacle

10 g soya flour

10 g Bacto-tryptone
5 g dried yeast
10 g NaCl

10 g Bacto-tryptone
5 g dried yeast

10 g NaCl

15 g Bacto-agar



Appendix 2: Primers used in this study

Table 7.1 — Primer sequences used in this study

Primer Name

Sequence (5" - 3))

Application

Dipt (Forward)

5-TTGCCGTCGCCTTACTTT
GCTG-3

RT-PCR, Q-PCR

Dipt (Reverse)

5 —TCC ATT CAG TCC AAT CTC
GTGG-3

RT-PCR, Q-PCR

AttC (Forward)

5 — ATC GTC AGT CAACAG TCA
GCC-3

RT-PCR, Q-PCR

AttC (Reverse)

5 -GCCTTGCTT AGG TCC AAT C
-3

5RT-PCR, Q-PCR

AttD (Forward)

5 — CAG GCT TCA GGA AAC CCA
AAG - 3

RT-PCR, Q-PCR

AttD (Reverse)

5 -GCATTC AGAGCG GCGTTA
TG -3

RT-PCR, Q-PCR

CecAl (Forward)

5 —AACATCTTCGTTTTC GTC
GCTC-3

RT-PCR, Q-PCR

CecAl (Reverse)

5 -ATT GTGGCATCCCGAGTG T
-3

QRT-PCR, Q-PCR

CecA2 (Forward)

5 — CGT CGC TCT CAT TCT GGC —

3’ RTR@-PCR

CecA2 (Reverse)

5 — AAC CTC GAG CAG TGG CTG A
3,

- RT-PCR, Q-PCR

CecC (Forward)

5 — CCA CAG CAG CTA AAC AGC —
3,

RT-PCR, Q-PCR

CecC (Reverse)

5 -CTC ATCCTC TGG CGG TGG -
3,

- RT-PCR, Q-PCR

rp49 (Forward)

5 —-TGA CCATCC GCC CAG CAT A
-3

CRT-PCR, Q-PCR

rp49 (Reverse)

5 -TTCTTG GAG GAG ACG CCG 1
-3

&RT-PCR, Q-PCR

DiptprKpnl 5 —-GCACGGTAC CCT GCAGTT Cloning of the diptericin
(Forward) GAA AAA CAT ACAAA-3 promoter into pGL3 vector
DiptprHindlll 5 - GCACAAGCTTTG CTG ACT Cloning of the diptericin
(Reverse) GAT ACCTTT GCT GC -3’ promoter into pGL3 vector
AttDprKpnl 5 — GCA CGG TAC CCA GGT GAC Cloning of the attacinD
(Forward) AAC AAT CAGTACG -3 promoter into pGL3 vector
AttDprHindlll 5 —GCA CAAGCT TGA CTG CAT Cloning of the attacinD
(Reverse) ATT TCC GAC GGT CG -3 promoter into pGL3 vector
CecAlprKpnl 5 —-GCACGGTAC CGT ATTTTG Cloning of the cecropinAl
(Forward) GCCATTTTCGGG G-3 promoter into pGL3 vector
CecAlprBglil 5 - GCACAG ATCTGACTG CGA Cloning of the cecropinAl
(Reverse) TAC AAAAGGCGAG-3 promoter into pGL3 vector

PDE11 (Forward)

5 — CAA CAT ACC AGATGC TTA
CCAGGAC-3

RT-PCR, Q-PCR

PDE11 (Reverse)

5 —TGT GGG TGA GAATGC GGA
AG -3

RT-PCR, Q-PCR

18C




References

Agaisse, H. and N. Perrimon (2004). "The roles of JAK/$TsAgnaling in Drosophila
immune responses.” Immunol R&98 72-82.

Aizawa, T., H. Wei, J. M. Miano, J. Abe, B. C. Beakd C. Yan (2003). "Role of
phosphodiesterase 3 in NO/cGMP-mediated antiinflammagfiegts in vascular
smooth muscle cells." Circ R88(5): 406-13.

Ando, K., M. Okada and S. Natori (1987). "Purification ofcs#oxin Il, antibacterial
proteins of Sarcophaga peregrina (flesh fly) larvae." Boaistry26(1): 226-30.

Apidianakis, Y., M. N. Mindrinos, W. Xiao, G. W. LaR. L. Baldini, R. W. Davis and L.
G. Rahme (2005). "Profiling early infection responsesuésmonas aeruginosa
eludes host defenses by suppressing antimicrobial peptide gaessan.” Proc
Natl Acad SciU S AL027): 2573-8.

Ashida, M. (1990). "The prophenoloxidase cascade in insecumtyri' Res Immunol
141(9): 908-10.

Ashman, D. F., R. Lipton, M. M. Melicow and T. D. Rrid1963). "Isolation of
adenosine 3', 5-monophosphate and guanosine 3', 5-monoateodmm rat

urine." Biochem Biophys Res Commifr: 330-4.

Atkins, R. C. (2005). "The changing patterns of chronicn&id disease: the need to
develop strategies for prevention relevant to diffeneagtions and countries.”
Kidney Int Supp(98): S83-5.

Ayoob, J. C., H. H. Yu, J. R. Terman and A. L. KoladKP004). "The Drosophila
receptor guanylyl cyclase Gyc76C is required for semapii@riplexin A-
mediated axonal repulsion.” J Neuroa4(30): 6639-49.

Bangham, J., F. Jiggins and B. Lemaitre (2006). "Inseatuinity: the post-genomic
era." Immunity?5(1): 1-5.

Barillas-Mury, C., Y. S. Han, D. Seeley and F. C.&a$ (1999). "Anopheles gambiae
Ag-STAT, a new insect member of the STAT family, isiated in response to
bacterial infection.” EMBO 18(4): 959-67.

Basset, A., R. S. Khush, A. Braun, L. Gardan, F. BotcJ. A. Hoffmann and B.
Lemaitre (2000). "The phytopathogenic bacteria Erwinia caovéo infects

Drosophila and activates an immune response." ProcAdat Sci U S A7(7):
3376-81.

181



Beavo, J. A. and L. L. Brunton (2002). "Cyclic nucleotidsearch -- still expanding after
half a century.” Nat Rev Mol Cell Bi&(9): 710-8.

Bedard, K. and K. H. Krause (2007). "The NOX family of R@herating NADPH
oxidases: physiology and pathophysiology." Physiol &&t): 245-313.

Bellen, H. J., C. J. O'Kane, C. Wilson, U. Grossuilel, R. K. Pearson and W. J. Gehring
(1989). "P-element-mediated enhancer detection: a versagthod to study
development in Drosophila." Genes D#9): 1288-300.

Belvin, M. P. and K. V. Anderson (1996). "A conserved simgalpathway: the
Drosophila toll-dorsal pathway." Annu Rev Cell Dev Bi@l 393-416.

Bender, A. T. and J. A. Beavo (2006). "Cyclic nucleotidegpihodiesterases: molecular
regulation to clinical use." Pharmacol Ref(3): 488-520.
Bettencourt, R., H. Asha, C. Dearolf and Y. T. Ip (200#emolymph-dependent and -

independent responses in Drosophila immune tissue." J ©eh&n92(4): 849-
63.
Bischoff, V., C. Vignal, I. G. Boneca, T. Michel, A. Hoffmann and J. Royet (2004).

"Function of the drosophila pattern-recognition receptorRP&GD in the

detection of Gram-positive bacteria.” Nat Immu&(l1): 1175-80.

Bogdan, C. (2001a). "Nitric oxide and the immune responsd.'Ifaunol2(10): 907-
16.

Bogdan, C. (2001b). "Nitric oxide and the regulation of gexgession.” Trends Cell
Biol 11(2): 66-75.

Boutros, M., H. Agaisse and N. Perrimon (2002). "Sequeat#ivation of signaling
pathways during innate immune responses in Drosophila.'deé3(5): 711-22.

Brand, A. H. and N. Perrimon (1993). "Targeted gene expressiaa means of altering
cell fates and generating dominant phenotypes." Develophi&): 401-15.

Brandt, S. M., Jaramillo-Gutierrez, G., Kumar, S.rilkes-Mury, C., Schneider, D. S
(2008). "Use of a Drosophila Model to Identify Genes Ratgud Plasmodium
Growth in the Mosquito.”" Geneti&eptember 14 [Epub ahead of print]

Brennan, C. A. and K. V. Anderson (2004). "Drosophila: theeges of innate immune
recognition and response.” Annu Rev Immu2#|457-83.

Broderick, K. E., L. Kean, J. A. Dow, N. J. Pyne andAS Davies (2004). "Ectopic
expression of bovine type 5 phosphodiesterase confersiad plenotype in
Drosophila." J Biol Che2799): 8159-68.

182



Brown, G. C. and V. Borutaite (2006). "Interactions bdw nitric oxide, oxygen,
reactive oxygen species and reactive nitrogen speciexch®&n Soc Tran34(Pt
5): 953-6.

Bulet, P., J. L. Dimarcq, C. Hetru, M. Lagueux, M. G&iarG. Hegy, A. Van Dorsselaer
and J. A. Hoffmann (1993). "A novel inducible antibactenmdptide of
Drosophila carries an O-glycosylated substitution.” J Bieem26820): 14893-
1.

