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Abstract

The use of Drosophila as a model organism has made an important contribution to our
understanding of the function and regulation of innate immunity in insects. Indeed,
insects can discriminate between different types of pathogens and mount specific
and effective responses. Strikingly, the same pathogen can trigger a different immune
response in the same organism, depending solely on the route of infection by which the
pathogen is delivered. In this review, we recapitulate what is known about antiviral
responses in Drosophila, and how they are triggered depending on the route and
the mode used for the virus to infect its host.
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1. INTRODUCTION

Insects are found in almost every environment on Earth. They are the

largest and most diverse group of animals and are crucial components of

many ecosystems where they participate in functions as diverse as plants pol-

linators or control of other insects and plant pests. Insects have economic

importance: some produce useful substances, such as honey, wax, and silk

(Foottit and Adler, 2009; Gullan and Cranston, 2010; Hill, 1997), but insects

also cause severe economic losses by damaging crops and food production

(Hill, 1997). In addition, some insects pose an increasing menace to human

and animal health. Insects such as mosquitoes, lice, fleas, and bed bugs are

able to transmit a number of disease-causing pathogens such as viruses, bac-

teria, protozoa, and nematodes (Baxter et al., 2017). Over one million peo-

ple worldwide die from mosquito-borne diseases every year. Zika virus,

West Nile virus, chikungunya virus, dengue virus, and Plasmodium falciparum

(the causative agent of malaria) are examples of pathogens that are spread to

people by mosquito bites (WHO, 2016).

Successful insect management requires intervening at some point during

the insect’s life cycle before they bite and infect a human or an animal. To

achieve this, great efforts have been made in the recent years to understand

the immune response in insects and how insects cope with a pathogen infec-

tion. To survive in a world full of microorganisms and parasites, insects

developed potent defense mechanisms that depend on innate immunity.

Most of our knowledge on insect innate immunity comes from studies per-

formed on the fruit fly, Drosophila melanogaster. Fruit flies have a well-

established genetic toolbox, are easy and inexpensive to culture in laboratory

conditions, and have been the model insect of choice for the past 100 years

( Jennings, 2011).

Studies of innate immunity in Drosophila initially focused on bacterial

and fungal infection, and revealed that the production of antimicrobial pep-

tides (AMPs) plays an important role in the host defense (Ganesan et al.,

2011). Recently, several groups started to investigate the genetic basis of

the antiviral resistance in Drosophila. It is now well established that RNA

interference (RNAi) plays a central role in the control of viral infections

in insects, while other inducible responses and restrictions factors contribute

to resistance to viral infections (Mussabekova et al., 2017).

Most studies performed to understand host–virus interactions in Dro-

sophila have been done by actively delivering the virus by injection into
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the flies. Although this approach has been shown to be relevant for identi-

fying pathogen virulence factors and host defense mechanisms, injecting the

virus bypasses the host’s natural protection barriers. Several studies showed

that the route used by pathogens to infect their hosts has an important impact

on the outcome of an infection and can trigger differential immune

responses (Behrens et al., 2014; Ferreira et al., 2014; Gupta et al., 2017b;

Martins et al., 2013). In humans, for instance, pathogens infecting hosts

through wounded skin results in significantly higher cases of fatality than

if the pathogens are inhaled or ingested (Leggett et al., 2012).

In addition, Drosophila, as well as mosquito, is a holometabolous

insect, undergoing metamorphosis between four life stages: embryo, larva,

pupa, and imago or adult (Fig. 1A). Therefore, it could be postulated that

depending on the route of infection of the pathogen and the developmental

stage of the insect, the pathogen tropism and the infection outcome may

be different.

This review is an attempt to cover the different elements of antiviral

immunity in insects, with an emphasis on Drosophila and focusing in the

different routes and modes of infection used to deliver the virus.

2. ROUTES OF INFECTION

To fight infections, insects rely on multiple innate defense responses,

many of which are shared with higher organisms. They include the use of
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Fig. 1 Drosophila life cycle and routes of infection. (A) Drosophila exhibits complete
metamorphism. The life cycle includes an embryo, larval forms, pupa, and finally emer-
gence as an adult. (B) Potential routes of pathogen entry in Drosophila adult and larva.
Each color depicts a physiological barrier breached by the pathogen during infection.
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physical barriers together with local and systemic immune responses

(Bergman et al., 2017).

Epithelia physically separate self from nonself and are the first line of

defense against external pathogens. They fulfill the important task of pre-

venting the penetration of pathogens that could cause systemic infections

(Lemaitre and Hoffmann, 2007). The potential routes of pathogen entry in

insects involve the penetration through the cuticle, the trachea, the gut, and

the genital organ (Davis and Engstrom, 2012; Siva-Jothy et al., 2005) (Fig. 1B).

2.1 Through the Cuticle
The cuticle or exoskeleton is a protective integument over the external sur-

face of insects. It is an extracellular matrix produced by the epidermis and

consists mainly of proteins and the polysaccharide chitin (Tajiri, 2017). In

addition to a physical barrier, the cuticle also provides an active biochemical

barrier. When the epicuticle (outer layer of the cuticle) of a silkworm larva

was abraded in the presence of live bacteria or bacterial cell wall compo-

nents, the AMP cecropin was detected in the underlying epithelial cells,

indicating a highly localized antibacterial response (Brey et al., 1993). Direct

penetration of intact cuticle is the normal route of entry by most

entomopathogenic fungi (Lu and St Leger, 2016). Insects in the wild are

often wounded by predators (Kanbar and Engels, 2003) or during mating

(Lange et al., 2013), increasing the risk for systemic infections through

the cuticle. It was shown that bacteria entering the hemocoel through the

site of cuticle injury trigger a systemic immune response, which results in

the synthesis and secretion of a large set of humoral effector molecules. This

reaction mainly consists of AMP production by the fat body, the stress

response proteins, and factors required for phagocytosis and coagulation

(Lemaitre and Hoffmann, 2007).

2.2 Through the Trachea
The respiratory tract of insects is another possible route of pathogen entry.

The tracheae consist of an epitheliummonolayer that wraps around the cen-

tral, gas-transporting lumen. Air enters the respiratory systems of insects

through a series of external openings called spiracles and passes through pri-

mary, secondary, and terminal branches, reaching all tissues in the body

(Ghabrial et al., 2003).

