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GPCRs in invertebrate innate immunity

G-protein coupled receptors (GPCRs) represent a privileged point of contact between cells and their surrounding environment. They have been widely adopted in vertebrates as mediators of signals involved in both innate and adaptive immunity.

Invertebrates rely on innate immune defences to resist infection. We review here evidence from a number of different species, principally the genetically tractable Caenorhabditis elegans and Drosophila melanogaster that points to an important role for GPCRs in modulating innate immunity in invertebrates too. In addition to examples of GPCRs involved in regulating the expression of defence genes, we discuss studies in C. elegans addressing the role of GPCR signalling in pathogen aversive behaviour. Despite the many lacunae in our current knowledge, it is clear that GPCR signalling contributes to host defence across the animal kingdom.

Introduction

Compared to the extensive literature linking G-protein coupled receptors (GPCRs) to immunity in vertebrates, the subject has been relatively poorly explored in invertebrate animals. In this review, we will cover early biochemical studies using the horseshoe crab, then more recent work with the genetically tractable models Caenorhabditis elegans and Drosophila melanogaster, and lastly a brief overview of research with diverse non-model systems. For the sake of restricting this review to a single phylogenetic group of animals, we will not include any studies on chordates, such as Ascidians.

Lacking adaptive immunity, invertebrates rely on their innate immune system to defend themselves against infection. The first step in triggering an immune response involves recognition of stranger/danger signals. Stranger signals are molecular hallmarks of a particular group of microbial species, hence their alternative name of microbe/pathogen-associated molecular patterns (MAMP/PAMP). The archetypal MAMP is lipopolysaccharide, an indispensable component of the outer membrane of Gram-negative bacteria. MAMPs are recognized by dedicated receptors, such as Tolllike receptor (TLR) 4 in vertebrates [START_REF] Kawai | The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors[END_REF]. Danger signals, also known as damageassociated molecular patterns (DAMPs), on the other hand, can be endogenous molecules, like mitochondrial proteins or ATP, aberrantly released into the extracellular milieu [START_REF] Heil | Danger signals -damaged-self recognition across the tree of life[END_REF]. The molecular architecture of GPCRs is particularly well suited to allow binding of diverse chemical structures, from small organic molecules to neuropeptides (reviewed in [START_REF] Kooistra | From three-dimensional GPCR structure to rational ligand discovery[END_REF]). They are thus good candidates for mediating perception of diverse danger signals in host cells.

GPCRs in horseshoe crab immunity

LPS-triggered signalling

The first indications of a role for GPCRs in defence came from work with horseshoe crabs. These are large, evolutionary ancient, marine arthropods, with a predicted origin some 450 million years ago. Of the 4 known species, primarily Limulus polyphemus and Tachypleus tridentatus have been used in research. Their blood contains motile cells called hemocytes or amebocytes, which are thought to play a similar role in host defence to macrophages in vertebrates. More than half a century ago, it was shown that exposing Limulus blood to Gram-negative bacteria provoked a rapid coagulation [START_REF] Bang | A bacterial disease of Limulus polyphemus[END_REF]. This response requires exocytosis of the clotting factor coagulogen, and is triggered by recognition of bacterial lipopolysaccharide (LPS) [START_REF] Osaki | Structure and function of coagulogen, a clottable protein in horseshoe crabs[END_REF].

Interestingly, coagulogen is structurally similar to the Drosophila protein spaetzle [START_REF] Bergner | Crystal structure of a coagulogen, the clotting protein from horseshoe crab: a structural homologue of nerve growth factor[END_REF].

In both species these proteins are ligands for immune receptors of the Toll family required for activation of the key transcription factor NFκB. This has led to the suggestion of an evolutionary ancient origin for NFκB signalling in defence throughout animals [START_REF] Wang | Evidence for the ancient origin of the NF-kappaB/IkappaB cascade: its archaic role in pathogen infection and immunity[END_REF]. LPS recognition itself relies on the zymogen factor C [START_REF] Kobayashi | The N-terminal Arg residue is essential for autocatalytic activation of a lipopolysaccharide-responsive protease zymogen[END_REF].

