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Abstract

Insects represent over 70% of all animal species. Recent virome analyses reveal unprecedented
genetic diversity of insect viruses, which appears to match that of their hosts. Thus, insect-virus
interactions may provide information on a vast repertoire of antiviral immune mechanisms.
Tapping into this diversity is challenging because of several constraints imposed by the uniqueness
of each insect model. Nevertheless, it is clear that many conserved and divergent pathways
participate in the control of viral infection in insects. Co-evolution between hosts and viruses
favors the development of immune evasion mechanisms by the pathogen. Viral suppressors can
offer unique perspective on host pathways and emphasize the importance of RNA interference,
apoptosis, but also NF-xB pathways and translation control in insect antiviral immunity.

Introduction

Viruses are an important burden for all living organisms. These obligate intracellular
pathogens are intimately associated with host cells, hijacking their machineries to replicate.
As a result, viruses exert great selective pressure on their host to evolve resistance pathways.
These, in turn, favor the adaptation of viruses to escape antiviral mechanisms. This arms
race favors the diversification of host-defense and virus escape mechanisms. It is therefore
instructive to investigate virus-host interaction in a range of animals, to sample in depth the
diversity of antiviral strategies. Insects represent the largest and most diverse group of
animals, with over 70% of all species [1]. Although the number of known insect viruses does
not outnumber that of other animals, it is becoming apparent that their diversity is
unprecedented [2,3]. Besides tapping into biodiversity, there are other reasons to specifically
study antiviral immunity in insects. For example, several important human diseases, such as
dengue and zika fevers, are caused by insect-borne viruses. In addition, viruses infecting
beneficial insects such as bees or silkworms can cause important economic losses. Finally,
viruses can be used as biological control agents against pest insects. Here, we give a broad
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overview of pathways involved in insect antiviral immunity. We discuss the challenges
associated with studies on insect-virus interactions and illustrate how the identification of
evasion mechanisms encoded by viruses can validate antiviral pathways.

General overview of antiviral pathways in insects

RNA interference (RNAI) is often described as the major antiviral pathway in insects (e.g.
mosquitoes, flies, bees, lepidopterans and even non-insect arthropods such as ticks) [4-12].
RNAI refers to a series of mechanisms of gene regulation mediated by small RNAs
associated with proteins of the Argonaute family that drive degradation of viral RNA in a
sequence specific manner [13]. In insects, two distinct types of virus-derived small RNAs,
small interfering RNAs (siRNAs) and piwi-interacting RNAs (piRNAs), have been detected
in vivo[14,15].

Programmed cell death is another broad strategy to control viruses in insects by eliminating
infected cells [16—19]. Cell death can stop viral replication before it is completed and also
promote clearance of infected cells by phagocytes thus preventing dissemination. Indeed, in
Drosophila, control of FHV and picorna-like viruses, Drosophila C virus (DCV) and Cricket
paralysis virus (CrPV), requires blood cells (hemocytes) and phagocytosis /n vivo [20,21].
Hemocytes may also be important to initiate systemic inducible responses.

Insects, like most organisms, mount a transcriptional response to virus infection. Indeed, the
transcriptome of virus-infected insects such as mosquitoes, flies, bees and silkworms reveals
that expression of large sets of genes is upregulated (e.g. [22—-26]). This requires, at least in
part, evolutionary conserved pathways such as Jak-STAT or NF-xB. In fruit flies, Aedesand
Culex mosquitoes, the cytokine activated Jak/STAT pathway controls the expression of
antiviral genes in response to infection with DCV, Dengue virus (DENV) and West Nile
virus (WNV) [23,26-28]. Moreover, the Toll and IMD pathways, which regulate different
members of the NF-xB family of transcription factors, have also been reported to participate
in the antiviral response against DCV, CrPV, Sindbis virus (SINV) and DENV in Drosophila
and mosquitoes [24,29-31]. Although many examples of transcriptional responses have been
described, the mechanism of activation and the function of induced genes remain poorly
characterized.