Bulet, P., L. Urge, S. Ohresser, C. Hetru and L. §twr. (1996). "Enlarged scale

chemical synthesis and range of activity of drosocin, @-glycosylated
antibacterial peptide of Drosophila." Eur J Bioch23&1): 64-9.

Butcher, R. W. and E. W. Sutherland (1962). "Adenosine @\&Ssphate in biological
materials. I. Purification and properties of cyclic 53hucleotide
phosphodiesterase and use of this enzyme to charactel@eosine 3'5'-
phosphate in human urine." J Biol Ch@8¥: 1244-50.

Butt, E., K. Abel, M. Krieger, D. Palm, V. Hoppe, J. Hopped U. Walter (1994).
"cAMP- and cGMP-dependent protein kinase phosphorylaties sf the focal
adhesion vasodilator-stimulated phosphoprotein (VASPYitio and in intact
human platelets." J Biol CheR%920): 14509-17.

Carlsson, A., P. Engstrom, E. T. Palva and H. Benrfi@B1). "Attacin, an antibacterial
protein from Hyalophora cecropia, inhibits synthesi®uater membrane proteins
in Escherichia coli by interfering with omp gene trans@ipt Infect Immun
59(9): 3040-5.

Carlsson, A., T. Nystrom, H. de Cock and H. Bennich (1998jtacin--an insect
immune protein--binds LPS and triggers the specific inhibitb bacterial outer-
membrane protein synthesis." Microbiolotd4 ( Pt 8) 2179-88.

Casteel, D. E., S. Zhuang, T. Gudi, J. Tang, M. Vuic&e&Siderio and R. B. Pilz (2002).
"cGMP-dependent protein kinase | beta physically and furedtipmteracts with
the transcriptional regulator TFII-I." J Biol Che2id7(35): 32003-14.

Casteels, P., C. Ampe, L. Riviere, J. Van Damme, liCoie, M. Fleming, F. Jacobs and
P. Tempst (1990). "Isolation and characterization akalm, a major antibacterial
response peptide in the honeybee (Apis mellifera)."JHiochenl872): 381-6.

Chang, M. S., D. G. Lowe, M. Lewis, R. Hellmiss, the@ and D. V. Goeddel (1989).
"Differential activation by atrial and brain natritice peptides of two different

receptor guanylate cyclases." Nat@a(6237): 68-72.

18¢



Chinkers, M., D. L. Garbers, M. S. Chang, D. G. LoweMHd Chin, D. V. Goeddel and S.
Schulz (1989). "A membrane form of guanylate cyclase istaal natriuretic
peptide receptor.” NatuR886210): 78-83.

Chintapalli, V. R., J. Wang and J. A. Dow (2007). "UsingAtlas to identify better
Drosophila melanogaster models of human disease." BlatG9(6): 715-20.

Christensen, B., J. Fink, R. B. Merrifield and D. Maa#le(1988). "Channel-forming
properties of cecropins and related model compounds in@igebinto planar
lipid membranes." Proc Natl Acad Sci U S85(14): 5072-6.

Christophides, G. K., E. Zdobnov, C. Barillas-Mury,Hrney, S. Blandin, C. Blass, P. T.
Brey, F. H. Collins, A. Danielli, G. Dimopoulos, C. tde N. T. Hoa, J. A.
Hoffmann, S. M. Kanzok, I. Letunic, E. A. Levashina, T.l®Gukeris, G. Lycett,
S. Meister, K. Michel, L. F. Moita, H. M. Muller, MA. Osta, S. M. Paskewitz, J.
M. Reichhart, A. Rzhetsky, L. Troxler, K. D. Vernick, Blachou, J. Volz, C.
von Mering, J. Xu, L. Zheng, P. Bork and F. C. Kafatos (200@ymunity-
related genes and gene families in Anopheles gambiae@h@@985591): 159-
65.

Cociancich, S., A. Ghazi, C. Hetru, J. A. HoffmanmdaL. Letellier (1993). "Insect
defensin, an inducible antibacterial peptide, forms voltgmendent channels in
Micrococcus luteus.” J Biol Chef6826): 19239-45.

Cook, W. H., D. Lipkin and R. Markham (1957). "The Formatioh a Cyclic
Dianhydrodiadenylic Acid(l) by the Alkaline Degradation of Adsine-5'-

Triphosphoric Acid (li)." Journal of the American CGheal Society79(13):
3607-3608.

Cornwell, W. D. and R. B. Kirkpatrick (2001). "Cactus-indegemt nuclear translocation
of Drosophila RELISH." J Cell BiocheB?(1): 22-37.

Craven, P. A., F. R. DeRubertis and D. W. Pratt (197lectron spin resonance study

of the role of NO . catalase in the activation abgylate cyclase by NaN3 and
NH2OH. Modulation of enzyme responses by heme proteins amd rtikrosyl
derivatives." J Biol Cherd54(17): 8213-22.

Cudic, M., P. Bulet, R. Hoffmann, D. J. Craik and L.v&}, Jr. (1999). "Chemical
synthesis, antibacterial activity and conformation gteticin, an 82-mer peptide
originally isolated from insects." Eur J Bioch@®§2): 549-58.

D'Argenio, D. A., L. A. Gallagher, C. A. Berg and C. M#n(2001). "Drosophila as a
model host for Pseudomonas aeruginosa infection." £Balct834): 1466-71.

184



Darnell, J. E., Jr. (1997). "STATs and gene regulatioaiéri®e2775332): 1630-5.
Davies, S. (2000). "Nitric oxide signalling in insects."dcisBiochem Mol BiolB0(12):

1123-38.
Davies, S. A. (2006). "Signalling via cGMP: lessons fromadophila.” Cell Signal 8(4):
409-21.

Davies, S. A. (2007). Nitric Oxide Signalling in Insect Eeithl Transport. Nitric Oxide
B. Tota and B. Trimmer, Elseviet.

Davies, S. A. and J. P. Day (2006). "cGMP signalling imaagporting epithelium."
Biochem Soc Tran34(Pt 4): 512-4.

Davies, S. A., G. R. Huesmann, S. H. Maddrell, M. J.c@i2ll, N. J. Skaer, J. A. Dow
and N. J. Tublitz (1995). "CAP2b, a cardioacceleratory pepiglgpresent in

Drosophila and stimulates tubule fluid secretion via cGM¥ J Physiol2696
Pt 2): R1321-6.

Davies, S. A, E. J. Stewart, G. R. Huesmann, N. JerSi& H. Maddrell, N. J. Tublitz
and J. A. Dow (1997). "Neuropeptide stimulation of theimibxide signaling
pathway in Drosophila melanogaster Malpighian tubulesa' JAPhysioP732 Pt
2): R823-7.

Davis, R. L. and B. Dauwalder (1991). "The Drosophila dunce lolaning and
memory genes in the fly." Trends Geii€r): 224-9.

Day, J. P., J. A. Dow, M. D. Houslay and S. A. Dav2805). "Cyclic nucleotide
phosphodiesterases in Drosophila melanogaster.” Biocl3&&Bt 1): 333-42.

de Belle, J. S., A. J. Hilliker and M. B. Sokolowgki989). "Genetic localization of
foraging (for): a major gene for larval behavior inoBophila melanogaster.”
Geneticsl23(1): 157-63.

de Belle, J. S., M. B. Sokolowski and A. J. Hilliket903). "Genetic analysis of the
foraging microregion of Drosophila melanogaster.” Gen86{&): 94-101.

De Gregorio, E., P. T. Spellman, P. Tzou, G. M. Rubin Bntlemaitre (2002). "The
Toll and Imd pathways are the major regulators of thenime response in
Drosophila." Embo 21(11): 2568-79.

Dijkers, P. F. and P. H. O'Farrell (2007). "Drosophilaicaglurin promotes induction of
innate immune responses." Curr Bla123): 2087-93.

Dimarcq, J. L., D. Hoffmann, M. Meister, P. Bulet, IRanot, J. M. Reichhart and J. A.
Hoffmann (1994). "Characterization and transcriptionafil@® of a Drosophila

18¢



gene encoding an insect defensin. A study in insect immuidiy. J Biochem
221(1): 201-9.

Dimopoulos, G. (2003). "Insect immunity and its implicat in mosquito-malaria
interactions.” Cell Microbiob(1): 3-14.

Dong, C., R. J. Davis and R. A. Flavell (2002). "MAP kem# the immune response."
Annu Rev ImmunoP0: 55-72.

Dow, J. A. and S. A. Davies (2006). "The Malpighian tubudgrid insights from post-
genomic biology." J Insect Physio®(4): 365-78.

Dow, J. A., S. H. Maddrell, S. A. Davies, N. J. Skaed &. Kaiser (1994a). "A novel
role for the nitric oxide-cGMP signaling pathway: the tcoh of epithelial

function in Drosophila.” Am J Physi@665 Pt 2): R1716-9.

Dow, J. A., S. H. Maddrell, A. Gortz, N. J. SkaerBsogan and K. Kaiser (1994b). "The
malpighian tubules of Drosophila melanogaster: a nokehptype for studies of
fluid secretion and its control." J Exp Bi®7: 421-8.

Dow, J. A. T. and S. A. Davies (2001). "The Drosophila magaster malpighian
tubule." Advances in Insect Physiology, Vol 28 1-83.