The epithelial cells in the trachea not only constitute a physical barrier

but also the first line of defense against airborne pathogens. Infection with
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the baculovirus Autographa californicamultiple nucleopolyhedrovirus in Lep-

idoptera can be initiated on tracheae and is disseminated within the host via

the trachea (Engelhard et al., 1994; Kirkpatrick et al., 1994).

In other insects such as Drosophila, the trachea is also a potential infection

route, since the spiracles of larvae are in contact with potentially infectious

organisms present in the food. Exposure of larva or adult flies to the Gram-

negative bacteria results in the induction of the AMPs in the respiratory tract

(Ferrandon et al., 1998; Tzou et al., 2000; Wagner et al., 2008).

2.3 Through the Gut
Many insect species mainly feed on decaying or contaminated food and are

thus exposed to very large quantities of microorganisms. The gut is a tubular

epithelium composed of a monolayer of cells surrounded by visceral muscles

and tracheae. The tube structure of the digestive tract can be divided into

the foregut, midgut, and hindgut. The midgut is the main site of digestion

and food absorption and the one exposed to more pathogen threats.

A semipermeable chitinous layer, the peritrophic matrix, protects the epi-

thelium from physical damage and regulates the passage of particles between

the lumen and the enterocytes (Linser and Dinglasan, 2014). A chitin-

binding protein called Drosocrystallin (Dcy) has been identified as part of

the peritrophic matrix in the adult Drosophila midgut. Dcy-deficient flies

have a reduced peritrophic matrix and are more sensitive to pathogens

(Kuraishi et al., 2011).

As a result of Gram-negative bacteria and Gram-positive bacilli infection

in the gut, the immune deficiency (IMD) pathway is activated and AMPs

produced (Buchon et al., 2009; Ryu et al., 2006; Tzou et al., 2000). Flies

with deficiencies in this pathway are more sensitive to oral infections with

bacteria (Liehl et al., 2006; Nehme et al., 2007).

The gut defense also comprises the production of reactive oxygen species

(ROS) (Ha et al., 2005; Ryu et al., 2006). ROS are produced by the

NADPH oxidase Duox. ROS act eliminating bacteria by damaging

DNA, RNA, and proteins and also by producing the oxidative degradation

of lipids in cell membranes (Vatansever et al., 2013). Duox-RNAi flies are

more susceptible following infection with bacteria (Ha et al., 2005).

2.4 Through the Genital Organ
The genitalia are other organs potentially exposed to infectious organisms.

Traumatic mating is widespread in the animal kingdom and copulation can

251Antiviral Immune Response and the Route of Infection



involve the wounding of the mating partner (Lange et al., 2013). Drosophila

females present wounds on their genitalia after copulation (Kamimura,

2007). This has been postulated as a significant cause of infection in the wild

(Miest and Bloch-Qazi, 2008; Zhong et al., 2013). Highlighting the impor-

tance of this route of infection, many AMP genes are constitutively

expressed in male and female genitalia of Drosophila (Tzou et al., 2000).

3. DROSOPHILA: MOST COMMONMODES OF INFECTION

Different modes of infection are used to study host–pathogens inter-
actions in Drosophila (Fig. 2). Fruit flies can be infected by actively deliv-

ering the infective agent (bacteria, fungi, or virus) into the body cavity

(abdomen or thorax) of the adult or the larva (Neyen et al., 2014). This

is achieved by pricking the body cavity of the insect with a needle that

has been immersed in the pathogen, or by microinjection of the pathogen

directly into the body cavity, which might mimic the bite of the insect’s par-

asites or a wound in the cuticle. For example, it was shown that mites serve as

a vector to transmit bacteria from oneDrosophila species to another ( Jaenike

et al., 2007), and wounds left by mites can become secondarily infected by

bacteria in honey bees pupae (Kanbar and Engels, 2003). Alternatively, flies

with the first pair of legs cut and removed can be exposed to medium con-

taminated with bacteria (Kari et al., 2013). This method mimics injuries that

flies suffer in the natural habitat.

Although these approaches have been shown to be relevant for

identifying pathogen virulence factors and host defense mechanisms, they

bypass the entry of microbes through others routes of infection, such as

the gut, trachea, or genitalia. Additionally, the injury produced by the

inoculation could trigger immune mechanisms independent of the infection

(Chambers et al., 2014).

Drosophila are naturally exposed to pathogens while foraging on

decaying fruit, with the most common route of access of pathogens being

oral infection in the digestive system and/or contact with the tracheal sys-

tem. Different experimental methods for oral infection in Drosophila have

been described: exposing larvae with virus particles from the beginning of

the first instar (Gomariz-Zilber and Thomas-Orillard, 1993; Gomariz-

Zilber et al., 1995, 1998; Jousset and Plus, 1975; Lautie-Harivel, 1992;

Stevanovic and Johnson, 2015; Thomas-Orillard, 1984, 1988; Vale and

Jardine, 2015) or by feeding adult flies with a mix of food and pathogen solu-

tion (Ferreira et al., 2014; Gomariz-Zilber et al., 1995; Gupta et al., 2017a;

Jousset and Plus, 1975; Wong et al., 2016; Xu et al., 2013).
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Topical infection is another method of infection in which the pathogen

is put directly in contact with the host cuticle. This infection mode has

been used with the entomopathogenic fungi Metarhizium anisopliae that

infects via direct penetration on the host cuticle during spore germination

(Lu et al., 2015; Zhong et al., 2013).

Sexual

Oral

 Pricking

Genital

Topical

InjectionA B

DC 

E F 

Fig. 2 Modes of infection used in Drosophila under laboratory conditions. Pathogens
can be delivered by injection (A) or pricking (B) in the thorax or the abdomen. Alter-
natively, pathogens can be deposited over the cuticle (C) or orally ingested (D). Other
possible modes of infection include the deposition of pathogens in the male genital
plaque (E) or sexual transmission during mating (F).
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The genital plate of Drosophila males is also a route of pathogen entry in

males, and deposition of bacteria on genitalia is sufficient to trigger both sys-

temic and local expression of AMPs (Gendrin et al., 2009). Furthermore,

sexual transmission of bacteria and fungi from male to female during mating

was observed under laboratory conditions (Miest and Bloch-Qazi, 2008;

Zhong et al., 2013).