Binding of LPS triggers an auto-activation of factor C to give rise to an active serine protease. By analogy with the activation of vertebrate GPCRs of the proteaseactivated receptor family (PARs) by thrombin, it is believed that the factor C protease would cleave the N-terminus of an as yet unidentified GPCR leading to the activation of diverse cellular responses (Figure 1; reviewed in [START_REF] Kurata | Recognition of pathogens and activation of immune responses in Drosophila and horseshoe crab innate immunity[END_REF]). There are clear parallels between this system and the PAR-dependent activation of NFκB in vertebrates [START_REF] Cunha | DAMP signaling in fungal infections and diseases[END_REF].

Potentiation by tachyplesin

Hemocytes can also be activated in the absence of LPS by host-derived peptides including tachyplesin [START_REF] Ozaki | An antimicrobial peptide tachyplesin acts as a secondary secretagogue and amplifies lipopolysaccharide-induced hemocyte exocytosis[END_REF], originally described as an antimicrobial peptide (AMP) [START_REF] Nakamura | Tachyplesin, a class of antimicrobial peptide from the hemocytes of the horseshoe crab (Tachypleus tridentatus). Isolation and chemical structure[END_REF]. Tachyplesin can interact in vitro with G o α and G i α proteins from bovine brain, and both U-73122, an inhibitor of phospholipase C, and pertussis toxin, a G protein inhibitor, strongly inhibit hemocyte exocytosis. Although tachyplesin has not been demonstrated to activate G proteins, these results provide further evidence for a role of GPCR signalling in horseshoe crab defence and suggest that a positive feedback mechanism for hemocyte secretion exists [START_REF] Ozaki | An antimicrobial peptide tachyplesin acts as a secondary secretagogue and amplifies lipopolysaccharide-induced hemocyte exocytosis[END_REF].

GPCRs in worm immunity

Defence via CO 2 /O 2 detection and chemical sensing

Nematodes live in a microbe-rich environment and eat bacteria. They need to be able to distinguish innocuous bacteria from potential pathogens. Data from a broad range of species indicates that the Toll-like receptor (TLR) -NFκB signalling axis mentioned above has been lost from nematodes [START_REF] Sullivan | Two alleles of NF-kappaB in the sea anemone Nematostella vectensis are widely dispersed in nature and encode proteins with distinct activities[END_REF]. There are no obvious NFκB orthologs in worms and although C. elegans has one TLR, TOL-1 [START_REF] Pujol | A reverse genetic analysis of components of the Toll signalling pathway in Caenorhabditis elegans[END_REF], it appears not to have a direct role in host defence (reviewed in [START_REF] Ewbank | Local and long-range activation of innate immunity by infection and damage in C. elegans[END_REF]). It does, however, have the potential to influence the interaction between C. elegans and bacteria, including pathogens [START_REF] Pujol | A reverse genetic analysis of components of the Toll signalling pathway in Caenorhabditis elegans[END_REF] since tol-1 is required for the terminal differentiation of a class of neurons required for detection of CO 2 [START_REF] Brandt | Toll-like Receptor Signaling Promotes Development and Function of Sensory Neurons Required for a C. elegans Pathogen-Avoidance Behavior[END_REF]. Like any metabolically active bacteria, pathogens will produce CO 2 , and locally depress O 2 levels. C. elegans is believed to measure gradients of O 2 and CO 2 to guide it to bacteria. It also integrates a variety of other sensory cues, both attractive and repulsive, via GPCR chemoreceptors [START_REF] Li | Aversion and attraction through olfaction[END_REF], to distinguish good from bad food. C. elegans thus has the capacity to recognise different foods and make choices based on the CO 2 /O 2 balance in combination with several other factors, including via chemosensation [START_REF] Shtonda | Dietary choice behavior in Caenorhabditis elegans[END_REF].