Dow, J. T. and S. A. Davies (2003). "Integrative physiology functional genomics of
epithelial function in a genetic model organism." PhiyRiev83(3): 687-729.
Drewett, J. G. and D. L. Garbers (1994). "The familgoanylyl cyclase receptors and

their ligands."” Endocr Rel5(2): 135-62.

Dushay, M. S., B. Asling and D. Hultmark (1996). "Origins imimunity: Relish, a
compound Rel-like gene in the antibacterial defense ofdptulR." Proc Natl
Acad SciU S A3(19): 10343-7.

Dushay, M. S., J. B. Roethele, J. M. Chaverri, DDElek, S. K. Syed, T. Kitami and E.
D. Eldon (2000). "Two attacin antibacterial genes of Dpbga melanogaster.”
Gene246(1-2): 49-57.

Ekengren, S. and D. Hultmark (1999). "Drosophila cecropimrasntifungal agent.”
Insect Biochem Mol BioP9(11): 965-72.

Ekengren, S. and D. Hultmark (2001). "A family of Turando&tedd genes in the
humoral stress response of Drosophila." Biochem Bioites CommurP84(4):
998-1003.

Engstrom, P., A. Carlsson, A. Engstrom, Z. J. Tao andBehnich (1984). "The
antibacterial effect of attacins from the silk métiialophora cecropia is directed
against the outer membrane of Escherichia coli." EMEB(.3): 3347-51.

18¢



Engstrom, Y., L. Kadalayil, S. C. Sun, C. SamakovlisHoltmark and I. Faye (1993).
"kappa B-like motifs regulate the induction of immune geineBrosophila.”_J
Mol Biol 2322): 327-33.

Fehlbaum, P., P. Bulet, L. Michaut, M. Lagueux, W. F. Remet, C. Hetru and J. A.
Hoffmann (1994). "Insect immunity. Septic injury of Drosoghihduces the
synthesis of a potent antifungal peptide with sequence lo@yolo plant
antifungal peptides.”" J Biol Che26952): 33159-63.

Ferrandon, D., A. C. Jung, M. Criqui, B. Lemaitre, &ebweiler-Joseph, L. Michaut, J.
Reichhart and J. A. Hoffmann (1998). "A drosomycin-GFP repdriansgene
reveals a local immune response in Drosophila thadtislependent on the Toll
pathway." Embo 17(5): 1217-27.

Fesenko, E. E., S. S. Kolesnikov and A. L. Lyubarsky (1988%luction by cyclic GMP
of cationic conductance in plasma membrane of retiodl outer segment.”
Nature3136000): 310-3.

Fischer, J. A., E. Giniger, T. Maniatis and M. Ptasht©®88). "Gal4 Activates
Transcription in Drosophila." Natu@826167): 853-856.

Fischer, T. A., A. Palmetshofer, S. Gambaryan, Ht,Bl Jassoy, U. Walter, S. Sopper
and S. M. Lohmann (2001). "Activation of cGMP-dependent prdteiase Ibeta
inhibits interleukin 2 release and proliferation of Tl ceceptor-stimulated human
peripheral T cells." J Biol Che®i7§8): 5967-74.

Foley, E. and P. H. O'Farrell (2003). "Nitric oxide cdmites to induction of innate
immune responses to gram-negative bacteria in Drosdpkilenes Devi7(1):
115-25.

Foley, E. and P. H. O'Farrell (2004). "Functional digsectof an innate immune
response by a genome-wide RNAI screen.” PLoS Al E203.

Forte, L. R., S. L. Eber, X. Fan, R. M. London, Yakyg, L. M. Rowland, D. T. Chin, R.
H. Freeman and W. J. Krause (1999). "Lymphoguanylin: cloning and
characterization of a unigque member of the guanylin peptidailytd
Endocrinology140(4): 1800-6.

Foster, J. L., G. C. Higgins and F. R. Jackson (1996)chg&imical properties and

cellular localization of the Drosophila DG1 cGMP-dependaotein kinase." J
Biol Chem271(38): 23322-8.



Francis, S. H., I. V. Turko and J. D. Corbin (2001). "Qyclhucleotide
phosphodiesterases: relating structure and functiond Rraleic Acid Res Mol
Biol 65: 1-52.

Friebe, A. and D. Koesling (2003). "Regulation of nitric oxsasitive guanylyl
cyclase." Circ Re93(2): 96-105.

Garbers, D. L., T. D. Chrisman, P. Wiegn, T. Katafud. P. Albanesi, V. Bielinski, B.
Barylko, M. M. Redfield and J. C. Burnett, Jr. (2006). "Meane guanylyl
cyclase receptors: an update.” Trends Endocrinol MET@): 251-8.

Gay, N. J. and F. J. Keith (1991). "Drosophila Toll and lteceptor.” Natur851(6325):
355-6.

Geiszt, M., J. Witta, J. Baffi, K. Lekstrom and T. Leto (2003). "Dual oxidases
represent novel hydrogen peroxide sources supporting musasakce host
defense." FASEB 17(11): 1502-4.

Georgel, P., S. Naitza, C. Kappler, D. Ferrandon, Rchary, C. Swimmer, C.
Kopczynski, G. Duyk, J. M. Reichhart and J. A. HoffmaB6Q1). "Drosophila

immune deficiency (IMD) is a death domain protein thatvatts antibacterial

defense and can promote apoptosis.” Dev Gé): 503-14.

Gertzberg, N., R. Clements, |. Jaspers, T. J. FétrdNeumann, E. Flescher and A.
Johnson (2000). "Tumor necrosis factor-alpha-induced actiyvagprotein-1
activity is modulated by nitric oxide-mediated protein kin@sactivation." Am J
Respir Cell Mol Biol22(1): 105-15.

Gibbs, S. M., A. Becker, R. W. Hardy and J. W. Trum2@0(). "Soluble guanylate
cyclase is required during development for visual systewtitumin Drosophila.”

J NeuroscP1(19): 7705-14.

Gigliotti, S., V. Cavaliere, A. Manzi, A. Tino, F.r@ziani and C. Malva (1993). "A
membrane guanylate cyclase Drosophila homolog gene exhibteynakand
zygotic expression.” Dev Bidl592): 450-61.

Glise, B., H. Bourbon and S. Noselli (1995). "hemipterensodes a novel Drosophila
MAP kinase kinase, required for epithelial cell sheevement.” CelB3(3): 451-
61.

Gobert, V., M. Gottar, A. A. Matskevich, S. RutschmadnRoyet, M. Belvin, J. A.
Hoffmann and D. Ferrandon (2003). "Dual activation of the@sDphila toll
pathway by two pattern recognition receptors.” Sci@d@5653): 2126-30.

18¢€



Gottar, M., V. Gobert, A. A. Matskevich, J. M. ReichthaC. Wang, T. M. Butt, M.
Belvin, J. A. Hoffmann and D. Ferrandon (2006). "Dual detecif fungal
infections in Drosophila via recognition of glucans and isgn®f virulence
factors." Celll27(7): 1425-37.

Gottar, M., V. Gobert, T. Michel, M. Belvin, G. Duy&, A. Hoffmann, D. Ferrandon and
J. Royet (2002). "The Drosophila immune response againam-@egative
bacteria is mediated by a peptidoglycan recognition prothiature 4166881):
640-4.

Gudi, T., J. C. Chen, D. E. Casteel, T. M. Seash@tzR. Boss and R. B. Pilz (2002).
"cGMP-dependent protein kinase inhibits serum-response etefapandent
transcription by inhibiting rho activation and functiond.'Biol Chem?27740):
37382-93.

Gudi, T., I. Huvar, M. Meinecke, S. M. Lohmann, G. R. 8a@nd R. B. Pilz (1996).
"Regulation of gene expression by cGMP-dependent protein se&kina
Transactivation of the c-fos promoter.” J Biol Ch2ri(9): 4597-600.

Ha, E. M., C. T. Oh, Y. S. Bae and W. J. Lee (200%a)difect role for dual oxidase in
Drosophila gut immunity.” Scien@10(5749): 847-50.

Ha, E. M., C. T. Oh, J. H. Ryu, Y. S. Bae, S. W. &ah H. Jang, P. T. Brey and W. J.
Lee (2005b). "An antioxidant system required for host primtecagainst gut
infection in Drosophila.” Dev Ce8(1): 125-32.

Hamra, F. K., L. R. Forte, S. L. Eber, N. V. Pidbdeckyj, W. J. Krause, R. H. Freeman,
D. T. Chin, J. A. Tompkins, K. F. Fok, C. E. Smith and a. (1993).
"Uroguanylin: structure and activity of a second endogenousidpephat

stimulates intestinal guanylate cyclase." Proc NatidAB8eai U S A90(22): 10464-
8.
Han, Z. S. and Y. T. Ip (1999). "Interaction and specifiafyRel-related proteins in

regulating Drosophila immunity gene expression." J Bibém274(30): 21355-
61.

Hara, S. and M. Yamakawa (1995). "A novel antibacterialigegamily isolated from
the silkworm, Bombyx mori." Biochem3IL0 ( Pt 2) 651-6.

Harbrecht, B. G., S. C. Wang, R. L. Simmons and .TBikar (1995). "Cyclic GMP and
guanylate cyclase mediate lipopolysaccharide-induced Kupffdr tcenor
necrosis factor-alpha synthesis." J Leukoc BifR): 297-302.



