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Abstract

Insects are exposed in their environment to many viruses, and these infections
can have a significant economical (bee, silk worm) or medical (transmission of
arboviruses such as Chikungunya and Dengue by Aedes mosquitoes) impact.
Despite the significant advances made in recent years on antiviral immunity of
insects, little is known about the pathophysiological mechanisms involved in the
susceptibility to viral infections. In the course of this PhD thesis, I used the fruit
fly Drosophila melanogaster as a model system to study the pathology induced
by two RNA viruses: the Drosophila C virus (DCV, Dicistroviridae) and the Flock
House virus (FHV, Nodaviridae).

It was previously shown that ATP-sensitive potassium channels (KATP ) regu-
late survival in certain viral infections in Drosophila and mammals. In fruit flies
mutation of the gene encoding the regulatory subunit of KATP , dSUR, is as-
sociated with reduced survival and increased viral load following FHV, but not
DCV infection. This result indicates that KATP channels control FHV replication
in Drosophila. dSUR is highly expressed in the Drosophila heart and I showed
that FHV infects this organ. Using a combination of genetic and pharmacological
approaches we showed that the KATP channels activity is related to the major
antiviral mechanism, that is RNA interference. These results suggest that the ef-
flux of potassium regulates an important component of antiviral innate immunity
in the heart of Drosophila. Together with work performed on mice by a group
of colleagues in the USA, my results indicate that cardiac KATP channels play
an important and conserved role during evolution in the control of infections by
mechanisms that remain to be identified.

I next compared the transcriptional response of flies infected with DCV and
FHV using genome-wide microarrays. I observed that DCV infection leads to
the strong repression of several hundred of genes, predominantly expressed in
the midgut of the fly. Many genes repressed by the DCV are also repressed
under conditions of starvation, suggesting that infected flies stop feeding. How-
ever, DCV-infected flies continue to feed and gain weight compared to uninfected
controls. This gain of weight is due to decreased excretion, associated with an
accumulation of the food in the crop and the anterior part of the midgut. My data
indicate that viral infection triggers intestinal obstruction in the anterior midgut of
the fly, most probably at the level of the cardia. The results obtained during my
PhD strongly suggest that the pathology induced by DCV results from the pres-
ence of the virus in a particular tissue, rather than from the adverse effect of the
host’s immune response.

Overall, my PhD work reveal the complexity of host-virus interactions in
Drosophila and shows that DCV and FHV, which appear very similar at first sight,
induce very different, organ-specific pathologies in Drosophila.
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INTRODUCTION

Viral diseases are a constant threat and a major cause of mortality worldwide.

As obligate intracellular pathogens, viruses ultimately rely on strategies, requir-

ing further infection and replication within naive host cells, that allow high levels

of viral production and facilitate transmission. At the same time, viruses must

deal with the host immune response and develop counter-mechanisms, which

guarantee the success of infection. Viral infections of insects might have serious

consequences for humans. Viruses can be pathogenic to beneficial insects such

as the honeybee Apis melifera or the silkworm Bombyx mori, causing important

economical losses. Viruses can also be transmitted to humans by insect vectors

such as mosquitoes. For example, the arthropod-borne virus (arbovirus) West

Nile, since its first appearance in 1999 in the United States, is responsible for the

largest epidemic of human encephalitis in the US. This flavivirus transmitted by

the Culex mosquitoes continues to be one of the most frequent causes of menin-

goencephalitis in North America today [Debiasi, 2011]. Therefore, the study of

antiviral defenses in animals remains a priority.

To counteract infection, hosts rely on their immune defenses and it is of crucial

importance for them to react immediately within the hours following infection. The

innate immune system is the first line of defense against pathogenic invaders in all

animal kingdom and is based on the recognition of Pathogen-Associated Molecu-

lar Patterns (PAMPs) by germline-encoded receptors, called Pattern Recognition

Receptors (PRRs) [Medzhitov and Janeway, 1997]. The adaptive immune sys-

tem appeared with the early-jawed vertebrates. It is characterized by genetic

rearrangements of the genes encoding antigen receptors, clonal expansion of

lymphocytes and production of antibodies. This allows the recognition of virtually

any antigen. The adaptive immune system also has the capacity to remember

the pathogens that the organism has already encountered and can mount faster

and stronger response against them upon re-exposure [Janeway, 2005].

The fruit fly Drosophila melanogaster is a favorite model organism for studying
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INTRODUCTION

different biological processes. For the past two decades Drosophila has proved

its utility as an experimental model organism to study innate immune mechanisms

and has allowed researchers to make significant progress in this field. The key

discovery of antimicrobial activity in the hemolymph of insects after challenge with

pathogenic microorganisms led to the identification of new classes of antibiotics

such as the antimicrobial peptides [Steiner et al., 1981]. Subsequently, the study

of the regulation of antimicrobial peptides production allowed the discovery of

molecules of immune signaling pathways conserved along evolution, such as Toll

and the Toll-like receptors (TLRs) [Hoffmann, 2003], (Figure 1).

Figure 1: Schematic representation of Toll/TLR pathways in Drosophila and
mammals . Toll and TLRs activate an evolutionary conserved signaling pathway
involving the TIR domain adapters DmMyD88/MyD88, the death domain (DD) ki-
nases Pelle/IRAK, the inhibitors Cactus/IκB and the Rel family transcription factors
Dif/NF-κB . Mammalian TLRs are activated upon direct binding of microbial molecu-
lar patterns, whereas Drosophila Toll is activated by the cytokine Spaetzle. Detection
of microbial molecular patterns or virulence factors by different sets of sensors in
Drosophila activates a proteolytic cascade leading to Spaetzle activation.

In contrast to the large amount of information available for infection with ex-

tracellular pathogens such as bacteria and fungi, the interaction of Drosophila
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INTRODUCTION

with viruses has only been addressed recently. Several research groups in the

world, including the group of Prof. Jean-Luc Imler in Strasbourg initiated the

studies on antiviral defenses in flies. The availability of different viruses infecting

Drosophila facilitated this research and a fly infection model was developed. Initial

studies identified two major responses to positive-stranded RNA-viruses: the an-

tiviral RNA interference (RNAi) [Galiana-Arnoux et al., 2006, van Rij et al., 2006,

Wang et al., 2006, Zambon et al., 2006] and the inducible response contributing

to the host defense [Dostert et al., 2005, Zambon et al., 2005]. However, the

pathophysiology of the viral infections, as well as the host response that control

the outcome of the infection remain poorly characterized.

My PhD work has focused on the understanding of the pathology caused by

viral infection in the fruit fly Drosophila melanogaster. In the first part of this

thesis, I will introduce the Drosophila model for viral infection, describe our current

knowledge on antiviral immunity and homeostatic mechanisms contributing to the

control of infections. The second part is dedicated to material and methods that

were used to perform the research. In the third part, I will summarize the results

I obtained during my thesis. Finally, in the fourth part I will discuss the relevance

of this work and its contribution to the understanding of the complex host-virus

interactions.
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Chapter 1

Drosophila models of viral infection

In this chapter I will describe the viruses used to decipher the mechanisms

of antiviral immunity in Drosophila melanogaster, including natural pathogens,

as well as viruses isolated from other hosts and used to infect the fly. These

viruses provide interesting experimental system allowing to analyse how the fly

recognizes and controls infection caused by viral pathogens belonging to differ-

ent families and having different RNA or DNA genomes. I will pay a particular

attention to the dicistrovirus DCV and the nodavirus FHV, which were the major

infectious agents used in the course of my PhD work.

1.1 Drosophila viruses: natural pathogens of the

fly

1.1.1 Drosophila C virus (DCV)

Drosophila C virus (DCV) is the best-characterized Drosophila virus. DCV

was originally reported in 1972 in a laboratory stock that exhibited unusually

high mortality rates [Jousset et al., 1972]. DCV was later found in several labo-

ratory stocks, as well as populations of Drosophila in the wild [Plus et al., 1975a,
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CHAPTER 1. DROSOPHILA MODELS OF VIRAL INFECTION

Gateff et al., 1980]. DCV is a small, non-enveloped RNA-containing virus that

shares many properties with picornaviruses. It belongs to the Dicstroviridae

family, genus Cripavirus. DCV particles have icosahedral shape with 25-30 nm

of diameter. The DCV genome is a single molecule of RNA of positive polar-

ity and 9264 nt of length, which is attached at its 5’ end to a small genome-

linked protein (VPg), and polyadenylated at its 3’ end [Jousset et al., 1977,

King and Moore, 1988], (Figure 1.1). The DCV genome contains two open read-

ing frames (ORFs). The translation of both ORFs is dependent on two internal

ribosomal entry sites (IRES) located at the 5’ end for ORF1 and in the inter-

genic region for ORF2, respectively. ORF1 codes for non-structural proteins, in-

cluding a suppressor of the host antiviral RNA interference, called DCV-1A, a

helicase, a protease, the VPg protein and the viral RNA-dependent RNA poly-

merase (vRdRp). ORF2 codes the virion capsid proteins (VP1-4). The virus-

encoded protease generates these proteins from larger polyprotein precursors

[Bonning and Miller, 2010].

Figure 1.1: Dicistroviral and picornaviral genome organization . The genomic
single stranded RNA of positive polarity is linked to the viral VPg protein at its 5’ end
and polyadenilated at its 3’ end.The dicistroviral genome contains two ORFs encod-
ing non-structural proteins (ORF1) and capsid proteins (ORF2). Translation of viral
proteins is dependant on two IRES sites. For picornaviruses, a single ORF encodes
capsid and non-structural proteins, which translation is initiated by a 5’ IRES.
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CHAPTER 1. DROSOPHILA MODELS OF VIRAL INFECTION

Figure 1.2: Dicistroviral replication cycle . Viral particles enter the cell via clathrin-
mediated endocytosis. After uncoating, the genome RNA of positive polarity (+) is
translated and the viral replicase associates with Golgi-derived vesicles. On these
vesicles replication occurs via double-stranded RNA intermediates. The negative
strand (-) serves as template for the production of (+) strands. Capsid proteins are
translated from the accumulating (+) strands. Virions are assembled and accumu-
late in paracrystaline arrays in infected cells.The release of the newly formed virus
occurs trough unknown mechanism. MT: mitochondria, ER: endoplasmic reticulum,
R: ribosome, RdRp: viral RNA-dependant RNA polymerase.

The replication of DCV starts by the uptake of the viral particles by the host

cell through clathrin-mediated endocytosis [Cherry and Perrimon, 2004]. After

entry and uncoating, the virus genome is translated, and then replicated. The

positive-strand RNA viral genome is used as a template for viral proteins syn-

thesis and is highly sensitive to the availability of ribosomes within the host’s

cell [Cherry et al., 2005]. Typically, positive-strand viral RNA replication occurs

in association with membrane rearrangements of the cell, called replication fac-

tories [Novoa et al., 2005]. For example, the picornavirus Poliovirus (PV) reor-

ganizes the endoplasmic reticulum (ER), Golgi apparatus, and lysosomal mem-

branes into 50-500 nm of diameter vesicles, associated with RNA replication. The

PV-induced vesicles are linked to the coat protein complex II (COPII), which me-

diates the anterograde transport from ER to Golgi in the cell [Rust et al., 2001].

The replication of the picorna-like virus DCV was shown to take place in Golgi ap-
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CHAPTER 1. DROSOPHILA MODELS OF VIRAL INFECTION

paratus derived vesicles, involving the fatty acids biosynthesis pathway and the

host coat protein complex I (COPI), but not COPII [Cherry et al., 2006], (Figure

1.2). Following RNA replication, the DCV genome and viral proteins assemble

into virus particles. However, the exact mechanism of DCV particles assembly

and their release from infected cells remain poorly characterized.

1.1.2 SIGMA virus (SIGMAV)

SIGMAV is a rhabdovirus, belonging to the same family as the Vesicular Stom-

atitis virus (VSV) (see subsection 1.2.3) and Rabies virus (RV). SIGMAV is an en-

veloped, bullet-shaped virus, carrying a single, negative-stranded RNA genome.

SIGMAV occurs naturally in several Drosophila species, and is maintained in fly

populations via vertical transmission. In natural populations, infected eggs show

reduced viability and a slight reduction of flies survival over winter is observed

[Fleuriet, 1981]. After exposure to CO2, SIGMAV-infected flies remain irreversibly

paralyzed and die, whereas non-infected flies recover from the CO2 exposure,

once they are put back to fresh air. The CO2-sensitive phenotype is possibly due

to the preferential neurotropism of the virus [Ammar el et al., 2009]. Interestingly,

in natural populations of Drosophila, several polymorphic host loci were identi-

fied to confer resistance to SIGMAV. The best-characterized gene is ref(2)P. This

gene does not appear essential for development, however it is required for male

fertility. Flies containing permissive alleles of ref(2)P are more susceptible to

infection than flies deficient for the gene, suggesting that SIGMAV uses the per-

missive allele to infect Drosophila [Carre-Mlouka et al., 2007]. Ref(2)P encodes

the orthologue of the evolutionary conserved polyubiquitination binding protein

p62.
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CHAPTER 1. DROSOPHILA MODELS OF VIRAL INFECTION

1.1.3 Drosophila X virus (DXV)

The name DXV reflects the enigmatic origin of this virus. Originally, DXV was

identified as a contaminant in a series of experiments with SIGMAV. In uninfected

group of 72 control flies, two of them turned to be sensitive to CO2. Electron

microscope analysis revealed that they were not infected with the bullet-shaped

SIGMAV, but rather contained icosaedral viral particles [Teninges et al., 1979].

DXV is non-enveloped virus, with a capsid diameter of 70 nm, belonging to the

Birnaviridae family. Its genome is bipartite and contains two molecules of double

stranded RNA.

1.1.4 Drosophila F virus (DFV)

DFV is a reovirus, identified in laboratory stocks and natural populations

of Drosophila melanogaster. DFV is a non-enveloped virus forming large vi-

ral particles (diameter of 60-70 nm) [Plus et al., 1975a, Gateff et al., 1980].

Its genome is composed of several fragments of double-stranded RNA

[Huszar and Imler, 2008]. The replication cycle of DFV as well as the pathol-

ogy associated with the infection are poorly understood.

1.1.5 Unclassified Drosophila viruses

Drosophila A virus

DAV was originally isolated from Drosophila melanogaster and classified as

picorna-like virus, without detailed charcterization of the viral genome and virion

structure [Plus et al., 1976, Jousset et al., 1972]. Recent studies showed that

DAV virion of 30 nm of diameter contains a positive-stranded RNA genome,

encoding two ORFs. The first ORF codes for RdRP, which ressembles the

tetravirus and birnavirus RdRP. The second ORF encodes the capsid protein,
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CHAPTER 1. DROSOPHILA MODELS OF VIRAL INFECTION

which assembles in a unique way. DAV was described as "unusual" RNA virus

[Ambrose et al., 2009].

Drosophila P virus (DPV)

DPV was identified in laboratory stocks, as well as wild populations of flies,

mostly from tropical areas. DPV was shown to kill much slower then DCV, when

injected to the flies [Jousset et al., 1972, Plus et al., 1975b]. The virus, which

is serologically related to iota virus isolated from Drosophila immigrans, can be

transmitted vertically through the female germ-line. DPV has not been character-

ized molecularly at this stage, nor is its replication cycle is known. At this stage,

DPV cannot be classified.

Nora virus

In the fruit fly Drosophila melanogaster, Nora virus causes persistent in-

fection in laboratory stocks and natural populations [Habayeb et al., 2006].

Nora virus is vaguely related to dicistroviruses and its genome is composed

of a single-stranded RNA of positive polarity, polyadenylated at its 3’ end

[Ekstrom et al., 2011]. Nora virus was proposed as a model virus to study in-

teractions between the host and persistent pathogen. Flies with low viral titers

are able to clear the infection, however the exact mechanism of this control is not

known [Habayeb et al., 2009]. Nora is highly enriched in the intestine of infected

flies and is transmitted via feces. Infected stocks do not show any pathological ef-

fects in laboratory conditions, suggesting that Nora is very well adapted to its host

[Habayeb et al., 2009]. However, the presence of persistent Nora virus infection

flies might affect the viability of flies in the wild, or in stress conditions. Clearly,

it will be very interesting to study the mechanisms regulating the persistence of

Nora in Drosophila, but also its possible contribution to the pathology caused by

other infectious agents.
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CHAPTER 1. DROSOPHILA MODELS OF VIRAL INFECTION

1.1.6 Virus discovery by deep sequencing in Drosophila

Recent studies have proposed a deep-sequencing-based method to discover

new viruses in invertebrate organisms such as flies, nematods and mosquitoes

[Wu et al., 2010a]. In the case of Drosophila, small RNA libraries were con-

structed from cultured S2 cells, then sequenced and assembled into contigs. In-

terestingly, the analysis of contigs identified virus-derived small RNAs from previ-

ously undescribed viruses, belonging to different families. The cultured cells were

persistently infected with Drosophila Totivirus (DTV) and Drosophila Birnavirus

(DBV), which genomes are composed of dsRNA and are proposed to belong to

the Totiviridae and Birnaviridae families, respectively.

The deep sequencing analysis show that it remains possible to discover un-

known RNA-containing viruses in Drosophila. So far however, no DNA viruses

were isolated from Drosophila. Electron microscope analysis revealed the pres-

ence of viral particles forming agregates in the nucleus of enterocytes in several

of our laboratory stocks (Figure 1.3). This virus has not been isolated and charac-

terized yet. However, it is likely that it may correspond to invertebrate parvovirus,

or densovirus, a family, which has not been identified in flies yet.

Figure 1.3: Presence of viral particles in the nucleus of Drosophila enterocyte
.
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CHAPTER 1. DROSOPHILA MODELS OF VIRAL INFECTION

1.1.7 Gypsy and endogenous retroviruses

Retrotransposons are mobile genetic elements that replicate by reverse tran-

scription of an RNA intermediate and integrate into the genome of host cells.

Retrotransposons have been found in eukaryotes and can be divided in two fami-

lies: long terminal repeat (LTR) retrotransposons and non-LTR retrotransposons.

In Drosophila, LTR-retrotransposons typically posses 2 ORFs very similar to gag

and pol genes of retroviruses. However, some LTR-retrotransposons also con-

tain an env -like gene. Such retrotransposons, also known as endogenous retro-

viruses, belong to the Errantiviridae family. They are generally transmitted ver-

tically from mother to the offspring. Gypsy is the best-characterized errantivirus

[Bucheton, 1995], and its spreading trough Drosophila genome is controlled by

the flamenco locus [Prud’homme et al., 1995]. The mechanisms that control the

mobile genetic elements in Drosophila somatic and germline cells is addresses

in section 2.1.1.

1.2 Non-Drosophila viruses able to infect the fruit

fly

Viruses isolated from other host organisms yet able to infect Drosophila can

be utilized as good tools for studying the basic mechanisms of antiviral immune

defense and host-pathogen interactions.

1.2.1 Flock House virus (FHV)

FHV was originally isolated in 1983 from third instar larvae of the grass

grub Costelytra zaelandica, near the Flock House Agricultural Research Sta-

tion in New Zealand [Scotti et al., 1983]. The very simple genome organiza-

tion of this virus and its capability to replicate in a broad range of insect hosts
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[Dasgupta et al., 2003, Dasgupta et al., 2007], make FHV a highly attractive and

tractable system for studies on a variety of basic aspects of virology and insect im-

munity. FHV belongs to the Nodaviridae family, genus Alphanodavirus and it is a

small (about 35 nm in diameter) non-enveloped RNA virus, with bipartite positive-

stranded genome. The two RNA molecules: RNA1 (3,1 kb) and RNA2 (1,4 kb)

are co-packaged into a single virion and their combined length constitutes one of

the smallest genomes of all animal viruses. The 5’ end of the two RNA molecules

is capped, but not polyadenylated. RNA1 contains one ORF for the synthesis of

the highly multifunctional protein A. Protein A contains a N-terminal transmem-

brane domain, targeting the outer mitochondrial membrane, a RdRp domain nec-

essary for the amplification of both genomic RNA strands, as well as the subge-

nomic RNA (RNA3) [den Boon et al., 2010]. The 3’ end of RNA1 produces a

subgenomic RNA (RNA3) in infected cells. RNA3 codes the protein B2, a potent

supressor of RNA interference in the infected host (see below). Finally, RNA2

encodes the precursor of the capsid protein α [Venter and Schneemann, 2008].

The genomic organization of FHV is shown on (Figure 1.4).

Like all RNA viruses, FHV replication occurs in replication factories, which as-

semble on mitochondria of infected cells (Figure 1.5). Three-dimensional imaging

by electron microscope tomography revealed that FHV induces the formation of

∼=50 nm diameter spherule-like vesicles between the inner and outer mitochon-

drial membranes. Protein A and the newly synthesized RNAs accumulate inside

these vesicles. Each replication complex sequesters the replicase protein A and

negative-sense RNAs (RNA (-))that serve as templates for the production of abun-

dant positive-strand genomes (RNA (+)). RNA (+) are then exported to the cyto-

plasm of the cell for translation and encapsidation into virions [Kopek et al., 2007].

The efficient replication of FHV RNAs and the formation of new viral particles

are highly dependant on the expression of B2. The B2 role in the suppression

of the host defense mechanism RNA interference will be discussed in detail in
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subsection 2.1.3. Studies in cultured Drosophila S2 cells suggested a role of

the heat-shock protein 90 (HSP-90) in the establishment of FHV RNA replication

complexes [Kampmueller and Miller, 2005]. However, additional studies demon-

strated that Hsp90 is neither required for the post-translational modification of this

protein nor for its subcellular targeting [Castorena et al., 2007]. Instead, Hsp90

was shown to be required for the efficient translation of protein A by a yet uniden-

tified mechanism.

Figure 1.4: FHV genome organization and replication strategy .

Subsequent to their synthesis in the mitochondrial spherules, the two genomic

RNAs of FHV are incorporated together into provirion particles formed by the sin-

gle protein α. The production of mature virions is dependant on the autocatalytic

cleavage of protein α into proteins β and γ, which confer physicochemical sta-

bility to the viral particle [Venter and Schneemann, 2008]. Studies in Drosophila

DL-1 cells showed that infection with FHV leads to caspase-dependant cell death

[Settles and Friesen, 2008]. Virus-induced apoptosis might represent adaptive
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strategy for the release of infectious particles and their dissemination to neigh-

boring cells [Best, 2008].

Figure 1.5: FHV replication cycle . Schematic representation of FHV infection cy-
cle. Viral particles enter the cell via unknown receptor. After uncoating, the genome
RNAs (+) are translated into protein A, capsid protein and B2. Protein A replicase
associates with mitochondria into the virus-induced spherules and sequester the (-
) starnded RNAs, which serve as template for the production of (+) strands. The
capsid proteins and the newly synthesized (+) RNAs form provirions and infectious
particles. The newly formed virus is then released from the cell. MT: mitochondria,
ER: endoplasmic reticulum, R: ribosome, A: protein A, CP: capsid protein

1.2.2 Sindbis virus (SINV)

SINV is an arbovirus, originally discovered in the mosquito Culex univittatus

in 1952 in Egypt. SINV is a member of a large group of viruses of medical and

economical importance: the Alphaviruses, belonging to the Togaviridae family.

Alphaviruses are transmitted by mosquitoes and mainly infect vertebrate hosts,

including humans. SINV is enveloped virus and contains a single molecule of

positive-stranded RNA of 11,7 kb, capped at its 5’ end and polyadenylated at its 3’

end [Strauss and Strauss, 1994]. SINV was shown to cause neuronal infection in

mice and serves as model system for the study of the pathogenesis of alphavirus-

induced encephalomyelitis [Griffin, 1976, Jackson et al., 1987]. After injection
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of viral suspension, SINV is able to replicate within Drosophila and depending

on the injected dose could also kill or not its host [Galiana-Arnoux et al., 2006,

Saleh et al., 2009].