G i α-like protein ODR-3 and the GPCR kinase GRK-2 in Serratia marcescens avoidance

As an example, C. elegans detects the Serratia marcescens-derived surfactant serrawettin W2 via the AWB chemosensory neurons and is repelled by it, even in the presence of an attractive CO 2 /O 2 environment. Thus worms will avoid a bacterial lawn that contains serrawettin W2 [START_REF] Pradel | Detection and avoidance of a natural product from the pathogenic bacterium Serratia marcescens by Caenorhabditis elegans[END_REF]. Since S. marcescens is a pathogen of C. elegans [START_REF] Kurz | Virulence factors of the human opportunistic pathogen Serratia marcescens identified by in vivo screening[END_REF], this clearly has the potential to contribute to host survival. The AWB neurons express a range of GPCRs that all require the G i α-like protein ODR-3 and the GPCR kinase GRK-2 for their function in chemosensation [START_REF] Troemel | Reprogramming chemotaxis responses: sensory neurons define olfactory preferences in C. elegans[END_REF][START_REF] Fukuto | G protein-coupled receptor kinase function is essential for chemosensation in C. elegans[END_REF]. Phosphorylation by GRKs allows GPCRs to bind the negative regulatory protein arrestin. This blocks further G protein-mediated signalling and targets GPCRs for internalization. Mutants in either odr-3 or grk-2 are defective in their avoidance of lawns containing serrawettin W2, suggesting a role for one or more GPCR in this type of pathogen avoidance behaviour [START_REF] Pradel | Detection and avoidance of a natural product from the pathogenic bacterium Serratia marcescens by Caenorhabditis elegans[END_REF].

GPCR signalling in Pseudomonas aeruginosa avoidance

Worms also avoid the pathogen Pseudomonas aeruginosa. This was shown recently to depend on detection of the bacterial secondary metabolites phenazine-1carboxamide and pyochelin. These are recognised by an as yet undefined GPCR that acts via the Gα proteins GPA-2 and GPA-3. One consequence of this chemosensation is an increased neuronal secretion of the TGFß orthologue DAF-7. This cytokine modifies how worms respond to ambient oxygen levels, so that they leave a lawn of P. aeruginosa in spite of an oxygen concentration that would normally be attractive [START_REF] Meisel | Chemosensation of bacterial secondary metabolites modulates neuroendocrine signaling and behavior of C. elegans[END_REF].

There is plasticity in the behavioural response to pathogenic bacteria. P. aeruginosa induces aversive olfactory learning so that given a choice between P. aeruginosa and non-pathogenic E. coli, worms prefer E. coli [START_REF] Zhang | Pathogenic bacteria induce aversive olfactory learning in Caenorhabditis elegans[END_REF]. For this, the AWB neurons act together with a second pair, called AWC, again requiring the function of the G i α-like protein ODR-3. Food preferences require the neuropeptide NLP-9 produced in AWB and its putative receptor, the GPCR NPR-18, as well as NLP-1 produced in AWC [START_REF] Harris | Dissecting the signaling mechanisms underlying recognition and preference of food odors[END_REF]. AWB and AWC act upstream of ADL sensory neurons to control the preference behaviour that can limit exposure to bacterial pathogens. In this context, recent work has suggested a role for several other neuropeptides, including NLP-10, for which the receptor is not known, and FLP-4 released from ADL, acting through its receptor, the GPCR NPR-4, in AIB interneurons. It also indicated a possible role in ADL for the orphan GPCR SRH-220. Loss of function srh-220 mutants show a substantially reduced preference for E. coli when given a choice between it and pathogenic P. aeruginosa. This putative role for a GPCR is consistent with the similar deficit in odour preference observed in mutants for the unique arrestin orthologue ARR-1. This phenotype was rescued when ARR-1 was specifically expressed in the ADL sensory neurons [START_REF] Yu | FLP-4 neuropeptide and its receptor in a neuronal circuit regulate preference choice through functions of ASH-2 trithorax complex in Caenorhabditis elegans[END_REF]. A full understanding of these mechanisms will require the identification of the ligand for SRH-220.