Hardman, J. G. and E. W. Sutherland (1969). "Guanyl cyctasenzyme catalyzing the
formation of guanosine 3',5-monophosphate from guanosimesphate.” J Biol
Chem244(23): 6363-70.

He, B. and G. F. Weber (2003). "Phosphorylation of NF-kapgpaBeins by cyclic GMP-
dependent kinase. A noncanonical pathway to NF-kappaB #aetivaEur J
Biochem27(0(10): 2174-85.

Hedengren-Olcott, M., M. C. Olcott, D. T. Mooney, &eEgren, B. L. Geller and B. J.
Taylor (2004). "Differential activation of the NF-kappakel factors Relish and
Dif in Drosophila melanogaster by fungi and Gram-positbaeteria.”"_J Biol
Chem27920): 21121-7.

Hedengren, M., B. Asling, M. S. Dushay, I. Ando, S. EkengMnWihlborg and D.
Hultmark (1999). "Relish, a central factor in the cohtwbd humoral but not
cellular immunity in Drosophila.” Mol Ce#(5): 827-37.

Hedengren, M., K. Borge and D. Hultmark (2000). "Expressiod evolution of the
Drosophila attacin/diptericin gene family." Biochem Bwp Res Commun
2792): 574-81.

Hoebe, K., Z. Jiang, K. Tabeta, X. Du, P. Georgel,(fozat and B. Beutler (2006).
"Genetic analysis of innate immunity." Adv Immurgdt 175-226.

Hoffmann, J. A. (2003). "The immune response of DrosogiNature4266962): 33-8.

Hoffmann, J. A. and C. Hetru (1992). "Insect Defensins dudible Antibacterial
Peptides." Immunology Tod&y3(10): 411-415.

Holland, P. M., M. Suzanne, J. S. Campbell, S. Noaatli J. A. Cooper (1997). "MKK7

IS a stress-activated mitogen-activated protein kinas&s& functionally related
to hemipterous.” J Biol CheB&v240): 24994-8.

Hu, S. and X. Yang (2000). "dFADD, a novel death domainainimy adapter protein
for the Drosophila caspase DREDD." J Biol Ch2n%(40): 30761-4.

Hu, X., Y. Yagi, T. Tanji, S. Zhou and Y. T. Ip (2004). "NMualerization and interaction
of Toll and Spatzle in Drosophila.” Proc Natl Acad 8¢ A101(25): 9369-74.

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

Hultmark, D., A. Engstrom, K. Andersson, H. Steiner, Bénnich and H. G. Boman

(1983). "Insect immunity. Attacins, a family of antiba@é proteins from
Hyalophora cecropia.” EMBOZ2[4): 571-6.

19C



Hultmark, D., H. Steiner, T. Rasmuson and H. G. Borfi880). "Insect Immunity -
Purification and Properties of 3 Inducible Bactericidat®ins from Hemolymph
of Immunized Pupae of Hyalophora-Cecropia." European JbofBaochemistry
106(1): 7-16.

Imamura, M., J. Yang and M. Yamakawa (2002). "cDNA cloningyratterization and

gene expression of nitric oxide synthase from the silkwoBombyx mori."
Insect Mol Biol11(3): 257-65.
Imler, J. L. and P. Bulet (2005). "Antimicrobial peptides Dnosophila: structures,

activities and gene regulation." Chem Immunol Alle8gy 1-21.

Ip, Y. T., M. Reach, Y. Engstrom, L. Kadalayil, H. C8i, Gonzalez-Crespo, K. Tatei and
M. Levine (1993). "Dif, a dorsal-related gene that mediategmmune response
in Drosophila.” Cell7%(4): 753-63.

Iversen, A., G. Cazzamali, M. Williamson, F. Hauaed C. J. Grimmelikhuijzen (2002).
"Molecular cloning and functional expression of a Dros@hdceptor for the
neuropeptides capa-1 and -2." Biochem Biophys Res Cor28j#): 628-33.

Janeway, C. A., Jr. (1989). "Approaching the asymptote? Evolatia revolution in
immunology." Cold Spring Harb Symp Quant Bl Pt 1 1-13.

Jiggins, F. M. and K. W. Kim (2005). "The evolution of &migal peptides in
Drosophila." Genetic71(4): 1847-59.

Kalderon, D. and G. M. Rubin (1989). "cGMP-dependent proteimskingenes in
Drosophila." J Biol Cher?64(18): 10738-48.

Kallio, J., A. Leinonen, J. Ulvila, S. Valanne, R. Bzekowitz and M. Ramet (2005).

"Functional analysis of immune response genes in [Piako identifies JNK
pathway as a regulator of antimicrobial peptide gene esipresn S2 cells.”
Microbes Infect7(5-6): 811-9.

Kalra, D., G. Baumgarten, Z. Dibbs, Y. Seta, N. Snmamanian and D. L. Mann (2000).
"Nitric oxide provokes tumor necrosis factor-alpha expogssn adult feline

myocardium through a cGMP-dependent pathway." Circuldt@(11): 1302-7.
Kamisaki, Y., S. Saheki, M. Nakane, J. A. Palmidri, Kuno, B. Y. Chang, S. A.
Waldman and F. Murad (1986). "Soluble guanylate cyclase frolarrg exists as
a heterodimer.” J Biol Che®61(16): 7236-41.
Kaneko, T., W. E. Goldman, P. Mellroth, H. Steiner,Hdkase, S. Kusumoto, W. Harley,
A. Fox, D. Golenbock and N. Silverman (2004). "Monomenad golymeric

191



gram-negative peptidoglycan but not purified LPS stimula¢eDrosophila IMD
pathway." Immunity20(5): 637-49.

Kaneko, T. and N. Silverman (2005). "Bacterial recognitiowd &ignalling by the
Drosophila IMD pathway." Cell Microbiol(4): 461-9.

Kaneko, T. ,Yano, T., Aggarwal, K., Lim, J. H., Ueda, ®shima, Y., Peach, C., Erturk-
Hasdemir, D., Goldman, W. E., Oh, B. H., Kurata, & &ilverman, N. (2006).
"PGRP-LC and PGRP-LE have essential yet distincttions in the drosophila
immune response to monomeric DAP-type peptidoglycan." IMatunol 7(7):
715-23.

Kaupp, U. B. and R. Seifert (2002). "Cyclic nucleotide-gatedcliamnels.” Physiol Rev
82(3): 769-824.

Kean, L., W. Cazenave, L. Costes, K. E. BroderickG&ham, V. P. Pollock, S. A.
Davies, J. A. Veenstra and J. A. Dow (2002). "Two nitridengeptides are
encoded by the gene capability in Drosophila melanogaster.J Rhysiol Regul
Integr Comp Physid?825): R1297-307.

Kerr, M., S. A. Davies and J. A. Dow (2004). "Cell-specihanipulation of second

messengers; a toolbox for integrative physiology in Bpbda.” Curr Biol14(16):
1468-74.

Kiemer, A. K., T. Hartung and A. M. Vollmar (2000). "cGMfediated inhibition of
TNF-alpha production by the atrial natriuretic peptide urime macrophages." J
Immunol1651): 175-81.

Kim, M., J. H. Lee, S. Y. Lee, E. Kim and J. Chung (200&aspar, a suppressor of
antibacterial immunity in Drosophila." Proc Natl Acad BcS A10344): 16358-
63.

Kishimoto, I., S. K. Dubois and D. L. Garbers (1996).eTeart communicates with the

kidney exclusively through the guanylyl cyclase-A receptouteadiandling of
sodium and water in response to volume expansion." PrdcAlad Sci U S A
93(12): 6215-9.

Kishimoto, I., F. K. Hamra and D. L. Garbers (2001). "AgpdrB-type natriuretic

peptide selectivity in the kidney due to differential preges.” Can J Physiol
PharmacolV9(8): 715-22.

Kleino, A., S. Valanne, J. Ulvila, J. Kallio, H. Mylnaki, H. Enwald, S. Stoven, M.
Poidevin, R. Ueda, D. Hultmark, B. Lemaitre and M. Ra(@605). "Inhibitor of

192



apoptosis 2 and TAK1-binding protein are components of thesdphila Imd
pathway." Embo 24(19): 3423-34.

Kockel, L., J. G. Homsy and D. Bohmann (2001). "DrosophilalAfRessons from an
invertebrate." Oncoger#)(19): 2347-64.

Kurowska, E., M. Kobialka, E. Ziolo, L. Strzadala and ¥. Gorczyca (2002). "The
cGMP synthesis and PKG1 expression in murine lymphoid nsrgaArch
Immunol Ther Exp (WarsZA0(4): 289-94.

Kylsten, P., C. Samakovlis and D. Hultmark (1990). "Theagaarlocus in Drosophila; a

compact gene cluster involved in the response to infectitMBO J9(1): 217-24.
Lagueux, M., E. Perrodou, E. A. Levashina, M. Capovilld anA. Hoffmann (2000).

"Constitutive expression of a complement-like proteirtath and JAK gain-of-

function mutants of Drosophila.” Proc Natl Acad Sci 8 97(21): 11427-32.
Landon, C., P. Sodano, C. Hetru, J. Hoffmann and M @t897). "Solution structure of

drosomycin, the first inducible antifungal protein fromeias.” _Protein Sob(9):
1878-84.