Interestingly, Martins et al. (2013) showed that host immune adaptation

depends on the infection route taken by pathogens. They tested the evolu-

tion of resistance of Drosophila melanogaster against the Pseudomonas entomo-

phila bacteria introduced through the cuticle (infection by pricking) or

through the gut (upon oral infection). The host evolved resistance toward

the bacteria for both routes of infection. However, adaptation to infection

through one route does not protect from infection through the other. This

route specificity indicates that the physiological mechanisms of resistance

and the evolutionary trajectories of adaptation differ for each route of infec-

tion. An example comes from a transcription profile analysis of Drosophila

larvae infected with bacteria by oral infection compared to injection; the

analysis showed that during oral infection genes related to the chitinous

peritrophic matrix and genes involved in general metabolism are the most

induced. These may reflect modifications that the gut cells undergo due

to the presence of bacteria in the food (Vodovar et al., 2005).

4. INFECTION OUTCOMES AND IMMUNE RESPONSES

A systemic infection is an infection in which the pathogen is distrib-

uted throughout the body rather than concentrated in one area. In contrast, a

local infection is an infection that has not spread but remains contained near

the entry site (Taber, 2017).

It is commonly accepted that bacterial systemic infections take place in

the body cavity of the insect and produce a systemic immune response that

concerns AMP production and release from the fat body into the hemo-

lymph, and hemocyte activation. On the contrary, a local infection takes

place in barrier epithelia such as the gut, the trachea, or the reproductive

tract. In this case, AMPs are expressed in the epithelia and produce a local

immune response (Lemaitre and Hoffmann, 2007). In Drosophila, AMP

expression is detected in most tissues that are in contact with the external

environment with a higher chance of encountering a pathogen

(Ferrandon et al., 1998; Tzou et al., 2000). The secretion of AMPs locally
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helps to prevent the spreading of infections and provides a first line of

defense, which does not require the triggering of a systemic response.

A septic injury in the body cavity of an insect is thought to start a

systemic infection. However, it has been shown that oral infections with

bacteria in Drosophila larvae (Basset et al., 2000; Vodovar et al., 2005) and

adults (Nehme et al., 2007) are capable of also inducing systemic immune

responses, even if bacteria only remain in the gut lumen (Liehl et al., 2006).

These results indicate that an infection initiated at the epithelia could produce

a systemic infection and trigger a systemic immune response. Similarly, in flies

injected with Drosophila C virus (DCV), the virus is detected throughout the

body. When flies are orally infected with DCV, the virus is found in other

organs beyond the gut, even in hemocytes, showing a similar tropism to that

of one after injection (Ferreira et al., 2014). Therefore, DCV is capable of

generating a systemic infection independently of the infection mode.

Inducible responses such as the Janus kinase/signal transducer and

activator of transcription (Jak–STAT), Toll, and IMD pathways (see

Section 5.2) also contribute to the antiviral host defense in Drosophila,

although they involve virus-specific mechanisms (in contrast to RNAi,

which is a general antiviral response) that remain poorly characterized.

For this reason, the production and release of AMPs from the fat body into

the hemolymph following a viral infection is not a good parameter to dif-

ferentiate local from systemic viral immune responses. One measurable

parameter that reveals a systemic viral response is the spread of antiviral sig-

nals from infection sites to distant uninfected tissues (Saleh et al., 2009). For

example, it was suggested that viral small RNAs act as an antiviral signal dur-

ing systemic spread of RNAi-based immunity (Tassetto et al., 2017).

To simplify the interpretation of results in the bibliography, we distinguish

the route of infection (through the cuticle, through the trachea, through the

gut, through the genital organ), from the mode of infection (injection, pric-

king, topical infection, genitalia or trachea infection, sexual transmission, oral

infection), and the infection outcome (systemic infection vs local infection)

from the immune response triggered (systemic vs local immune response).

5. DROSOPHILA ANTIVIRAL IMMUNE RESPONSES UPON
DIFFERENT ROUTES AND MODES OF INFECTION

Several natural viral pathogens have been described and used to inves-

tigate the genetic basis of antiviral resistance in Drosophila. The list includes

the natural RNA viruses of Drosophila: DCV (Jousset and Plus, 1975), Nora
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virus (Habayeb et al., 2006), Drosophila A virus (DAV) (Brun, 1980), Dro-

sophila X virus (DXV) (Teninges et al., 1979), Cricket Paralysis virus

(CrPV) (Johnson and Christian, 1996), and Sigma virus (Berkaloff et al.,

1965; Teissier, 1937). Also, nonnatural viruses of Drosophila have been

actively used as infection models: the RNA viruses Flock House virus

(FHV), Sindbis virus (SINV), Vesicular stomatitis virus (VSV), and the

DNA virus Invertebrate Iridescent virus 6 (IIV6).

As mentioned earlier, the infection route plays an important role in the

fate of the infection and the fate of the host. For instance, a DNAmicroarray

analysis of flies injected with DCV revealed that 140 genes were induced

after infection. Most AMP genes were not upregulated or were only weakly

upregulated by the infection (Dostert et al., 2005). However, the genes vir-1

(virus-induced RNA 1) and Vago (Deddouche et al., 2008; Dostert et al.,

2005) that are host factors involved in DCV replication were upregulated.

In another study the gene expression analysis was carried out in response to

an oral infection with DCV (Roxstrom-Lindquist et al., 2004). Interest-

ingly, only 80 genes showed upregulation in response to infection, and some

of these were the genes for the AMPs Attacin A, Cecropin A1, Cecropin A2,

Drosomycin, and Metchnikowin. Intriguingly, the genes vir-1 and Vago

were not upregulated. Even if the dramatic differences on gene expression

reported in both studies could be due to the different routes of virus infec-

tion, one cannot exclude that changes might be due to differences in the

experiment design and data analysis. Of note, a genome-wide transcriptome

study by next-generation sequencing of DCV-injected wild-type flies rev-

eled that just 31 genes were regulated by the infection (Merkling et al.,

2015b). The number and the identity of the upregulated genes are very dif-

ferent than those in the DNA microarray analysis discussed earlier (Dostert

et al., 2005).

With the current availability of next-generation sequencing techniques,

it would be useful to perform gene expression studies in which flies of the

same age, sex, genetic background, and reared in the same conditions are

infected with different doses of DCV by injection or by oral infection. Only

this kind of systematic and standardized comparative studies will shed light

on the molecular mechanism underlying the effect of the route and mode of

infection on the host immune response.