The role of the neuropeptide receptor NPR-1 in immune responses

The GPCR neuropeptide receptor NPR-1 had been proposed to play a direct role in modulating innate immune gene expression upon P. aeruginosa infection. This has been challenged by other studies that suggested an indirect role for NPR-1 in defence (reviewed in [START_REF] Kawli | It takes nerves to fight infections: insights on neuroimmune interactions from C. elegans[END_REF][START_REF] Kim | Signaling in the innate immune response[END_REF]). Indeed, npr-1 mutants exhibit a broad range of behavioural phenotypes [START_REF] Andersen | A variant in the neuropeptide receptor npr-1 is a major determinant of Caenorhabditis elegans growth and physiology[END_REF], including a change in CO 2 and O 2 sensation [START_REF] Carrillo | O2sensing neurons control CO2 response in C. elegans[END_REF] that impact on its capacity to avoid pathogenic bacteria. These could explain the observed alterations in the interaction between npr-1 mutants and pathogens.

A broad role for a GPCR-LRR protein FSHR-1 in defence

Another GPCR, the follicle stimulating hormone receptor homologue FSHR-1, is also required for the worm's capacity to recognise and avoid pathogenic bacteria.

Moreover it is needed for the expression of defence genes in the gut of worms infected with P. aeruginosa [START_REF] Miller | The Conserved G-Protein Coupled Receptor FSHR-1 Regulates Protective Host Responses to Infection and Oxidative Stress[END_REF]. FSHR-1 additionally acts in the intestine to regulate genes required to resist heavy metal and oxidative stress, thereby contributing to the maintenance or re-establishment of homeostasis following infection [START_REF] Miller | The Conserved G-Protein Coupled Receptor FSHR-1 Regulates Protective Host Responses to Infection and Oxidative Stress[END_REF]. Finally, FSHR-1 antagonizes the capacity of C. elegans to resist low temperatures; mutants lacking fshr-1 function survive cold stress better than wild-type worms [START_REF] Robinson | Long-term recovery from acute cold shock in Caenorhabditis elegans[END_REF]. FSHR-1 was originally studied because of its structure; it combines GPCR and leucine-rich repeat (LRR) domains [START_REF] Powell | The G protein-coupled receptor FSHR-1 is required for the Caenorhabditis elegans innate immune response[END_REF]. LRR domains are frequently found in innate immune receptors, including TLRs and most NOD-like receptors (NLRs). In vertebrate TLRs, the LRRs mediate direct recognition with the appropriate MAMP. In invertebrates, the LRRs do not necessarily play such a role. Rather, as mentioned above, they bind endogenous cytokine-like proteins [START_REF] Inamori | A Toll-like receptor in horseshoe crabs[END_REF][START_REF] Lemaitre | The Host Defense of Drosophila melanogaster[END_REF]. Given its pleiotropic function, it is unlikely that FSHR-1 acts as a MAMP receptor in worms. Nevertheless, it will be very interesting to discover its physiological ligand.

The DAMP receptor, DCAR-1

One GPCR that acts as a DAMP receptor has been identified in C. elegans. DCAR-1 was originally described as being expressed in chemosensory neurons and to be a putative receptor for the DOPA-derived small molecule dihydrocaffeic acid (DHCA) [START_REF] Aoki | A seven-transmembrane receptor that mediates avoidance response to dihydrocaffeic acid, a water-soluble repellent in Caenorhabditis elegans[END_REF]. It is also expressed in the nematode epidermis where it can be activated by hydroxyphenyllactic acid (HPLA), a derivative of tyrosine that accumulates when worms are wounded or infected by the fungus Drechmeria coniospora [START_REF] Zugasti | Activation of a G protein-coupled receptor by its endogenous ligand triggers the innate immune response of Caenorhabditis elegans[END_REF]. The signal transduction pathway downstream of DCAR-1 has been extensively studied through genetic and biochemical approaches (Figure 2). DCAR-1 acts upstream of the G 12 α protein GPA-12 [START_REF] Zugasti | Activation of a G protein-coupled receptor by its endogenous ligand triggers the innate immune response of Caenorhabditis elegans[END_REF] that in turn is upstream of 2 phospholipase Cβ (PLCβ) enzymes (PLC-3 and EGL-8). These hydrolyse phosphatidylinositol 4,5-bisphosphate (PIP2) to produce inositol trisphosphate (IP3) and diacylglycerol (DAG). DAG then activates a protein kinase C (TPA-1; [START_REF] Ziegler | Antifungal innate immunity in C. elegans: PKCdelta links G protein signaling and a conserved p38 MAPK cascade[END_REF]) that switches on a conserved p38 MAPK cascade [START_REF] Pujol | Anti-fungal innate immunity in C. elegans is enhanced by evolutionary diversification of antimicrobial peptides[END_REF][START_REF] Pujol | Distinct innate immune responses to infection and wounding in the C. elegans epidermis[END_REF], ultimately leading to the activation of a STAT-like transcription factor and the expression of antimicrobial peptide genes in the epidermis [START_REF] Dierking | Unusual regulation of a STAT protein by an SLC6 family transporter in C. elegans epidermal innate immunity[END_REF].