Lang, K. S., A. Burow, M. Kurrer, P. A. Lang and M. Recl{2007). "The role of the
innate immune response in autoimmune disease." J Autairiffd): 206-12.

Langlais, K. K., J. A. Stewart and D. B. Morton (200®reliminary characterization of
two atypical soluble guanylyl cyclases in the central andpperal nervous
system of Drosophila melanogaster.” J Exp BOI(Pt 13): 2323-38.

Lau, G. W., B. C. Goumnerov, C. L. Walendziewicz, 8wiison, W. Xiao, S. Mahajan-
Miklos, R. G. Tompkins, L. A. Perkins and L. G. Rahme (200Bhe Drosophila
melanogaster toll pathway participates in resistanc@nfection by the gram-
negative human pathogen Pseudomonas aeruginosa." Infecinl#i(7): 4059-
66.

Lawrence, D. W. and K. B. Pryzwansky (2001). "The vdatalstimulated
phosphoprotein is regulated by cyclic GMP-dependent proteinseirtiring
neutrophil spreading.” J Immund669): 5550-6.

Lee, T. and L. Luo (1999). "Mosaic analysis with a repbéssell marker for studies of
gene function in neuronal morphogenesis."” Ne@?(): 451-61.

Lemaitre, B. (2004). "The road to Toll." Nat Rev ImmuaA(d): 521-7.

Lemaitre, B. and J. Hoffmann (2007). "The host defensBrosophila melanogaster.”
Annu Rev ImmunoP5: 697-743.

19¢



Lemaitre, B., E. Kromer-Metzger, L. Michaut, E. Nias] M. Meister, P. Georgel, J. M.
Reichhart and J. A. Hoffmann (1995a). "A recessive mutaitimune deficiency
(imd), defines two distinct control pathways in the Dggdsta host defense." Proc
Natl Acad Sci U S A22(21): 9465-9.

Lemaitre, B., M. Meister, S. Govind, P. Georgel, Rev&trd, J. M. Reichhart and J. A.
Hoffmann (1995b). "Functional analysis and regulationna€lear import of

dorsal during the immune response in Drosophila." Enmb{3): 536-45.

Lemaitre, B., E. Nicolas, L. Michaut, J. M. Reichhand J. A. Hoffmann (1996). "The
dorsoventral regulatory gene cassette spatzle/Tollisacbntrols the potent
antifungal response in Drosophila adults.” Géll6): 973-83.

Lemaitre, B., J. M. Reichhart and J. A. Hoffmann (1997)to'¥0phila host defense:
differential induction of antimicrobial peptide geneseafinfection by various
classes of microorganisms." Proc Natl Acad Sci U $4®6): 14614-9.

Leppa, S. and D. Bohmann (1999). "Diverse functions of JNiKasing and c-Jun in

stress response and apoptosis.” Oncod8[s): 6158-62.

Leulier, F., N. Lhocine, B. Lemaitre and P. Meier (2008 he Drosophila inhibitor of
apoptosis protein DIAP2 functions in innate immunity aneédgsential to resist
gram-negative bacterial infection.” Mol Cell Bd$(21): 7821-31.

Leulier, F., C. Parquet, S. Pili-Floury, J. H. Ryu, ®aroff, W. J. Lee, D. Mengin-
Lecreulx and B. Lemaitre (2003). "The Drosophila immunetesysdetects
bacteria through specific peptidoglycan recognition.” Nahimol4(5): 478-84.

Leulier, F., A. Rodriguez, R. S. Khush, J. M. Abramsl & Lemaitre (2000). "The
Drosophila caspase Dredd is required to resist gram-nedstoterial infection.”
EMBO Repi(4): 353-8.

Leulier, F., S. Vidal, K. Saigo, R. Ueda and B. Lenea{2002). "Inducible expression of
double-stranded RNA reveals a role for dFADD in the raguraof the
antibacterial response in Drosophila adults.” Curr B(12): 996-1000.

Levashina, E. A., S. Ohresser, P. Bulet, J. M. Rei¢hkarHetru and J. A. Hoffmann
(1995). "Metchnikowin, a novel immune-inducible proline-rich ptfrom
Drosophila with antibacterial and antifungal propertidsut J Biochen?332):
694-700.

Levashina, E. A., S. Ohresser, B. Lemaitre and J. UerIr(il998). "Two distinct

pathways can control expression of the gene encodirg Dhosophila
antimicrobial peptide metchnikowin." J Mol Bia¥V§3): 515-27.

194



Li, H. and X. Lin (2008). "Positive and negative signalimgmponents involved in
TNFalpha-induced NF-kappaB activation." Cytok##1): 1-8.

Liehl, P., M. Blight, N. Vodovar, F. Boccard and B.naitre (2006). "Prevalence of
local immune response against oral infection in a Drofmplsieudomonas
infection model.” PLoS Pathd?f6): e56.

Ligoxygakis, P., N. Pelte, C. Ji, V. Leclerc, B. Duvi. Belvin, H. Jiang, J. A.
Hoffmann and J. M. Reichhart (2002). "A serpin mutant lilfikdl activation to
melanization in the host defence of Drosophila.” EmB&(43): 6330-7.

Lincoln, T. M. and T. L. Cornwell (1993). "Intracellulayclic GMP receptor proteins."
FASEB J7(2): 328-38.

Lissandron, V., M. G. Rossetto, K. Erbguth, A. Fiala,Daga and M. Zaccolo (2007).
"Transgenic fruit-flies expressing a FRET-based sersoinf vivo imaging of
CcAMP dynamics." Cell Signdl9(11): 2296-303.

Liu, W., J. Yoon, M. Burg, L. Chen and W. L. Pak (1995). 1&tolar characterization of
two Drosophila guanylate cyclases expressed in the nervstigstsy J Biol Chem
270(21): 12418-27.

Lowe, D. G., M. S. Chang, R. Hellmiss, E. Chen, BgK D. L. Garbers and D. V.
Goeddel (1989). "Human atrial natriuretic peptide receptorneefia new
paradigm for second messenger signal transduction." ENEB): 1377-84.

Lu, Y., L. P. Wu and K. V. Anderson (2001). "The antibaatesrm of the drosophila
innate immune response requires an lkappaB kinase." Geredbd¢: 104-10.

Lucas, K. A., G. M. Pitari, S. Kazerounian, I. Ruiz®art, J. Park, S. Schulz, K. P.
Chepenik and S. A. Waldman (2000). "Guanylyl cyclases and sigria} cyclic
GMP." Pharmacol Re¥2(3): 375-414.

Luckhart, S., Y. Vodovotz, L. Cui and R. Rosenberg (199B)e"mosquito Anopheles

stephensi limits malaria parasite development with iitdeicsynthesis of nitric
oxide." Proc Natl Acad Sci U S 85(10): 5700-5.

MacPherson, M. R., K. E. Broderick, S. Graham, D&y, M. D. Houslay, J. A. Dow
and S. A. Davies (2004a). "The dg2 (for) gene confers a m@Emahotype in
Drosophila by modulation of cGMP-specific phosphodieseetal Exp Biol
207(Pt 16): 2769-76.

MacPherson, M. R., S. M. Lohmann and S. A. Davies (200Aalysis of Drosophila
cGMP-dependent protein kinases and assessment of th@ioimles by targeted

expression in a renal transporting epithelium." J Bibém27938): 40026-34.

19t



MacPherson, M. R., V. P. Pollock, K. E. BroderickKean, F. C. O'Connell, J. A. Dow
and S. A. Davies (2001). "Model organisms: new insights immochannel and
transporter function. L-type calcium channels regudgiighelial fluid transport in
Drosophila melanogaster.” Am J Physiol Cell Phy2&0(2): C394-407.

Manfruelli, P., J. M. Reichhart, R. Steward, J. A. Hadhn and B. Lemaitre (1999). "A
mosaic analysis in Drosophila fat body cells of thentd of antimicrobial
peptide genes by the Rel proteins Dorsal and DIF." Enil&)12): 3380-91.

Marletta, M. A. and M. M. Spiering (2003). "Trace elemaantd nitric oxide function.” J
Nutr 1335 Suppl 1): 1431S-3S.

McGettigan, J., R. K. McLennan, K. E. Broderick, L.adte A. K. Allan, P. Cabrero, M.
R. Regulski, V. P. Pollock, G. W. Gould, S. A. Daviesl an A. Dow (2005).

"Insect renal tubules constitute a cell-autonomous in@meystem that protects

the organism against bacterial infection." Insect BiocMwhBiol 3X7): 741-54.
McNeil, L., M. Chinkers and M. Forte (1995). "Identifieati characterization, and

developmental regulation of a receptor guanylyl cyclaggessed during early
stages of Drosophila development.” J Biol CH&M(13): 7189-96.

Medzhitov, R. and C. A. Janeway, Jr. (1997). "Innate imtgu the virtues of a
nonclonal system of recognition.” C6ll(3): 295-8.

Meister, M. (2004). "Blood cells of Drosophila: cell liges and role in host defence."
Curr Opin Immunoll6(1): 10-5.

Meister, M., B. Lemaitre and J. A. Hoffmann (1997). "Amtrobial peptide defense in
Drosophila." Bioessays9(11): 1019-26.