In addition, several other pathways have been reported to play a role in insect antiviral
defense, such as the ubiquitin proteasome pathway, autophagy or heat-shock response
[12,20,26,32]. This plethora of insect strategies to counteract viruses may reflect the
selective pressure these pathogens impose on a very diverse group of hosts. There is still is a
large diversity of pathways that remain unknown, but studies of insect antiviral immunity
need to take into account the restricted tools available and their inherent limitations.

Constraints on studies in insect antiviral immunity

Many studies on insect antiviral immunity are based on cell lines, which offer the advantage
to work on a more homogenous cell population where it is easier to control the timing and
multiplicity of infection. However, the interpretation of these results need to take into
account some limitations of cell lines such as (i) unclear origin, (ii) changes due to
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immortalization, (iii) lack of input from other cell types that are present /n vivoand (iv)
presence of persistent virus infections, which can interfere with studies of antiviral defense.
Furthermore, insect cell lines are not available for most species, and when they exist, their
number is limited.

Cell lines are well suited to perform genome-wide RNAI screens based on dSRNA-mediated
gene silencing. These have been instrumental to dissect different antiviral pathways both /n
vivoand in cell culture. One caveat with RNA. is the risk to silence off-target genes, which
complicate data interpretation [33]. Therefore, phenotypes observed upon gene silencing,
both /n vivoand in cell culture, need to be confirmed with real mutants, if possible, or with
independent dsSRNAs targeting different regions of the target gene. The availability of gene
editing mediated by CRISPR/Cas systems can greatly help in future studies on insect
immunity, although it also requires validation due to possible off-target effects.

Even the strong genetic evidence provided by /7 vivo studies with mutants, need to take into
account for the heterogeneity of the genetic background in non-isogenic insect strains. Even
in the most common insect model, Drosophila melanogaster, polymorphisms in host
restriction factors can significantly affect the outcome of viral infection (e.g. [34,35]). This
needs to be addressed, ideally by performing rescue experiments in the same genetic
background. For in vivo experiments, the route of infection also becomes an important issue.
Direct injection of viruses into the animal body cavity (hemocoele) is often utilized, as it
provides an efficient way to control timing and multiplicity of infection. However, direct
hemocole injection is probably not the most common route of infection during an insect life
cycle, even though there are natural examples such as when mites act as vectors for the
systemic delivery of Deformed Wing virus in bees [36]. Oral infections are likely more
prevalent and may trigger different systemic responses compared to direct hemocoele
infection (e.g. [37]). Control of the timing and multiplicity of infection is a major challenge
for the oral delivery of viruses. /n vivo, there are also other issues such as the relevant
developmental stages. For example, adult mosquitoes get exposed to viruses when blood
feeding, whereas Lepidoteran insects do not feed as adults, and only get exposed at the
larval stage.

Finally, the virus utilized will influence the results on insect antiviral immunity. Insect
viruses that have been used can be divided into opportunistic or natural pathogens, both of
which can cause acute or persistent infections [38]. Opportunistic or non-natural pathogens
are less likely to be well adapted to the host and thus more likely to reveal antiviral
mechanisms [12]. Natural viruses, on the other hand, might not activate these mechanisms
because they either encode suppressors or avoid recognition. In fact, the presence of specific
suppressors of a host pathway in a virus can be used as a validation of the importance of this
pathway for antiviral immunity. For example, studying viral evasion proteins, such as many
encoded by Vaccinia virus, has provided valuable information about the antiviral response
not only in mammals but also insects [12]. Below, we focus on antiviral pathways that are
targeted by suppressors proteins encoded by insect viruses (Figure 1).
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Host antiviral pathways targeted by insect viruses