Multiple roles for the G q α EGL-30 in host defence

A second Gα protein (the G q α EGL-30) functions in a cell autonomous manner within the intestine via the PLCβ EGL-8 to regulate the activity of the p38 MAPK pathway and thereby the expression of intestinal immune effectors upon infection with P. aeruginosa. EGL-30 and EGL-8 additionally act in a cell non-autonomous manner, by modulating the level of insulin/IGF1 signalling from neurons [START_REF] Kawli | Systemic and cell intrinsic roles of Gqalpha signaling in the regulation of innate immunity, oxidative stress, and longevity in Caenorhabditis elegans[END_REF]. Secretion of insulin has a wide-ranging impact on the physiology of the worm, influencing lifespan as well as stress and pathogen resistance (reviewed in [START_REF] Kim | Signaling in the innate immune response[END_REF]).

The G proteins GPA-12 and EGL-30 are also involved in the interaction between C. elegans and Microbacterium nematophilum, a Gram-positive bacterium [START_REF] Hodgkin | A novel bacterial pathogen, Microbacterium nematophilum, induces morphological change in the nematode C. elegans[END_REF] that worms avoid. EGL-30 intervenes at two different levels, influencing both the aversive behavioural response to M. nematophilum mediated by neuronal activity, and an epithelial defence mechanism. Thus GPA-12 and EGL-30 are both positive regulators of neurotransmitter release in cholinergic motor neurons, required for the changes in locomotion behaviour that underlie pathogen avoidance [START_REF] Anderson | G-proteins: Fighting infection on two fronts[END_REF]. At the same time, EGL-30 acts in the rectal epithelium to modulate the immune response, involving changes 10 in gene expression and alteration of cellular morphology. The GPCR that acts upstream of EGL-30 has recently been identified. Like DCAR-1, it appears to recognise an amino acid derivative (R. McMullan, personal communication).

The EGL-30-dependent pathway functions in cooperation with a Ras signalling pathway [START_REF] Mcmullan | Behavioral and Immune Responses to Infection Require Galphaq-RhoA Signaling in C. elegans[END_REF]. Serotonin, released from ADF chemosensory neurons, acting directly or indirectly via serotonin receptors, the GPCRs SER-1 and SER-7, and possibly others, activates the G o α protein GOA-1 that in turn triggers a downstream protective signal transduction cascade in the rectal epithelium. The system is complex, since GOA-1 acts antagonistically to EGL-30 both in neurons and the rectal epithelium [START_REF] Anderson | Serotonergic chemosensory neurons modify the C. elegans immune response by regulating G-protein signaling in epithelial cells[END_REF]. Further, the level of serotonin production in ADF depends on the expression of tph-1, corresponding to a rate-limiting tryptophan hydroxylase. It is modulated indirectly by a GPCR pathway in olfactory sensory neurons involving the G q α protein EGL-30 [START_REF] Qin | A neuronal signaling pathway of CaMKII and Gqalpha regulates experience-dependent transcription of tph-1[END_REF]. The identity of the putative GPCR that acts upstream of EGL-30 in the AWB and AWC sensory neurons for the detection of pathogens is not yet known. But it is noteworthy that the arrestin ARR-1 plays a broad role in immune regulation [START_REF] Singh | Endoplasmic reticulum stress pathway required for immune homeostasis is neurally controlled by arrestin-1[END_REF].