Mellroth, P., J. Karlsson and H. Steiner (2003). "A sc@er function for a Drosophila
peptidoglycan recognition protein." J Biol Che®8(9): 7059-64.

Meng, X., B. S. Khanuja and Y. T. Ip (1999). "Toll rea@pinediated Drosophila

immune response requires Dif, an NF-kappaB factor.'e&&ev13(7): 792-7.

Mengin-Lecreulx, D. and B. Lemaitre (2005). "Structured ametabolism of
peptidoglycan and molecular requirements allowing its dtietecby the
Drosophila innate immune system." J Endotoxin RER): 105-11.

Mercurio, F., H. Zhu, B. W. Murray, A. Shevchenko, B.Bennett, J. Li, D. B. Young,
M. Barbosa, M. Mann, A. Manning and A. Rao (1997). "IKK-1 dHKd-2:
cytokine-activated lkappaB kinases essential for NF-kapgéiBadion." Science
2785339): 860-6.

19¢



Mery, F., A. T. Belay, A. K. So, M. B. Sokolowskn@ T. J. Kawecki (2007). "Natural
polymorphism affecting learning and memory in Drosophila.'tPatl Acad Sci
U S A104(32): 13051-5.

Michel, T., J. M. Reichhart, J. A. Hoffmann and J.y&o(2001). "Drosophila Toll is
activated by Gram-positive bacteria through a circuiatipeptidoglycan
recognition protein.” Naturé146865): 756-9.

Miyazu, M., T. Tanimura and M. Sokabe (2000). "Moleculanirig and characterization
of a putative cyclic nucleotide-gated channel from Drodaphielanogaster."
Insect Mol Biol9(3): 283-92.

Morton, D. B. (2004). "Atypical soluble guanylyl cyclasedbrosophila can function as
molecular oxygen sensors.” J Biol Ch2i9(49): 50651-3.

Morton, D. B. and E. J. Anderson (2003). "MsGC-beta3 foactsre homodimers and

inactive heterodimers with NO-sensitive soluble guanyldlase subunits.” J
Exp Biol 206(Pt 6): 937-47.

Morton, D. B., K. K. Langlais, J. A. Stewart and Yermehren (2005). "Comparison of
the properties of the five soluble guanylyl cyclase subumtsDrosophila
melanogaster.” J Insect &cil2.

Morton, D. B., J. A. Stewart, K. K. Langlais, R. 8lemens-Grisham and A. Vermehren
(2008). "Synaptic transmission in neurons that express theophila atypical
soluble guanylyl cyclases, Gyc-89Da and Gyc-89Db, is necedsarythe
successful completion of larval and adult ecdysi€Ekg Biol 211(Pt 10): 1645-
56.

Muta, T. and S. Iwanaga (1996). "The role of hemolymph ca#igal in innate
immunity." Curr Opin Immuno8(1): 41-7.

Naitza, S., C. Rosse, C. Kappler, P. Georgel, M. Belbin Gubb, J. Camonis, J. A.
Hoffmann and J. M. Reichhart (2002). "The Drosophila immiefense against
gram-negative infection requires the death protein dFADD thumty 17(5):
575-81.

Nappi, A. J. and E. Vass (1993). "Melanogenesis and the gj@&merof cytotoxic

molecules during insect cellular immune reactions." RignCell Re$H(3): 117-
26.

Nappi, A. J., E. Vass, F. Frey and Y. Carton (2000). ritNibxide involvement in
Drosophila immunity." Nitric Oxidel(4): 423-30.




Navarro, J. F. and C. Mora (2006). "Diabetes, inflammatwoinflammatory cytokines,
and diabetic nephropathy." ScientificWorldJouréia®08-17.
Nicolas, E., J. M. Reichhart, J. A. Hoffmann and Bmiagre (1998). "In vivo regulation

of the lkappaB homologue cactus during the immune resporiBeosbphila.” J
Biol Chem273(17): 10463-9.

Nighorn, A., K. A. Byrnes and D. B. Morton (1999). "Idénation and characterization
of a novel beta subunit of soluble guanylyl cyclase thatiwe in the absence of
a second subunit and is relatively insensitive to nitxide" J Biol ChenP74(4):
2525-31.

Nighorn, A., N. J. Gibson, D. M. Rivers, J. G. Hitdand and D. B. Morton (1998). "The
nitric oxide-cGMP pathway may mediate communication betwsensory
afferents and projection neurons in the antennal lobéanduca sexta.” J
Neuroscil8§(18): 7244-55.

Ochiai, M. and M. Ashida (1988). "Purification of a beta-1,3-glucecognition protein

in the prophenoloxidase activating system from hemolymphhe silkworm,
Bombyx mori.” J Biol Chen26324): 12056-62.

Omori, K. and J. Kotera (2007). "Overview of PDEs and thegulation."_Circ Res
100(3): 309-27.

Onfelt Tingvall, T., E. Roos and Y. Engstrom (2001). "Tinel igene is required for local
Cecropin expression in Drosophila barrier epithelidBO Rep?2(3): 239-43.

Osborne, K. A., A. Robichon, E. Burgess, S. ButlandARShaw, A. Coulthard, H. S.
Pereira, R. J. Greenspan and M. B. Sokolowski (1997)tutblla behavior
polymorphism due to a cGMP-dependent protein kinase of Drdadp8tience
277(5327): 834-6.

Paolucci, C., P. Rovere, C. De Nadai, A. A. Manfreal &. Clementi (2000). "Nitric
oxide inhibits the tumor necrosis factor alpha -regulaedocytosis of human
dendritic cells in a cyclic GMP-dependent way." J Biok@?7526): 19638-44.

Park, J. M., H. Brady, M. G. Ruocco, H. Sun, D. Witiy S. J. Lee, T. Kato, Jr., N.
Richards, K. Chan, F. Mercurio, M. Karin and S. A. Véasgman (2004).
"Targeting of TAK1 by the NF-kappa B protein Relish regulaties JNK-
mediated immune response in Drosophila."” GenesliBg): 584-94.

Park, J. M., F. R. Greten, A. Wong, R. J. Westricls.JArthur, K. Otsu, A. Hoffmann,
M. Montminy and M. Karin (2005). "Signaling pathways and gethes inhibit

19€



pathogen-induced macrophage apoptosis--CREB and NF-kappaB as key
regulators.” ImmunitY3(3): 319-29.

Piggott, L. A., K. A. Hassell, Z. Berkova, A. P. Mizr M. Silberbach and T. C. Rich
(2006). "Natriuretic peptides and nitric oxide stimulate cGMmtlesis in
different cellular compartments.” J Gen Phy4ip§1): 3-14.

Pilz, R. B. and D. E. Casteel (2003). "Regulation of gex@ession by cyclic GMP."
Circ Res93(11): 1034-46.

Pollock, V. P., J. C. Radford, S. Pyne, G. Hasan, Ddw and S. A. Davies (2003).
"NorpA and itpr mutants reveal roles for phospholipasen@ iaositol (1,4,5)-
trisphosphate receptor in Drosophila melanogaster rematidwn." J Exp Biol
206(Pt 5): 901-11.

Predel, R. and C. Wegener (2006). "Biology of the CAPA deptin insects." Cell Mol
Life Sci63(21): 2477-90.

Pryzwansky, K. B., T. A. Wyatt and T. M. Lincoln (1995)XCyclic guanosine
monophosphate-dependent protein kinase is targeted to idiatenélaments and
phosphorylates vimentin in A23187-stimulated human neutroplledd 851):
222-30.

Quesada, H., S. E. Ramos-Onsins and M. Aguade (2005). "Butdeath evolution of
the Cecropin multigene family in Drosophila.” J Mol E@6(1): 1-11.

Reddy, K. V., R. D. Yedery and C. Aranha (2004). "Antimiab peptides: premises and
promises." Int J Antimicrob Agen®4(6): 536-47.

Regulski, M. and T. Tully (1995). "Molecular and biochemuadracterization of dNOS:

a Drosophila Ca2+/calmodulin-dependent nitric oxide synth&ec Natl Acad
Sci U S A92(20): 9072-6.

Reichhart, J. M., P. Georgel, M. Meister, B. Lemaitte,Kappler and J. A. Hoffmann
(1993). "Expression and nuclear translocation of the Fekdppa B-related
morphogen dorsal during the immune response of DrosophilR "ACad Sci lll
316(10): 1218-24.

Riedl, C. A., S. J. Neal, A. Robichon, J. T. Westwaodl M. B. Sokolowski (2005).

"Drosophila soluble guanylyl cyclase mutants exhibit incréaderaging

locomotion: behavioral and genomic investigations." Behane&35(3): 231-44.
Roach, S. K., S. B. Lee and J. S. Schorey (2005). 'ieifteal activation of the
transcription factor cyclic AMP response element bindargtein (CREB) in

macrophages following infection with pathogenic and nonpathioge

19¢



mycobacteria and role for CREB in tumor necrosis diaclpha production.”
Infect Immun73(1): 514-22.

Robertson, H. M., C. R. Preston, R. W. Phillis, D. Mhnson-Schlitz, W. K. Benz and
W. R. Engels (1988). "A stable genomic source of P elenransposase in
Drosophila melanogaster.” Genetics3(3): 461-70.

Rosay, P., S. A. Davies, Y. Yu, A. Sozen, K. Kaised d. A. Dow (1997). "Cell-type
specific calcium signalling in a Drosophila epitheliurd.Cell Sci110 ( Pt 15)
1683-92.