Below we will briefly describe the main responses involved in antiviral

immunity inDrosophila and their differential regulation/expression depending

on the infection route (Table 1). For more details in the different antiviral

responses, see Merkling and Van Rij (2013) and Mussabekova et al. (2017).
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Table 1 Antiviral Responses and Modes of Infection in Drosophila
Antiviral
Response Virus

Developmental
Stage Infection Mode Evidence References

RNA

interference

DCV, FHV,

SINV, CrPV,

DXV, VSV,

IIV6

Adult Injection

– Viral accumulation and

survival in mutant flies

– vsiRNA accumulation

– RNAi viral suppressors

Galiana-Arnoux et al. (2006),

Van Rij et al. (2006), Wang et al.

(2006), Zambon et al. (2006),

Mueller et al. (2010), and

Bronkhorst et al. (2012)

Jak–STAT

DCV, CrPV Adult
Intrathoracic

injection

– Transcriptional induction

– Viral accumulation and

survival in hopscotch mutant

flies

Dostert et al. (2005) and Kemp

et al. (2013)

DCV Adult
Intrathoracic

injection

– Transcriptional induction

– Survival in G9a mutant flies

(negative regulator of

JAK–STAT)

Merkling et al. (2015a)

SINV Adult

Intrathoracic

injection, fly line

expressing SINV

replicon

– Transcriptional induction

– Viral accumulation in AttC

knockdown flies

Avadhanula et al. (2009) and

Huang et al. (2013)

IMD

SINV Adult

Intrathoracic

injection, fly line

expressing SINV

replicon

– Transcriptional induction

– Viral accumulation in Relish

and in DptB mutant flies

Avadhanula et al. (2009) and

Huang et al. (2013)

SINV, VSV Adult
Intrathoracic

injection

– Transcriptional induction

– Survival in Diedel mutant

flies (negative regulator

of IMD)

Lamiable et al. (2016b)

Continued



Table 1 Antiviral Responses and Modes of Infection in Drosophila—cont’d
Antiviral
Response Virus

Developmental
Stage Infection Mode Evidence References

IMD

CrPV Adult
Abdominal

injection

– Viral accumulation and

survival in mutant flies
Costa et al. (2009)

DCV, SINV Adult Oral
– Viral RNA accumulation in

mutant fly intestines
Sansone et al. (2015)

Toll

DXV Adult Injection

– Transcriptional induction

– Viral accumulation and

survival in Dif mutant flies

Zambon et al. (2005)

DCV, CrPV,

FHV, Nora

virus

Adult Oral
– Viral RNA accumulation

and survival in mutant flies
Ferreira et al. (2014)

Phagocytosis

CrPV
Adult

Larva

Abdominal

injection

– Survival in phagocytosis-

inhibited flies

– Hemocytes depletion

during infection

Costa et al. (2009)

CrPV, FHV,

VSV
Adult

Intrathoracic

injection

– Survival and viral RNA

accumulation in

phagocytosis-inhibited flies

– Survival and viral RNA

accumulation in hemoless

mutant flies

Lamiable et al. (2016a)



Apoptosis

FHV Adult
Intrathoracic

injection

– Transcriptional and protein

induction

– Viral accumulation and

survival in mutant flies

Liu et al. (2013)

DCV Adult
Abdominal

injection

– Survival in phagocytosis-

inhibited flies

– Caspase activation in

infected flies

– Survival and viral

accumulation in engulfment

receptors mutant flies

Nainu et al. (2015)

Autophagy

VSV, RVFV Adult
Abdominal

injection

– Survival and viral

accumulation in mutant flies

Shelly et al. (2009) andMoy et al.

(2014)

VSV Adult
Intrathoracic

injection

– Survival and viral

accumulation in mutant flies
Lamiable et al. (2016a)

Vago DCV Adult
Intrathoracic

injection

– Transcriptional induction

– Viral accumulation in fat

body of Vago mutant flies

Deddouche et al. (2008)

Heat shock DCV, CrPV Adult
Intrathoracic

injection

– Transcriptional induction

– Viral accumulation and

survival in mutant flies

Merkling et al. (2015b)

pastrel

Ubc-E2H
DCV, CrPV Adult

Injection,

intrathoracic

pricking

– Knockdown of

polymorphisms result in

reduced fly survival

Magwire et al. (2012) and

Martins et al. (2014)

Continued



Table 1 Antiviral Responses and Modes of Infection in Drosophila—cont’d
Antiviral
Response Virus

Developmental
Stage Infection Mode Evidence References

dFOXO CrPV, FHV Adult Injection
– Survival in dFOXO null

mutant flies
Spellberg and Marr (2015)

Gut

microbiota
DCV, VSV Adult Oral

– Viral accumulation in

intestines of axenic flies
Sansone et al. (2015)

Wolbachia

DCV, CrPV,

FHV
Adult Injection

– Survival in Wolbachia-free

flies
Hedges et al. (2008)

DCV, FHV,

Nora virus
Adult

Intrathoracic

injection

– Survival and viral

accumulation in Wolbachia-

free flies

Teixeira et al. (2008)

DCV
Adult

Larva
Oral

– Survival in Wolbachia-free

flies

Ferreira et al. (2014) and

Stevanovic et al. (2015)

SINV Adult
Intrathoracic

injection

– Wolbachia increases the

expression of the Mt2

host gene

– Viral and RNA

accumulation in Mt2 loss-

of-function mutant flies and

in flies over expressing Mt2

Bhattacharya et al. (2017)



5.1 RNA Interference
When challenged with any virus, the most robust insect response is the

RNAi pathway. The most compelling results demonstrating the antiviral

role of RNAi come, once again, from Drosophila: (i) flies with loss-of-

function mutations for the three key genes of the small interfering RNA

(siRNA) pathway, Dicer-2 (Dcr-2), Argonaute 2 (Ago-2), and r2d2, show

increased sensitivity to infection by RNA and DNA viruses (Galiana-

Arnoux et al., 2006; Van Rij et al., 2006; Wang et al., 2006; Zambon

et al., 2006); (ii) Dicer-2-dependent 21-nucleotide siRNAs of viral origin

accumulate in virus-infected flies (Galiana-Arnoux et al., 2006; Wang

et al., 2006); (iii) several insect viruses express viral suppressors of RNAi

(Li et al., 2002; Nayak et al., 2010; Van Rij et al., 2006).