1.2.3 Vesicular Stomatitis virus (VSV)

VSV is an arbovirus that primarily infects rodents, cattle, swine and horses

causing acute disease. VSV can also infect humans and other species, including

flies. VSV is member of the Rhabdoviridae family and its genome is a single-

stranded RNA molecule of negative polarity. VSV is a good model virus for study-

ing the properties of rhabdoviruses and its potential as vaccine vector has been

addressed [Lichty et al., 2004]. For example inocculataion of VSV expressing the

influenza hemaglutinin (HA) protein was shown to prevent mice from influenza

challenge [Roberts et al., 1998].

1.2.4 Cricket paralysis virus (CrPV)

CrPV was originally isolated from the Australian field crickets Telleogrylus

oceanicus and Teleogryllus commodus. Some early-instar nymphae of these

species, which developed a paralysis of hind legs, became uncoordinated and

died [Reinganum C, 1970]. CrPV belongs to the Dicistroviridae family and its

genome organization shares high homology with that of DCV (see Figure 1.1).

CrPV contains two IRESs that mediate cap-independent protein syntheis and

provide a remarkable example of molecular mimicry [Costantino et al., 2008]. Re-

cent studies in cultured Drosophila S2 cells showed that CrPV infection at higher

temperature (37◦C instead of 25◦C) resulted in increased viral RNA and protein

production [Cevallos and Sarnow, 2010]. Although the virus was isolated from

crickets, it has a wide range of hosts including insects belonging to the orders
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Diptera, Hymenoptera, Lepidoptera and Orthoptera. CrPV replicates in cultured

Drosophila cells and is pathogenic when injected into flies [Wang et al., 2006].

1.2.5 DNA viruses

DNA viruses such as baculoviruses, ascoviruses or iridoviruses can also infect

insects. As was mentioned before, no DNA viruses were isolated from Drosophila

so far. Attempts were made to infect flies with DNA viruses. The baculovirus Auto-

grapha californica multinucleopolyhedrovirus (AcMNPV) was shown to efficiently

enter cultured Drosophila DL-1 cells. However, the entry of the virus and the

early gene expression triggers apoptosis, making these cells non-permissive for

the virus [Lannan et al., 2007]. Drosophila cultured DL-1 cells were shown to be

infectable with the DNA virus Vaccinia virus (VACV), which belongs to the Poxviri-

dae family [Moser et al., 2010]. Interestingly, recent studies showed that the IIV6

iridovirus replicates efficiently in flies, as shown by the accumulation of irides-

cent hues, arising from the quasicrystalline arrangements of virus particles in the

host [Teixeira et al., 2008, Kemp, 2011]. In the absence of DNA viruses naturally

infecting Drosophila, IIV6 can potentially open new avenues for studying antivi-

ral immunity against DNA viruses in the invertebrate Drosophila melanogaster

model.
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Chapter 2

Drosophila antiviral immunity

Most of the studies on Drosophila immunity were mainly focused on anti-

bacterial and anti-fungal defenses. In the case of such infections, the innate

response is dominated by a strong humoral response, in which a cocktail of

potent antimicrobial peptides (Cecropins, Defensins) is secreted into the in-

sect hemolymph by cells of the fat body (a functional equivalent of the mam-

malian liver). The genetic and molecular analysis of the induction of genes

encoding these antimicrobial peptides resulted in the discovery of the two

signaling pathways, Toll and IMD (Immune deficiency) [Lemaitre et al., 1995,

Lemaitre et al., 1996], which activate the transcription factors of the NF-κB fam-

ily (Dif and Relish, respectively). The Toll pathway is preferentially activated

by fungi and Gram-positive bacteria and regulates the expression of a group

of antimicrobial peptides including Drosomycin. The IMD pathway is prefer-

entially activated by Gram-negative bacteria, and regulates the expression of

antibacterial peptides including Diptericin (Figure 2.1) [Ferrandon et al., 2007].

These two signaling pathways are activated after recognition of conserved mi-

crobial patterns absent in the host, such as β-glucans or peptidoglycans abun-

dantly present in the fungal or bacterial cell walls, respectively. Upstream

of the Toll pathway, the protease Persephone can also detect microbial viru-
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lence factors, such as proteases used by bacteria or fungi during the infection

[El Chamy et al., 2008, Gottar et al., 2006]. The Toll and IMD pathways have

many similarities with the signaling pathways activated by the Toll-like receptors

and the cytokines interleukin-1 (IL-1) and tumor necrosis factor (TNF) in mam-

mals. The discovered conservation of mechanisms of antibacterial and antifungal

innate immunity during evolution stimulated the interest for antiviral immunity in

Drosophila.

Figure 2.1: The inducible immune response pathways in Drosophila . The differ-
ent steps of the response: from infection to the production of effector molecules (left
column). Detected microbial inducers are shown in blue. Lys PGN and DAP-PGN:
Lysine-type and diaminopimelic acid-type peptidoglycan, respectively. Cy: cytokine,
R: receptor, A: adaptor molecule, K: kinase I: inhibitor, Ca: caspase.

As mentioned previously, the fruit fly is a host for numerous viruses, rep-

resenting different families. The diversity of their genome organization (single

positive- or negative-stranded RNA, double-stranded RNA or DNA) provides an

interesting experimental system for the analysis of insect-virus interactions and

the antiviral defense mechanisms. The studies performed on Drosophila with all

these viruses suggest that there are two types of response to viral infection: the

sequence-specific degradation of the viral RNA by the mechanism of RNA inter-
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ference (RNAi) and the inducible response, characterized by the induction of a

large number of genes which products may counter viral infection.

2.1 RNA interference: sequence-specific antiviral

defense mechanism

In the early 1990, plant scientists have been confronted to gene silencing

phenomena (reviewed in [Matzke and Matzke, 2004]), which remained enigmatic

until the discovery of RNA interference (RNAi) in the roundworm Caenorhabdi-

tis elegans [Fire et al., 1998]. The break-through study of Andrew Fire and Creg

Mello on the mechanism of RNAi, which is triggered by double-stranded RNA has

revolutionized biology. The mechanism of RNAi was correlated with the produc-

tion of small interfering RNAs (small RNAs) that will guide the cleavage of mRNA

[Hamilton and Baulcombe, 1999, Zamore et al., 2000, Parrish et al., 2000]. This

highly specific control mode is based on the base pairing between small RNAs

and their targeted nucleic acids [Tomari and Zamore, 2005].

This field was extensively studied during the past decade and small RNAs

were found to regulate different biological processes including host defense in

organisms as diverse as plants, insects and mammals. In the model organism

Drosophila melanogaster RNAi is based on a family of molecules called Arg-

onaute, which interact with small RNAs and use them as a guide to identify com-

plementary sequences in target RNAs and inhibit their translation or induce their

degradation [Ding and Voinnet, 2007]. In Drosophila, there are five such proteins:

Argonaute (AGO) -1, -2, -3, Piwi and Aubergine. They define the three pathways

of RNA interference, characterized by the nature of small RNAs they guide: mi-

cro RNAs (miRNAs), small interfering RNAs (siRNAs) from endogenous (endo-

siRNAs) or exogenous origin (exo-siRNAs), and the Piwi-associated RNAs (piR-

NAs). In the following subsection I will summarize the different RNAi pathways in
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Drosophila with particular focus on the role played by the siRNAs in the control of

viral infections.

2.1.1 Biogenesis and mode of action of small RNAs: three

major pathways

miRNA pathway

The miRNA pathway is present from plants to humans, and can finely mod-

ulate gene expression, especially during development. In Drosophila, miRNAs

are generated from hairpin-forming transcripts of miRNA-coding genes. These

transcripts, called primary miRNAs (pri-miRNAs), are first cleaved by the RNAse

III enzyme Drosha in the nucleus to release the short hairpin precursor (pre-

miRNAs). Pre-mi RNAs are then exported to the cytosol, where Dicer-1 (Dcr-1)

processes them into miRNAs of 22-23 nt of length. Drosha in the nucleus, and

Dicer-1 in the cytoplasm are assisted by the double-stranded RNA (dsRNA) bind-

ing proteins Pasha and Loquacious-PB (Loqs-PB), respectively. The generated

miRNAs are loaded into the miRNA induced silencing complex (miRISC), contain-

ing the RNAse H-like enzyme AGO1. They will subsequently guide the miRISC

complex to the target mRNA, typically to its 3’-untranslated region (3’UTR). This

will lead to either translational inhibition in the case of imperfect complementar-

ities between the mRNA and miRNA, or degradation of the target mRNA in the

case of perfect sequence complementarities between the miRNA and its target

[Ding, 2010] (Figure 2.2A). The miRNA pathway plays an essential role during an-

imal development and mutations in genes coding for components of this pathway

are lethal.
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A miRNA pathway B siRNA pathway

C piRNA pathway

Figure 2.2: RNA interference pathways in Drosophila . The mechanism of RNA
interference is based on the five members of Argonaute family. These proteins are
guided to their target RNA by small RNA (miRNA, siRNA and piRNA), and cleave it
or inhibit its translation. The RNA that induces the mechanism and is target by it, may
be of cellular origin (A) or viral origin (B, C). The dsRNA binding proteins Drosha,
Loqs-PB and R2D2 are associated with the RNAse III enzymes Pasha, Dcr-1 and
Dcr-2, respectively.
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siRNA pathway

The siRNA pathway is activated by either endogenous or exogenous dsRNA

and involves the enzymes Dcr-2 and AGO2. Endo-siRNAs are generated in so-

matic cells of Drosophila from transposons, structured cellular loci forming RNA

hairpins, and overlapping regions of convergent transcripts. Deep sequencing

analysis revealed that transposon-dervided endo-siRNAs map predominantly to

LTR retrotransposons, but also to non-LTR retrotransposons and DNA trans-

posons [Ghildiyal et al., 2008]. The double-stranded substrate for Dcr-2 might

originate from the insertion of two transposons as inverted repeats in the genome,

or the integration of a transposable element in a reverse orientation downstream

of a cellular promoter, thus producing antisens transposon transcripts. Structured

cellular loci are also source of endo-siRNAs and generate dsRNA structures via

intramolecular basepairing. In Drosophila genome, several genes are in opposite

orientation and generate overlapping transcripts, creating a dsRNA substrate for

Dcr-2 [van Rij and Berezikov, 2009], (Figure 2.2B).

The exo-siRNAs are implicated in the degradation of viral nucleic acids and

are often called virus-derived siRNAs (vsiRNAs). They are generated from the

cleavage of dsRNA of viral origin by Dcr-2 with the help of the dsRNA-binding

protein R2D2. The resulting siRNA duplexes of 21nt of long pair in a way that

leaves a two nucleotide overhang at their 3’ ends [Ghildiyal and Zamore, 2009].

One strand of the vsiRNA duplex, called the "guide" is loaded into AGO2 within

the RISC complex and serves as a guide. Within this complex, AGO2 slices the

target RNA. The cleavage site is situated between the positions 10 and 11 of the

guide siRNA, counting from its 5’ end [Sontheimer, 2005]. The vsiRNAs role in

the control of viral infection is addressed in the section 2.1.2.
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piRNA pathway

The piRNA pathway involves the action of the other three Argonaute proteins:

Piwi, Aubergine (Aub) and AGO3. It mediates the silencing of mobile genetic

elements within the germline, but also somatic cells in the ovary of Drosophila

[Senti and Brennecke, 2010]. The biogenesis of piRNAs (26-28 nt of length) oc-

curs through two distinct mechanisms. The first leads to the production of primary

piRNAs, and the second corresponds to the “ping-pong” amplification cycle, gen-

erating secondary piRNAs. In the ovary, the follicular somatic cells express only

Piwi, which binds piRNAs carrying a uridine at their 5’ ends (5’U). These piRNAs

are generated from genomic regions, enriched in multiple transposon insertions

(Figure 2.2C). piRNAs are processed from long RNA precursors, with the help of

the helicase Armitage and the nuclease Zucchini, although the exact mechanism

remains poorly understood in particular with regards to the formation of the 3’ end

of the piRNA [Olivieri et al., 2010].

In the cells of the Drosophila germline, the expression of Aub and AGO3 con-

tributes to the amplification loop of primary piRNAs by the “ping-pong” mecha-

nism. Aub binds piRNAs with 5’U, whereas AGO3 preferentially binds piRNA

containing an Adenosine at position 10. This observation from deep sequenc-

ing analysis of small RNAs associated with AGO3 and Aub led to the model of

the "ping-pong" amplification, described below. The cleavage of transposon tran-

scripts by Aub containing primary piRNAs generates secondary piRNAs carrying

an A at position 10. The secondary piRNAs are then loaded on AGO3 and target

complementary transposon transcripts. Their cleavage leads to the production of

secondary piRNAs, identical to the primary piRNAs (Figure 2.2C).

The piRNA pathway controls the expression of the endogenous retrovirus

gypsy, through the piRNAs produced from the locus flamenco. flamenco is lo-

cated on the X chromosome and contains defective copies of gypsy and their

transcription leads to the production of primary (soma and germline) and sec-
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ondary (germline specific) piRNAs [Pelisson et al., 2007] (Figure 2.2C). Interest-

ingly, recent deep sequencing studies identified piRNAs matching sequences

from the DCV and FHV genomes in the OSS cell line, which is derived from

Drosophila ovary somatic cells. This suggests that piRNAs are produced dur-

ing viral infection in some tissues and play a role in the control of viral infection

[Wu et al., 2010b].

2.1.2 Antiviral siRNA pathway

Null mutants for genes encoding the three essential components of

the siRNA pathway, Dcr-2, R2D2 and AGO2 are susceptible to viral in-

fections and succumb faster than wild type controls, with higher viral

loads. This has been demonstrated for several RNA viruses with genomes

double-stranded or single-stranded of either positive or negative polar-

ity [Chotkowski et al., 2008, Galiana-Arnoux et al., 2006, Mueller et al., 2010,

Sabin et al., 2009, van Rij et al., 2006, Wang et al., 2006, Zambon et al., 2006].

Recent studies in Drosophila showed that Dcr-2 also participates in the control

of infection by the DNA virus IIV6 [Kemp, 2011]. This suggests that the siRNA

pathway controls also DNA virus replication in flies, as previously reported in

plants.
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A Total siRNAs B siRNAs VSV

C Profile of siRNAs of 21 nt of size

Figure 2.3: Production of siRNAs in Drosophila after infection with VSV . A.
Size of total small RNAs. The size of the majority corresponds to 22-23 nt miRNAs.
B. Size of small RNAs corresponding to the genome or antigenome of VSV. The
peak at 21 nt correspond to the size of siRNAs produced by Dcr-2. C. Distribution of
siRNAs along the sequence of the VSV. siRNAs corresponding to the genome are
represented in red, while those corresponding to the antigenome are shown in blue.

Deep sequencing analysis of small RNAs produced during infection confirmed

that they are mostly 21 nt long, as expected for products of the enzyme Dcr-2

[Aliyari et al., 2008, Flynt et al., 2009, Mueller et al., 2010, Wu et al., 2010b] (Fig-

ure 2.3A, 2.3B). These siRNA cover the entire viral genome and the ratio between

the number of small RNA corresponding to the genome and antigenome is close

to 1, confirming that they originate from double-stranded RNA, which may be

formed during the replication of the virus (Figure 2.3C).

In concordance with that, it is possible to assemble contigs from sequences of

siRNAs isolated from cells or flies, and to discover new latent or persistent viruses

present in these samples. This interesting property allowed the development of

novel approach, known as “virus discovery by deep sequencing and assembly of

small RNAs” from plants or insects [Ding, 2010, Wu et al., 2010b]. The produc-

tion of siRNAs is strongly reduced in Dcr-2 mutant flies, confirming the importance

of this enzyme for the biogenesis of siRNAs [Mueller et al., 2010]. The siRNAs,
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which are associated with AGO2, are protected from oxidative β-elimination, in-

dicating that their 3’ ends are methylated, presumably by the methylase Hen1

[Aliyari et al., 2008]. The biochemical data therefore confirm the genetic data,

and suggest a model in which dsRNA formed during viral replication is recog-

nized by Dcr-2, and then cleaved into siRNAs of 21nt. The siRNAs are then

loaded into AGO2 in the RISC complex and guide AGO2 towards the viral RNAs.

Through its slicer activity AGO2 cleave then the target viral RNA (Figure 2.4).

Dcr-2, R2D2 and AGO2 are the core components of the antiviral RNAi. One

important question, which deserves to be addressed, is whether additional factors

are involved in the control of the antiviral siRNA pathway. Recent studies identified

the evolutionary conserved protein Ars2 as required for the efficient function of

Dcr-2 in the processing of long dsRNA [Sabin et al., 2009]. Flies with reduced

Ars2 expression succumbed more rapidly to infection with DCV, FHV, SINV and

VSV.

In addition to its function as dsRNA binding protein in the endosiRNA pathway,

the isoform PD of Loquacious (Loqs-PD) was suggested to play a role in the

siRNA pathway activation from exogenous sources [Marques et al., 2010]. The

injection of dsRNA against bicoid (bcd) in Loqs mutant embryos failed to silence

bcd mRNA. However, the implication of Loqs-PD in the vsiRNA pathway has not

been demonstrated yet.

Initially it was believed that systemic antiviral RNAi was present in plants and

C. elegans, but not in Drosophila [Ding and Voinnet, 2007, Roignant et al., 2003].

Recent studies showed that cells lysed during infection may release dsR-

NAs which, when uptaken by uninfected cells, can induce the RNAi mech-

anism and confer protection against a subsequent challenge with this virus

[Saleh et al., 2009] (Figure 2.4).

Stanislava Chtarbanova 33



CHAPTER 2. DROSOPHILA ANTIVIRAL IMMUNITY

Figure 2.4: Control of viral infection by siRNA pathway . The viral suppressors
of RNA interference (VSR) FHV-B2, DCV-1A and CrPV-1A act at different levels to
disrupt the action of Dcr-2 and AGO2.

2.1.3 Viral suppressors of RNAi

Viruses defend themselves against the mechanism of RNA interference by

expressing suppressors, named VSRs (for Viral Suppressor of RNAi). Originally

VSRs were identified in plant viruses, but these suppressors are also present

in the genomes of insect viruses. Up to now three of them were characterized:

FHV-B2, DCV-1A and CrPV-1A (Figure 2.4).

An efficient way to counteract the siRNA-mediated silencing is to prevent the

binding and the cleavage of dsRNAs by Dcr-2, and the subsequent production of

small RNAs. The FHV-B2 and DCV-1A proteins work like that. Regarding B2, this

small 12 kD protein binds to dsRNA in vitro with an affinity in the nanomolar range
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and prevents their cleavage by Dcr-2 [Chao et al., 2005, Li et al., 2002]. B2 can

also bind to the siRNA duplexes, therefore inhibiting their loading onto the RISC

complex. In vivo, it seems that this protein interacts predominantly with the long

dsRNA [Fagegaltier et al., 2009]. B2 interacts with the viral RNA-dependent RNA

polymerase, and is therefore closely associated with the replication complex in

infected cells. The presence at the place where the dsRNAs are generated allows

the immediate binding of the VSR and efficient supression of antiviral silencing

[Aliyari et al., 2008]. DCV protein 1A functions in a similar manner. This protein of

97 amino acids is located at the N-terminal part of ORF1 and contains a canonical

dsRNA binding domain (dsRBD). DCV-1A binds to long dsRNA regardless of

their sequence, and prevent their recognition and cleavage into siRNAs by Dcr-2

[van Rij et al., 2006].

CrPV-1A is the third VSR characterized in insect viruses and acts differently

from FHV-B2 and DCV-1A. CrPV protein-1A is located at the N-terminal part of

ORF1 of Cricket paralysis virus (CrPV). Although CrPV and the DCV belong to

the same family of viruses, and their sequences are very similar, they differ for the

N-terminus of ORF1. Unlike DCV-1A,CrPV-1A does not contain a dsRBD motif.

The suppressor of CrPV does not inhibit the production of siRNAs, but blocks

RNA interference downstream by binding to AGO2 and disrupting its function

within the RISC [Nayak et al., 2010].

The importance of RNA interference in controlling viral infections is illustrated

by the fact that VSRs represent an essential determinant of pathogenicity of

viruses. Several studies have highlited the importance of VSRs in virus repli-

cation and pathogenesis. FHV-B2 was shown to be required for FHV replica-

tion and production of viral particles. This was exemplified by the fact that FHV

RNA1 was undetectable in UAS-RNA1∆B2 Drosophila lines whereas in UAS-

FHV1 flies the viral RNA1 was fully detectable and even able to produce viral par-

ticles [Galiana-Arnoux et al., 2006]. Hemolymph transfer from UAS-RNA1 into
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non-infected flies killed them within few days, whereas hemolymph transferred

from UAS-RNA1∆B2 did not kill the newly infected flies, suggesting an important

role for B2 in virus production and pathogenesis. Infection of flies with recombi-

nant SINV carrying the CrPV-1A VSR was associated with increase in mortality

and virus production, in contrast to SINV carrying th DCV-1A VSR, which had only

modest impact on SINV pathogenecity [Nayak et al., 2010]. Finally, studies in the

mosquito Aedes aegypty showed that infection with recombinant SINV carrying

FHV-B2 triggers increased mortality and accumulation of viral RNA. Infection was

also associated with reduction in the production of vsiRNA, highlithing the impor-

tance of the VSR in the pathogenecity of the virus [Myles et al., 2008].

2.2 Antiviral inducible response

A hallmark of the mammalian antiviral immune response is the production

of interferons and the subsequent interferon-dependant induction of antiviral

molecules. This induction relyes on the recognition of the viruses by innate im-

mune receptors, such as TLRs and RIG-like Receptors (RLRs). There is also

now evidence for an inducible innate antiviral response in Drosophila. In addi-

tion to RNA interference, the inducible response triggered by viral infections also

contributes to the control of the survival and viral load in flies.

2.2.1 Toll and IMD pathways

Proteomic analysis of the hemolymph of DCV-infected flies and FHV-

infected Drosophila cultured cells revealed that antimicrobial peptides regu-

lated by Toll and IMD pathways are not induced upon infection with this virus

[Sabatier et al., 2003, Go et al., 2006].

However, genetic experiments suggest the involvement of Toll and IMD sig-

naling pathways in antiviral immunity. The NF-κB -like transcription factor Dif
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appears to be necessary for resistance to DXV infection [Zambon et al., 2005].

Curiously, several other mutants of the Toll pathway are not susceptible to this

virus, suggesting that alternative signaling pathway may regulate the activity of

Dif in the context of infection by this virus. In addition, constitutive expression of

antimicrobial peptides is not sufficient to protect the flies against DXV infection,

suggesting that other effector mechanisms than those controlling bacterial and

fungal infections are involved [Zambon et al., 2005]. A role for the Toll pathway

in the control of Dengue virus infection in Aedes mosquitoes has been described

[Xi et al., 2008, Ramirez and Dimopoulos, 2010].

Another component of the Toll pathway, the highly polymorphic ref(2)P gene

has also been connected to antiviral resistance. SIGMAV was shown to induce

the expression of the antimicrobial peptide-coding genes diptericin and drosocin,

but not the antifungal drosomycin, pointing to regulation by the IMD, rather than

Toll pathway [Tsai et al., 2008]. However, the expression of antimicrobial pep-

tides does not confer a protection to SIGMAV in Drosophila. Conserning the

IMD pathway, two recent studies proposed that it is involved in the control of

SINV and CrPV infections. The measurement of SINV RNA levels in flies ex-

pressing a SINV replicon in an imd deficient or wild type genetic background

pointed to a potential role for the IMD pathway in the control of SINV replication

[Avadhanula et al., 2009]. Loss of function mutations in several genes of the IMD

pathway showed higher susceptibility to infection and increased viral load after

challenge with CrPV [Costa et al., 2009]. If infection with SINV leads to modest

induction of the expression of certain antimicrobial peptides, it is not the case for

the CrPV, suggesting again that other types of antiviral effector molecules are in-

duced in the context of these viral infections. Clearly, the involvement of the Toll

and IMD pathways in antiviral immunity deserves further investigations.
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2.2.2 The JAK/STAT pathway

Transcriptome analysis of DCV-infected flies identified some 150 genes in-

duced in response to infection. Only one third of these genes are induced af-

ter bacterial and fungal challenge, suggesting that pathways different from Toll

and IMD are activated after DCV infection [Sabatier et al., 2003]. The analy-

sis of the regulation of DCV-induced genes highlighted the importance of mo-

tifs recognized by the transcription factor STAT92E (the only STAT factor present

in the fly). Genetic analysis confirmed that the JAK/STAT signaling pathway is

involved in resistance to the DCV. In particular, Drosophila mutant for the hop-

scotch gene, which encodes the only Drosophila JAK kinase, succumb to infec-

tion faster than wild type flies, with higher viral titers [Dostert et al., 2005]. The

identity of antiviral effectors induced by this signaling pathway remains to be

determined in Drosophila. However, in the Aedes mosquito two virus-induced

genes regulated by the JAK/STAT were identified. They were shown to en-

code Dengue virus restriction factors (DVRFs), which mode of action remains

unknown [Souza-Neto et al., 2009]. Similarly to mammals, the JAK/STAT path-

way in Drosophila is induced by cytokines. The receptor Domeless is an ortholog

of the family of receptors for the cytokine IL-6 (IL-6R) and shares similarities with

the gp130 subunit of IL-6R. Three cytokines, Unpaired (Upd) -1, -2 and -3 ac-

tivate the receptor Domeless and consequently the JAK/STAT pathway in flies.