Rubin, G. M. and A. C. Spradling (1983). "Vectors for P elemegdiated gene transfer
in Drosophila.” Nucleic Acids Rek1(18): 6341-51.

Russwurm, M., F. Mullershausen, A. Friebe, R. Jager, Csvirusn and D. Koesling

(2007). "Design of fluorescence resonance energy tra(fSiRET)-based cGMP
indicators: a systematic approach." Bioche#®41): 69-77.

Rutschmann, S. and K. Hoebe (2008). "Dissecting innate immuytygermline
mutagenesis.” Immunolodgh?234): 459-68.

Rutschmann, S., A. C. Jung, C. Hetru, J. M. Reichhatt, Hoffmann and D. Ferrandon
(2000a). "The Rel protein DIF mediates the antifungalrmitthe antibacterial
host defense in Drosophila.” Immunit(5): 569-80.

Rutschmann, S., A. C. Jung, R. Zhou, N. Silverman, J. &fnkhnn and D. Ferrandon
(2000b). "Role of Drosophila IKK gamma in a toll-independentibacterial
immune response.” Nat Immunt{4): 342-7.

Rutschmann, S., A. Kilinc and D. Ferrandon (2002). "Cutting ettgetoll pathway is
required for resistance to gram-positive bacterial indestiin Drosophila.”_J
Immunol1684): 1542-6.

Ryu, J. H., E. M. Ha, C. T. Oh, J. H. Seol, P. Ted. Jin, D. G. Lee, J. Kim, D. Lee
and W. J. Lee (2006). "An essential complementary rbldFekappaB pathway
to microbicidal oxidants in Drosophila gut immunity."” Emb25015): 3693-701.

Sadighi Akha, A. A., N. J. Willmott, K. Brickley, AC. Dolphin, A. Galione and S. V.
Hunt (1996). "Anti-lg-induced calcium influx in rat B lymphaes mediated by
cGMP through a dihydropyridine-sensitive channel." J Bioém?271(13): 7297-
300.

Scheiner, R., M. B. Sokolowski and J. Erber (2004). “Autiof cGMP-dependent
protein kinase (PKG) affects sucrose responsiveness andudiait in
Drosophila melanogaster.” Learn Mdri(3): 303-11.

20C



Schneider, 1. (1972). "Cell lines derived from late embryosteges of Drosophila
melanogaster.” J Embryol Exp Morpt#i(2): 353-65.

Schulz, S., M. Chinkers and D. L. Garbers (1989). "The datmnycyclase/receptor
family of proteins.” FASEB 3(9): 2026-35.

Schulz, S., C. K. Green, P. S. Yuen and D. L. GarfE9980). "Guanylyl cyclase is a
heat-stable enterotoxin receptor.” @G3(5): 941-8.

Schulz, S., B. J. Wedel, A. Matthews and D. L. Gab@998). "The cloning and
expression of a new guanylyl cyclase orphan receptor." U Giem 2732):
1032-7.

Senger, K., G. W. Armstrong, W. J. Rowell, J. M. Kwadh Markstein and M. Levine

(2004). "Immunity regulatory DNAs share common organizatideatures in
Drosophila." Mol Cell1 3(1): 19-32.

Shah, S. and D. R. Hyde (1995). "Two Drosophila genes tiatde the alph and beta
subunits of the brain soluble guanylyl cyclase." J Bioll@R&((25): 15368-76.

Silverman, N. (2003). "Flies kNOw how to signal." DevICKEL): 5-6.

Silverman, N. and T. Maniatis (2001). "NF-kappaB signaling wagls in mammalian
and insect innate immunity." Genes DE)18): 2321-42.

Silverman, N., R. Zhou, R. L. Erlich, M. Hunter, E.rBgtein, D. Schneider and T.
Maniatis (2003). "Immune activation of NF-kappaB and JNK ireguDrosophila
TAK1." J Biol Chem27849): 48928-34.

Silverman, N., R. Zhou, S. Stoven, N. Pandey, D. Huknaad T. Maniatis (2000). "A
Drosophila IkappaB kinase complex required for Relish clgavand
antibacterial immunity.” Genes Ddv(19): 2461-71.

Sluss, H. K., Z. Han, T. Barrett, D. C. GoberdhanWilson, R. J. Davis and Y. T. Ip
(1996). "A INK signal transduction pathway that mediatephayenesis and an
immune response in Drosophila.” Genes D&{21): 2745-58.

Sozen, M. A, J. D. Armstrong, M. Yang, K. Kaiser ahdA. Dow (1997). "Functional
domains are specified to single-cell resolution in a Opbda epithelium."” Proc
Natl Acad SciU S A4(10): 5207-12.

Steinbrecher, K. A., E. A. Mann, R. A. Giannella andBJ.Cohen (2001). "Increases in
guanylin and uroguanylin in a mouse model of osmotic diarrheayaanylate
cyclase C-independent.” Gastroenteroldg¥5): 1191-202.

Steiner, H. (2004). "Peptidoglycan recognition proteinsaond off switches for innate
immunity." Immunol Revi98 83-96.

201



Steiner, H., D. Hultmark, A. Engstrom, H. Bennich and3H Boman (1981). "Sequence
and specificity of two antibacterial proteins involved in eisexmunity.” Nature
292(5820): 246-8.

Stone, J. R. and M. A. Marletta (1994). "Soluble guanylgtdase from bovine lung:
activation with nitric oxide and carbon monoxide and spécinaracterization of
the ferrous and ferric states." Biochemis3B18): 5636-40.

Stoven, S., I. Ando, L. Kadalayil, Y. Engstrom and Dultkhark (2000). "Activation of
the Drosophila NF-kappaB factor Relish by rapid endoproteoleavage.”
EMBO Repl(4): 347-52.

Stoven, S., N. Silverman, A. Junell, M. Hedengren-Q@J|ddt Erturk, Y. Engstrom, T.
Maniatis and D. Hultmark (2003). "Caspase-mediated processinghe
Drosophila NF-kappaB factor Relish." Proc Natl Acad S8 18.100(10): 5991-6.

Stronach, B. (2005). "Dissecting JNK signaling, one KKKehas a time." Dev Dyn
2323): 575-84.

Stronach, B. E. and N. Perrimon (1999). "Stress signatinBrosophila.”_Oncogene
18(45): 6172-82.

Stuehr, D. J. (1999). "Mammalian nitric oxide synthasé&idchim Biophys Acta
1411(2-3): 217-30.

Sutherland, E. W. (1972). "Studies on the mechanism of hwnaztion."_Science
177(47): 401-8.

Sutherland, E. W. and T. W. Rall (1958). "Fractionatiod elmaracterization of a cyclic
adenine ribonucleotide formed by tissue particles." J Biedm2322): 1077-91.

Suzuki, Y., S. Nagao, K. Abe, T. Hirabayashi and Y. Walben(1981). "Tetrahymena
calcium-binding protein is indeed a calmodulin.” J Bioctg&(1): 333-6.

Syrovets, T., B. Tippler, M. Rieks and T. Simmet (199PBlaSmin is a potent and
specific chemoattractant for human peripheral morescycting via a cyclic
guanosine monophosphate-dependent pathway." BedR®): 4574-83.

Takehana, A., T. Katsuyama, T. Yano, Y. Oshima, Ha@la, T. Aigaki and S. Kurata
(2002). "Overexpression of a pattern-recognition receptoptiduglycan-
recognition protein-LE, activates imd/relish-mediatedibaaterial defense and
the prophenoloxidase cascade in Drosophila larvae." RaticAcad Sci U S A
99(21): 13705-10.

20z



Takehana, A., T. Yano, S. Mita, A. Kotani, Y. Oshimada8. Kurata (2004).
"Peptidoglycan recognition protein (PGRP)-LE and PGRP-LUGwtergistically
in Drosophila immunity." Embo 23(23): 4690-700.

Takio, K., R. D. Wade, S. B. Smith, E. G. Krebs, K. Walsh and K. Titani (1984).
"Guanosine cyclic 3',5-phosphate dependent protein kirsasdimeric protein
homologous with two separate protein families." Biociseyn23(18): 4207-18.

Tanji, T., X. Hu, A. N. Weber and Y. T. Ip (2007). "Toll antMD pathways
synergistically activate an innate immune response irs@pioila melanogaster.”
Mol Cell Biol 27(12): 4578-88.

Tauszig-Delamasure, S., H. Bilak, M. Capovilla, J. A.fa@inn and J. L. Imler (2002).
"Drosophila MyD88 is required for the response to fungal &ram-positive
bacterial infections.” Nat Immun@(1): 91-7.

Tauszig, S., E. Jouanguy, J. A. Hoffmann and J. L. 142@00). "Toll-related receptors
and the control of antimicrobial peptide expression imddphila."_Proc Natl
Acad Sci U S A97(19): 10520-5.

Terras, F. R., H. M. Schoofs, M. F. De Bolle, F. Vaauven, S. B. Rees, J.
Vanderleyden, B. P. Cammue and W. F. Broekaert (1992).ly&isanf two novel

classes of plant antifungal proteins from radish (Rapsasativus L.) seeds." J
Biol Chem267(22): 15301-9.