The importance of the RNAi pathway in the control of viral infections

has been confirmed in other insects, in particular, the disease vector mos-

quito genera Aedes and Culex, which transmit important human pathogens

such as dengue virus, West Nile virus, and other arthropod-borne viruses

(Brackney et al., 2009; Sanchez-Vargas et al., 2009).

Although the RNAi pathway has been proposed as the most important

antiviral mechanism in insects, all the studies conducted in Drosophila were

performed by injecting lethal doses of virus directly to the adult fly hemocel

and producing viral systemic infections (Galiana-Arnoux et al., 2006; Van

Rij et al., 2006; Wang et al., 2006; Zambon et al., 2006). The antiviral role

of RNAi during oral infections (mimicking natural infections by feeding)

remains to be confirmed.

5.2 Inducible Responses
Another component of the antiviral innate immune system are signal trans-

duction pathways resulting in changes in cellular gene expression, such as

theNF-κBpathways (Toll and IMD),which play essential roles in antibacterial

and antifungal responses, and the cytokine-activated Jak–STAT pathway.

Common downstream processes of these pathways include the production

of humoral factors, such as AMPs secreted from the fat body, and phagocytosis,

encapsulation, and melanization of the hemolymph (Lemaitre and Hoffmann,

2007). As alreadymentioned, their role during the antiviral response is second-

ary and involves virus-specific responses, which remain poorly characterized.

5.2.1 Jak–STAT Pathway
It was shown in Drosophila that injections with DCV and CrPV induce

the expression of Jak–STAT-dependent genes (Dostert et al., 2005;
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Kemp et al., 2013; Merkling et al., 2015a). Global transcription profiles of

flies injected with DCV showed induction of vir-1 dependent on Hop-

scotch, the sole Jak kinase of Drosophila. Deficient mutant flies in hopscotch

showed increased viral load and sensitivity to DCV and CrPV injection

(Dostert et al., 2005; Kemp et al., 2013). Thus, flies respond to DCV and

CrPV injection by inducing a transcriptional response mediated in part by

the Jak–STAT pathway. However, the overexpression of vir-1 or the knock-

down of vir-1 in flies did not affect resistance toDCV infection. This suggests

that vir-1 does not have a direct role in the immune control of DCV infec-

tion (Dostert et al., 2005).

In another study, reduced expression of STAT resulted in increased

production of SINV replicon, suggesting that the Jak–STAT pathway is

involved in controlling SINV replication (Avadhanula et al., 2009). Of note,

SINV replicon refers to a transgenic fly line that produces nonstructural

SINV proteins and is capable of autonomous replication. In addition, several

transcripts with STAT-binding sites are regulated by SINV infection, among

them the AMP attacin C (AttC). The knockdown of AttC in flies resulted

in an increase in virus titers after injection with SINV (Huang et al., 2013).

Interestingly, the histone methyltransferase G9a contributes to tole-

rance after viral infection by regulating the Jak–STAT pathway. In deficient

mutant flies for G9a, the hyperactivation of the Jak–STAT pathway has

been associated with an increase in lethality in DCV-injected flies

(Merkling et al., 2015a).

It is important to note that the involvement of Jak–STAT pathway in

the antiviral response in Drosophila has only been tested upon injection

of viruses or replicon systems.

5.2.2 IMD Pathway
Different studies show that the IMD pathway is involved in antiviral immu-

nity. Most of these studies were performed using viral replicons and viral

injections. One study showed that intrathoracic injections of SINV into

loss-of-function relishmutant flies produced higher viral loads and enhanced

viral replication compared to wild-type flies. An induction of AMPs Dip-

tericin and Metchnikowin was also detected using SINV replicon in flies

(Avadhanula et al., 2009). Moreover, it was found that Diptericin

B (DptB) was upregulated by the infection and flies with knockdown of

DptB showed an increase in virus titers (Huang et al., 2013). More recently,

it was shown that a protein encoded by Drosophila gene diedel (die) is
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induced after viral injection and also promotes host survival by modulating

the activation of the IMD pathway (Lamiable et al., 2016b).

In others experiments CrPV was injected into mutants of the IMD path-

way resulting in increased sensitivity to CrPV infection and higher viral load.

The infection in wild-type flies did not induce AMP production, but hemo-

cytes were depleted during the course of the infection (Costa et al., 2009).

These results suggest that activation of the IMD pathway can be uncoupled

from the induction of AMP genes and depends on cellular rather than

humoral mechanisms during viral infections.

A recent study used oral infection of mutant flies for key players of the

IMD pathway (Tak1, Relish, Imd). These flies displayed an increase in viral

replication specifically in the intestine upon DCV or SINV oral challenge.

Moreover, it was demonstrated that the microbiota in the fly gut activates

the IMD signaling and boosts the antiviral defense (Sansone et al., 2015).

See Section 6 for more information.

5.2.3 Toll Pathway
This pathway has been associated with resistance to the dsRNA DXV virus.

Infection with DXV leads to a strong induction of AMPs and a loss-of-

function mutant in Dif was more susceptible to viral challenge and allowed

increased viral replication, but the role of the Toll pathway in resistance to

DXV is not clear since other loss-of-function mutants from the pathway

(pelle, Toll, sp€atzle and tube) were not found to be more susceptible to

DXV infection. Constitutive activation of the pathway, in a Toll gain-of-

function mutant, also leads to higher susceptibility to DXV but decreases

in viral titer. This suggests that the constitutive activation of the Toll path-

way is able to retard viral replication but not to affect the global result of the

infection. It was proposed that DXV titer may be partially independent of

the pathogenic effects of infection (Zambon et al., 2005) and that Dif reg-

ulates antiviral activity by a nonclassical mechanism (Mussabekova et al.,

2017). Moreover, a direct antiviral activity of the induced AMPs could

not be established since enhanced expression of single AMPs did not alter

resistance to viral infection or viral titers (Zambon et al., 2005).