Viral suppressors drive the rapid evolution of the siRNA pathway

The siRNA pathway is activated by dsSRNA commonly generated as a byproduct of viral
replication. The nucleic acid sensor named Dcr-2, which contains helicase and RNase 111
domains, recognizes viral dSRNA. Dcr-2 processes the dsRNA into duplex siRNAs that
associate with a specific argonaute protein known as AGO2. One of the strands of the duplex
SiRNA remains associated with AGO2 to form the RNA induced silencing complex (RISC).
This multiple turnover nuclease can slice and degrade RNAs that possess complementary
sequences. During viral infection, this mechanism is able to effectively silence viral RNAs
and inhibit replication [13]. The importance of the siRNA pathway for the antiviral defense
is underlined by the variety of viral suppressors of RNAi (VSRs) encoded by insect viruses,
acting at different steps of the pathway (Figure 1a). Some VSRs directly bind long dsSRNA
and prevent processing by Dcr-2 (DCV-1A, FHV-B2, 11V6-340R, and VVP3 from the
birnaviruses Drosophila X virus and Culex Y virus) [7,39-41]. With the exception of
DCV-1A, these suppressors bind siRNAs /n vitro, suggesting they also inhibit the pathway
postprocessing of long dsRNA. Other VSRs directly bind to AGO2 and inhibit target slicing
(CrPV-1A and VP1 from Nora viruses) [42,43]. The importance of VSRs is highlighted by
experiments on FHV demonstrating that the virus is efficiently controlled by the SIRNA
pathway upon deletion of the VSR B2 [44].

Nora viruses (NV) define a new family related to picornaviruses and have been identified in
different drosophila species. They provide a good example of the co-evolution between
VSRs and the host siRNA pathway machinery. Indeed, VP3 from NV isolated from D,
immigrans can efficiently bind to and inhibit AGO2 from this species, but not from the
related species D. melanogaster [43]. This species-specificity can be explained by the
evolution of AGOZ, which is among the fastest evolving genes in Drosophila [45]. Thus, the
arms race between the virus and its host puts selective pressure onto genes encoding
components of the siRNA pathway to escape targeting by VSRs. The rapid evolution of
RNAI genes is also observed in mosquitoes, underlying the importance of this antiviral
pathway at least in Dipteran insects [46].

Inhibitors of apoptosis in insect DNA viruses

Apoptosis can restrict viral replication and function as an antiviral response. The hallmark of
apoptotic cell death is the activation of a cascade of cysteine proteases (caspases) involving
initiator and effector enzymes. The activity of caspases is tightly regulated by cellular factors
including the Inhibitors of Apoptosis Proteins (IAPs). Apoptosis can be rapidly activated
during viral infection by different mechanism, such as induction of pro-apoptotic genes or
degradation of labile IAPs. For example, in Drosophila cells infected with FHV activation of
p53 leads to induction of the pro-apoptotic gene reaperthat blocks the activity of 1APs [19].
In baculovirus infected Lepidopteran cells, inhibition of host translation leads to depletion of
cellular 1APs, whose stability is tightly regulated [18]. Indeed, Lepidopteran and Drosophila
IAPs contain N-terminal instability motifs that are targeted by different signaling pathways
in response to virus infection [47].
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Different insect DNA viruses belonging to the families of Baculo-like viruses (Baculovirus
and Nudiviruses), Entomopoxviruses, Iridoviruses and Asfarviruses, encode inhibitors of
apoptosis. These can be divided in two groups based on the mechanism of action: the viral
IAPs and the p35-like suicide caspase inhibitors [48] (Figure 1b). In fact, IAPs were first
described as viral proteins encoded by baculoviruses. Unlike their cellular counterparts,
VIAPs lack an N-terminal instability motif [47]. As a result, they act by stabilizing cellular
IAPs, thus preventing apoptosis in infected cells as recently shown for the prototypical
baculovirus Op-1AP3 from Orgya pseudotsugata multiple nucleopolyhedrovirus [18]. The
p35 suppressor from Autographa californica multiple nucleopolyhedrovirus functions as a
substrate for effector caspases such as DRICE, while the related p49 suppressor from
Spodoptera littoralis nucleopolyhedrovirus has the potential to block both initiator and
effector caspases [48]. Deletion of the genes encoding suppressors of apoptosis results in
increased cell death and attenuation of the infection.