Other GPCRs in C. elegans defence

DCAR-1 was identified through a genome-wide RNAi screen for genes required for antimicrobial peptide gene expression [START_REF] Squiban | Quantitative and automated high-throughput genome-wide RNAi screens in C. elegans[END_REF]. Several other GPCRs also emerged as candidates in this screen, but their precise role in innate immunity is currently unclear [START_REF] Zugasti | Activation of a G protein-coupled receptor by its endogenous ligand triggers the innate immune response of Caenorhabditis elegans[END_REF]. In different species, GPCR families have undergone lineage-specific expansions.

In the case of C. elegans there are more than 1500 predicted GPCRs, many involved in chemosensation [START_REF] Bergamasco | Chemical sensitivity in Caenorhabditis elegans[END_REF][START_REF] Bargmann | Chemosensation in C. elegans, WormBook, The C. elegans Research Community[END_REF][START_REF] Robertson | The putative chemoreceptor families of C. elegans[END_REF]. Before any functional studies had been undertaken, in silico analyses of sequence evolution and polymorphisms in natural isolates suggested a role for certain GPCR families in mediating interactions with microbes. Among them, the SRH family stands out because of its very high functional polymorphism [START_REF] Thomas | Adaptive evolution in the SRZ chemoreceptor families of Caenorhabditis elegans and Caenorhabditis briggsae[END_REF][START_REF] Stewart | High genetic diversity in the chemoreceptor superfamily of Caenorhabditis elegans[END_REF]. For example, there is at least one naturally occurring deletion allele of srh-220, a gene involved in pathogen discrimination as described above, present in the Germany isolate MY1 (see http://www.wormbase.org/species/c_elegans/strain/MY1).

Thus GPCRs are central to diverse aspects of host-pathogen relationships in the worm, but whether SRH-220 or other GPCRs are bona fide MAMP receptors remains to be determined.

GPCRs in fly immunity

The best-characterised aspect of innate immune defences in Drosophila is the regulation by NFκB of antimicrobial gene expression in the fat body following activation of Toll (by the cytokine-like protein Spaetzle) or via the peptidoglycantriggered IMD pathway [START_REF] Lemaitre | The Host Defense of Drosophila melanogaster[END_REF]. Flies additionally have the capacity to produce reactive oxygen species in the intestine through the activity of DUOX enzymes. These contribute to protect flies from gut infection. In contrast to peptidoglycan-induced IMD activation, acute DUOX activation requires membrane-localised PLCβ and was therefore proposed to be principally via GPCR signalling [START_REF] Ha | Coordination of multiple dual oxidase-regulatory pathways in responses to commensal and infectious microbes in drosophila gut[END_REF]. Subsequent work revealed uracil, excreted by non-commensal bacteria in the gut, to be a trigger for increasing DUOX activity [START_REF] Lee | Bacterial-derived uracil as a modulator of mucosal immunity and gut-microbe homeostasis in Drosophila[END_REF]. The identity of the putative uracil-binding GPCR has yet to be reported (Figure 3).

The other evidence for a role of GPCR signalling in flies is also indirect. One significant hit in a genome-wide cell-based RNAi screen for genes required for Toll and IMD pathway corresponded to the Drosophila G protein-coupled receptor kinase Gprk2 [START_REF] Valanne | Genome-wide RNA interference in Drosophila cells identifies G protein-coupled receptor kinase 2 as a conserved regulator of NF-kappaB signaling[END_REF]. The immune function for this GRK was suggested to be potentially related to its established role in regulating hedgehog signalling [START_REF] Molnar | The G protein-coupled receptor regulatory kinase GPRK2 participates in Hedgehog signaling in Drosophila[END_REF][START_REF] Molnar | Role of the Drosophila non-visual ss-arrestin kurtz in hedgehog signalling[END_REF], perhaps through an effect on cell surface receptor recycling [START_REF] Pal | Smoothened determines beta-arrestin-mediated removal of the G protein-coupled receptor Gpr161 from the primary cilium[END_REF]. Interestingly, uracildependent DUOX activation in the fly gut also requires hedgehog, which is needed for the formation of a subset of endosomes that act as signalling platforms [START_REF] Lee | Bacterial uracil modulates Drosophila DUOX-dependent gut immunity via Hedgehog-induced signaling endosomes[END_REF].