In recent work, the role of the Toll pathway in several RNA virus infec-

tions (DCV, CrPV, FHV, and Nora virus) was analyzed by comparing two

different infections routes: through the gut (oral infection) vs the cuticle

(pricking in the thorax). It was shown that several Toll pathway components

are required to resist virus oral infections but not infection by pricking. The

results showed that NF-κB-like transcription factors Dorsal, but not Dif, are
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required for viral resistance. Interestingly, DCV induced the translocation of

Dorsal from the cytoplasm to the nucleus in fat body cells after both types of

infections (oral and pricking). This indicates that the pathway is activated no

matter the infection mode, but is only effective during an oral infection

(Ferreira et al., 2014). These results confirm that the interaction of viruses with

Drosophila change with the route of infection and that the antiviral action of

the Toll pathway targets a step of the viral cycle specific to the infection route.

5.3 Cellular Responses
Phagocytosis, apoptosis, and autophagy are cellular processes that limit viral

replication anddissemination in insects. Their involvement in antiviral response

in Drosophila has also been investigated only in infections by injection.

5.3.1 Phagocytosis
It is a fundamental process in the immune response of animals, and it allows

for rapid engulfment of pathogens and apoptotic cells.

It was observed that phagocytosis-inhibited flies succumbed to CrPV

injection faster than controls flies indicating that phagocytosis is an important

antiviral mechanism (Costa et al., 2009). In addition, by injecting a panel of

different viruses in flies genetically depleted for hemocytes (blood cells), a

decrease in survival upon intrathoracic injection with CrPV, FHV, and

VSV, but not DCV, SINV, or IIV6 was observed (Lamiable et al., 2016a).

5.3.2 Apoptosis
The process of programmed cell death is considered a component of differ-

ent cellular processes as cell turnover, development, and functioning of the

immune system including the restriction of viral replication. Apoptosis limits

the time and the cellular machinery available for the virus, decreasing viral

dissemination in the viral host (Roulston et al., 1999). Evading or delaying

apoptosis is an important mechanism for some viruses to establish infection.

On the other hand, viruses may stimulate apoptosis at later stages of infection

to induce the breakdown of infected cells to favor viral dissemination.

Studies in Drosophila flies injected with FHV showed induction of

reaper, a proapoptotic gene, in a p53-dependent manner, indicating that

apoptosis is capable of limiting viral replication. Moreover, p53-deficient

mutant flies showed increased levels of FHV RNA and viral titers (Liu

et al., 2013). In addition, a mechanism of apoptosis-dependent phagocytosis

that removes virus-infected cells was induced in DCV-injected flies

(Nainu et al., 2015).
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5.3.3 Autophagy
It is a process by which cells degrade cytoplasmic components, including

organelles, through the lysosomal degradation pathway. Several studies have

implicated autophagy in restricting the replication and promoting the elim-

ination of pathogens, including bacteria, protozoa, and viruses (Levine et al.,

2009). It has been demonstrated that autophagy plays an important antiviral

role against VSV and Rift Valley Fever virus (RVFV) in adult flies. Trans-

genic flies depleted for different autophagy genes and injected with VSV or

RVFV becamemore sensitive to the virus and exhibited increased viral titers

(Lamiable et al., 2016a; Moy et al., 2014; Shelly et al., 2009). SINV, DCV,

CrPV, or IIV6 injected in Atg7 (protein involved in autophagosome

biogenesis)-deficient mutant flies did not show any difference in survival,

suggesting that autophagy is not an important mechanism for the replication

of these viruses (Lamiable et al., 2016a).

Of note, it was proposed that the Toll-7 receptor activates induced ant-

iviral autophagy and restricts viral replication against VSV and RVFV in flies

(Moy et al., 2014; Nakamoto et al., 2012). However, another study claims

that Toll-7 does not participate in the autophagy against VSV (Lamiable

et al., 2016a). All these results indicate that cellular antiviral responses in

Drosophila involve virus-specific mechanisms, which need to be studied

more thoroughly and should be verified using different infection routes.

5.4 Other Factors Involved in Antiviral Immunity
Other host factors have been identified as limiting or restricting viral repli-

cation in Drosophila.

5.4.1 Vago
Vago was identified as an upregulated RNA by microarray analysis of DCV-

injected flies (Dostert et al., 2005). DCV replication is increased in the fat

body ofVago loss-of-function mutant. However, these flies did not succumb

to DCV infection more rapidly than wild-type flies. The DExD/H-box

helicase domain of Dicer-2 was required for Vago induction, suggesting that

in addition to its involvement in RNAi, Dicer-2 senses dsRNA and triggers

an inducible antiviral response (Deddouche et al., 2008).

5.4.2 dFOXO
The Drosophila forkhead box O (FOXO) transcription factor binds to

the promoters ofAgo-2 andDcr-2 activating their transcription. dFOXO null

mutant flies are more sensitive to CrPV and FHV infection. This phenotype
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can be rescued by overexpressing Dcr-2, suggesting that the effect of

dFOXO on viral immunity is likely due to RNAi expression defects

(Spellberg and Marr, 2015).

5.4.3 Heat Shock Pathway
Analysis of global transcription upon DCV or CrPV injection in flies reveled

a strong induction of the heat shockRNAs.Moreover, mutant flies deficient

for the heat shock response are hypersensitive to the infection, and over-

expression of the heat shock proteins induces resistance to infection. These

results suggest that the heat shock response is important for the antiviral

response (Merkling et al., 2015b).

5.4.4 Polymorphisms and Virus Sensitivity
pastrel (Magwire et al., 2012; Martins et al., 2014) and Ubc-E2H

(Martins et al., 2014) are genes that are found as a cluster of polymorphisms

that have been associated with resistance or susceptibility to DCV or CrPV

viral injections, respectively. Importantly, the knockdown of pastrel or

Ubc-E2H led to a reduced survival upon challenge with DCV or CrPV,

but not FHV.

It remains to be demonstrated if Vago, dFOXO, the heat shock pathway,

and the described polymorphisms are involved in the antiviral response after

an oral challenge.

6. VIRUS–BACTERIA INTERACTIONS

Drosophila is associated with a microbiome that makes essential con-

tributions to the host health and physiology, including nutrition, metabolic

homeostasis, and mating preference (Mistry et al., 2016; Sharon et al., 2010).