The expression of two of these cytokines, Upd-2 and Upd-3, is induced after

DCV infection. All these data suggest that detection of viral infection triggers the

expression of cytokines Upd, which then induce the JAK-STAT pathway and an

antiviral state in uninfected cells. The JAK/STAT pathway is activated in response

to stress, and it is possible that this pathway is activated in response to tissue

damage caused by viral infections [Agaisse and Perrimon, 2004].
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2.3 Other mechanisms regulating antiviral immu-

nity in Drosophila

2.3.1 The induction of Vago: connecting RNAi and inducible

response

One of the DCV-induced genes, Vago, helps to control viral infection. Indeed,

the viral load increases by a factor of 5 to 10 in the fat body (the tissue in which

Vago is specifically expressed) of Drosophila mutant flies harbouring a deletion

of the gene Vago compared to control wild type flies [Deddouche et al., 2008].

The detection of dsRNA formed during viral replication triggers the induction of

Vago. Indeed, the induction of this gene is inhibited in transgenic Drosophila

expressing FHV-B2, which binds with high affinity to dsRNA. Induction of Vago is

also reduced in the mutant Dcr-2, but not in the mutant AGO2 or r2d2. This result

shows that Dcr-2 acts both in the induction of the RNAi mechanism, and as a

receptor involved in the inducible response. Interestingly, receptors detecting viral

RNA in the cytosol of infected cells and induce interferon (RIG-I, MDA5 and LGP2)

contain a DExD/H box helicase domain phylogenetically close to that present

at the N-terminus of Dicer, suggesting a common evolutionary origin for these

molecules [Deddouche et al., 2008]. The mode of action of Vago, a 16kDa protein

containing eight cysteines remains to be determined.

2.3.2 Autophagy

Another effector mechanism induced by viral infection in Drosophila is au-

tophagy, as demonstrated by studies on VSV. Autophagy is a process, in which

cellular components are degraded in response to a range of stimuli, including nu-

trient availability. VSV was shown to induce autophagy both in Drosophila cell

lines and in vivo. The RNAi-mediated knockdown of several autophagy-related
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genes increased the viral titer in cultured cells and flies, leading to increased

lethality [Shelly et al., 2009]. The induction of autophagy involves the recognition

of the VSV-G glycoprotein by a receptor that has not been identified yet. Induc-

tion of antiviral autophagy upon sensing VSV infection involves the AKT/PI3K

pathway.

2.3.3 Antiviral impact of Wolbachia pipientis

Since their discovery in 1924 by Hertig and Wolbach in the ovary of mosquito

Culex pipiens, Wolbachia species have been detected in every insect order, as

well as crustaceans, mites and filarial nematodes [Serbus et al., 2008]. Wol-

bachia pipientis is an obligate intracellular, Gram-negative bacterium, trans-

mitted maternally. Wolbachia manipulates its host in different ways. For

example, it causes cytoplasmic incompatibility, parthenogenesis, feminization

and male killing [Stouthamer et al., 1999]. Interestingly, flies infected with Wol-

bachia are protected from infection with the RNA viruses DCV, CrPV, Nora

and FHV [Hedges et al., 2008, Teixeira et al., 2008], but not the DNA virus IIV6

[Teixeira et al., 2008]. Importantly, DCV and Nora viral titers are extremely re-

duced in Wolbachia-infected flies, suggesting that Wolbachia affects the resis-

tance of the host. Since DCV and Nora virus are natural pathogens of Drosophila

that co-evolved with their host, this antiviral effect may confer selective advan-

tage for the Wolbachia-infected flies. This may explain the wide distribution of this

bacterium in Drosophila laboratory stocks and natural populations. In the case of

infection with FHV, flies infected with Wolbachia are protected, without obvious re-

duction in the virus titers. This effect of Wolbachia may mostly be associated with

the control of endurance mechanisms (see next chapter) and tissue damages

caused by the virus [Teixeira et al., 2008]. For example, FHV was shown to in-

duce apoptosis in cultured Drosophila cells [Settles and Friesen, 2008], whereas

Wolbachia inhibits apoptosis in the germline of the parasitic wasp Asobara tabida,
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to assure normal oogenesis [Pannebakker et al., 2007]. Wolbachia may thus limit

the virus-induced apoptosis and contribute to the survival of the fly. Interestingly,

recent studies have shown that Wolbachia can be successfully introduced in the

mosquito vector Aedes aegypty and limit the ability of a range of pathogens, to in-

fect this mosquito species. A. aegypty infection with Wolbachia is associated with

upregulation of some immune effector genes encoding cecropin, defensin, thio-

ester containing protein (TEP) and C-type lectin, wich may account for the protec-

tive effect of the bacterium [Moreira et al., 2009]. Wolbachia-mediated protection

of A. aegypty in the case of infection with Dengue virus-2 (DENV-2) may result

from potential competition for limiting cellular resources required for pathogen

replication. This is supported by the fact that DENV-2 infection was only observed

in Wolbachia-infected mosquitoes in cells that lacked the Wolbachia infection.

However, the exact mechanism of the antiviral effect of Wolbachia remains

mysterious.
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Physiology and infection

Research on Drosophila immunity has successfully deciphered the molecular

mechanisms controlling the resistance to microbial challenge. Surviving infec-

tions relies not only on resistance mechanisms, but also on homeostatic mecha-

nisms involved in the integration of the immune response in the general physiol-

ogy of the host.

3.1 Resistance and endurance: two ways of surviv-

ing infection

3.1.1 Definition

Evolutionary studies on plant-herbivore interactions originally formulated the

terms of resistance and tolerance to a threat. Resistance traits such as thorns,

spikes and secreted chemicals are protective for the plants. Unlike resistance,

tolerance does not prevent herbivory, but allows the plant to compensate the

damage that herbivores have caused. Both resistance and tolerance have the

same function- to defend the plant against the herbivore attack [Mauricio, 2000].

These definitions became extended to the studies of host-microbe interactions,
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suggesting that the outcome of infection is determined by the ability of the host to

limit the pathogen burden (resistance) or to withstand pathology (tolerance).

It should be mentioned that the meaning of the term "tolerance" is ambiguous.

In immunology, tolerance is defined as mechanism of antigen non-responsivness

[Schwartz, 2005]. For example in vertebrates, the mechanisms that control the

responsiveness of the immune system to "self" antigens often employ the term

of "self-tolerance". For this reason it might be appropriate to distanguish the

different meanings of "tolerance" in evolutionary plant ecology and immunology.

In the following parts I will use the term of "endurance", as definition of the ability

of the host to withstand pathology.

Evolutionary studies of Drosophila model of host-pathogen interactions exem-

plified the importance of endurance in the case of infection with Pseudomonas

aeruginosa. No correlation between the rate of survival and the bacterial load

was observed in susceptible strains, suggesting that endurance plays an impor-

tant role for the outcome of infection [Corby-Harris et al., 2007]. A diagram of the

possible interactions between the resistance and endurance during infection is

drawn on Figure 3.1.

Figure 3.1: Relationship between survival and pathogen load: resistance and
endurance of infection .
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The most general feature of pathogenic microorganism is to cause disease

leading to the dysfunction of organs and tissues. The pathology associated with

such infections is due to the pathogen itself, or in some cases results from the

detrimental activation of the host’s immune response. A well-known example

from the mammalian system is the dual effect of the Tumor Necrosis Factor-alpha

(TNF-α). TNF-α is mainly produced by activated macrophages and its mod-

erate secretion has a protective effect against infection. However, in the case

of lipopolysaccharide (LPS)-induced septic shock this inflammatory cytokine be-

comes extremely harmful and detrimental, causing failure of organs and tissues

and even the death of the host [Vassalli, 1992].

The studies of the pathophysiological mechanisms associated with infection

in insects can provide answers to the fundamental question of the cause of the

death following infection, and whether it involves toxic side effects of the immune

response.

3.1.2 KATP - sensitive potassium channels and MCMV infec-

tion in mice: an example of endurance

Genetic analysis in mice demonstrated that the ENU-induced strain of mu-

tant mice mayday show an increased frequency of sudden death upon infec-

tion with the mouse cytomegalovirus (MCMV) with viral titers comparable to

the controls [Croker et al., 2007]. That mutation appeared to be allelic to the

Kcnj8 locus, encoding the pore-forming component of an inwardly rectifying ATP-

sensitive potassium channel (KATP ) subunit Kir6.1, expressed in the coronary

artery smooth muscle cells. In addition to the Kir6.1 subunit forming the pore,

the KATP channel contains a regulatory subunit SUR2 (sulfonylurea receptor 2)

(Figure 3.2). KATP channels are evolutionary conserved and have orthologues in

flies. The mammalian gene coding the pore has two orthologues in Drosophila
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(Ir and Irk2), whereas the gene encoding the regulatory subunit SUR2 of the

KATP channel has a single orthologue in flies, called Drosophila SUR (dSUR).

dSUR is mainly expressed in the Drosophila heart, and was shown to play a

protective role against hypoxic stress and heart failure induced by electrical pac-

ing [Akasaka et al., 2006]. The fact that hypoxia is a commonly used readout

for susceptibility to SIGMAV and DXV increased the interest in studying the role

played by the potassium channels during viral infections in flies. The knock down

of dSUR in the Drosophila heart, but not in the other tissues, resulted in in-

creased susceptibility to FHV, but not DCV nor bacterial and fungal infections

[Croker et al., 2007].

Figure 3.2: Schematic representation of the cardiac KATP channel . Kir and
SUR are the constitutive subunits of the cardiac KATP channel. Four subunits of the
inwardly rectifying K+ channel, encoded by the genes Ir or Irk2, associate with the
ATP-binding cassette (ABC) regulatory protein encoded by dSUR, to form a func-
tional KATP channel octamer. SUR possesses two cytoplasmic nucleotide binding
domains (NBD1 and NBD2). The names of the mammalian orthologs are given in
parentheses.
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3.2 Metabolism and energy homeostasis in

Drosophila

All processes of life and all physiological events, including the immune re-

sponse require continuous supply of energy. However, animals face the possibil-

ity of limitation in food resources ultimately leading to starvation-induced death.

In the past years, the fruit fly Drosophila melanogaster witnessed its utility as

model for research on energy homeostasis, including food perception, feeding

control, energy flux and lipid metabolism [Kuhnlein, 2010]. In the following part, I

will overview the energy homeostasis in Drosophila and its regulation upon star-

vation and infectious conditions.

3.2.1 Drosophila tissues and organs governing energy home-

ostasis

In the adult Drosophila, several tissues and organs contribute to the en-

ergy homeostasis of the fly, by regulating food perception and uptake, nutri-

ent processing, fuel storage and remobilization, energy consumption and waste

excretion [Buch and Pankratz, 2009, Kuhnlein, 2010]. The Drosophila mouth-

parts and legs contain chemosensory sensilla and gustatory receptors that

trigger feeding behavior, coordinated by the suboesophagial ganglion (SOG)

of the central nervous system [Kuhnlein, 2010, Melcher and Pankratz, 2005,

Thorne and Amrein, 2008]. The ingested meal entering the alimentary tract via

the foregut (composed of the pharynx, oesophagus and the crop) is temporary

retained in the crop and subsequently transported to the major site of digestion

and nutrient absorption: the midgut (see section 3.3). Absorbed nutrients diffuse

in the hemolymph and are subsequently stored in the major metabolic hub, the fat
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body. Depending on the metabolic needs of the animal, the nutrients are released

from the fat body in order to reach different cells of the organism (Figure 3.3).

Figure 3.3: Tissues and organs involved in the metabolic homeostasis in
Drosophila .

Several signals regulate communication between the different organs involved

in energy metabolism. In addition to the stomatogastric nervous system (SNS),

which controls the mechanism of feeding [Heinz, 1985], a neuro-endocrine axis

also orchestrates the energy homeostasis. In the adult fly, the Insulin produc-

ing cells (IPCs), which are analogous to the mammalian pacreatic β-cells, are
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located in the pars intercerebralis of the brain and produce insulin-like peptides.

Genetic ablation of IPCs in Drosophila larvae leads to increased carbohydrate

levels in the hemolymph and global physiological alterations in processes such

as animal growth [Rulifson et al., 2002]. During conditions of food deprivation in

Drosophila larvae, clusters of cells, called the oenocytes, accumulate lipid stores

and process them into free fatty acids [Gutierrez et al., 2007]. The pars inter-

cerebralis region of the fly’s brain is in connection with the corpus cardiacum

(CC) cells, located at the level of the foregut, which are analogous to the mam-

malian pancreatic α-cells. CC cells secrete the adipokinetic hormone (AKH),

which functions as a prolipolytic neuropeptide and promotes the mobilization of

energy stores. In contrast to IPCs, flies with ablated CC cells develop and re-

produce normally, suggesting that AKH signaling is not essential under normal

growth conditions [Kim and Rulifson, 2004]. Interstingly, the secretion of AKH is

regulated by dSUR in CC cells [Kim and Rulifson, 2004]. In mammals, SUR1,

an orthologue of dSUR, also participates in the regulation of glucagon secretion

[Rorsman et al., 2008]. Indeen, Tolbutamide, a sulfonylurea drug that acts as an-

tagonist of KATP channels, is used as an anti-diabetic treatment.

3.2.2 Regulation of energy metabolism

Many animals face in their environment food shortage, periodical malnutri-

tion or starvation, leading to reduction in fitness. The energy homeostasis of the

organism needs to be tightly regulated in order to guarantee survival in such sit-

uations. Drosophila and vertebrates rely on mostly the same metabolic functions

for their living and flies have provided a good model for defining the genetic regu-

lation of metabolism [Baker and Thummel, 2007]. For example, the insulin/insulin

growth factor (IGF) and the target of rapamycin (TOR) pathways were shown to

regulate the metabolism of the fly.
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3.2.3 Energy management: survival for immunity

Discussions in the field of evolutionary ecology have proposed that physiologi-

cal programming decisions evolve because of internal competition for ressources.

For example, the activation of the immune system is thought to be costly, and can-

not be sustained with other demanding activities [Kraaijeveld and Godfray, 1997].

However, such changes in energy utilisation are difficult to assess, because

of compensatory mechanisms of the other systems. Studies in the bumble-

bee Bombus terrestris have provided example of ressource allocation after im-

mune challenge [Moret and Schmid-Hempel, 2001]. When they were subject

of the experiments, bumblebees were starved, and interstingly food-deprived

animals die, without be able to compensate energy by eating more. Ani-

mals, which were forced to rise an immune response by challenge with LPS

died faster than controls, suggesting that the immune system uses the en-

rgy that otherwise will be used for the survival of the bee during starvation

[Moret and Schmid-Hempel, 2001]. This interesting example, however, does not

answer the question how energy use changes during in infected, but otherwise

fed animals.

Interestingly, infection of Drosophila with Mycobacterium marinum was shown

to cause a pathology described as wasting [Dionne et al., 2006]. M. marinum

which is a bacterium species closely related to Mycobacterium tuberculosis, was

shown to cause lethality of flies and was proposed to serve as model to study

tuberculosis-like disease in Drosophila [Dionne et al., 2003]. Flies infected with

M. marinum showed hyperglycemia and decrease in their glycogen and fat stores,

dependant on the insulin signaling (IS). It appears that M.marinum-infected flies

do not properly activate the insulin signaling pathway. Flies carrying a muta-

tion in the gene coding the transcription factor Foxo in which the IS is active, as

well as flies treated with insulin showed increased survival rates when compared

to controls [Dionne et al., 2006]. Infection with M. marinum seems to affect the
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endurance mechanisms of the fly since the wasting-accelerated death is not cor-

related to an increase in the bacterial load. However, the exact mechanism by

which IS affects immunity is not clear.

3.3 Infection-induced intestinal pathology: the ex-

ample of Drosophila gut

In Asian medicine, the abdomen is considered as the location of the soul, and

the gut is believed to be the “honoured middle” and the “center of the spiritual

and physical strength” [Yu et al., 2006]. In the Western world, the intestine is in-

creasingly recognized to play an important role in human health and infections, as

well as in inflammatory and neoplastic disease [Markowitz and Bertagnolli, 2009].

In the recent years, the fruit fly Drosophila melanogaster became an interesting

model for studying the “gut health”. Research on immunity and pathogenesis

of the arthropod gut is also particularly important because several arthropod-

transmitted pathogens and parasites causing illness in humans evolved to use

the host’s gut as route of transmission [Schneider, 2000]. In the following subsec-

tions I will describe our current knowledge conserning the physiological roles of

Drosophila gut, and its implication in microbe-induced pathology.

3.3.1 Anatomy and physiology of Drosophila gut

The Drosophila digestive system can be divided into three major parts: (i)

the most anterior part: foregut, followed by (ii) the midgut and (iii) the posterior

part: the hindgut. The midgut itself is segmented in three regions: the anterior,

middle (or low pH) region, and posterior midgut. The intestinal epithelium is a

cellular monolayer and derives from the embryonic endoderm (midgut) and ecto-

derm (foregut and hindgut) [Nakagoshi, 2005].The organization of the fly’s diges-
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tive tract is schematically presented in Figure 3.4A. The midgut is composed of

two differentiated cell types: absorptive enterocytes (EC) and secretory enteroen-

docrine cells (EE) [Siviter et al., 2000, Yoon and Stay, 1995]. It also contains un-

differentiated intestinal progenitor stem cells (ISC) [Micchelli and Perrimon, 2006,

Ohlstein and Spradling, 2006], (Figure 3.4B). Functionally, EC are involved in

nutrient absorption, but they can also produce antimicrobial peptides (AMPs)

and reactive oxygen species (ROS) locally, upon bacterial infection. EE cells

are secretory cells characterized by the peptides they produce such as al-

latostatins [Yoon and Stay, 1995], tachykinins [Siviter et al., 2000] or the Diuretic

hormone 31 (DH31) [LaJeunesse et al., 2010]. The basal side of the epithe-

lial monolayer rests on the basal lamina, a thin layer of extracellular matrix

[Sengupta and MacDonald, 2007] and is surrounded by two layers of circular and

longitudinal visceral muscles that drive peristalsis [Jiang and Edgar, 2009]. On

their apical side, Drosophila EC and ISC are featured with cytoplasmic exten-

sions, called the microvilli, which face the intestinal lumen and constitute the in-

testinal brush border [Shanbhag and Tripathi, 2009]. The midgut and hindgut ep-

ithelia are protected from the direct contact with abrasive particles, digestive en-

zymes or infectious agents present in the gut lumen by a physical barrier, called

the peritrophic matrix (PM). The PM, which is composed of two layers, is pro-

duced by the cardia (also called proventriculus) in the most anterior part of the

midgut. It is mainly composed of chitin and glycoproteins [Hegedus et al., 2009].

The Drosophila midgut epithelium undergoes constant renewal. Active diges-

tion is associated with cell loses, as soon as apoptosis-positive staining is ob-

served in the gut of the fly. In parallel, ISC divisions occur, with turnover

competed whithin a week [Crosnier et al., 2006, Micchelli and Perrimon, 2006,

Ohlstein and Spradling, 2006].
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A Schematic representation of Drosophila digestve
tract

B Representation of gut epithelium

Figure 3.4: Organization of Drosophila gut . EC: enterocyte, EE: enteroendocrine
cell, ICS: intestinal stem cell, EB: enteroblast, Bm: basal membrane, Pm: peritrophic
matrix, Vm: visceral muscle.

The Drosophila gut plays an essential role in providing the organism with

energy supplies by processing the food and absorbing the nutrients. The in-

gested food passes trough the foregut (esophagus) and is retained temporally

in a collapsible food-storage sac, called the crop. Subsequently, it moves to the

anterior midgut where the digestion and absorption proces begins. The cardia

acts as a stomodeal valve and controls this transition. Additional break down

of the food occurs in the very low pH region of the middle midgut, where the

so called Copper cells reside. Afterwords, during the transition through the pos-

terior midgut, absorption takes place. In the hindgut and the rectum the water

and electrolytes are exchanged and the waste is then excreted via the anus.

Kidney-like structures, the Malpighian tubules, are connected at the junction of

the posterior midgut and the hindgut. Their function is to absorb solutes, water
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and waste from the surrounding hemolymph, and assure their release in the gut

[Apidianakis and Rahme, 2011].

3.3.2 ISC: maintaining gut homeostasis after bacterial infec-

tion

Functionally, the gut is by far not restricted to food processing and the sub-

sequent uptake of nutrients and fluid. This organ is situated at the interface be-

tween the external and internal milieu of the organism and is in constant contact

with microorganisms. It is of great interest to study how the intestinal integrity

is maintained in presence of microorganisms and what the mechanisms control-

ling the intestinal homeostasis are. The fruit fly Drosophila is a good model for

the study of microbe-gut interactions and experimental system of intestinal bac-

terial infections were efficiently developed. For example, the invasive pathogen

Serratia marcescens, when fed to the flies, is able to kill them within a week

[Nehme et al., 2007]. In order to identify the genes and pathways of the host re-

sponse to orally fed S. marcescens, a genome-wide in vivo genetic screen was

performed [Cronin et al., 2009]. In another study, the transcriptional gut response

of flies fed with the non-lethal pathogen Erwinia carotovora carotovora was stud-

ied using genome-wide microarrays [Buchon et al., 2009]. In both experimental

conditions, the gut reaction to lethal and non-lethal bacteria showed not only ac-

tivation of the immune response, but also modification of different aspects of gut

cell physiology. Indeed, several genes controlling cellular growth and develop-

ment, wound repair and stress response were upregulated following bacterial in-

gestion, suggesting that the damaged gut is regenerated.

In non-infectious conditions, the Drosophila ECs are replaced within a week

[Micchelli and Perrimon, 2006] and the ISC division is controlled by the Wnt

signaling pathway [Lin et al., 2008]. Importantly, feeding Drosophila on tissue-
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damaging agents, or gut-specific expression of apoptotic genes triggers faster

ISC division [Buchon et al., 2009]. The ISC proliferation is also modulated by

the presence of bacteria in the fly’s digestive tract [Chatterjee and Ip, 2009,

Jiang et al., 2009, Buchon et al., 2009, Cronin et al., 2009]. This observation, as

well as the information obtained from the large-scale in vivo screens pointed to

the following model accounting for the rapid ISC division in an infectious con-

text. Upon infection with E.carotovora, S.marcescens and P. entomophila the

cytokines of the unpaired (Upd) family Upd-1, Upd-2 and Upd-3 are secreted and

activate the JAK/STAT pathway. Because this pathway plays an important role

in tissue-damage repair and regeneration [Agaisse and Perrimon, 2004], it might

also be associated with the maintenance of intestinal homeostasis by regulating

the ISC divisions. Upd induction and JAK/STAT pathway activation are required

for the ISC division after bacterial challenge as evidenced by the double posi-

tive staining in the gut with the dividing cell marker phospho-histone H3 and the

marker of ISCs and EBs escargot (esg) [Buchon et al., 2009, Cronin et al., 2009,

Jiang et al., 2009]. In addition to the JAK/STAT pathway, the JNK and Notch sig-

naling pathways participate to the induction of stem cell proliferation by bacteria

in Drosophila intestine. The absence of Notch in the progenitor cells confers

an increased susceptibility to infection with P. entomophila [Jiang et al., 2009].