There is circumstantial evidence for a link between GPCR signalling and defence against viral infection in Drosophila. Thus, the Gß-like protein RACK1 (Receptor for Activated C Kinase 1) that acts downstream of the GPCR DCAR-1 in C. elegans [START_REF] Zugasti | Activation of a G protein-coupled receptor by its endogenous ligand triggers the innate immune response of Caenorhabditis elegans[END_REF][START_REF] Ziegler | Antifungal innate immunity in C. elegans: PKCdelta links G protein signaling and a conserved p38 MAPK cascade[END_REF] is required for the translation of Cricket Paralysis Virus (CrPV) proteins in fly cells. It should be noted, however, that RACK1 is also a ribosomal protein and its role in viral replication, which is linked to IRES-dependent translation, may be totally independent of GPCRs [START_REF] Majzoub | RACK1 controls IRES-mediated translation of viruses[END_REF]. As a further example, Drosophila can be parasitized by wasps that deposit their eggs in larvae. Wasp secretions, transferred into the host with the egg, can contain symbiotic viruses that suppress the normal host defences that lead to encapsulation and killing of wasp eggs [START_REF] Beckage | Wasp parasitoid disruption of host development: implications for new biologically based strategies for insect control[END_REF][START_REF] Bitra | Polydnavirus Ank proteins bind NF-kappaB homodimers and inhibit processing of Relish[END_REF][START_REF] Gueguen | Polydnaviral ankyrin proteins aid parasitic wasp survival by coordinate and selective inhibition of hematopoietic and immune NF-kappa B signaling in insect hosts[END_REF]. One viral effector, CrV2, has been demonstrated to bind directly to a host G α protein in vitro [START_REF] Cooper | Identification of an in vitro interaction between an insect immune suppressor protein (CrV2) and G alpha proteins[END_REF], raising the possibility of a wasp block of GPCR signalling important in host defence.

GPCRs in immunity in other invertebrate species

If the literature on GPCRs in defence in the 2 model organisms C. elegans and D. melanogaster is sparse, in other invertebrates it is even more patchy. There are occasional reports of a role for GPCRs in immunity for a diverse mix of species. Thus, for example, in crayfish, exposure to dead Gram-negative bacteria provokes upregulation of the GPCR-encoding gene HP1R. Knocking down HP1R expression renders animals more susceptible to infection, supporting a role for GPCR signalling in defence [START_REF] Dong | A putative G protein-coupled receptor involved in innate immune defense of Procambarus clarkii against bacterial infection[END_REF]. The response to LPS involves production of astakines, the crayfish equivalent of prokineticins (PROKs). In vertebrates, these cytokines signal through GPCRs, and this is probably the case in crayfish too [START_REF] Lin | Crustacean hematopoiesis and the astakine cytokines[END_REF]. In shrimp, arrestins are required for defence against Gram-positive bacteria, but this has been suggested to be via a direct effect on the Cactus-Dorsal complex in the Toll signalling pathway rather than a modulation of GPCR signalling [START_REF] Sun | Beta-Arrestins negatively regulate the Toll pathway in shrimp by preventing Dorsal translocation and inhibiting Dorsal transcriptional activity[END_REF]. More examples are likely to be found in the future.

Concluding remarks

Evidence has accumulated for an important role for GPCRs in invertebrate innate immunity. Despite the many examples of functions for downstream components of GPCR signalling pathways, perhaps because of functional redundancy, there are extremely few cases where a single GPCR has been assigned an unambiguous and specific role in defence. Identifying innate immune GPCRs that acts as DAMP or MAMP receptors therefore remains a major challenge for the future. 
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