The midgut microbiota influences nutrition, development, behavior, and

pathogen resistance (Buchon et al., 2013). The resident gut bacteria activate

the IMD signaling in intestinal epithelial cells, but the pathway is negatively

regulated to maintain the equilibrium and to prevent microbiota clearance

from the gut (Ryu et al., 2008). Antibiotic-treated flies (axenic flies, without

microbiota) showed higher viral replication levels in the intestine after an

oral challenge with DCV or VSV (Sansone et al., 2015). These results sug-

gest that the microbiota is required for the antiviral defense in the gut.

Intriguingly, when the survival of DCV orally infected axenic flies was ana-

lyzed by Ferreira and coworkers, there was no difference when compared

with nonaxenic-infected flies (Ferreira et al., 2014). This result suggests that
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microbiota could be important in controlling the local infection at the gut

level, but other antiviral mechanisms could be relevant in determine the out-

come of the infection.

Recently, it was shown that the nutrient responsive extracellular signal-

regulated kinase (ERK) pathway is a regulator of intestinal immunity against

different viruses. Using ERK pathway inhibitors and driving the reduction

of ERK in the gut by genetic knockouts, it was found that this pathway

restricts VSV, SINV, and DCV infection in the gut epithelia of orally

infected adult flies (Xu et al., 2013). Moreover, the ligand Pvf2 is induced

during a viral infection and activates the receptor tyrosine kinase (PVR),

which activates the ERK pathway in enterocytes. Additionally, the induc-

tion of Pvf2 is also induced by the gut microbiota signaling through the

NF-κB–IMD pathway, which primes the antiviral response (Sansone

et al., 2015). Interestingly these findings provide a link between the gut

as an active barrier against infection, the microbiota and the antiviral

responses in the host.

Wolbachia pipientis are maternally transmitted, obligatory intracellular

bacteria that infect a great number of species of arthropods and nematodes

(Werren et al., 2008).Wolbachia mediates protection in adult flies following

DCV, CrPV, FHV, or Nora virus injection (Hedges et al., 2008; Teixeira

et al., 2008). Interestingly, the sameDrosophila–Wolbachia associations have a

protective effect against DCV following oral infection in adults (Ferreira

et al., 2014; Stevanovic et al., 2015). The density of Wolbachia in adults

and larvae orally infected and adults infected by injection correlates with

protection against DCV (Osborne et al., 2012; Stevanovic et al., 2015);

however, changing gut microbiota composition does not seem to be the

way by which Wolbachia conveys antiviral protection to its host (Ye et al.,

2017). Recently, new evidence indicates that Wolbachia acts by increasing

the expression of the Drosophila methyltransferase geneMt2 to confer resis-

tance to a SINV infection by injection (Bhattacharya et al., 2017).

7. THE MOST STUDIED DROSOPHILA VIRUS: DCV

DCV is the most studied Drosophila natural pathogen, a positive sense

RNA virus that belongs to the Dicistroviridae family. Even though it is a

widespread pathogenic enterovirus, most studies involving DCV have been

performed by viral injections; while oral infection, probably the most fre-

quent route of infection, has largely been unexplored. In general, DCV

injected into flies causes complete mortality within 3–13 days postinfection,
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depending on the viral dose and the genetic background (Dostert et al.,

2005; Galiana-Arnoux et al., 2006; Jousset et al., 1972; Merkling et al.,

2015a; VanRij et al., 2006). It is also possible to generate sublethal infections

by injecting with low viral doses (Ferreira et al., 2014; Gupta et al., 2017a;

Longdon et al., 2013). DCV-injected flies have a reduction in metabolic

rate, an increase of fresh mass (Arnold et al., 2013) and a depression in loco-

motor activity (Arnold et al., 2013; Gupta et al., 2017a). Also, DCV suble-

thal injections were showen to increase fly fecundity (Gupta et al., 2017a).

From a cellular aspect, the clathrin-mediated endocytosis pathway is essen-

tial for infection and pathogenesis of DCV (Cherry and Perrimon, 2004).

Interestingly, midgut-specific genes are strongly repressed by infection. This

repression is associated with nutritional stress and an intestinal obstruction pro-

duced by a malfunctioning of the crop, a food storage organ (Chtarbanova

et al., 2014). It would be interesting to determine if themidgut gene repression

and the pathology affecting the crop are also observed upon an oral infection.

In different studies, when DCV was orally delivered in Drosophila

larvae, a preadult mortality was observed (Gomariz-Zilber and Thomas-

Orillard, 1993; Jousset and Plus, 1975; Stevanovic and Johnson, 2015;

Thomas-Orillard, 1988). Despite this increased death rate, a selective advan-

tage in the emerging DCV-infected adult flies was observed: (i) shorter

development time, (ii) an increase in the number of ovarioles and in the fresh

weight (Gomariz-Zilber and Thomas-Orillard, 1993; Thomas-Orillard,

1984), (iii) an increase in the egg production (Thomas-Orillard, 1990),

(iv) an increase in fertility (Thomas-Orillard, 1988). This selective advantage

could be due to a positive direct effect of DCV during the adult stage, but it

could also be due to an indirect effect of the selection process produced by

the infection. Maybe weaker larvae with lower fitness succumb to the infec-

tion, and the remaining population with the described advantages is selected.

When adult flies were orally infected with DCV, the infection was sub-

lethal (Gupta et al., 2017a), or lethal in just some flies (Ferreira et al., 2014;

Jousset and Plus, 1975; Wong et al., 2016). In orally infected adult flies the

benefits of DCV infections in fecundity were shown in only 2 of 10 genetic

backgrounds tested, and the locomotor activity was not affected (Gupta

et al., 2017a). However, in an ealier study in which flies were exposed to

a higher viral concentration, female flies showed reduced locomotor activity

(Vale and Jardine, 2015). The oral infection of adults was also associated with

a general reduction in fecal excretion (Gupta et al., 2017a), in concordance

with the phenotype of intestinal obstruction observed in DCV-injected flies

(Chtarbanova et al., 2014).
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8. DCV TROPISM AND THE INFECTION MODE

One of the most marked differences between a DCV infection

initiated by injection or by an oral infection in flies is related to the

fate of the infection. After a DCV injection, in most cases, all flies die.

Nevertheless, in flies orally infected or coming from infected larvae, a mor-

tality ranging from 10% to 25%, was observed, even when highly concen-

trated viral stock was used (Ferreira et al., 2014; Wong et al., 2016). This

suggests once again that the viral tropism, the immune response, and the

pathology associated with the infection could vary depending on the

infection mode.