Since Notch is required for ISC differentiation, but not ISC mitosis, the progen-

itor differentiation appears to be important for the resistance against pathogens

[Jiang et al., 2009]. The JNK pathway was shown to participate in gut regenera-

tion in old flies [Jiang et al., 2009] and its implication in maintaining of gut home-

ostasis following infection with E.carotovora was also proven. Reduced JNK sig-

naling in ISCs results in premature loss of ISC and the subsequent absence of

epithelial renewal upon bacterial challenge. Interestingly, the ISC-specific knock-

down of JNK pathway components such as basket and hemipterous, as well as
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the overexpression of the JNK pathway negative regulator puckered did not alter

the number of ISCs in unchallenged flies [Buchon et al., 2009].

3.3.3 Mechanism of ISC-mediated intestinal homeostasis af-

ter microbial infection

The identification of cytokine-triggered gut regeneration in Drosophila provides

a novel concept of regulation of host intestinal homeostasis after bacterial infec-

tion. However, how the damaged tissue turns into physiological signals leading

to the stem cells proliferation remains unknown. Once ingested, the bacterial

pathogen causes boths activation of gut immune signaling and apoptosis of in-

testinal cells (Figure 3.5). The IMD pathway activation leads to the transcrip-

tion of antimicrobial peptides in Drosophila gut [Lemaitre and Hoffmann, 2007],

but it is unlikely that IMD triggers the JAK/STAT signaling, neither the division of

ISC [Jiang et al., 2009]. On the other hand, the challenge of the flies with orally

fed bacteria induces the rapid production of Reactive Oxygen Species (ROS)

in the gut. ROS are produced by the dual oxydase (DUOX) membrane pro-

tein and were shown to be major microbicidal immune effectors [Ha et al., 2005].

The involvement of ROS in ISCs activation seems possible, since flies which

cannot generate microbe-induced ROS, as well as flies exhibiting high antiox-

idant potential showed reduced levels of bacteria-induced ISCs proliferation

[Buchon et al., 2009].
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Figure 3.5: Pathways controlling Drosophila gut homeostasis after bacterial
challenge . G-protein coupled receptor (GPCR)-dependent signaling controls the
basal levels of ROS production and gut microbiota. Ingestion of infectious bacteria
triggers strong ROS burst, damaging the midgut epithelim.Damged ECs trigger the
production of Upd-3, which activates the JAK/STAT pathway in neighbouring ICS
cells.The JAK/STAT and JNK pathways synergize to promote ISC proliferation and
epithelium renewal.
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Chapter 4

Material and methods

4.1 Fly strains and infections

4.1.1 Drosophila strains

wA5001, yw, OregonR and DD1;cnbw flies were used as wild type

controls. The hopscotch alleles M38 and msv1, as well as the

Dcr-2R416X , Dif 1, ImdShadok and KCNQ mutants were previously de-

scribed [Lee et al., 2004, Rutschmann et al., 2000, Agaisse et al., 2003,

Gottar et al., 2002, Ocorr et al., 2007]. UAS-Ir (v28430, v28431) and UAS-Irk2

(v4341) RNAi lines were purchased from the Vienna Drosophila RNAi Center

(VDRC). Fly stocks were raised on standard cornmeal–agar medium at 25◦C.

Adult flies 4–7 days of age were used in infection experiments. For heat-shock

induction of transgene expression, flies were placed at 37◦C for 20 min, following

30 min at 18◦C and finally 20 min at 37◦C. After the treatment flies were allowed

to recover for 6 h at 25 ◦C before immune challenge. All flies were tested for

Wolbachia infection and treated whenever necessary.
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4.1.2 Generation of transgenic lines

For the construction of all reporter plasmids, PCR fragments of different size,

amplified from the 5’UTR region of Jon65Ai and LysE genes, were inserted into

pCasper expression vector containing the LacZ gene, the Drosomycin poly A

sequence and ampicilline resistance cassette. The PCR products were ampli-

fied with the primers shown on Table 4.1, digested with NotI and NheI restriction

enzymes and placed between the crresponding sites in pCasper transformation

vector. The resulting constructs were then injected into Drosophila embryos (w−

strain) to obtain transgenic lines. At least two independent lines were analyzed

for each construct.

Table 4.1: List of the primers used for the cloning of different versions of
Jon65Ai and LysE promoter regions .
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4.1.3 Infections

Virus infection

Viral stocks were prepared in 10 mM Tris-HCl, pH 7.5. Flies were infected

by intrathoracic injection (Nanoject II apparatus; Drummond Scientific) with 4.6

nl of a viral suspension corresponding to 500 pfu/fly for DCV, FHV and CrPV.

Injection of the same volume of 10 mM Tris-HCl, pH 7.5, was used as a control.

Infected flies were then incubated at 22◦C. For survival experiments, two tubes

of 10 flies were injected per virus and flies were kept on standard cornmeal-agar.

Survival rates were recorded every 24h post-injection. Groups of 20 and 5 flies

were frozen for Northern blot and qRT-PCR analysis, respecively.

Bacterial infection

For bacterial infection flies were pricked with thin tungsten needle previously

dipped in the concentrated overnight culture in Luria Bertani (LB) medium at 37◦C

of Enterococcus faecalis (Gram positive) and Enterobacter cloacae (Gram nega-

tive). Injection with "clean" needle was used as control.

4.2 DNA extraction

DNA from whole flies was extracted by homogenizing single fly in 50 µL of

"Squishing" buffer (10 mM of Tris-HCl,pH 8.2, 1mM of EDTA, 25mM of NaCl and

200 µg/mL of Proteinas K. The homogenate was incubated 30 min at 37◦C and

the Proteinase K inactivated at 95◦C for 10 min.
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4.3 RNA analysis

4.3.1 RNA extraction

For qRT-PCR analysis, frozen flies were homogenized in 350 µL of Trireagent-

RT, containing the phase separation reagent bromoanisole (BAN) (50 µL of BAN

per mL of Trireagent-RT)(Molecular Research Central, Inc.). Tubes were vortexed

and incubated at room temperature for 5 min. Tubes were next centrifuged for 15

min at 12500 rpm, at 4◦C. The aqueous phase was carefully transferred into a

fresh tube and 300 µL of Isopropanol were added. Samples were mixed and

incubated for 10 min at room temperature before being centrifuged for 10 min at

12500 rpm at 4◦C. Supernatants were removed and the pellet washed with 70%

of EtOH. After 5 min of centrifugation at 7500 rpm at 4◦C, supernatants were

removed and pellet was dried 10 min at 65◦C. RNAs were resuspended in 30 µL

of RNase-free water and quantified with the Nanodrop spectrophotometer.

For Northern blot analysis,frozen flies were homogenized in 500 µL of

Trireagent (Molecular Research Central, Inc.). Tubes were vortexed and incu-

bated at room temperature for 5 min. 100 µL of chloroform was added and each

tube was vortexed for 30 sec. Tubes were next centrifuged for 15 min at 12500

rpm, at 4◦C. The aqueous phase was carefully transferred into a fresh tube and

500 µL of Isopropanol was added. The next steps are identical to the RNA ex-

traction for qRT-PCR analysis.

4.3.2 cDNA synthesis

For qRT-PCR analysis a cDNA were synthesized from RNA template by using

the iScriptTM cDNA kit (Biorad). 1 µg of RNA template was mixed with 4 µL of 5x

Reaction mix and 1 µL of reverse transcriptase and nuclease-free water in a total

reaction volume of 20 µL. For the reaction the thermocycler T3000 (Biometra)
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was used for the following cycle: step 1: 5 min at 65◦C, step 2: 5 min at 4◦C,

step 3: 25 min at 42◦C, step 4: 15 min at 70◦C, step 5: pause at 16◦C. The

synthesized cDNA was diluted 20 times for qRT-PCR analysis.

4.3.3 Quantitative RT-PCR (qRT-PCR)

The iQTM Custom SYBR Green Supermix kit (Biorad) was used for desired

amplicon synthesis. 2.4 µL of Supermix, 0.3 µL of forward and 0.3 µL of reverse

primers and 5 µL of water were added to 20 times diluted cDNA in a total volume

of 10 µL. For the reaction the CFX384TM Real-Time System (Biorad) was used

with the following program: step 1: 3 min at 95◦C, step 2: 10 sec at 95◦C, step 3:

30 sec at 55◦C. Go to step 2 and repeat 39 times. The primers used for qRT-PCR

analysis are shown on Table 4.2. The relative gene expression was normalized

to the expression of the "housekeeping" ribosomal protein-coding gene rp49.

Table 4.2: List of the primers used for qRT-PCR analysis .
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4.3.4 Northern blot (NB)

Electrophoresis and transfer

RNAs were separated by electrophoresis on 1% agarose gel containing 6%

formaldehyde in MOPS 1x buffer. 30 µg of total RNA were mixed in a load-

ing buffer (50% formamide, MOPS 1x, 1.8 M formaldehyde, 0.15% bromophenol

blue, 7% glycerol) and heat-denatured 10 min at 65◦C. RNAs were transferred

by capillarity overnight onto a nitrocellulose membrane, in 10x SSC solution (1.5

M NaCl, 0.15 M sodium citrate). RNAs were crosslinked to the nitrocellulose

membrane by UV treatment.

Probe synthesis and labelling

25 ng of cDNA fragment of the gene of interest were labelled with the α-32P

dCTP by random priming using Rediprime II Random Prime Labelling Kit (Amer-

sham Biosciences), according to manifacturer’s instructions. The unincorporated

nucleotides were removed by passing the sample through mini-column (Bio-gel

P10, Biorad). The list of primers used for the synthesis of the different probes is

shown of Table 4.3.

Hybridization

The membrane containing the RNAs was prehybridized in the following solu-

tion: 50% formamide, 5x Denhardt, 6x SSC, 0.1% SDS ; 100 µg/mL of salmon

sperm DNA for 2 hours. Hybridization with the probe was done overnight at 42◦C

in the same solution. The membrane was washed twice in 2 × SSC, 0.1% SDS

at 42◦C, followed by two additional washes in 0.2 x SSC, 0.1% SDS at 42◦C

and 65◦C, respectively. The membrane was exposed overnight in contact with

an autoradiographic film at -80◦C. The signal was quantified with the Bioimager

analyzing system.
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Table 4.3: List of primers used for the synthesis of indicated probes .

4.3.5 Whole mount in situ hybridization

Cloning

Groups of 20 flies (w− strain) were infected with DCV and CrPV and total

RNA was extracted 4 days post-infection. cDNA was prepared and fragments

corresponding to the 5’ variable region of DCV and CrPV genomes (Table 4.4)

was amplified by PCR, using the Phusion polymerase with proofreading activity.

Reactions took place in final volume of 50 µL, including 1 µL of 10 times diluted

cDNA, 10µL of 5x Reaction Buffer, 5 µL of 2mM dNTPs, 32 µL of water and 1 µL

of forward and reverse primers at the concentration of 100 µM.
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Table 4.4: List of primers used for the cloning of 5’ end sequences of DCV and
CrPV into PSK+ transformation vector .

The PCR products were purified through column (Machery/Nagel PCR clean

up) and cloned into PSK+ transformation vector (Invitrogen), that contains phage

T3 and T7 promoter sequences. Resulting clones were linearized using EcoRV

and EcoRI restriction enzymes in order to determine orientation in the vector (T3

or T7 sens).

Plasmids were next linearized with Hind III and EcoR I and 4 µg of plasmid

was used and the digestion mix was incubated at 37◦C for 1h. Linearized plas-

mids were purified with phenol/chloroform and DNA was precipitated in EtOH

100%, 0.3M sodium acetate, overnight at -20◦C. The precipitation mixture was

centrifuged for 30 min at 12500 rpm, and the pellet washed with EtOH 70% and

dried. The pellet, corresponding to the linearized plasmid was resuspended in

water at final concentration of 1 µg/µL.

In vitro transcription and DIG-labelling

For in vitro transcrption, a DIG-RNA labelling Kit was used (Roche). Plasmids

linearized with Hind III were used as template for transcription from the T3 pro-

moter, creating the sense probe, whereas EcoR I-digested plasmids were used

for T7 transcrption, creating the antisense probe. The reaction took place in a to-

tal volume of DNA (1 µg/µL) 2 µL, 10x reaction buffer 2 µL, T7 or T3 enzyme 2 µL,

RNAse OUT 1 µL, labelled nucleotide mix (dGTP, dCTP, dATP, dUTP) 2µL and
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water 11 µL. The reaction mix was incubated for 2 h at 37◦C. RNA was precipi-

tated at -80◦C for 30 min using EDTA (0.2M) 2 µL, LiCl (4M, RNAse free, Sigma)

2.5 µL, EtOH 100% 75 µL. Following centrifugation at 12500 rpm (4◦C) for 30

min, the pellet was washed with EtOH 70% and centrifuged for further 10 min.

The pellet was dried and resuspended in 10 µL water, before addition of 90 µL

hybridisation (HS) buffer (deionised formamide 50% final volume, 20x SSC 5%

final volume, salmon sperm 100 µg/ml, heparin 50 µg/ml, Triton X-100 0.1% final

volume, fill up to final volume with water).

Preparation of the anti-DIG antibody

In order to minimize the background, anti-DIG-alcaline phosphatase antibod-

ies were pre-absorbed using Drosophila embryos. Embryos were collected and

dehydrated in EtOH overnight at -20◦C. 100µL of these embryos were then

washed in 1ml of a 1:1 mixture of EtOH and PBT (PBS 1x, 0.1% Tween-20)

whilst shaking in order to rehydrate them. Then embryos were washed twice with

1ml PBT whilst shaking for 10 min. The anti-DIG antibody, cojugated to alca-

line phosphatase was diluted 1:100 in PBT. 1 ml of this dilution was incubated

with the rehydrated embryos overnight at 4◦C. After removal of the embryos, the

pre-absorbed antibody solution was aliquoted and then stored at 4◦C.

In order to test the DIG-labelled probes, 2 µL of different probe concentrations

were fixed by UV-croslinking on a nitrocellulose membrane. The membranes

were then saturated with BSA (3% BSA in PBT) for 30 min at room temperature.

Membranes were washed twice with PBT, followed by a 30 min wash in PBT

whilst shaking. The antibody was then diluted in PBT, 0.5% BSA (1:2000) and

incubated with the membrane for 30 min at room temperature. Afterwards, the

membrane was washed twice with PBT followed by two washes with AP buffer

(100mM TrisHCl pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween-20, fill up

with water to final volume). Coloration was achieved by adding NBT and BCIP

Stanislava Chtarbanova 66



CHAPTER 4. MATERIAL AND METHODS

in AP buffer (Roche) according to the manufacturers instructions. The coloration

reaction was then stopped by adding PBT.

Fixation, post-fixation and permeabilization of the tissues

Tissues from infected flies were dissected and kept in PBT (PBS, 0.1% Tween-

20)-containing eppendorf tubes. To avoid RNA degradation tissues were kept

on ice for maximum 30 min, and then PBT buffer was exchanged with fixation

solution (280 µL PBT, 120 µL 10% formaldehyde and finally 500 µL heptan).

Tubes containing the samples were shaked gently by turning the tube upside

down (30-45 sec). The first fixation solution was replaced by second fixation

solution (520 µL PBT, 240 µL 10% formaldehyde and 40 µL DMSO) and samples

incubated for 20 min at room temperature. The fixed tissues are washed twice

for 5 min with 1 mL MeOH. Samples can be stored in MeOH at -20◦C for several

weeks. Samples were post-fixed by exchange of the MeOH with 980 µL MeOH

and 20 µL Hydrogen peroxyde and incubated for 30 min. They were washed three

times with 1 ml PBT for 5 min. Tissues were then incubated for 30 min with 1 mL

of PP buffer (PBS, 4% formaldehyde, 0.1% Triton-X100) and washed twice with 1

ml of PTX buffer (PBS, 0.3% Triton-X100). Finally, samples were incubated for 10

min in 500 µL of PTX and 500 µL of HS, followed by a 5 min wash with 1 ml HS.

Pre-hybridization and hybridization

Samples were pre-hybridized in 500 µL of HS buffer for 3 hours at 65◦C. 400

µL of HS buffer was removed and 5 µL of the denatured DIG-labelled probe (fol-

lowing manifacturer’s instructions) was added to the 100 µL of HS. Hybridization

was done overnight at 65◦C. After hybridization the samples were washed twice

in pre-heated HS buffer at 55◦C for 20 min. Then samples were washed three

times for 20 min in 1 mL of HS/PBT (3 volume/ 1 volume) followed by HS/PBT

(1 volume/ 1 volume) and finally HS/PBT (1 volume/ 3 volume) at 55◦C. Samples
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were then placed back at room temperature and washed four times for 10 min

with 1 mL PBT. Then, samples were incubated with pre-absorbed anti-DIG anti-

body diluted 1:2000 in PBT for 1h at room temperature, followed by three 10 min

washes in 1 mL of PBT.

Staining

Samples were washed twice for 5 min in AP buffer and transferred in 24 well

plate. The coloration substrate for the alcaline phosphatase was prepared during

the second wash by mixing 1 ml of AP buffer with 4.5 µL NBT (50mg/ml) and

3.5 µL BCIP (50 mg/mL). The substrate mixture was then applied to the samples

and stored in dark until the coloration became apparent. The reaction was then

stopped by adding PBT. Tissue samples were mounted in Glycerol 100% and

analyzed under phase contrast microscope.

4.4 β-Galactosidase reporter assay

β-galactosidase activity was measured by fluorescent assay in 96-well plate.

Individual flies were placed in each well and homogenized in 100 µL of Chalfie

buffer, pH8 (Tris pH 8,4 10 mM, 100 mM NaCl, 1 mM MgCl2; DTT 10 mM). Adding

4-methylumbelliferone β-d-galactopyranoside (MUG) allows the detection of β-

galactosidase activity in the plate reader Fluoroscan.

4.5 Protein analysis

4.5.1 Antibody generation

Antiserum directed against the protease Jon65Ai was obtained after injec-

tion of the peptide NH2-IGNSVCENYYGSFSGDLICIPTPENK-OH in two rabbits
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(BSYN5165 an BSYN5166) by the company BIOSYNTHESIS. Pre-immune, 6, 8

and 10 weeks bleeds were taken from the rabbits, aliquoted and stored at -80◦C.

For Western blot experiments, the antiserum Jon65Ai BSYN5165, 8 weeks bleed

was used at the optimal dilution of 1:200.

4.5.2 Protein extraction and quantification

For Western blot analysis samples were homogenized in lysis buffer (20 mM

Tris pH 7.5, 150 mM NaCl, 1% Trition-X100 and 1 dose of protease inhibitor

cocktail complete mini (Roche)). 5 whole flies, guts and fat bodies from 10 flies

were homogenized in 150 µL of lysis buffer. Brains and cardias from 50 flies

were homogenized in 75 µL of lysis buffer. Proteins were quantified by Bradford

Protein assay (Biorad). BSA was used to generate a standard curve ranging from

0 µg/mL to 21 µg/ml. Samples were mixed with 10 µL of 5x Laemmli loading buffer

(400 mM Tris Base, 8% LiDS, 30% Glycerol, 408 mM MAC, 0.1% bromophenol

blue, final pH 6.8), incubated at 95◦C for 5 min and applied to 12% SDS-PAGE

gel.

4.5.3 Western blot

Migration of samples was done in 1x TCG buffer ( Tris/ glycine/ SDS Buffer,

Biorad) for 90 min at 90 V. Proteins were transferred under standard conditions

to nitrocellulose membrane for 90 min at 100 V under agitation using a commer-

cially available blotting buffer (Biorad). The membrane was saturated in TBST 2x

3% milk (Biorad) for 1 h at RT (10x TBST pH 7.6 containing TrisHCl pH 7.2 100

mM, NaCl 90 g/L and 0.5% Tween-20). After two washes with TBST 2x and the

primary antibody was incubated overnight at 4◦C in TBST 2x 0.3% milk . The

membrane was washed twice for 10 min with TBST 2x and the secondary anti-

body was added in TBST 2x for 1 h at room temperature. After incubation, the
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membrane was washed three times with TBST 2x and proteins on the blot were

visualized with ECL Chemiluminescent Detection reagents (Amersham) accord-

ing to the manufacurer’s instructions. Polyclonal rabbit antiserum directed against

DCV was used in a dilution of 1:5000. The anti-actin monoclonal antibody (Milli-

pore) was used at the dilution of 1:2500. Secondary antibodies aganist mouse or

rabbit (Fisher Scientific) conjugated to horseradish peroxidase were used at the

dilutions of 1:5000 and 1:10000 respectively.

4.6 Microarray analysis

For microarray analysis, 45 males OregonR flies were injected with Tris,

DCV, FHV and SINV. RNA extraction, biotinylation and hybridization to

Affymetrix Drosophila GeneChip microarrays (Affymetrix) were done as de-

scribed [Irving et al., 2001]. The Affymetrix Microarray Suite 5.0 (Affymetrix) or

Excel (Microsoft) were used for data analysis. Raw data were sorted with the

”absent-marginal-present flags” generated by the Microarray Suite functions. For

the gene repression analysis, only data points for marked as ”present” were

retained for the Tris controls with P value ≤ 0.05.

4.7 Dissections and staining of Drosophila tissues

4.7.1 Oil Red O staining

Fat bodies from virus-infected or control flies 3 days post-injection, were dis-

sected in PBS 1x and fixed in 4% paraformaldehyde for 20 min. Samples were

then incubated for 30 min in the Oil Red O stain (6 mL of 0,1 % Oil Red O (SIGMA)

in isopropanol and 4 mL of MilliQ water, filtered through 0.45 µm syringe filter)

and quickly washed with MilliQ water [Gutierrez et al., 2007]. Samples were then

mounted in 100 % Glycerol and observed under phase contrast microscope.
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4.7.2 Calcofluor staining

Calcofluor (Fluorescent Brightener 28, F3543, SIGMA) solution was prepared

at 1% in MilliQ H2O. 1.5 mL of Sucrose 1% solution was mixed with 500 µL of

Calcofluor 1% solution and added to filterpaper pad (Millipore) placed in a vial.

Virus-infected or control flies were placed 96h folloing injection on this solution no

longer than 6 hours to avoid destruction of the peritrophic matrix. Digestive tracts

were dissected in PBS 1x and fixed for 20 min in 4% paraformaldehyde for 30

min. Samples were washed 3 times for 10 min with PBS 1x, mounted in 100 %

Glycerol and observed under fluorescent microscope.

4.7.3 Immunostaining

For immunostaining experiments, tissues were dissected in PBS 1x and fixed

for 30 min in 4% paraformaldehyde under agitation. Tissues were next perme-

abilized in three successive washes in PBS- 0.01% Triton-X100. Samples were

placed in the blocking solution PBT-A (PBS-0.01% Triton-X100, 0.5% BSA) for 1

hour. Tissues were incubated with primary antibodies overnight at 4◦C. The re-

moval of execcive primary antibody was done by two successive washes, 15 min-

utes each in PBT-B buffer (PBS-0.01% Triton-X100, 0.05% BSA). Samples were

incubated with fluorescent molecules-conjugated secondary antibodies in PBT-B

for 4 hours at room temperature. Before mounting of the tissues in Vectashield

DAPI-containig medium, samples were washed three times in PBT-B. The primary

antibodies were used at the following dilutions: mouse anti-Cyp4g1 (gift of S. Ken-

nel) 1:500, rabbit anti-Akh (gift from S. Kim) 1:300, rabbit anti-VP2 of DCV 1:500,

mouse anti-GFP 1:500, rabbit anti-FHV capsid protein 1:1000, mouse anti-ATP

synthase subunit α (Mitoscience, MS507) 1:500. The actin-staining Texas Red-X

phalloidin (Invitrogen, T7471) was used at 0,066 µM. The secondary antibodies

were used at the following dilutions: Alexa 488 goat anti-mouse IgG (A11001,
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Invitrogen) 1:500, goat anti-mouse IgG, Cy3-linked (PA43002, GE Healthcare)

1:500, Cy3 goat anti-rabbit IgG (81-6115, Zymed) 1:500, Alexa 488 goat anti-

rabbit IgG (A11003, Invitrogen) 1:500.