Thevissen, K., A. Ghazi, G. W. De Samblanx, C. BrownReW. Osborn and W. F.
Broekaert (1996). "Fungal membrane responses induced byddéensins and
thionins." J Biol Chen271(25): 15018-25.

Thevissen, K., F. R. Terras and W. F. Broekaert (199%rmeabilization of fungal
membranes by plant defensins inhibits fungal growth." Appl ®®nvMicrobiol
65(12): 5451-8.

Thoetkiattikul, H., M. H. Beck and M. R. Strand (2005). "bitor kappaB-like proteins
from a polydnavirus inhibit NF-kappaB activation and supprdss ihsect
immune response.” Proc Natl Acad Sci U 30%(32): 11426-31.

Tzou, P., E. De Gregorio and B. Lemaitre (2002a). "HawsDphila combats microbial

infection: a model to study innate immunity and host-pathagienactions.” Curr
Opin Microbiol5(1): 102-10.
Tzou, P., S. Ohresser, D. Ferrandon, M. Capovill&l.JReichhart, B. Lemaitre, J. A.

Hoffmann and J. L. Imler (2000). "Tissue-specific inducibkpression of

20¢



antimicrobial peptide genes in Drosophila surface epithelmmunity 13(5):
737-48.

Tzou, P., J. M. Reichhart and B. Lemaitre (2002b). "Ctniste expression of a single
antimicrobial peptide can restore wild-type resistance imfection in
immunodeficient Drosophila mutants." Proc Natl Acadl$d8 A99(4): 2152-7.

Uttenweiler-Joseph, S., M. Moniatte, M. Lagueux, A. \arsselaer, J. A. Hoffmann
and P. Bulet (1998). "Differential display of peptides iretbduring the immune
response of Drosophila: a matrix-assisted laser deésorpnization time-of-
flight mass spectrometry study.” Proc Natl Acad SE B8 95(19): 11342-7.

Vaandrager, A. B. and H. R. de Jonge (1996). "Signalling by Rpendent protein
kinases." Mol Cell Biocherti57(1-2): 23-30.

Van Doren, M. (2006). Development of the somatic gonad fan bodies._Muscle

Development irDrosophila H. Sink, Birkhauser, Landes Bioscienéd-55.
VanUffelen, B. E., B. M. de Koster and J. G. Elferid®98). "Interaction of cyclic GMP

and cyclic AMP during neutrophil migration: involvement dfogphodiesterase
type I11." Biochem Pharmacd&6(8): 1061-3.
VanUffelen, B. E., J. VanSteveninck and J. G. Elferid®97). "Potentiation and

inhibition of fMLP-activated exocytosis in neutrophils kBxogenous nitric
oxide." Immunopharmacolodd7(2-3): 257-67.
Vermehren, A., K. K. Langlais and D. B. Morton (2006).x{gen-sensitive guanylyl

cyclases in insects and their potential roles in oxydetection and in feeding
behaviors." J Insect Physio2(4): 340-8.
Vidal, S., R. S. Khush, F. Leulier, P. Tzou, M. Nakaaand B. Lemaitre (2001).

"Mutations in the Drosophila dTAK1 gene reveal a congkrfenction for

MAPKKKs in the control of rel/NF-kappaB-dependent innatenmune
responses.” Genes D&§(15): 1900-12.

Vodovar, N., M. Vinals, P. Liehl, A. Basset, J. Daggicd, P. Spellman, F. Boccard and B.
Lemaitre (2005). "Drosophila host defense after oral infactioy an
entomopathogenic Pseudomonas species.” Proc Natl Acad ScA 10232):
11414-9.

Wang, C., L. Deng, M. Hong, G. R. Akkaraju, J. Inoue and.Z. Chen (2001). "TAK1
is a ubiquitin-dependent kinase of MKK and IKK." NatddA(6844): 346-351.

204



Wang, J., L. Kean, J. Yang, A. K. Allan, S. A. Davifs,Herzyk and J. A. Dow (2004).
"Function-informed transcriptome analysis of Drosophdaal tubule.” Genome
Biol 5(9): R69.

Wang, L., A. N. Weber, M. L. Atilano, S. R. FilipH, J. Gay and P. Ligoxygakis (2006).
"Sensing of Gram-positive bacteria in Drosophila: GNBPheieded to process
and present peptidoglycan to PGRP-SA." EMBZ520): 5005-14.

Weber, A. N., S. Tauszig-Delamasure, J. A. Hoffmann,elievre, H. Gascan, K. P. Ray,
M. A. Morse, J. L. Imler and N. J. Gay (2003). "Bindin§ the Drosophila
cytokine Spatzle to Toll is direct and establishesadigg.” Nat Immunol4(8):
794-800.

Weiske, J. and A. Wiesner (1999). "Stimulation of NO kgse activity in the immune-
competent lepidopteran Estigmene acraea hemocyte liiteic’ @xide 3(2): 123-
31.

Werner, T., K. Borge-Renberg, P. Mellroth, H. Steinexd aD. Hultmark (2003).
"Functional diversity of the Drosophila PGRP-LC gengstdr in the response to
lipopolysaccharide and peptidoglycan.” J Biol CHEfA(29): 26319-22.

Werner, T., G. Liu, D. Kang, S. Ekengren, H. Steinel BnHultmark (2000). "A family
of peptidoglycan recognition proteins in the fruit fly Bophila melanogaster.”
Proc Natl Acad Sci U S A7(25): 13772-7.

Wessing, A. and D. Eichelberg (1978). Malpighian tubules, Irpefaillae and excretion.
The Genetics and Biology of Drosophila. Ashburner and T. R. F. Wright.
London, Academic Pres&c: 1 - 42.

Wicker, C., J. M. Reichhart, D. Hoffmann, D. Hultma®, Samakovlis and J. A.

Hoffmann (1990). "Insect immunity. Characterization oDeosophila cDNA
encoding a novel member of the diptericin family of imma peptides.” J Biol
Chem26536): 22493-8.
Wildemann, B. and G. Bicker (1999). "Nitric oxide and cyclic BNhduce vesicle
release at Drosophila neuromuscular junction.” J Neur88(8): 337-46.
Winans, K. A., D. S. King, V. R. Rao and C. R. Bertogk999). "A chemically
synthesized version of the insect antibacterial glyptge, diptericin, disrupts
bacterial membrane integrity." Biochemis8§36): 11700-10.

Wyatt, T. A., K. B. Pryzwansky and T. M. Lincoln (1991KT5823 activates human
neutrophils and fails to inhibit cGMP-dependent protein kinatsgsphorylation
of vimentin." Res Commun Chem Pathol Pharmdd(l): 3-14.

20¢



Yau, K. W. and D. A. Baylor (1989). "Cyclic GMP-activatednductance of retinal
photoreceptor cells.” Annu Rev Neuro%@i 289-327.
Yoshida, H., K. Kinoshita and M. Ashida (1996). "Purificatioh a peptidoglycan

recognition protein from hemolymph of the silkworm, Bomlbmgori." Journal of
Biological Chemistry271(23): 13854-13860.

Yoshikawa, S., I. Miyamoto, J. Aruga, T. Furuichi, H. Okand K. Mikoshiba (1993).
"Isolation of a Drosophila gene encoding a head-spegif@nylyl cyclase." J
Neurochen60(4): 1570-3.

Yuen, P. S., L. R. Potter and D. L. Garbers (1990). "W f@m of guanylyl cyclase is
preferentially expressed in rat kidney." Biochemi&®#49): 10872-8.

Zaccolo, M. and M. A. Movsesian (2007). "cAMP and cGMghaling cross-talk: role of
phosphodiesterases and implications for cardiac pathopdygiy Circ Res
100(11): 1569-78.

Zagotta, W. N. and S. A. Siegelbaum (1996). "Structure famdtion of cyclic
nucleotide-gated channels.” Annu Rev Neurd8ci235-63.

Zaidman-Remy, A., M. Herve, M. Poidevin, S. Pili-FlguM. S. Kim, D. Blanot, B. H.
Oh, R. Ueda, D. Mengin-Lecreulx and B. Lemaitre (2006).e"Drosophila
amidase PGRP-LB modulates the immune response to ibhcigfection.”

Immunity 24(4): 463-73.

Zhou, R., N. Silverman, M. Hong, D. S. Liao, Y. Chu&g,J. Chen and T. Maniatis
(2005). "The role of ubiquitination in Drosophila innate immyiitd Biol Chem
280(40): 34048-55.

Zhuang, S., G. T. Nguyen, Y. Chen, T. Gudi, M. Eigenthdledarchau, U. Walter, G. R.
Boss and R. B. Pilz (2004). "Vasodilator-stimulated phosphejoraictivation of
serum-response element-dependent transcription occurs deamsif RhoA and
is inhibited by cGMP-dependent protein kinase phosphorylatibrBiol Chem
27911): 10397-407.

Zhuang, Z. H., L. Sun, L. Kong, J. H. Hu, M. C. Yu, PirReh, J. W. Zang and B. X. Ge
(2006). "Drosophila TAB2 is required for the immune actatdf JINK and NF-
kappaB." Cell Signal8(7): 964-70.

Zufall, F., S. Firestein and G. M. Shepherd (1994). "Cyalicleotide-gated ion channels
and sensory transduction in olfactory receptor neurons."uARav Biophys
Biomol Struct23: 577-607.

20¢€