Several studies addressed the localization of DCV in tissues after injection

in adult flies. The target organs were muscles surrounding the gut and tra-

chea, tracheal cells, follicular cells, and Malpighi tubes (Cherry and

Perrimon, 2004; Ferreira et al., 2014; Jousset et al., 1972; Lautie-Harivel,

1992; Lautie-Harivel and Thomas-Orillard, 1990). A more detailed analysis

of the digestive tract showed that DCV can also be detected in the muscles

surrounding the crop. Interestingly, this specific tropism was associated with

a failed crop function, which ultimately induced starvation in infected flies

(Chtarbanova et al., 2014). This result supports previous observations show-

ing that DCV infection produces an increase in fresh mass and a decreased

metabolic rate (Arnold et al., 2013).

In a comparative analysis of flies upon virus delivery by injection or

by oral infection, it was found that, independent of the delivery route,

DCV tropism remains the same (Ferreira et al., 2014). The virus was

detected by immunofluorescence in the fat body, visceral muscles of the

gut, gonads, and hemocytes. However, a closer look to these results revealed

that only 2 out of 20 orally infected flies show this widespread virus

distribution, with most of the infected flies showing virus at low intensity

only in the gut and the fat body. Intriguingly, all orally infected flies

showed viral presence when measuring DCV RNA levels of single flies

by qRT-PCR. It is however remarkable that the relative DCV levels at

20 days postinfection are lower than at 5 days (Ferreira et al., 2014). It was

also observed that flies from nature lose the virus through several passages

in laboratory conditions after being collected in the field (Jousset and Plus,

1975; Thomas-Orillard, 1984). These observations suggested that a mecha-

nism of control of the infection is involved, and that a viral clearance mech-

anism of DCV, so far unreported, could exist.
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In another study DCV was detected in the intestinal visceral muscles

in only 4% of the orally infected flies (Xu et al., 2013). This observation sug-

gests that in most oral infections of DCV, the virus could localize and be

controlled locally at the gut level. In some cases, the virus would be capable

of breaching the midgut barrier, infecting the visceral muscles, reaching the

hemolymph, spreading systemically, and eventually killing the fly. How-

ever, this hypothesis should be tested by performing a more exhaustive

immune-staining analysis or by directly searching for the presence of

DCV in fly hemolymph after an oral infection.

So far, only one study (Lautie-Harivel, 1992) analyzed the DCV tropism

in Drosophila larvae infected orally and in the adults derived from these lar-

vae. First instar larvae were exposed to DCV until the beginning of the third

instar when they were collected and immunostained for DCV localization.

The virus was principally detected in larvae that seemed unhealthy (those

that move more slowly) in the lumen of the digestive tract and in the basal

part of gut cells. Once again, two different scenarios could explain this obser-

vation: (i) DCV immunostaining is not sensitive enough to detect the virus

when replication is weak and (ii) not all larvae became infected. In support of

the first scenario, the viral infection was confirmed by a biological test,

which consists of injecting a filtered crushing of the supposedly contami-

nated larvae into noninfected flies and scoring mortality. However, one

can speculate that even if larvae were treated to eliminate the virus that

was fixed on the exterior cuticle, the input virus could remain in the gut

and does not reflect viral replication. Indeed, a study showed that DCV viral

replication was only detected in only 10%–20% of larvae exposed to DCV

(Stevanovic and Johnson, 2015). These differences in virus replication

between larvae could explain the largely reported partial preadult mortality

mentioned earlier.

Regarding the tissue tropism in adult flies derived from infected larvae,

unexpectedly DCV was not detected by immunostaining in any of the tis-

sues analyzed, even if the virus was detected by a biological test (Lautie-

Harivel, 1992). Other study showed that in the emerging adults there was

no virus actively replicating (Stevanovic and Johnson, 2015). These results

suggest that adult flies coming from larvae infected with DCV are carrying

the virus, but that the virus is not actively replicating. This observation

negates a direct effect of viral replication in the adult stage on the selective

advantage observed in the emerging DCV-infected adult flies (discussed

earlier). Nevertheless, data produced in our own laboratory show that

adult flies from infected larvae display a 15% mortality, and that the virus
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is actively replicating in adult emerged flies ( Juan A. Mondotte et al.,

unpublished). These results highlight that variables, such as the DCV and

fly strain used, viral concentration, time of infection, etc., are important

to consider and could change the fate of the infection and the interpretation

of the biological process.

9. CONCLUSIONS AND FUTURE PERSPECTIVES

The use of Drosophila as a model organism has made an important

contribution to our understanding of the function and regulation of innate

immunity in insects. Indeed, insects can discriminate between different

types of pathogens and mount specific and effective responses. Strikingly,

the same pathogen can trigger a different immune response in the same

organism, depending solely on the route of infection by which the pathogen

is delivered.

Different modes of infection have been used to study virus–host patho-
gens. Direct injection of the virus provides an efficient and reproducible

mode of infection that has been widely used to understand the antiviral

response of the host, to determine host factors involved in the control of

the infection, and to identify suppressors encoded by viruses to avoid the

antiviral response. Nevertheless, special attention should be paid to oral

infections that are probably the most common route of infection during

the natural insect life cycle. During an oral infection, viruses face specific

antiviral pathways in the gut and trigger different immune responses com-

pared to direct injection, and are probably subject to more layers of control.

However, there are several limitations to the use of oral infections as a stan-

dard procedure in the laboratory, and the control of viral input and the

developmental stage of the insect at the moment of infection represent a

major challenge for this approach.

Analysis of immunity in the gut deserves special attention in light of its

importance to restrict dissemination of viruses and the complexity imposed

by the microbiota. Due to the current outbreaks of emerging and remerging

mosquito-borne viral diseases, mosquitoes are being used more frequently

as a model insect in laboratories. As the possibility of using genetically

modified mosquitos become more accessible, it becomes of crucial impor-

tance to confirm findings of antiviral immunity discovered in Drosophila

in mosquito using similar infection routes.

To conclude, one key message from this review is that the literature con-

cerning the insect antiviral response is sparse, fragmentary, and sometimes
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inconsistent. The use of different insect and virus models, inoculation routes,

and different experimental conditions makes it difficult to compare results

on the mechanisms involved in response to virus infection. Systematic

and standardized approaches are needed before any conclusions can be

drawn on the antiviral activity of immune pathways in insects.
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