4.8 Measurment of physiological parameters

4.8.1 Colorimetric food ingestion and defecation rate assays

Three groups of 10 flies were Tris or virus injected and placed on 0,1% Bro-

mophenol blue and 0,5% xylen cyanol containing “tracking” medium. For food

ingestion experiment, flies were collected 96h post-injection, homogenized in

1xTris-EDTA buffer containing 0,1% Triton-X100 and centrifuged at 14000 rpm

for 3 min. The OD of the supernatants was measured, as previously described

[Ayres and Schneider, 2009]. For defecation assay, Tris or virus-injected flies

were kept on the “tracking” medium for 3 days, and then transferred in empty

vials for 5h. The blue excretion spots, corresponding to fly defecation rate were

counted.

4.8.2 CApillary FEeder (CAFE) assay

Virus-infected or control flies were transferred 72h post-infection to 24 well

plate. Single fly was placed in individual well, filled with 500 µL of 1% agarose

to provide moisture. One capillary, filled with 10 µL of 5% Sucrose and 2% Yeast

extract (Yeast extract ultrafiltrate 50x, Y-4375, SIGMA) solutions was provided per

well [Ja et al., 2007]. Flies were capillary fed for 24h and the volume of ingested

food was measured for individual flies. The experimental set up is shown on

Figure 4.1.
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Figure 4.1: CApillary FEeder assay: experimental set up .

4.8.3 Measurment of body weight, total glucose and tryglyc-

erides levels

A group of 10 (5 male and 5 female) Tris or virus-injected flies was weighted for

body weight determination. Triglycerides (TG) and glucose (Glc) in Tris or virus-

infected flies were measured with Infinity Triglycerides and Glucose Hexokinase

kits (Thermo scientific). Before extraction, the body weight of the three groups of

5 female flies was determined and used for normalization. For TG measurement,

flies were homogenized in 1ml of PBS, containing 0,05% Tween-20. Samples

were incubated for 5 min at 70◦C. 500 µL of the supernatant was transferred into

a new tube and centrifuged for 3 min at 14000 rpm. 50 µL of the supernatant

was distributed per well of 96 micro titer well plates, to which were added 200

µL of Infinity TG kit. The plate was incubated for 5 min at 37◦C and the O.D540

measured. For Glc titers determination, flies were homogenized in 200 µL of 1x

Tris-EDTA buffer, supplemented with 0,1% Triton X-100, centrifuged for 3 min at

14000 rpm and 100 µL of the supernatant was transferred into the wells of 96

well micro titer plates. 100 µL of Infinity Glucose Hexokinase kit, supplemented
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with of porcine kidney trehalase (Sigma, T8778) were added to each well and the

O.D340 measured. For both TG and Glc measurements, standard curves were

generated according to the manufacturer instructions.

4.8.4 Statistical analysis

An unpaired two-tailed Student’s t-test was used to determine statistical sig-

nificance. P-values of less than 0.05 were considered significant. Data were

analyzed using GraphPad Prism 4 for Macintosh (GraphPad software.Inc).
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Aims of the study

The general aim of my PhD work was to study the physiopathological mecha-

nisms that underlie the resistance to virus infection in the fruit fly Drosophila after

infection with two small, positive single stranded RNA viruses: the Drosophila C

virus (DCV) and the Flock House virus (FHV). In addition to the innate immune

response that controls the resistance to virus infection, homeostatic mechanisms

also contribute to the control of the cellular and tissue damage caused by the

pathogen. Collaborative studies between the laboratories of Prof. Jean-Luc Imler

here in Strasbourg and Prof. Bruce Beutler at the Scripps Research Institute in La

Jolla, California, USA, identified a mutation affecting an inwardly rectifying ATP-

sensitive potassium channel KATP that causes rapid mortality of mice and flies

after viral infection. In flies, the impairment of the cardiac expression of the reg-

ulatory subunit of the channel encoded by the gene dSUR accelerated the death

of the flies after infection with the RNA virus FHV. During my thesis, I participated

to the description of the role played by KATP channels in the resistance to FHV

infection. We identified a novel tissue-specific and KATP -dependent regulation of

antiviral immunity. This part of my work is discussed in Chapter 5.

Prior to my arrival in the lab, a comparative study of the transcriptome of in-

fected flies showed that several hundred of genes are repressed in DCV-infected

flies, compared to FHV and another RNA virus: Sindbis virus (SINV). The ini-

tial aim of my PhD work was to focus on a subset of the DCV-repressed genes,

encoding midgut specific serine proteases and to study their role in antiviral de-

fenses. Very rapidly my work on this project showed that the strong gene repres-

sion might reflect disturbances in the digestive physiology of the fly after infection

with the virus. I characterized the pathology associated with DCV infection and

the results of this part of my work are shown in Chapter 6.
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Chapter 5

KATP -sensitive potassium channels

and resistance to cardiotropic viral

infections

The fruit fly Drosophila melanogaster represents a good experimental system

to decipher the complex issues of homeostasis in virus-infected animals. This

model could also provide an integrative view at the level of the whole organism of

the complex interactions between viruses and their hosts.

5.1 KATP -sensitive potassium channels regulate

antiviral innate immunity

We previously showed that SUR channels regulate survival to virus infection

in mice and flies. In mice KATP channels regulates vasoconstriction, essential for

homeostasis mechanism to temper effects of the inflammatory cytokines induced

by infection. We were curious to understand the role of dSUR in FHV-infected flies

since flies and mammals have very different physiologies. We took advantage of

the availability of genetic and pharmacological tools to get further insights into
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the role, played by the cardiac KATP channel in FHV-infected Drosophila. We

showed that the impairment of the KATP channel controls the resistance to FHV

in the Drosophila heart by acting on the antiviral RNAi pathway. The data we

obtained in the invertebrate model were strongly supported by the results in the

mammalian model, in which the mayday mutant mice showed higher viral loads

in the heart, after infection with the cardiotropic Coxsakievirus B3.

The following article describes our findings and reveal a novel role for KATP

channels in the control of viral infections in the heart.
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The effects of the cellular environment on innate immunity re-
main poorly characterized. Here, we show that in Drosophila ATP-
sensitive potassium channels (KATP) mediate resistance to a cardio-
tropic RNA virus, Flock House virus (FHV). FHV viral load in the
heart rapidly increases in KATP mutant flies, leading to increased
viremia and accelerated death. The effect of KATP channels is de-
pendent on the RNA interference genes Dcr-2, AGO2, and r2d2,
indicating that an activity associated with this potassium channel
participates in this antiviral pathway in Drosophila. Flies treated
with the KATP agonist drug pinacidil are protected against FHV
infection, thus demonstrating the importance of this regulation
of innate immunity by the cellular environment in the heart. In
mice, the Coxsackievirus B3 replicates to higher titers in the hearts
of mayday mutant animals, which are deficient in the Kir6.1 sub-
unit of KATP channels, than in controls. Together, our data suggest
that KATP channel deregulation can have a critical impact on innate
antiviral immunity in the heart.

ion channel | myocarditis | potassium efflux | aging | tolbutamide

Viral infections represent a major threat for living organisms,
from prokaryotes to complex eukaryotes, including humans.

Therefore, the characterization of the cellular and molecular
mechanisms determining the outcome of viral infections is a fo-
cus of intense investigation.
A primary determinant of survival to virus infection in animals

is the innate immune response, which allows the host to interfere
with viral replication and to control the viral load (1). Consider-
able efforts on different experimental models have led to the
realization that dsRNAs, which are produced in the course of
viral replication, are a major trigger of innate antiviral responses.
In vertebrates, foreign dsRNA molecules are recognized by pro-
teins of the Toll-like receptor (TLR) and RIG-I–like receptor
(RLR) families, leading to the production of type I and III
interferons, which in turn mediate induction of antiviral mole-
cules (2). In both plants and invertebrates, dsRNAs are recog-
nized by RNase III enzymes of the Dicer (Dcr) family, and trigger
antiviral RNAi (3). Interestingly, the cytosolic RLRs and the
Dicer enzymes share an evolutionary conserved DExD/H box
helicase domain, revealing some similarities in the sensing of viral
nucleic acids by plants, invertebrates, and vertebrates (4). In the
fruit fly Drosophila melanogaster, Dcr-2 accounts for the pro-
duction of siRNAs of viral origin, which are loaded on the
Argonaute (AGO) protein family member AGO2, with the help
of the dsRNA binding protein R2D2. These siRNAs guide the
slicer enzyme AGO2 toward cRNA sequences, thus achieving
antiviral silencing. In agreement with the essential roles of Dcr-2
and AGO2 in the siRNA pathway, flies mutant for these genes
are highly susceptible to viral infections (5–7). Though our in-
formation on the biochemistry of RNA interference is rapidly
expanding, a central and as yet poorly explored area is the control
of RNA interference by the cellular environment.
In addition to the immune response, which controls the viral

load, it is becoming apparent that homeostatic mechanisms en-

able the host to control the cellular or tissue damage caused by
a given dose of virus (8, 9). In the course of a collaborative effort
aimed at understanding the genetic basis of antiviral defenses,
one of our groups recently identified an N-ethyl-N-nitrosourea
(ENU)-induced strain of mutant mice, mayday, which show an
increased frequency of sudden death upon infection with the
mouse cytomegalovirus (MCMV). These mice produce normal
levels of cytokines upon infection, and die with viral titers in the
spleen similar to wild-type controls, indicating that their death
does not result from a failure to control the viral burden (9). The
mayday mutation is an allele of the gene Kcnj8, which encodes
the inwardly rectifying ATP-sensitive potassium (KATP) channel
Kir6.1. KATP channels are octameric complexes composed of
four pore-forming Kir subunits and four sulfonylurea receptor
(SUR) subunits that regulate the opening of the channel (10)
(Fig. 1A). In mice, these channels allow smooth muscle cells in
coronary arteries to adapt to the vasoconstriction triggered by
the inflammatory cytokines produced by the innate immune
system in response to infection (9, 11). KATP channels are evo-
lutionarily ancient, and we previously reported that silencing of
the SUR ortholog (dSUR) in the Drosophila heart reduces the
survival following infection by the RNA virus Flock House virus
(FHV) (9). This observation suggests that KATP channels play an
evolutionarily conserved role in host–virus interactions, and
raises the question of the exact mechanism by which they regu-
late survival to viral infection in organisms with physiologies as
different as flies and mammals.
Here we have characterized the role of KATP channels in FHV-

infected Drosophila. Using both genetics and pharmacology, we
show that KATP channels are involved in an antiviral resistance
mechanism, as impairment of their expression or function leads
to a strong increase of the viral titer and accelerated death of
the FHV-infected flies. We further show that FHV is a cardio-
tropic virus and that KATP channels control the FHV viral load in
the heart. Potassium efflux does not affect an intrinsic property
of the viral replication cycle, but rather modulates antiviral RNA
interference in the heart. These results indicate that tissue-
specific regulation of resistance mechanisms by the cellular en-
vironment can have dramatic consequences on the outcome of an
infection. We illustrate this point by showing that the KATP ag-
onist drug pinacidil exerts a spectacular protective effect against
FHV infection in Drosophila.
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Results
Drosophila KATP Channels Are Involved in the Resistance to FHV
Infection. We previously reported that knockdown of the ex-
pression of the gene dSUR, which encodes the regulatory subunit
of KATP potassium channels (Fig. 1A), increases the lethality of
Drosophila after infection with FHV (9). Flies mutant for dSUR
[c04651/Df(2L)Exel8024] are viable, indicating that dSUR does
not carry essential developmental functions. When infected with
FHV, dSUR mutant flies succumb rapidly, 4–5 d before control
flies. By contrast, these mutant flies do not show increased le-
thality compared with controls when challenged with Drosophila
C virus (DCV), the entomopathogenic bacteria Enterococcus
faecalis, Enterobacter cloacae, or the fungus Beauveria bassiana
(Fig. 1B) (9). To see if the rapid death of FHV-infected dSUR
mutant flies reflects a defect in homeostasis or resistance, we
monitored the viral load in dSUR mutant and control flies. dSUR
mutant flies show increased accumulation of viral RNAs, and
contain up to two logs more infectious viral particles than control
flies 3 d after infection, indicating that dSUR regulates the re-
sistance to FHV infection (Fig. 1C). Consistent with the survival
data, DCV-infected dSUR mutant flies contain similar viral titers
as control flies.
As an independent test of the requirement for KATP channels

during infection, we investigated the effect of the drug tolbuta-
mide, which acts as an antagonist of KATP channels. We pre-
viously reported that flies fed on a tolbutamide solution died

more rapidly than control flies after infection with FHV (9). The
tolbutamide treatment leads to increased accumulation of viral
RNAs and infectious particles in infected flies, with a two-log
increase in viral load 3 d after infection (Fig. 1D).
SUR molecules function as the regulatory subunit of Kir6.x

channels in mammals. The D. melanogaster genome contains
three genes encoding channels related to mammalian Kir genes,
known as Ir, Irk2, and Irk3 (Fig. S1A). Among these, Ir and Irk2
are closely related to one another, and belong to the same clade
as mammalian Kir2, Kir3, Kir5, and Kir6, whereas Irk3 is more
distantly related to these molecules. Based on their expression in
the hindgut and the Malpighian tubules, these genes have been
proposed to function in the osmoregulation of the fly (12). We
monitored expression of Ir and Irk2 by RT-PCR, and found that
these genes are indeed expressed in the excretory system of
Drosophila, but that they are mainly expressed, like dSUR, in the
heart (Fig. S1B). We knocked down expression of these genes in
the heart using the heart-specific GMH5-Gal4 driver (13), and
observed that both Ir and Irk2 are required to slow infection by
FHV (Fig. 1E). Knockdown of both Ir and Irk2 caused a more
severe phenotype than single knockdowns, but not as severe as
the knockdown of dSUR. By contrast, silencing of Irk3 expres-
sion did not affect resistance to FHV infection (Fig. S1C).
Overall, both genetic and pharmacological data point to an

essential role for KATP channels in the resistance to FHV in-
fection, raising the question of the mechanism involved.
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Fig. 1. dSUR, Ir, and Irk2 are important for resistance to FHV infection in Drosophila. (A) Structural organization of the cardiac KATP channel. Kir and SUR are
the constitutive subunits of the cardiac KATP channel. Four subunits of the inwardly rectifying K+ channel, encoded by the genes Ir or Irk2, associate with the
ABC regulatory protein encoded by dSUR, to form a functional KATP channel octamer. SUR possesses two cytoplasmic nucleotide binding domains (NBD1 and
NBD2). The names of the mammalian orthologs are given in parentheses. (B) Survival curves of dSUR mutant and control flies after infection with 2 × 106 pfu/
mL FHV or 2 × 106 DCV particles of a dose lethal to 50% of flies tested, per milliliter. (C) FHV titers in dSUR mutant and control flies at day 3 following virus
infection. (D) FHV titers in wild-type (WT) 1-wk-old flies fed on the KATP antagonist tolbutamide and control flies fed on sucrose solution only, at day 3
following virus infection. (E) Survival curves of flies obtained from crosses between UAS-dSUR RNAi, UAS-Ir RNAi, UAS-Irk2 RNAi, and UAS-Ir;Irk2 RNAi lines
(IR, inverted repeat) with the heart-specific GMH5-Gal4 driver and control flies [GMH5-Gal4 line crossed with white (w−) flies] after infection with FHV. Data
represent the mean ± SDs of three (C and D) or two (B and E) independent experiments each involving two groups of 10 flies.
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FHV Is a Cardiotropic Virus. We monitored the presence of virus in
the heart of infected wild-type flies by immunofluorescence, and
observed that FHV efficiently infects heart muscle cells. By
contrast, we did not detect the presence of DCV in the heart,
even though the virus can readily be observed in surrounding fat
body cells (Fig. 2A). Typical FHV-induced changes in the mor-
phology of mitochondria (14) were observed in longitudinal fibers
and cardiomyocytes (Fig. 2B). We noted a more rapid accumu-
lation of FHV capsid proteins in the heart of dSUR-silenced flies
compared with controls (Fig. S2A). Similar results were obtained
when the amount of viral RNAs in the heart or the rest of the
body was monitored by quantitative RT-PCR (Fig. 2C). Finally,
tolbutamide treatment of wild-type flies led to an increase of
FHV viral RNAs mostly in the heart (Fig. 2D) and to increased
viremia at the early time points of infection (Fig. 2E). Together,
these data indicate that FHV is a cardiotropic virus and that
dSUR participates in a tissue-autonomous manner in the control
of viral load in the heart, thus limiting viremia and spreading to
other tissues.

KATP Channels Regulate Antiviral Innate Immunity in the Heart. To
test whether potassium efflux regulates FHV infection at the
level of viral replication, as opposed to other steps of the viral
cycle, such as viral entry, viral uncoating, or capsid synthesis and
assembly, we used a transgenic viral replicon. In this system,
sequences corresponding to RNA1 from FHV and encoding the
viral RNA-dependent RNA polymerase (RdRP) are placed un-
der the control of the UASGal4 system in transgenic flies (Fig.
S2B). We previously reported that RNA1 produced from this
transgene, even at low levels (in the absence of a Gal4 driver), is
rapidly amplified due to the expression of the viral RdRP (5).
We monitored RNA1 expression by quantitative RT-PCR in
UAS-FHV RNA1 transgenic flies treated with tolbutamide and

untreated controls, and observed a strong increase in the levels
of RNA1 in the treated flies. The majority of the increase of
RNA1 in flies treated with the drug was attributed to the heart
(Fig. S2C). Thus, KATP channels act at the level of the accu-
mulation of viral RNAs in infected cells.
To test whether KATP channels have a direct effect on the viral

polymerase or affect the host resistance to infection, we analyzed
the effect of tolbutamide on FHV-infected flies carrying muta-
tions in essential genes of the antiviral RNAi pathway. Whereas
addition of tolbutamide resulted in an increase by two orders of
magnitude in the FHV titer in wild-type flies, it had no effect in
Dcr-2, AGO2, or r2d2 mutant flies (Fig. 3A). Consistent with
these data, tolbutamide treatment did not aggravate the survival
of Dcr-2, AGO2, or r2d2 mutant flies infected by FHV (Fig.
S3A). We then tested for a genetic interaction between AGO2
and dSUR. For this, we compared the resistance to FHV in-
fection (survival and viral load) of flies heterozygous for AGO2
and dSUR, as well as flies double heterozygous for both AGO2
and dSUR. Flies heterozygous for both AGO2 and dSUR die
more rapidly (Fig. S3B) and contain higher viral loads than flies
heterozygous for one of the mutants (Fig. S3C), pointing to a
genetic interaction between AGO2 and dSUR. Similar results
were observed when Dcr-2 was used instead of AGO2 (Fig. S3 D
and E). These data reveal that cardiac potassium channels do not
affect an intrinsic property of the viral RdRP, but rather affect
the antiviral RNAi pathway.

The KATP Agonist Drug Pinacidil Protects Flies Against FHV infection.
Based on our findings, we reasoned that drugs activating potas-
sium channels in the Drosophila heart may exert protective
effects upon FHV infection. We investigated the effect of the
KATP agonist drug pinacidil, and did not observe an effect in our
standard assay conditions with young flies (1 wk old; Fig. S4A).
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Fig. 2. FHV, but not DCV, infects the Drosophila heart. (A) Confocal microscopy of the colocalization of spectrin and FHV or DCV in the hearts of virus-
infected WT 1-wk-old flies double-labeled with anti-spectrin (red; Alexa Fluor 546) and antibody to viral capsid protein (green; Alexa Fluor 488) at 3 d fol-
lowing virus challenge. Injections with Tris buffer were used as negative controls. Data are representative of three experiments with at least 10 flies for each
treatment. (Scale bar: 35 μm.) (B) Electron micrographs showing FHV-induced spherular invaginations of the outer mitochondrial membrane (arrowheads) of
infected, but not control (Tris) cardiomyocytes (green arrowheads) and longitudinal fibers (red arrowheads) that are associated ventrally with the Drosophila
heart (33). (Scale bar: 500 nm.) (C) Quantitative RT-PCR of FHV RNA levels in the hearts and carcasses from dSUR-silenced flies and control flies at 3 d after virus
infection. (D) Quantitative RT-PCR of FHV RNA levels in the hearts and carcasses from WT 1-wk-old flies fed on the KATP blocker tolbutamide and control flies
fed on sucrose solution only, at day 3 following infection with FHV. For C and D, data represent the mean ± SD of three independent experiments involving at
least 30 flies per replicate. (E) Immunoblot for expression of FHV capsid protein in the hemolymph of 1-wk-old WT flies treated with tolbutamide and control
flies kept on sucrose solution only at different times after virus infection. Prophenoloxidase (PPO) protein levels in the hemolymph of flies served as a loading
control. Data are representative of two independent experiments involving at least 30 flies for each treatment.
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Previous work has shown that dSUR expression decreases with
aging, and that this decrease in dSUR expression is associated
with increased pacing-induced heart failure (15). We monitored
resistance to FHV infection in aging flies, and observed a strong
effect of aging on resistance to FHV infection (Fig. S4B). In
particular, 5-wk-old wild-type flies were highly susceptible to
FHV infection, with 50% of the flies dying within the first 24 h of
the infection, reaching 100% mortality in 5–6 d. We treated
5-wk-old flies with pinacidil 3 h before infection with FHV, and
observed a dramatic increase in their survival (Fig. 3B). Pinacidil
treatment of dSUR knockdown old flies did not protect them
against FHV infection, confirming that the drug was acting on
KATP channels and not on other targets (Fig. S4C). Pinacidil-
treated old, wild-type flies, but not dSUR knockdown old flies,
exhibited a significantly reduced viral load compared with old
control flies, indicating that the drug strongly increased the re-
sistance to infection (Fig. 3C and Fig. S4D). Five-wk-old flies also
died more rapidly than young flies when challenged with DCV or
bacteria. In these cases, however, pinacidil treatment had only
weak or no effect on the survival of the flies (Fig. S5 A–C).
Pinacidil treatment did not improve the resistance to FHV

infection of Dcr-2, AGO2, and r2d2 null mutant flies, indicating
that a functional antiviral RNAi pathway is required for the ef-
fect of the drug (Fig. 3 D and E). These results confirm that
potassium channels regulate innate immunity in the heart, and
reveal that the KATP agonist drug pinacidil can be used to protect
flies against a cardiotropic virus.

Mammalian KATP Channels Are Involved in the Control of Cox-
sackievirus B3 (CVB3) Infection in the Heart. Because KATP chan-
nels limit a cardiotropic infection in flies, we decided to test the
importance of mammalian Kcnj8 in the containment of a car-
diotropic infection in mice. We assessed virus loads in the heart
and serum of mayday mutants compared with WT C57BL/6J

mice. Mice were infected with 500 pfu of CVB3 i.p., and virus
loads were compared at 3 d postinfection (dpi). Though there was
no significant difference in viremia between mayday and control
mice, a significant increase in virus load in heart tissue was ob-
served in both homozygous and heterozygous mayday mutants,
compared with the control mice (Fig. 4). We note that exagger-
ated CVB3 proliferation is observed even in heterozygousmayday
mutant mice, whereas the deleterious effect of the mayday mu-
tation (hypersensitivity to MCMV infection or LPS administra-
tion, leading to acute lethality) is strictly recessive (9). The cellular
mechanism of the antiviral effect may therefore be quite different
from the cellular mechanism of protection against coronary artery
vasoconstriction, despite the likelihood that the same hetero-
octameric channel complex mediates both phenomena.