Inhibition of translation as an antiviral mechanism in insects

Inhibition of translation is commonly observed in virus infected insect cells, suggesting that
it could contribute to the control of viral replication. Indeed, control of translation initiation
by elF2a kinases is an important antiviral pathway in mammals. These enzymes
phosphorylate the a subunit of translation initiation factor 2, which prevents translation
initiation in eukaryotes. There are four elF2a kinases in mammals, GCN2, HRI, PERK and
PKR, of which PKR is the major antiviral player although GCN2 and PERK may also
participate in specific cases. Insects lack PKR but most of them have orthologs for the other
three elF2a kinases [49]. Interestingly, HRI-like kinases seem to have independently
developed an antiviral function in insects. Mammalian viruses often encode PKR inhibitors,
which reinforce the role of this kinase in antiviral defense. Interestingly, a subset of
Alphabaculoviruses encode a homolog of elF2a kinases named PK2. This homolog
interferes with dimerization and activation of elF2a kinases(Figure 1c). During infection /n
vivo, it blocks HRI-like kinase-dependent phosphorylation of elF2a and allows full viral
replication. pk2 deficient baculoviruses induce high level of elF2a phosphorylation and are
attenuated [49].

Virokine suppressors of IMD controlled inducible response

The regulatory cytokine named Diedel was recently identified in Drosophila and shown to
act as an inhibitor of the IMD pathway [50]. Diedel is essential to ensure fly survival during
SINV infection by modulating the activation of the IMD pathway. Indeed, there are
indications in different insects that the inducible response regulated by IMD/NF-xB pathway
can contribute to antiviral defense [29-31]. How this pathway gets activated remains unclear
at this stage, although in Cu/ex mosquitoes it involves Dicer-2, the same dsRNA sensor as
for the siRNA pathway [29].

Several insect viruses from the Ascovirus, Entomopoxvirus and Baculovirus families encode
Diedel homologs [50] (Figure 1d). Furthermore, the Diedel homolog encoded by Spodoptera
frugiperaa ascovirus 1a can functionally substitute the cellular protein and inhibit the IMD
pathway in Drosophila. Although the antiviral effector mechanism regulated by IMD
remains unknown, the fact that several unrelated insect viruses encode Diedel homologs
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stresses the value of exploring further the contribution of this evolutionary conserved
pathway.

Concluding remarks

In conclusion, there are multiple layers of insect antiviral defense that relies on conserved
but also divergent pathways. Some mechanisms are insect-, tissue- or virus-specific,
highlighting the importance to investigate virus-host interactions in the right context. For
example, in the case of oral infections, viruses face tissue specific antiviral pathways in the
gut and during systemic dissemination. Analysis of antiviral immunity in the gut deserves
special attention in light of its importance to restrict dissemination of insect-borne viruses
and the complexity imposed by the microbiota [8,24].

Full understanding of antiviral immunity is very challenging if the diversity of pathways
approaches that of insect hosts. Nevertheless, these studies will be very instructive because
they will reveal original antiviral strategies and weak spots in viruses. To meet this
challenge, the community of insect immunologists can take advantage of new tools that are
becoming available. For example, the genomic revolution is rapidly increasing the number
of sequenced insect genomes and leading to the discovery of novel viruses [1- 3,15]. Thus,
genomic data mining of divergent insect-viral pairs can help identify viral escape
mechanisms and reveal novel antiviral pathways.
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Highlights
. Insect antiviral immunity involves a diverse set of pathways
. Unique caveats are associated with studies of insect antiviral pathways
. An unprecedented diversity of viruses co-evolved with the insect
immune system
. Virus immune evasion mechanisms validate the importance of antiviral

pathways
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Figure 1. Insect antiviral pathways targeted by viruses
() Multiple insect viruses encode virus suppressors of RNAI (VSRs) that can interfere with

the siRNA pathway at different steps. Some VSRs can block activation by hiding dsSRNA
from the Dcr-2 while others can bind siRNAs or interfere with RISC directly. (b) Apoptosis
triggered in infected cells can interfere with viral replication and is targeted by diverse virus-
encoded mechanisms such as inhibitors of apoptosis proteins (IAPs) or caspase inhibitors of
the p35 family (p35 and p49). (c) In insects, translation is inhibited in virus-infected cells by
activation of HRI-like elF2a kinases. Baculoviruses encode PK2, a homolog of elF2a
kinases, that can prevent phosphorylation of elF2a and translation inhibition. (d) Regulation
of the insect IMD/NF-xB pathway by the immunomodulatory cytokine Diedel is important
to control both the antiviral response as well as homeostasis. Different insect viruses encode
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a co-opted version of this endogenous inhibitor of the IMD pathway. See text for more
details.
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