Discussion
Our findings reveal that the evolutionarily conserved cardiac
KATP channels play an essential role in the resistance to infection
by the cardiotropic RNA virus FHV in Drosophila, through
modulation of RNA interference. RNAi plays a major role in the
regulation of several biological processes, including the control
of infections. As such, it does not come as a surprise that RNA
silencing must be regulated. Indeed, it was recently reported that
molecules from the RNAi pathway, such as TRBP, AGO, or
PIWI, can be regulated by phosphorylation, hydroxylation, or
methylation (16). We now show that ion channels can also affect
antiviral RNAi. It will be interesting in future studies to in-
vestigate whether potassium channels also regulate other RNAi
pathways in the heart, such as the miRNA or the endosiRNA
pathway, which may regulate heart physiology in the absence of
viral infection (17).
KATP channels were previously shown to play a role in the sur-

vival to viral infection in mice, but through a different mechanism—
namely, the modulation of the response to cytokines in coronary
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Fig. 3. Potassium channels regulate antiviral RNA interference in the Drosophila heart. (A) FHV titers in 1-wk-old Dcr-2, Argonaute-2 (AGO2), r2d2 mutant,
and WT control flies at day 3 following feeding on tolbutamide or control sucrose solution alone and virus infection. (B) Survival curves of WT 5-wk-old flies
fed on the KATP agonist pinacidil and control flies fed on sucrose solution alone after infection with FHV. (C) FHV titers in WT 5-wk-old flies fed on pinacidil
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arteries (9, 11). This discrepancy may reflect the differences existing
between insects and mammals both at the level of antiviral innate
immunity (e.g., the prominent role of RNAi in flies vs. IFN-medi-
ated inducible response in mammals) and host physiology (e.g., the
important effect of inflammatory cytokines on the vasculature in
mammals). An alternative hypothesis is that KATP channels may
play a previously unnoticed dual role in virus–host interactions,
modulating the effects of cytokines and also participating in the
regulation of innate immunity mechanisms.
K+ ions have previously been shown to regulate the induction

of the NRLP3 inflammasome, which converts procaspase-1 into
active caspase-1, an important aspect of the innate immune re-
sponse (18). The inflammasome processes prointerleukin (IL)-1β
into the active 17-kDa IL-1β inflammatory cytokine. One signal
activating the NRLP3 inflammasome is the extracellular release
of ATP, which activates the purinergic receptor P2X7R, leading
to K+ efflux and NRLP3 inflammasome activation. Treatment of
cells with the K+ ionophore toxin nigericin is sufficient to trigger
the NRLP3 inflammasome, pointing to the important role of
potassium ions in the regulation of the production of the es-
sential inflammatory cytokine IL-1β. Interestingly, the sulfonyl
urea drug glyburide (also known as glibenclamide), which func-
tions like tolbutamide as an inhibitor of KATP channels, was
recently reported to inhibit the NRLP3 inflammasome in bone
marrow-derived macrophages (19). In a more direct connection
to the context of viral infections, RIG-I appears to play a dual
role upon recognition of RNA virus infection, activating on one
hand the transcription factors of the NF-κB and IRF families
through the signaling adaptor MAVS, and triggering inflamma-
some activation through the adaptor ASC on the other. Treat-

ment of bone marrow-derived dendritic cells with glyburide
completely abrogates vesicular stomatitis virus-induced secretion
of IL-1β, providing further support for a role of K+ ions in the
regulation of antiviral innate immunity in mammals (20). In ad-
dition to the inflammasome, antiviral apoptosis can also be trig-
gered by the voltage-dependent K+ channels Kv2.1 in mammals
(21). We now add RNA interference to the list of innate immu-
nity mechanisms regulated by K+ ions (Fig. S6). An intriguing
question in all these cases pertains to the mechanism by which K+

ions regulate these targets, and whether this function is directly
regulated by K+ ions, or indirectly through modified concen-
trations of other ions, such as Ca2+ or Na+. Of note, inhibition of
the sodium-potassium pump by cardiac glycosides was recently
shown to block induction of IFN-β gene expression (22). This
effect is mediated by the direct inhibition by Na+ ions of the
ATPase activity of RIG-I, an observation that is particularly in-
teresting in light of the conservation of the DExD/H box heli-
case domains of RIG-I and Dcr-2 (23).
Potassium channels play an important role in cardiac re-

polarization both in flies and mammals (24, 25). An unexpected
finding of our study is that FHV is a cardiotropic virus inDrosophila,
providing a useful model to study virus–cardiomyocyte interaction
in vivo in this genetically tractable model. Cardiotropic viruses play
an important role in the onset of myocarditis in humans, which can
lead to sudden death by cardiac arrest (26). However, the mecha-
nisms leading to cardiomyopathy following viral infection in mam-
mals are still poorly understood. One striking observation is that the
cardiotropic viruses causing myocarditis are common and will be
encountered by the vast majority of the population in their lifetime.
However, only some 10% of the infected subjects will develop
myocarditis (27, 28), which points to an important role for the ge-
netic background and/or environmental factors in the onset of this
disease. For example, defects in an antiviral immunity pathway may
be associated with increased viral replication and tissue damage.
Curiously, not much is known at this stage about antiviral host de-
fense in cardiomyocytes, and the available data point to complex
regulation (29–31). The fact that patients suffering frommyocarditis
do not appear to be particularly prone to other types of viral
infections suggest that either heart-specific mechanisms of antiviral
host defense are affected in these patients, or that certain heart-
specific conditions regulate the interaction of the cardiomyocyte
with the virus. Our findings in Drosophila, in conjunction with the
established role of K+ ions in the regulation of the inflammasome
discussed above, suggest that control of K+ ion efflux could be one
such condition. Moreover, we observed a higher virus load in the
hearts of both homozygous and heterozygous mayday mutant mice
after CVB3 infection, although they did not show exaggerated vi-
remia compared with control mice. These data are consistent with
an ancestral antiviral function served by KATP channels, now
retained in the mammalian heart, but not necessarily other tissues.
Moreover, KATP channels appear to have been adapted to other
functions, including the preservation of cardiovascular homeostasis
during infection.
In summary, our data highlight a unique layer of complexity in

the regulation of antiviral immunity. In addition to the general
(e.g., type I IFN in mammals, or RNAi in invertebrates) and the
tissue-specific [e.g., TLR-mediated gene induction in plasmacy-
toid dendritic cells in mammals (32) or Vago induction in the
Drosophila fat body (23)] mechanisms of antiviral host defense,
we describe here a tissue-specific regulation by the cellular en-
vironment of antiviral innate immunity. Our data indicate that
genetic defects or drugs acting on this cellular environment, as
opposed to direct effects on the virus or the immune system, can
have major effects on the outcome of the infection. Therefore,
the characterization of tissue-specific regulatory mechanisms of
innate immunity represents an original and promising avenue of
research for the development of novel therapeutics against in-
fectious diseases.
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Materials and Methods
Drosophila Strains and Infections. w− and yw flies were used as wild-type
controls. Most mutant lines used in the experiments (UAS-dSUR RNAi lines;
GMH5-Gal4 driver; UAS-RNA1 FHV; Dcr2R416x, AGO2414, and r2d21 mutants)
have been previously described. SURc04651 mutant flies and the deficiency Df
(2L)Exel8024 were obtained from the Bloomington Stock Centre and the
Exelixis Collection (Harvard Medical School), respectively. UAS-Ir (v28430 and
v28431), UAS-Irk2 (v4341), and UAS-Irk3 (v3886) RNAi lines were purchased
from the Vienna Drosophila RNAi Center (VDRC). All fly lines were tested for
Wolbachia infection and cured whenever necessary. Raising of fly stocks and
infections were done as previously described (5, 9). Two replicates of 10 flies
were used for each treatment, and every assay was replicated three times.

Mice and Virus. Kcnj8mayday/mayday and Kcnj8+/mayday mice (C57BL/6J back-
ground) were used for Coxsackievirus B3 (CVB3) infection. Age-matched
C57B/6J mice were used as controls. Mice were i.p. injected with 500 pfu of
CVB3 (Woodruff strain), which was generously provided by L. Whitton (The
Scripps Research Institute). Heart and serum were harvested at 3 dpi and
subjected to virus titration by the conventional plaque assay on HeLa cells.
All animal protocols were approved by The Scripps Research Institute De-
partment of Animal Resources in compliance with Institutional Animal Care
and Use Committee guidelines.

Drug Treatment. Stock solutions (1 M) of tolbutamide and pinacidil (Sigma)
were initially prepared in dimethylsulfoxyde. Adult flies were fed on a 1%
sucrose solution supplemented with tolbutamide or pinacidil (2 mM final
concentration) for 3 h before infection with FHV.

RNA and Protein Analysis. Analysis of RNA expression was performed by real-
time quantitative RT-PCR as previously described (23). For hemolymph pro-

tein analysis, hemolymph was collected from flies at various time points
following infection using thin glass capillaries adjusted to the Nanoject II
apparatus. Electrophoresis and immunoblot analysis, as well as immunos-
taining, were performed as described (23).

Median Tissue Culture Infective Dose Assays. Infected flies were homogenized
in Schneider’s Drosophila media (BioWest) and following centrifugation of
fly parts, supernatants were filtered and dilutions of virus suspensions were
used to infect D. melanogaster Kc167 cells in a 96-well plate format. The
presence of virus was scored 24 h later by immunofluorescence.

Statistical Analysis. Data were analyzed using GraphPad Prism software. The
mean values were compared by nonparametric unpaired t test. In all tests,
P < 0.05 was considered significant.
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Quantitative and Semiquantitative RT-PCR. Primers used for quan-
titative real-time PCR were as follows: RpL32 forward, 5′-GA-
CGCTTCAAGGGACAGTATCTG-3′, and reverse, 5′-AAAC-
GCGGTTCTGCATGAG-3′; FHV1 forward, 5′-TTTAGAGC-
ACATGCGTCCAG-3′, and reverse, 5′-CGCTCACTTTCTTCG-
GGATA-3′; FHV2 forward, 5′-CAACGTCGAACTTGATG-
CAG-3′, and reverse, 5′-GCTATACAGGGCATTTCCAA-3′;
DCV forward, 5′-TCATCGGTATGCACATTGCT-3′, and reverse,
5′-CGCATAACCATGCTCTTCTG-3′. Gene expression was nor-
malized to the expression of RNA encoding the “housekeeping”
ribosomal protein L32 (RpL32), used as a loading control, and
the data represented as the ratio 2CT(RpL32)/2CT(FHV).
For dSUR, Ir, and Irk2 expression studies in Drosophila, single-

step semiquantitative RT-PCR was performed with the Brilliant
II RT-PCR Core Reagent Kit (Stratagene) as described pre-
viously (1). Sequences of primers used for semiquantitative RT-
PCR were as follows: dSUR forward 5′- TCGCCAGCTATCC-
GTATTTC-3′, and reverse, 5′- TGCCACCGTACTGATCAC-
AT-3′; Ir forward 5′- ACGCACACAATGATCTGGAG-3′, and
reverse, 5′- ATGGTAGTGGGCCAGATGAA-3′; Irk2 forward
5′- GGAGTGTCCACCTGAGTGGT-3′, and reverse, 5′- TCA-
TGATGTGCTTCCAGTCC-3′. Amplifications were performed

under the following cycling conditions: 45 °C for 30 min; 95 °C
for 10 min; 25 cycles of 95 °C for 30 s, 64 °C for 1 min, and 72 °C
for 30 s. PCR control reactions for RpL32 were performed at 20
cycles. PCR controls without template or reverse transcriptase
were also included.

Median Tissue Culture Infective Dose Assays. Infected flies were
homogenized in Schneider’s Drosophila media (BioWest), and
following centrifugation of fly parts, supernatants were filtered and
dilutions of virus suspensions were used to infect D. melanogaster
Kc167 cells plated out in wells of a 96-well plate (1.2 × 105 cells/
well). Following incubation of infected cells at 23 °C for 1 d, cells
were fixed in 8% formaldehyde solution for 10 min at room
temperature, washed twice in PBS and 0.1% Triton X-100 (PBT)
and blocked in blocking solution (PBS, 10% FBS; Thermo Sci-
entific HyClone) for 30 min at room temperature. Cells were in-
cubated with polyclonal antibodies to FHV capsid (1:500 dilution
in blocking solution) for 2 h at room temperature, washed twice in
PBT solution, and stained with goat anti-rabbit IgG FITC sec-
ondary antibodies (Invitrogen; 1:500 dilution in blocking solution)
for 1 h at room temperature. Finally, cells were dried following
washing in PBT solution and FHV titer was determined by fluo-
rescence microscopy (Zeiss Axioscope 2).

1. Croker B, et al. (2007) ATP-sensitive potassium channels mediate survival during
infection in mammals and insects. Nat Genet 39:1453–1460.
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Fig. S1. Drosophila Ir and Irk2 genes are orthologs to human Kir6.x genes, and are expressed in the heart. (A) Phylogenetic comparison of Kir genes in
Drosophila and human. (B) Semiquantitative RT-PCR was used to analyze the expression of dSUR, Ir, and Irk2 genes in different tissues dissected from wild-type
flies. The sizes of the amplicons are 612 bp (dSUR), 589 bp (Irk2), and 520 bp (Ir). Note that Ir and Irk2 are highly expressed in the Drosophila heart, like dSUR.
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from at least 50 flies. (C) Survival curves of flies obtained from crosses between UAS-Irk3 RNAi line (IR, inverted repeat) with the heart-specific GMH5-Gal4
driver and control flies (UAS-Irk3 RNAi line crossed with w−

flies) after infection with FHV. Data represent the mean ± SD of two independent experiments,
each involving two groups of 10 flies.
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Fig. S2. Potassium channels regulate antiviral RNA interference in the Drosophila heart. (A) Immunostaining of heart and fat body tissue from dSUR-silenced
flies and control flies with antibody to FHV capsid protein (green; Alexa Fluor 488) at different times after virus infection. Data are from one experiment
representative of three with at least 10 flies for each treatment. (Scale bar: 35 μm.) FB, fat body. (B) RNA1 construct used for generating transgenic flies. RNA1-
and subgenomic RNA3- encoded transcripts are shown. RNA1 encodes the viral RNA-dependent RNA polymerase (vRdRP). (C) Quantitative RT-PCR of FHV RNA1
levels in whole flies, carcasses, and hearts from 1-wk-old UAS-RNA1 transgenic flies treated or not with tolbutamide. For C, data represent the mean ± SD of
three independent experiments each involving at least 30 flies.
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5.2 The voltage-gated K+ channel KCNQ also plays

a role in resistance to FHV

We asked the question whether other potassium channels, which are involved

in heart physiology under normal conditions, also regulate FHV infection. One

such channel previously characterized in flies is KCNQ, a homologue of the hu-

man KCNQ1 channel, which functions as a voltage-dependent potassium chan-

nel involved in myocardial repolarization. KCNQ was previously shown to play an

important role in the regulation of rhythmical contraction in the Drosophila heart

[Ocorr et al., 2007]. We infected KCNQ mutant flies with FHV and observed that

these flies were sensitive to infection with the virus (Figure 5.1A). KCNQ mutants

were neither sensitive to infection with bacteria or fungi, nor with DCV (data not

shown), suggesting that the phenotype observed with FHV is not due to the gen-

eral weakness of the flies. In addition, we observed an increase of FHV viral

RNAs in KCNQ mutant flies compared to wild-type controls at all time points an-

alyzed (Figure 5.1B). The FHV infection titer was also increased in KCNQ mutant

flies (data not shown).

A B

Figure 5.1: KNCQ channel mediate resistance to FHV infection . A. Survival
curves of control (WT) and two KCNQ mutant lines (KCNQ186 and KCNQ370). Mean
and error bars from 3 independent experiments, involving two groups of ten flies.
B. qRT-PCR analysis of viral RNA accumulation at different times following infection
with FHV. FHV RNA values were normalized to the expression of RNA encoding the
‘housekeeping’ ribosomal protein rp49, is used as a loading control.
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Previously, we were able to show that KATP channels regulate the antiviral

RNAi in the Drosophila heart. We next tested whether the KCNQ channel is

also involved in the control of this antiviral pathway. We generated double het-

erozygote flies for AGO2 and KCNQ and compared their resistance to FHV infec-

tion (survival and viral load) with flies heterozygous for AGO2 and KCNQ. Flies

heterozygote for AGO2 and KCNQ died more rapidly (Figure 5.2A) and contain

higher viral loads (Figure 5.2B) than single heterozygous flies, pointing to a ge-

netic interaction between AGO2 and KCNQ. Similar results were obtained for

double heterozygote flies Dcr-2 and KCNQ (data not shown).

A B

Figure 5.2: Regulation of antiviral RNAi by the voltage-gated potassium chan-
nel KCNQ . A. Survival curves of AGO2;KCNQ double heterozygote flies and single
heterozygous flies (conrtols) after FHV infection. Mean and error bars from 3 inde-
pendant experiments, involving two groups of ten flies. B. qRT-PCR analysis of viral
RNA accumulation at different times following infection with FHV. FHV RNA values
were normalized to the expression of RNA encoding the ‘housekeeping’ ribosomal
protein rp49, is used as a loading control.

Our results indicate that in addition to the KATP channels, the voltage-

dependent KCNQ channel also participates in the control of cardiotropic viral

infection. Our findings point to a general implication of K+ efflux in the tissue-

specific regulation of antiviral immunity in Drosophila.
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5.3 The Drosophila heart plays a central role in the

resistance to FHV infection

The Drosophila heart is a favorite model for studying organogenesis. The

mechanisms of cardiac formation were shown to be evolutionary conserved

[Bodmer, 1995]. Drosophila was proposed as an emergent model system to study

congenital heart disease and novel approaches that assess the cardiac function

in flies have been developed [Bier and Bodmer, 2004]. The Drosophila heart is

highly organized tube (Figure 5.3A, 5.3B) and its function might be examined by

standardized measurements. Such methods can evaluate the rate of the heart

beat frequency and arrhythmia, systole-diastole diameters and the rates of heart

failure in response to electrical pacing [Bier and Bodmer, 2004, Fink et al., 2009]

(Figure 5.3C).

Functionally, the Drosophila heart acts as a myogenic pump and al-

lows the distribution of the hemolymph through the hemocoel of the fly

[Medioni et al., 2009]. Interestingly, the main physiological function of the fly’s

heart remains mysterious. In contrast to the mammalian cardiovascular sys-

tem, Drosophila has an open circulatory system and the oxygenation of the

hemolymph occurs directly through the tracheal system, suggesting that the

cardiac activity is dispensable for animal viability. This is supported by the fact

that inactivation of Calmodulin or L-type Ca2+ channels specifically in the cardiac

tissue results in arrested heart beats but otherwise viable and healthy animals

[Medioni et al., 2009].
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A Schematic representation of the Drosophila cardiac tube B Confocal picture of the
adult heart

C Example of heart performance assay in ageing
flies

Figure 5.3: Drosophila melanogaster adult heart . A. The five inflow tracts (ostia)
are represented in yellow. Contractile myocytes that allow tha autonomous rythmic
activity of the heart in abdominal segments A1 to A4 are shown in grey. The three
pairs of valves controlling the unidirectional flow of the hemolymph (from posterior
to the anterior part) in segments A2 to A4 are shown in pink. The myocytes in the
abdominal segment A5 form the terminal chamber (T.c.) of the heart. T3: thoracic
segment 3. The arrows indicate the sens of the circulation of the hemolymph. B.
The actin fibers are stained with Phalloidin, mitochondria are in green and nuclei in
blue. Scale bar: 50 µm. FB: surrounding Fat body. C. Flies are arranged to touch
two electrodes and the heart failure rate is mesured after 30 seconds of pacing at 6
Hz. We can notice the 3 to 4 fold increase of the heart failure rate with the age.

Because we identified the Drosophila heart as a major tissue controlling the

resistance to infection with the cardiotropic virus FHV, we wondered whether viral

infection affected the heart physiology. We also examined the role of the heart

itself in the resistance to FHV infection by genetic ablation of this tissue. In collab-
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oration of the group of Professor Rolf Bodmer at the Burnham Research Institute

in San Diego, California, USA, we were able to show that infection with FHV was

associated with an increase in the heart period, the arrhythmia index and changes

in the pumping direction of the heart (I. Eleftherianos, K.Occor, unpublished data).

We took advantage of the UAS-Gal4 system in Drosophila and drove the ex-

pression of the proapoptotic factor Reaper specifically in cardiomyocytes by using

the GMH5-Gal4 driver line [Wessells et al., 2004]. Interestingly, emerging adult

flies were viable, without obvious health defects. We observed atrophied hearts in

the GMH5-Gal4/UAS-Reaper flies, as illustrated on Figure 5.4A. These data are

supported by the fact that the heart function is completely suppressed in GMH5-

Gal4/UAS-Reaper flies (K.Occor, unpublished data). We quantified the atrophy

and subsequently tested the susceptibility of these flies to virus infection (Figure

5.4D). Interestingly, we observed that flies with atrophied hearts became more

resistant to infection with FHV, but not DCV (Figure 5.5A, 5.5B). The heart is the

first target organ during infection with FHV, but the viral antigen becomes dete-

cable in the fat body at later time points. Two mechanisms can account for this

observation: (i) cardiomyocytes are the primary infected cells and multiplication

in these cells lead to increased viremia and secondary infection of other tissues;

(ii) the pumping activity of the heart may contribute to the spreading of the virus

to other tissues. The absence of consequence of the heart ablation for resistance

to DCV suggests that the main contribution of the heart is not the dissemination

of the virus through the body cavity through its contractile activity, and supports

the first hypothesis.
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A

B C

D

Figure 5.4: Reaper-triggered heart atrophy in Drosophila . A. Confocal micro-
scope pictures of hearts, stained with Phalloidin-TaxasRed in UAS-Rpr/w-, GMH5-
Gal4/w- (controls) and UAS-Rpr/GMH5-Gal4 flies. The heart atrophy is visible in
UAS-Rpr/GMH5-Gal4 flies. Scale bar: 80 µm. B. Diameter of the heart at abdominal
segment A1. C. Diameter of the heart at abdominal segment A4. D. Quantification of
the heart atrophy. UAS-Rpr/w−: n=11, GMH5-Gal4/w−: n=12 and UAS-Rpr/GMH5-
Gal4: n=14.
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A

B

Figure 5.5: Heart atrophy confers protection against FHV . A. Protection against
FHV infection of flies with atrophied hearts. Mean and error bars from 2 independant
experiments. B. Flies with atrophied hearts show similar sensitivity to DCV.

5.4 Ir, Irk2 and DCV infection

When looking at the effect of KATP channels on FHV infection, we always

used DCV as a control. We did not observe consequences for DCV infec-

tion when dSUR was inhibited by Tolbutamide or its expression knocked-down

[Croker et al., 2007]. Surprisingly, when we tested Ir and Irk2, we observed that

flies silenced for these genes resisted better to DCV infection (Figure 5.6A, 5.6B).

This suggests that Ir and Irk2 may function independently from dSUR and play a

detrimental role in the context of DCV infection.
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A

B

Figure 5.6: Ir and Irk2 knock-downed flies are resistant to DCV . A. Ubiquitous
knock down of Ir. Mean and error bars from 2 independant experiments, each involv-
ing two groups of ten flies. B. Ubiquitous knock down of Irk2. Mean and error bars
from 2 independant experiments, each involving two groups of ten flies. +/- HS: with
or without heat shock, IR: inverted repeat.
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Chapter 6

Infection with the picorna-like virus

DCV triggers an intestinal

obstruction in Drosophila

We studied the transcriptional response of Drosophila after infection with three

viruses with single strands RNA genomes of positive polarity, using genome-wide

microarrays. The Drosophila C virus (DCV), the Flock House virus (FHV) and

Sindbis (SINV) were used in this study. They belong to the Dicistroviridae, No-

daviridae and Alphaviridae families respectively. DCV and FHV are pathogenic

to the flies, whereas injection of SINV is not lethal at the dose used, although

the virus is able to replicate in Drosophila tissues. The analysis of the microarray

study revealed that the number of induced genes by FHV largely exceeds the

number of DCV and SINV induced genes. 487 genes were upregulated by a fac-

tor of at least two in FHV-infected flies, whereas DCV and SINV induced 166 and

201 genes, respectively [Kemp, 2011]. Strikingly, the comparison of the transcrip-

tional profiles also revealed a major difference in the number of repressed genes:

DCV represses the expression of more than 730 genes by at least two fold (Fig-

ure 6.1), whereas FHV and SINV repressed 250 and 189 genes respectively. To
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further understand this phenomenon, we decided to analyze the DCV-repressed

genes.

Figure 6.1: Microarray analysis of virus-infected flies . Venn diagram of virus-
repressed genes after infection with DCV, FHV and SINV

6.1 DCV represses gene expression in the diges-

tive tract

6.1.1 DCV represses expression of the gut-specific family of

proteases Jonah

We first looked at the function (real or predicted) of the genes downregulated

by DCV. The gene ontology analysis showed that about one third of them en-

code serine-proteases, mostly belonging to the Jonah family. We examined by

Northern blot the expression of three members of the family: Ser4, Jon25Biii and

Jon99Ci after challenge with DCV and FHV. We observed that the mRNA of these

three genes became almost undetectable after 72 and 96 hours post-infection

with DCV, but not FHV (Figure 6.2). Expression of a fourth member of the family,
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Jon65Ai, was also repressed (Figure 6.3A). In order to analyze the consequence

of this repression at the protein level, we produced an antibody recognizing a pep-

tide from Jon65Ai. Western blot analysis showed that the antibody recognizes a

band of 27 KDa, in good agreement with the predicted size of the protease in wild

type flies, but not in the line Jon65AiKG03203, which contain a transposon inserted

in the gene (Figure 6.3B and 6.3C). Infection by DCV led to a strong decrease in

the expression of the Jon65Ai protease (Figure 6.3D).

Figure 6.2: Quantitative validation of the microarray analysis for three mem-
bers of the Jonah family of serine-proteases . 30 µg of total RNA from WT
flies, extracted at different time points are analyzed by Northern blot. The probes are
indicated at the right side of each blot. Vir-1 is a marker gene, induced after viral
infection and the RNA coding the ribosomal protein Rp49 serves as loading control.
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A Jon65Ai is repressed
during DCV infection

B Jon65AiKG03203 line

C Validation of the anti-Jon65Ai antiserum D Jon65Ai is repressed at the protein
level after DCV infection

Figure 6.3: Jon65Ai mRNA and protein analysis . A. Northern blot showing the
repression of Jon65ai mRNA after DCV infection. B. Schematic representation of
the transposon insertion in Jon65AiKG03203 line, disturbing the coding sequence of
the gene. C. Analysis of the anti-Jon65Ai serum. D. The protein Jon65Ai is strongly
repressed after DCV infection.

6.1.2 The mechanism of gene repression

We asked whether DCV-induced gene repression occurs at the transcriptional

or post-transcriptional level. We analyzed the 3’UTR sequences of several DCV-

repressed genes for possible miRNA targets sites (http://www.targetscan.org/fly/).

We were not able to identify miRNA target sites, suggesting that the repression

occurs at transcriptional, rather than post-transcriptional level. To test this second

hypothesis we generated transgenic lines, where we cloned the promoters of two

of the DCV-repressed genes (Jon65Ai and LysE) upstream of the LacZ reporter
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gene. We first determined the expression of the two reporters by X-Gal staining of

dissected tissues. We detected the β-galactosidase activity in the anterior part of

the midgut in LysE-LacZ line and posterior part of the midgut in Jon65Ai-LacZ. For

Jon65Ai-LacZ, this result is consistent with the information provided by Flyatlas

(www.flyatlas.org) [Chintapalli et al., 2007], in which Jon65Ai mRNA is detectable

only in the midgut of Drosophila larvae and imago. No information is available on

LysE mRNA expression in Flyatlas database, however this gene was previously

shown to be expressed in the midgut [Daffre et al., 1994]. In agreement with this

study, the LysE reporter gene was only expressed in the midgut (Figure 6.4).

Figure 6.4: Jon65Ai-LacZ and LysE-LacZ are expressed in different parts of
the adult midgut . X-Gal staining of dissected Drosophila tissues from w− (neg-
ative controls), Jon65Ai-LacZ and LysE-LacZ flies. The β-galactosidase activity is
detectable in the posterior part of the midgut of Jon65Ai-LacZ and anterior part of
the midgut of LysE-LacZ line. Legend: OV: ovaries, MT: malpighian tubules, MG:
midgut, H: head, Cr: crop.

We next measured the β-galactosidase activity after infection. We observed

significant decrease in the reporter activity 3 days after infection with DCV for

the two reporter lines. By contrast, the activity of the reporter transgene was not

decreased, when flies were infected with FHV (Figure 6.5). For Jon65Ai-LacZ
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we also measured the reporter activity after challenge with the Gram positive

bacterium Enteococcus faecalis and the Gram negatif bacterium Enterobacter

cloacae. We did not observe a repression after bacterial challenge and conclude

that DCV, but not other infections represses Jon65Ai (Figure 6.6). These results

suggest a transcriptional repression after DCV infection.

Figure 6.5: Transcriptional repression after DCV infection . The β-galactosidase
activity significantly decreases 3 days after infection in DCV, but not FHV-infected
reporter lines

Figure 6.6: Jon65Ai-LacZ repoter gene is not repressed after bacterial chal-
lenge .

In order to identify a virus responsive element regulating the expression of

Jon65Ai we generated truncated versions of the promoter region of Jon65Ai con-
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taining 733, 483 ans 236 bp, placed upstream of the LacZ reporter gene. At least

two lines of each construct were tested and the β-galactosidase activity was mea-

sured after infection with DCV. We detected the expression of β-galactosidase in

all of the tested lines. Interestingly, the reporter activity was repressed in all the

lines, suggesting that the first 236 bp of the promoter region are sufficient both for

gene expression and repression by the virus (Figure 6.7).

Figure 6.7: Analysis of Jon65Ai promoter region . Transgenic flies containing
the LacZ gene under the control of truncated fragments of the Jon65Ai promoter
were challenged with DCV, and β-galactosidase activity in single flies was measured
72 h later. Results correspond to the mean and error bars of three independent
experiments. Representative result for at least two independent transgenic lines is
shown

These results indicate that a regulatory sequence located in the 236 bp of the

5’UTR region is sufficient to drive expression. We compared a 250 bp sequence

from the 5’UTR of Jon65Ai gene of Drosophila melanogaster with the same re-

gion of 7 other Drosophila species. We identify the starting codon ATG in all the

sequences, as well as the TATA box, located upstream of the start codon (Figure

6.8). We observed three conserved regions between the 8 Drosophila species

and found that two of them correspond to known transcription factor binding sites:

GATA and Oct-11 (Figure 6.8) (gene-regulation.com). Interestingly, one GATA

factor, dGATAe is involved in gut-specific gene expression in Drosophila larvae

[Senger et al., 2006].
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Figure 6.8: Analysis of Jon65Ai promoter region . Sequence alignement of the
250 bp of the 5’UTR region between eight Drosophila species. We notice the pres-
ence of conserved TATA box region. Three other regions of the promoter are strongly
conserved between species and correspond to GATA, Oct-11 and unknown binding
sites

6.1.3 Gene repression: physiological point of view

Genome wide microarray studies of Drosophila nutritional regulation showed

that several members of the Jonah family of serine proteases were downregu-

lated upon starvation [Bauer et al., 2006, Gronke et al., 2005]. This observation

suggests that in the case of infection with DCV, the virus may trigger a nutritional

stress and indirectly contribute to the gene repression. In order to verify this hy-

pothesis we first analyzed the tissue distribution of the DCV-repressed genes. We

used Flyatlas database (www.flyatlas.org) [Chintapalli et al., 2007] to analyse the

tissue distribution of the one hundred most strongly repressed genes. We found

that about 31% of them are specifically expressed in the midgut. Another 17%

are also expressed in the midgut, although their expression is not restricted to

this tissue. The list of the 30 most strongly repressed genes with their pattern of

expression is shown in Table 6.1. We next compared the microarray data from

DCV-infected and starved flies. We observed that 49,5% of the genes repressed

by starvation, including Jonah proteases were also downregulated by DCV infec-

tion (Figure 6.9).
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Table 6.1: DCV repressed genes and their tissue distribution . The thirty strongly
repressed genes at 48h post-infection are shown. The tissue patterns are repre-
sented according to www.Flyatlas.org. The midgut specific genes are underlied in
green.

Figure 6.9: Transcriptome comparison between DCV-infected and starved flies
. Venn diagrams showing the overlap of the downregulated genes between the DCV-
infected and starved flies.
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Altogether, our results suggest that DCV infection triggers a starvation-like

shut down of midgut specific genes, possibly due to dysregulation of nutritional

status of the fly.

6.2 DCV triggers a starvation-like state in Drosophila

We compared the β-galactosidase reporter activity in Jon65Ai-LacZ trans-

genic flies after DCV infection and starvation (Figure 6.10A). We observed that

both DCV-infection and starvation downregulate the reporter activity. Studies on

the Drosophila larval metabolism showed that during starvation, lipid stores are

efficiently mobilized from larval fat body to hepatocyte-like cells, called the oeno-

cytes [Gutierrez et al., 2007]. We wondered whether DCV also triggers such a

phenomenon in adult flies. The staining of dissected carcasses with the Oil red

O dye revealed that lipids were mobilized from the fat body to the oenocytes of

about 90% of the adult flies 3 days post-infection (dpi) with DCV. By contrast, no

such mobilization was observed in the case of the other RNA virus, FHV (Figure

6.10B, 6.10C). Surprisingly, we did not observe a strong mobilization of the lipid

stores in flies 24 or 48 hours after starvation (data not shown). We looked by im-

munofluorescence if the oenocytes are infected by DCV. We observed that these

cells are infected although the labelling is detected at later time points than in the

fat body, after the manifestation of the first symptoms of infection (Figure 6.11).

Therefore, we do not believe that the oenocytes play a role in the onset of the

pathology. Overall, our results indicate that (i) differences exist in the physiologi-

cal response to starvation in adults and larvae, and (ii) the effect of DCV infection

may not simply reflect food deprivation.
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A Jon65Ai-LacZ reporter activity is repressed after
DCV infection and starvation

B Quantification of lipid mobilization

C Oil red O staining of neutral lipids in virus-infected flies

Figure 6.10: Similarities between DCV-infected and starved flies . A. DCV
infection and starvation downregulate the reporter gene Jon65Ai-LacZ. (B), (C) Lipid
mobilization from fat body to oenocytes in adults 3 days after infection with DCV,but
not FHV, similar to starved Drosophila larvae. The oenocytes are limitted with the
dotted lines. Tris: n=15, DCV: n=14, FHV: n=14
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Figure 6.11: DCV infects Drosophila oenocytes at late time points . Double
immunostaining of dissected carcasses. The virus (red) colocalizes with the Cyp4g1,
expressed in oenocytes (green) at 72h post-infection. We detect the viral capsid in
the fat body cells already at 48h post-infection. The cardiac tube is limitted with the
dotted lines. Legend: FB: fat body
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6.3 Does DCV induce a nutritional stress in

Drosophila?

We hypothesized that infection with DCV will trigger a decrease in the body

weight of the flies, as is the case when flies are food-deprived. We measured the

body weight of DCV, FHV and starved flies and observed a significant decrease

2 days after starvation, as expected (Figure 6.12A). Surprisingly, DCV infected

flies gain, rather then lose weight, compared to Tris or FHV- injected flies. The

increase become significant 4 days following infection, and was accompanied with

abdominal swelling (Figure 6.12B).

A

B

Figure 6.12: Increased body weight in DCV-infected flies . A. Groups of 10 flies
(5 males and 5 females) were weighted at different time points at intervals of 24
hours after starvation or injection with Tris (control), DCV or FHV. The P-values from
statistical analysis (Student’s t-test) are shown on the table. B. Abdominal swelling
in DCV-infected flies.
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We next measured the triglycerides and glucose levels in infected flies. Triglyc-

erides were significantly reduced in DCV and FHV infected flies 72 and 96 hours

post-infection, with levels comparable to those of starved flies (Figure 6.13A).

However, the glucose levels were only reduced 96h post-infection and in a similar

manner for DCV and FHV infected flies (Figure 6.13B).

A Triglycerides levels in virus-infected flies

B Glucose levels in virus-infected flies

Figure 6.13: Total triglycerides and glucose levels in virus-infected flies . Total
triglyceride (A) and glucose (B) levels were measured in groups of five flies at differ-
ent time points at intervals of 24 hours after starvation, injection with Tris (control),
DCV or FHV. The graphs represent the mean and error bars from three independent
experiments, each performed in triplicates. The P-values from statistical analysis
(Student’s t-test) are shown on the tables.

Finally, we examined whether infected flies continue to feed and assessed

the food ingestion by a colorimetric assay in which flies feed on 0,1% Bro-

mophenol blue and 0,5% Xylene cyanol-containing medium ("tracking" medium)

[Ayres and Schneider, 2009]. We observed a significant increase in the staining

intensity of DCV, but not Tris- or FHV-infected flies (Figure 6.14A). This could be
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due either to increased food uptake or to decreased excretion. To test whether the

increase of the body weight is due to decreased defecation rates, we monitored

the quantity of feces deposited as blue spots on the sides on the culture vial. We

observed that DCV infection was associated with a decrease in the defecation

rate (Figure 6.14B), in contrast to control or FHV-infected flies.

A Food incorporated B Defecation rates

Figure 6.14: Food incorporated and defecation rates in infected flies . A.
Groups of 10 flies were injected with Tris, DCV or FHV and kept on Tracking medium.
4 dpi flies were homogenized in TE-0,1% Triton-X100 buffer and the O.D614nm of the
supernatants, corresponding to the incorporated food was measured. B. Groups of
10 flies were injected with Tris, DCV or FHV and kept on Tracking medium. 3 dpi flies
were transferred in empty vials and blue spots corresponding to excretion rates were
measured 5h later. (A) and (B) The graphs represent the mean and error bars from
three independent experiments, each performed in triplicates.

Overall, our data indicate that DCV infection is accompanied by wasting symp-

toms (decreased triglycerides and glucose levels). However, this wasting is also

observed for FHV and probably reflects a general consequence of viral infection

on the flies. Furthermore, DCV infection does not induce a dramatic cessation

of food uptake that could explain the similar repression of gut specific genes ob-

served in DCV-infected and starved flies.

The apparent descripancy between the starvation-like status of DCV-infected

flies and their increasing body weight suggests a dysregulation of the homeostatic

mechanisms regulating energy storage. The hormone AKH, which is produced

by CC cells in response to food deprivation, normally triggers release of stored

nutrients in the fat body to guarantee survival [Baker and Thummel, 2007]. Inter-
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estingly, AKH release by the CC cells is regulated by the KATP channel composed

of Ir and dSUR [Kim and Rulifson, 2004]. Because we observed that Ir appeared

to play a role during DCV infection (Figure 5.6A), we tested if the CC played a role

in the resistance to DCV infection. Tissue-specific knock down of Ir and dSUR in

the CC did not affect the resistance to DCV infection (Figure 6.15A, 6.15B).

A

B

Figure 6.15: The Corpus cardiacum-specific knock down of Ir (A) and dSUR
(B) does not affect resistance to DCV infection . IR: inverted repeat

To completely exclude a role of the CC in the control of DCV infection, we

next genetically ablated this organ by forced expression of the pro-apoptotic gene

reaper using an AKH-Gal4 driver (Figure 6.16A, 6.16B). Neither the survival of the

flies, nor the mobilization of triglycerides to the oenocytes following DCV infection

were affected in CC-ablated flies (Figure 6.17A, 6.17B). We concluded that AKH-

producing cells are not involved in the pathology caused by DCV.
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Figure 6.16: Reaper -triggered ablation of CC cells . A. Detection of GFP-
expressing AKH-producing cells, located at the level of the cardia (white arrowhead).
We notice the abscence of GFP in reaper-triggered ablation of these cells. B. Quan-
tification of the CC cells ablation. AKH-Gal4: n=8, UAS-Rpr/AKH-Gal4: n=14
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Figure 6.17: Reaper -triggered ablation of CC cells does not affect the outcome
of DCV infection . A. Survival curves of control and CC-ablated flies. B. Similar lipid
mobilization from the fat body to the oenocytes in control and CC-ablated flies. The
oenocytes are limitted with the dotted lines.

6.4 DCV induces intestinal obstruction in Drosophila

The fact that DCV infection is associated with an increase in the incorporated

food and a decrease in the defecation rates, suggests that the food might be

retained in the digestive tract of the flies. We dissected the digestive tracts of

control, DCV and FHV-infected flies, kept on blue "tracking" medium, and ob-

served a strong accumulation in the food-storage organ, called the crop, and the
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anterior part of the midgut (Figure 6.18A). By contrast, the posterior part of the

midgut and the hindgut of DCV-infected flies is not stained. This result provides

an explanation for the fact that DCV infected flies defecate less than the con-

trols. The colorimetric assay measures the total amount of food incorporated in

the digestive tract of the fly, but does not quantify the amount of food uptaken.

To measure the exact volume of food uptake in DCV infected flies we used the

Capillary Feeder (CAFE) assay [Ja et al., 2007]. We observed that DCV-infected

flies ingested a significant amount of food (more than 1.2 µL of nutritional solution

per 24h), confirming that DCV infection does not induce cessation of feeding (Fig-

ure 6.18B). However, DCV-infected flies ingested slightly less food than healthy

controls. This confirms that the ingested food is retained in the digestive tract of

DCV-infected flies.
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A Food retention in the digestive tract of DCV-infected flies

B Quantification of the volume of in-
gested food

Figure 6.18: Food incorporated and CAFE assay . A. Dissected digestive tracts
from Tris, DCV and FHV injected flies, kept on ’tracking’ medium. The blue dye is
equally distributed through the whole gut of Tris controls and FHV-infected flies. The
blue food accumulates preferentially in the crop and anterior part of the midgut in
DCV-infected flies. Legend: Cr: crop, C: cardia, Mg: midgut. B. Measurement of the
ingested volume of food in Tris controls and DCV-infected flies. Mean and error bars
from two independent experiments.

When observing the anterior midgut of DCV-infected flies by contrast phase

microscopy, we noticed the presence of invaginated membranous material in the

lumen (Figure 6.19). This could correspond to disorganized peritrophic matrix, the

protective extracellular membranous material that lines the midgut epithelium.
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Figure 6.19: Accumulation of membranous material in the Drosophila gut after
DCV infection . Digestive tracts were dissected 3 dpi from Tris and DCV-infected
flies. The peritrophic matrix is indicated with the arrowheads. Invaginations are
visible in the lumen of the gut of DCV-infected flies.

Calcofluor is a dye that specifically stains chitin, which is the major compo-

nent of the peritrophic matrix in Drosophila midgut. When the dye is adminis-

trated by feeding to control flies, it stains the whole midgut. By contrast, in DCV-

infected flies, only the crop and the anterior midgut are stained by Calcofluor

(Figure 6.20A, 6.20B). These results indicate that DCV infection induces an ob-

struction in the digestive tract of the fly, possibly by disorganized peritrophic ma-

trix. The results obtained from the "tracking" medium-fed and calcofluor-fed flies

show staining in the anterior part of the midgut. This observation suggests that

one part of the food bolus can pass trough the cardia. However, the ingested food

can not be further processed and this might explain the downregulation of midgut

specific genes, in particular the proteases involved in digestion.
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A Ingested Calcofluor dye is retained in the crop and anterior
midgut of DCV-infected flies

B Quantification of the intestinal ob-
struction

Figure 6.20: DCV induces intestinal obstruction in Drosophila . A. Dissected
digestive tracts from Tris, DCV and FHV injected flies, fed for 6h on on Calcofluor.
The dye is equally distributed through the whole gut of Tris controls and FHV-infected
flies. The blockage in the gut does not allow the normal passage of food through the
digestive tract. The midguts are limitted with the dotted lines. Legend: Cr: crop, C:
cardia, Mg: midgut. B. Quantification of the intestinal obstruction of Tris-injected,
DCV-infected flies. Tris: n=19, DCV: n=22.

These results suggest that DCV infection triggers modifications at the level of
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the anterior part of the midgut. We noticed a very clear alteration of the morphol-

ogy of the cardia (Figure 6.21) in DCV-infected flies, with a characteristic swelling

of its posterior part. The swelling becomes apparent 3 dpi, and is visible in all

flies 5 dpi.

Figure 6.21: Morphological changes of the Drosophila cardia during DCV in-
fection . Digestive tracts were dissected 3 dpi from Tris and DCV-infected flies.
We notice the swallen posterior part of the cardia in DCV-infected flies (arrowhead).
Legend: Mg: Midgut, C: cardia

We analyzed by electron microscopy the digestive tracts from DCV-infected

flies, focusing on the most anterior part of the midgut, the cardia (Figure 6.22),

see also Figure 3.4A. Our preliminary results show several abnormalities: (i) the

inner (IR) and recurrent (RL) layers are much thinner following DCV infection, (ii)

the hilus (H) size is considerably increased, (iii) the lumen of the oesophagus is

filled with a fibrous material in which some yeasts are trapped (Figure 6.23).
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Figure 6.22: Schematic representation of the Drosophila cardia. . Longitudinal
and transversal sections of the cardia.

Figure 6.23: Electron micrographs of transversal sections of the Drosophila
cardia in controls (Tris) and DCV-infected flies . Disturbed organization of the
cardia in DCV-infected flies. We notice the presence of yeast in the esophagal lumen
of DCV-infected flies. Legend: EL: oesophagal lumen, IL: inner layer, H: hilus, RL:
reccurent layer, CL: cardia lumen, OL: outer layer. Scalebar: 10 µm
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6.5 The DCV-induced pathology is not due to the

activation of the host immune response

To test whether the symptoms observed in DCV-infected flies were a con-

sequence of the host immune response or a direct consequence of virus in-

fection we analyzed the pathology associated with DCV infection in Drosophila

mutants for the antiviral immune pathways. RNA interference is major an-

tiviral mechanism and was shown to play an essential role in the resis-

tance to a wide range of viruses [Galiana-Arnoux et al., 2006, Wang et al., 2006,

van Rij et al., 2006, Zambon et al., 2006] and [Kemp, 2011]. The JAK/STAT, Toll

and Imd pathways also participate to antiviral host defense [Zambon et al., 2005,

Dostert et al., 2005, Costa et al., 2009, Avadhanula et al., 2009]. We first ana-

lyzed the DCV-induced pathology in flies mutant for Dcr-2, a key component of

the RNAi pathway. We measured the repression of the endogenous Jon65Ai pro-

tein in dissected digestive tracts of yw (WT) and Dcr-2 mutants and observed no

difference in the repression of Jon65Ai (Figure 6.24).

Figure 6.24: Jon65Ai is repressed in the gut of Dcr-2 mutants . Western blot
analysis of proteins extracted from the guts of Tris- and DCV-injected flies, 72h post-
infection.

We also measured the body weight, lipid mobilization and incorporated food

in Dcr-2 deficient flies, and did not observe differences with the wild type controls.

Dcr-2 mutants mobilize their lipid stores (Figure 6.25), and their body weight in-
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creases significantly 72h after infection with DCV (Figure 6.26A). At this time

point, the body weight of the wild type controls is not significantly increased, indi-

cating faster developement of the symptoms in Dcr-2 mutant flies. The colorimet-

ric assay for food incorporation showed similar increase in the staining intensity in

WT and Dcr-2 deficient flies infected with DCV (Figure 6.26B). Therefore we con-

clude that the DCV induced pathology does not depend on the siRNA pathway. If

anything, the symptoms appear earlier or are stronger in the Dcr-2 mutant flies,

which may reflect the more rapid accumulation of DCV in the mutant flies. Similar

experiments with flies mutant for the genes hopscotch (JAK/STAT pathway), Dif

(Toll pathway) and imd (IMD pathway) yielded similar results (Table 6.2). There-

fore, we conclude that the observed symptoms do not result from the adverse

effect of the host immune response, but rather reflect a direct effect of the virus

on its host.

Figure 6.25: Lipid mobilization from fat body to oenocytes in Dcr-2 mutant
flies . Oil red O staining of dissected carcasses form Dcr-2 flies. The oenocytes are
limitted with the dotted lines.
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A Body weight B Food incorporated

Figure 6.26: Increased body weight and incorporated food in Dcr-2 mutants .
A. Increased body weight in Dcr-2 mutant flies after infection with DCV. B. Increase
of the incorporated food in Dcr-2 mutants after infection with DCV

Table 6.2: DCV-induced pathology in other antiviral immune pathway mutants
.

6.6 The closely related Cricket paralysis virus does

not induce the same pathology as DCV

To test whether the pathology associated with DCV infection is specific to this

virus or is a common for other members of the Dicistroviridae family, we com-

pared the pathology between DCV and Cricket paralysis virus (CrPV). DCV and

CrPV are closely related and their genomic RNAs share a high percentage of

homology (Figure 6.27). The main difference between the two viruses resides in
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their supressors of RNAi, which are not structurally related and function differently

(see 2.1.3). When injected to flies, DCV and CrPV kill their host within a few days.

Figure 6.27: Schematic representation of the genome structure of two Dicistro-
viruses: DCV and CrPV . The translation of viral proteins is regulated by two IRES
sites. The percentage of identity between three non-structural genes encoded by
ORF1 is shown. The variable N-terminal domain of the polyprotein encoded by
ORF1 in DCV and CrPV plays a role in supression of host RNAi. Legend: Hel:
helicase, Pro: protease, RdRP: RNA-dependen RNA polymerase.

We first measured the reporter activity in Jon65Ai-LacZ flies, infected with

the two viruses. We observed the repression of the β-galactosidase activity in

Jon65Ai-LacZ flies after challenge with DCV, but not CrPV (Figure 6.28A). In ad-

dition, CrPV infected flies did not show an increase in the body weight 4 days

post-infection, as is the case after DCV infection (Figure 6.28B). Finally, CrPV

infection did not trigger an increased retention of the food, as measured with the

food incorporation colorimetric assay (Figure 6.28C). The only similarity observed

between CrPV and DCV infected flies is a decrease in the defecation rate (Figure

6.29). We conclude that, with the exception of defecation, DCV triggers a specific

set of symptoms.
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A β-galactosidase activity in DCV and
CrPV-infected Jon65Ai-LacZ flies

B Body weight of DCV and CrPV-
infected flies

C Food incorporation after DCV and
CrPV infection

Figure 6.28: DCV-induced pathology is not phenocopied in CrPV-infected flies
.

Figure 6.29: Defecation rates in CrPV-infected flies, similar to DCV-infected
Drosophila .

In order to understand the difference between the symptoms caused by the

two viruses, we compared the tissue tropism of DCV and CrPV by in situ hy-
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bridization. We observed a clear labelling for DCV RNA in the fat bodies of in-

fected flies (Figure 6.30B), but not in other tissues. This result is in agreement

with previous studies indicating that the fat body is a major site of replication for

DCV. CrPV RNA is also detected in the fat body (Figure 6.30B). In addition, we

detected CrPV RNA in the cardiac tube and the visceral muscles surrounding

the gut (Figure 6.30A, 6.30B). We hypothesized that infection of those muscles

by CrPV might affect the peristaltic activity of the gut and result in the observed

decrease in defecation rates.

A Gut

B Carcass

Figure 6.30: In situ hybridization detecting DCV and CrPV RNAs . A. CrPV
RNA is detectable in the visceral muscle surrounding the gut. The filled and empty
arrowheads indicate the circular longitudinal fibers, respectively. B. Accumulation of
DCV RNA in the fat body of infected flies. CrPV RNA is detectable in the fat body, as
well as in the heart of infected flies. The heart is limitted with the dotted lines.
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Unfortunately, we could not identify by in situ hybridization tissues specifically

targetted by DCV compared to CrPV, which could have provided a hint for the

cause of the DCV-induced symptoms. This might reflect a technical limitation of

the technique used, which did not allow us to detect DCV RNA in the tissues

where it replicates at a lower level than in the fat body. Indeed, we did not de-

tect DCV RNA in the periovarian sheath, which is a known target tissue for DCV

[Sabatier et al., 2003, Cherry and Perrimon, 2004], or in the oenocytes, where we

detected DCV by immunofluorescence (Figure 6.11).

6.7 What are the tissues involved in the DCV-

induced pathology?

The DCV pathology is caracterized by an intestinal obstruction at the level of

the anterior midgut, accompagnied by a swelling of the posterior region of the

cardia. Two hypothesis could account for this phenomenon: DCV could affect ei-

ther the neurons regulating the opening of the stomodeal valve or the contraction

of the smooth muscles of the cardia. In a first attempt to discriminate between

these two hypothesis, we looked for the presence of virus in these tissues. We

repeatedly failed to detect DCV in the digestive tract using immunofluorescence,

which may be due to the high background observed for this tissue in control,

non-infected flies (data not shown). Therefore, we dissected flies and looked by

western blot for the presence of DCV in the fat body, the brain and the cardia

(Figure 6.31). We observed a strong signal for the cardia, indicating that DCV is

present in this tissue. DCV was also detected in the brain, although at a lower

level. Further studies, using immunofluorescence, or in the case of the cardia,

electron microscopy will be required to identify the cell types infected by DCV,

which my contribute to the pathology.
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Figure 6.31: DCV is detectable in Drosophila cardia and brain . Western blot
analysis of proteins extracted 3 dpi from dissected tissues of Tris or DCV-infected
flies.

6.8 DCV-induced patholgy: why do infected flies

die?

Our first hypothesis was that DCV-infected flies die from starvation. How-

ever, several experimental facts argue that this is not the case. For example, the

glucose levels do not decrease as rapidly and strongly as in the case of star-

vation (Figure 6.13B). Furthermore, we could not increase the survival of the

flies with injection of glucose (data not shown). The decreased expression of

midgut proteases in DCV-infected flies may result in an amino acid starvation

[Bauer et al., 2006]. However, flies can survive for long period on sucrose diet (V.

Barbier, personnal communication), indicating that amino acid starvation is likely

not the cause of the death.

An alternative hypothesis is that DCV infection triggers the production or ac-

cumulation of toxic compounds. For example, mobilization of lipid stores during

fasting in mammals leads to the production of ketone bodies, which can lead to a

decrease in the blood pH and have toxic effects (ketoascidosis). In order to mon-

itor the pH of the hemolymph of DCV-infected flies, we crushed in a preliminary

experiment whole flies on pH paper. Strikingly, we observed that several DCV-

infected flies had an acidic pH. By contrast, all control flies had a neutral pH (data
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not shown). To confirm this result, we extracted hemolymph from the thorax of

control and DCV-infected flies and dotted it on pH paper. In this case we did not

observe an acidification (data not shown). We reasoned that the acid pH might

come from the abdomen, which is swollen in DCV-infected flies. Indeed, when

we extracted the content of the abdomen and dotted it on pH paper, we observed

an acidification in all DCV-infected flies. By contrast, the abdominal pH remained

neutral in Tris-injectd flies (Figure 6.32). Because the abdomen of DCV-infected

flies is filled with the largely expanded crop, this result suggest that the content

of the crop is strongly acid. The cause of this acidification could be the fermen-

tation of the yeast retained in the crop. Indeed, we observed an accumulation

of mCherry-expressing fluorescent yeast in the crop of DCV-infected flies (Figure

6.33).

Figure 6.32: Acidification in Drosophila abdomen after infection with DCV . The
content of the abdomen of a single fly was dotted on pH paper. According to the pH
scale, we notice acidification in DCV-infected flies.

Acid release by the crop , possibly caused by its rupture, might be the cause of

the death of the flies. However, we did not detect acid pH in the hemolymph taken

from the thorax, even at late time points of infection (data not shown). Further-

more in a preliminary experiment we did not detect fluorescent yeast circulating

in the hemolymph of DCV-infected flies.
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Figure 6.33: mCherry-expressing fluorescent yeast accumulates in the crop of
DCV-infected flies .

Experiments are under way to confirm these results. We also plan to perform

hemolymph transfer experiments to see if a circulating toxin is involved in the

killing of the DCV-infected flies.
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Chapter 7

Discussion and perspectives

During this PhD thesis, we have attempted to understand the pathogenesis

triggered by two RNA viruses in Drosophila. For a long time, Drosophila has suc-

cessfully been used to decipher the mechanisms of innate immunity using model

microorganisms, and simple assays such as survival, microbial load and induc-

tion of markers. These assays have proved very valuable in dissecting the basic

molecular and cellular biology driving host-defense in Drosophila, in particular

with regards to the humoral immune response [Lemaitre and Hoffmann, 2007].

One caveat of these studies, however, is that they ignore what is happen-

ing in the flies between the time when the microorganism is injected and the

time when induction of molecular markers or microbial load are measured,

or when death occurs. In other words, these experiments do not take into

account the pathology triggered by the microbial infection, and the effects

of homeostasis mechanisms on the ability of the fly to withstand the effects

of this pathology. As a result, the cause of death triggered by infection in

Drosophila remains unknown, although clues have been provided in some cases

[Dionne et al., 2006, Liehl et al., 2006, Nehme et al., 2007]. For this reason, stud-

ies on immunity in Drosophila have focused on the resistance to microbial infec-

tion, and the endurance aspect has been largely ignored until recently, although
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it contributes to a large extent to the final outcome of the infection, at least in

mammals [Shirasu-Hiza and Schneider, 2007].

Studies on antiviral defense so far have been constructed on the same

scheme, and have focused on the monitoring of survival, viral titer and char-

acterization of the profiles of small RNAs produced by the RNAi machinery,

or the induction of marker genes. We have decided four years ago to ob-

tain a better understanding of the pathology associated with viral infections in

Drosophila. We selected as viruses DCV and FHV, which resemble each other

by many aspects, such as their single stranded RNA genome of positive po-

larity; their small, non-enveloped capsid; their rapid replication in Drosophila

cells; their intense replication in cells from the fat body; their sensitivity to the

siRNA pathway [Huszar and Imler, 2008]. Yet, these viruses also exhibit some

differences such as the fact that DCV is a natural pathogen of Drosophila,

whereas FHV was not identified in wild populations of flies; the strength of their

RNA suppressor (FHV-B2 is more potent than DCV-1A). The IRES-dependent

translation in the case of DCV; the replication of viral RNA on mitochondrial

membranes for FHV versus COPI-dependent vesicle for DCV. These differ-

ences could impinge on the response of the host. Indeed, we observed sig-

nificant differences between the transcriptomes of DCV- and FHV-infected flies

[Dostert et al., 2005, Kemp, 2011], suggesting that these two viruses were trig-

gering different pathologies in Drosophila. In this PhD thesis, we have begun to

unravel the molecular and cellular consequences of infection by these two viruses.

As detailed below, the results are rich in learning, and reveal that FHV and DCV

induce very different, organ-specific, pathologies in flies.
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7.1 Lessons from FHV: in vivo impact of ion chan-

nels on antiviral immunity

The approach of unbiased genetic screens played a key role in the identifi-

cation of the important role of KATP channels in the control of viral infections.

Although this type of approach is a favorite among Drosophila geneticists, in this

case the screen was conducted in mice, and showed that the gene Kcnj8, encod-

ing a component of KATP channels, is required to survive infection by the DNA

virus MCMV. Because KATP channels are conserved in evolution, we looked for

a virus-susceptibility phenotype in flies deficient for dSUR, the regulatory sub-

unit of KATP channels. Somewhat surprisingly, we found that these flies were

susceptible to FHV, but not to the other viruses we tested (DCV, SINV, VSV)

[Croker et al., 2007]. This observation provided us with a unique opportunity to

study the interaction of Drosophila with FHV.

Our results show that KATP channels are required for an efficient RNAi an-

tiviral response to occur in the heart of Drosophila. This raises the question

of the mechanism involved. Another component of innate immunity, the in-

flammasome, is regulated by K+ ion efflux in mammalian cells. It is possible

to activate the inflammasome in tissue culture cells by either increasing the

consentration of K+ ions in the medium, or treating the cells with ionomycine

[Petrilli et al., 2007, Perregaux and Gabel, 1994]. We have tried to establish a tis-

sue culture model to study the role of K+ ion efflux on antiviral RNAi, by culturing

cells with increased concentration of potassium or in the presence of nigericin,

but did not obtain reproducible results. The variability of our data probably results

from the toxicity of these treatments. Indeed, 30 minutes are sufficient to detect

secretion of IL-1β, the readout of inflammasome activation, whereas in our case 6

to 8 hours are required to monitor FHV replication. Another possibility to identify

the mechanism involved would be to analyze the profiles of FHV derived small
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RNAs from the heart of flies treated or not with Tolbutamide. If dicing is affected,

a reduction in the number of siRNA should be seen. Alternatively, if loading of the

siRNA on AGO2 is affected, the siRNA should not be methylated by Hen1, and

thus should be sensitive to β-elimination following oxidation [Aliyari et al., 2008].

We constructed libraries of small RNA prepared from dissected hearts from 200

FHV infected flies treated or not by tolbutamide. The libraries were sequenced,

but did not give interpretable results: indeed, we observed a strong bias for some

small RNAs, suggesting that sequence enrichment occured during the PCR am-

plification steps of the preparation of the library. One last possibility would be to

perform in vitro dicing and RISC loading assays [Nayak et al., 2010], in the pres-

ence of increasing concentrations of potassium or other ions. Interestingly, this

type of in vitro approach was used by Maniatis and colleagues to understand the

effect of the Na+/K+ ATPase on IFN induction. Their work showed that the effect

of the Na+/K+ pump is mediated by Na+ ions, which interfere with the helicase

activity of RIG-I [Ye et al., 2011]. It will be very interesting in future studies to test

whether the helicase activity of Dcr-2, which is phylogenetically related to that of

RIG-I, can also be inhibited by K+, Na+ or other ions.

Whatever the mechanism, our results reveal a previously unknown contribu-

tion of potassium channels to antiviral immunity in a particular tissue, the heart.

Interestingly, this effect is not limited to KATP channels, and we also observed

that flies mutant for the KCNQ gene, encoding another evolutionarily conserved

voltage-dependent K+ channel are also sensitive to FHV infection. It will be in-

teresting to test other channels in both Drosophila and mice. It would also be

interesting to investigate the presence of polymorphisms in the genes encoding

KATP channels in patients suffering from virus-induced myocarditis. If such poly-

morphisms could be associated with this disease, better prophylaxis and therapy

could be envisioned. The Kcnj8 mutant mice characterized by Bruce Beutler

and his collaborators represent an interesting tool to better understand how KATP
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channels contribute to the control of viral load in the heart of mammals. In par-

ticular, it would be interesting to know if the function of the inflammasome or the

production of type I IFN is affected in the heart of Kcnj8 mutant mice.

Overall, our studies on FHV have unraveled a novel critical aspect of immunity,

namely the fact that some potassium channels can regulate the antiviral immune

response in the heart. Thus, patients with a perfectly fit immune system may

be susceptible to cardiotropic viral infections if the activity of these channels is

affected. Conversely, drugs acting on these channels, rather than on the virus

or on the immune system, may affect the course of the infection, and allow the

infected host to survive, as we showed as proof of principle with pinacidil on FHV

infected flies. This work has also revealed that FHV can be a valuable tool to

study the regulation of heart physiology in Drosophila. Work is now on the way in

the laboratory of Karen Occor and Rolf Bodmer in La Jolla, USA, to understand

how FHV affects heart performance.

7.2 Lessons from DCV: towards a better under-

standing of the biology of the cardia

The study was more complex than for FHV, and it took us some time and many

experiments to figure out what was happening in DCV-infected flies. We initially

started from the observation that DCV, but not FHV, represses the expression of

a large number of proteases. Because DCV is a natural pathogen of Drosophila,

which co-evolved with its host and may have learned how to ward off some of its

defense mechanisms, we considered the possibility that these proteases could

be part of an intrinsic mechanism of antiviral host defense [Bieniasz, 2004]. How-

ever, we quickly came to realize that this was not the case as (i) these pro-

teases are specifically expressed in the midgut, where we did not detect DCV;
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(ii) Jon65Ai mutant flies were not susceptible to virus infection; (iii) many of these

proteases are also repressed by starvation.

We next considered the possibility that DCV infection was causing a metabolic

syndrom, as reported in mammals in cases of chronic inflammation affecting the

physiology and metabolism of the host [Hotamisligil and Erbay, 2008]. We were

misled in this direction by the observation that the transcriptome of the DCV-

infected flies and the mobilization of lipid reserves from fat body to oenocytes

were evocative of starvation, while the body weight and the stained food incorpo-

ration assays indicated that the flies were not suffering from anorexia or excessive

wasting, but were actually gaining weight and appeared to overeat. We were also

misled by the fact that while using DCV as control to study the contribution of

KATP channels to the resistance to FHV infection we inadvertently observed that

flies silenced for Ir and Irk2 exhibited enhanced resistance to DCV infection. This

suggested that KATP channels, which play a role in glucose sensing and AKH

secretion by the corpora cardiaca in Drosophila [Kim and Rulifson, 2004] played

a detrimental role in the resistance to DCV infection. However, we found that

(i) neither mutation of dSUR nor Tolbutamide treatment affected the resistance to

DCV infection; (ii) the cells from the corpora cardiaca are not infected by DCV; (iii)

silencing of Ir, Irk2 or dSUR in the corpora cardiaca, or genetic ablation of this tis-

sue by expression of the pro-apoptotic gene reaper, did not affect the resistance

to DCV. Thus, even though the analysis of the role of Ir and Irk2 in the context

of DCV infection undoubtly deserves further investigation, we did not pursue this

hypothesis.

We finally came to the conclusion that DCV infection triggers an intestinal ob-

struction. We believe that this obstruction is a direct consequence of virus repli-

cation in the cardia, although we cannot completely rule out that it results from an

effect on the neurons controlling the function of this organ. Further experiments

will be required to fully understand what happens in the cardia upon infection by
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DCV. The continuation of this work will be important since the cardia is a poorly

understood structure, playing a very important role in host-pathogen interactions

in insects. Indeed, it synthesizes the peritrophic matrix, which lines the surface

of the midgut, and protects the gut epithelium from infections. Our results sug-

gest that the cells involved in the secretion and folding of the peritrophic matrix

are affected by DCV infection. Thus, DCV appears as a valuable tool to better

understand the function of the cardia in normal and pathological situations.

Viruses have in the past proved to be valuable tools to decipher the molecu-

lar biology of the cell (e.g. discovery of enhancers, introns, nuclear localization

signals). Our studies with FHV and DCV illustrate how viruses can also be very

useful to gain insight on the physiology of critical organs such as the heart and

the cardia, respectively.

7.3 Confronting the real world: how do virus-

infected flies die?

In spite of our efforts, we have to admit that we still do not know the cause of

death of FHV- and DCV- infected flies. When we obtained our first results with

FHV and the heart, indicating that FHV infection causes arrhythmias, we believed

that we had found the cause of death. However, overexpression of ORK1, a two-

pore domain K+ channel, completely prevent heart beating in transgenic flies,

without affecting the viability [Lalevee et al., 2006]. This indicates that flies can

live without a functional heart. We confirmed this finding by showing that flies in

which cardiomyocytes were genetically ablated were viable, and resisted better

to FHV infection than wild-type flies. This shows that it is not a dysfunction of the

heart following FHV infection that leads to death of the flies. The heart however,

plays a critical role as a primary site of replication of the virus, which can then

spread to other tissues. Alternatively, the heart, which regulates the circulation of
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the hemolymph in the insect body cavity, could be important for the dissemination

of the virus in the organism. Curiously, the genetic ablation of the heart did not

affect resistance to DCV, suggesting that the heart is not absolutely required for

the spreading of this virus. May be the reduced spreading of the virus is compen-

sated by a reduced circulation of compounds involved in the antiviral response,

such as cytokines (e.g. Upd-2 and -3) [Kemp, 2011] or viral dsRNA released

from dying cells [Saleh et al., 2009]. It would be interesting to test the resistance

of heart-ablated flies against bacteria or fungi, for which the humoral response

involving the secretion of a cocktail of antimicrobial peptides reaching a concen-

tration higher than 500µM, plays a well documented role [Imler and Bulet, 2005].

So, even though we made some interesting progress regarding the pathology of

FHV infection, we still do not know what is ultimately causing the death of the flies

and, incidentally, the function of the heart in adult flies.

Similarly, the cause of death in the case of DCV remains uncertain. We have

ruled out that flies die from starvation. Two other causes of death could be the

accumulation of toxins, or dehydratation. The toxin production could result from

the intense fermentation of yeasts in the crop, a hypothesis that can be tested by

feeding flies on another source of food. Water absorption occurs in the midgut

and hindgut, and could be affected by the intestinal obstruction caused by DCV.

In support of this hypothesis, we noticed that DCV infected flies spontaneously

gather around water when placed in a small Petri dishes, whereas non infected

flies, or flies infected by FHV or CrPV only occasionally do so. In addition, we

observed that DCV infected flies spent most of their time attached to the ex-

tremity of the liquid filled capillary in the CAFE assay. Finally, we note that two

of the water channels expressed in the Malpighian tubules (CG4019, CG17664)

are down-regulated in DCV-infected flies, but not in FHV or SINV-infected flies,

suggesting that flies try to save water. Further experiments monitoring the os-

molarity of the hemolymph in DCV-infected flies are required to validate this hy-
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pothesis. A metabolomic analysis [Sreekumar et al., 2009, Reitman et al., 2011]

of the hemolymph of the flies infected by DCV, or FHV, may represent a powerful

way to progress in our understanding of the cause of death of the flies. Such an

approach was just initiated in the group with FHV in tissue culture cells.

An interesting issue concerning the cause of death is whether it results from

a direct effect of the virus on a vital tissue, or from an adverse effect of the

host reaction to the infection. In vertebrates, the adverse effects of the in-

flammatory response and the famous “cytokine storm” are well documented

[Hotchkiss and Karl, 2003]. In flies, there is so far little evidence that the im-

mune response contributes to the pathology. One study reported that flies mutant

for the gene eiger, which encodes a TNF ortholog, resist better than wild-type

flies to Salmonella infections, suggesting that eiger is involved in an immune re-

sponse that causes pathology [Brandt et al., 2004]. Alternatively, it is possible

that eiger is required for the endurance of the flies to this type of infection. In the

case of virus infection, there is some evidence that the immune response may

be toxic. For example, investigators were initially perplexed by the fact that hop-

scotch mutant flies contain more virus than wild-type flies, but do not die more

rapidly. They reasoned that if the immune response was associated to some ad-

verse effects, the decreased inducible response in hopscotch mutant flies could

compensate for the increased viral load. Indeed, when lower doses of DCV were

injected, hopscotch mutant flies were found to die more rapidly than wild-type

control [Dostert et al., 2005]. Along the same lines, it was observed that Dcr-2

mutant flies die more rapidly than controls following FHV infection, even though

the increased viral titer was only moderately increased. Furthermore, the vir-1

gene was induced more strongly in Dcr-2 mutant flies, suggesting that in the ab-

sence of the RNAi response, the inducible response contributed to the lethality of

the flies [Galiana-Arnoux et al., 2006]. Clearly, it will be interesting to investigate

further the issue of the detrimental effects of the immune response on the host.
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7.4 Concluding remarks

In conclusion, this work has improved our understanding on the pathologies

caused by two RNA viruses in Drosophila, DCV and FHV. This work will be pur-

sued to determine how these viruses kill flies, a question that needs to be an-

swered in order to fully understand the pathophysiology of the infection and the

role of the immune system. Overall, this work leads for three major perspec-

tives. First, we expect that this type of work could lead to a new subfield of insect

physiology, using viruses to decipher essential physiological mechanisms such

as regulation of heart beating and secretion of the peritrophic matrix. Importantly,

all our studies were done with an injection model of infection, which bypasses

the natural defenses of barrier epithelia. It will also be important in future work

to develop natural infection models for DCV and possibly FHV. This may reveal

additional tissues associated with the pathophysiology of the infection. Second,

these studies may have relevance for mammalian models, as exemplified by the

identification of a role for KATP channels in the control of cardiac infection with

CVB3 in mice. Third, the work reported here is rich in learning for future stud-

ies on the transmission of mosquito-borne viruses to mammals. Indeed, very

little is known regarding the interaction of viruses such as Dengue, West-Nile or

Chikungunya with their mosquito vector. The identification of tissues or organs

playing a critical role in the multiplication of the virus or the resistance/endurance

of the mosquito to the infection, such as the heart or the cardia for FHV and DCV,

respectively, holds promise for the development of novel prophylactic strategies

aimed at decreasing the transmission of the viruses to vertebrates.
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