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Macrophage heterogeneity is a firmly established principle in vertebrates, encompassing tissue-resident subpopulations and polarised activation states. However, there is much discussion over the exact types and functions of these different macrophage populations, presenting the need for a simpler model system. Drosophila melanogaster (Drosophila) possess cells that are functionally equivalent to macrophages (plasmatocytes of the hemocyte lineage), but to date these cells have been largely considered to inhabit homogeneous populations, with only limited evidence suggesting macrophage heterogeneity might exist in flies.

However, our work and the work of others indicates that Drosophila embryonic macrophages, much like their vertebrate counterparts, do not respond uniformly to a variety of immune stimuli, including phagocytic challenge and tissue damage, leading us to hypothesise that macrophage heterogeneity is an evolutionarily conserved facet of cellular innate immunity that is present in Drosophila. By screening the Vienna Tilling array library, we have identified enhancer-GAL4 lines that label molecularly-distinct subpopulations of Drosophila macrophages in vivo. We have extensively evaluated the functions of these subpopulations, identifying enhancer lines that label subpopulations of macrophages. Importantly, some of these subpopulations of macrophages exhibit enhanced inflammatory responses to injury within the developing embryo. Furthermore, several subpopulations migrate at faster rates and/or display reduced rates of apoptotic cell clearance in vivo. Moreover, we have recently begun to investigate the underlying mechanisms behind these behaviours, uncovering roles for metabolism and ROS. Specifically, we have demonstrated that increased glycolysis within hemocytes induces more effective response to injury. 

We have definitively demonstrated macrophage heterogeneity in Drosophila for the first time and developed novel tools in which to examine macrophage subpopulations. This work extends the capacity of Drosophila as a model organism for studying macrophage behaviour in vivo and shows that macrophage heterogeneity is a key feature of cellular innate immune systems that is conserved across evolution.
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[bookmark: _Toc502936275][bookmark: _Toc4589254]Chapter 1. Introduction 

1.1 [bookmark: _Toc502936276][bookmark: _Toc4589255] Overview 

In order to survive, all organisms must protect themselves from both infection and injury. To do this, multicellular organisms posses specialised cells and tissues that form the immune system. More evolutionarily advanced organisms possess both innate and adaptive immune responses. However, this adaptive response is not essential to survival as animals possessing only an innate immune system survive, and thrive, well in nature. This powerful innate immune system is present in invertebrates such as Drosophila melanogaster (Drosophila). One of the most important innate immune cells is the macrophage which is crucial for normal development, tissue repair and clearance of pathogens. These cells are of such importance that specialised subpopulations reside within all tissues in the human body. During normal homeostasis, these tissue resident macrophages clear dead cells, perform repair functions and maintain the tissue microenvironment. However, during infection these cells phagocytose pathogens, secrete pro-inflammatory mediators and activate the adaptive immune response. These opposing functions of kill or repair are the result of macrophage polarisation and shift in effector functions. To date, there has been little study into macrophage heterogeneity and polarisation beyond fish, with almost no investigations into this behaviour in flies. In this thesis, I will investigate the existence and function of macrophage subtypes in Drosophila. 

[bookmark: _Toc502936277][bookmark: _Toc4589256] 	1.1.1 Vertebrate hematopoiesis 

Human hematopoiesis is relatively well characterised (1,2). There are two major blood cell lineages in humans, the lymphoid lineage associated with the adaptive immune system and the myeloid lineage which gives rise to macrophages and other innate immune cells (Fig 1.1). Monocyte-derived macrophages originate from pluripotent hematopoietic stem cells found in the bone marrow that can differentiate into all blood cells found in vertebrates. In the case of macrophages, this pluripotent stem cell first becomes a common myeloid progenitor, which can develop into either the myeloblast or pro-erythroblast. Myeloblasts then give rise to monoblasts which ultimately develop into monocytes in the blood (1,3,4). Finally, as monocytes migrate into tissues, they develop into macrophages as illustrated by early studies in which monocytes were depleted (5–7). Fate mapping experiments have revealed that, in contrast to the monocyte-seeding model of macrophage ontogeny, tissue resident macrophages are derived from embryonic populations present in the yolk sac and foetal liver (8–11). 
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Figure 1.1 Definitive vertebrate hematopoiesis. 
In vertebrates, all hemocytes (blood cells) originate from a pluripotent hematopoietic stem cell in the bone marrow. Macrophages are descendent from the common myeloid progenitor which differentiates into a myeloblast, the committed myeloid progenitor. This then differentiates into the monoblast which matures into a monocyte in the blood. Monocytes then travel to tissues where they mature into macrophages. Differentiation factors shown in blue have homologs in Drosophila, shown in parenthesis. Adapted from (1,4,12,13).




[bookmark: _Toc502936278][bookmark: _Toc4589257]1.1.2 Macrophages 

[bookmark: _Hlk4581492]Macrophages are a class of professional antigen presenting cells and major phagocytes in the mammalian innate immune system, first described in 1887 (14). In addition, macrophages have roles in development, homeostasis and tissue repair (15). Macrophages are resident in all tissues throughout the body as specialised tissue-resident populations, for example as microglia in the brain, Kuppfer cells in the liver, Langerhans cells in the skin or alveolar macrophages in the lung (16). For the purposes of this thesis, the term subpopulation will be defined as a group of cells that display a similar phenotype or genetic profile which differs from other cells within the wider population of the same cell type, e.g. tissue resident macrophages in the skin would be a distinct subpopulation when compared to tissue resident macrophages from the lungs. The term polarisation will refer to an activation state, defined by phenotype behaviours or genetic profile which could be reversible, for example M1 and M2 macrophages. 

[bookmark: _Toc502936279][bookmark: _Toc4589258]1.2 Macrophage subtypes 

Initial research into macrophage behaviour revealed macrophages to have contrasting abilities to both promote proliferation, during tissue remodelling and wound healing, and to inhibit proliferation, during removal of pathogens or tumour cells (17). The link between opposing kill or repair functions of macrophages and arginine metabolism was first gained in the 1980’s (18–21). This paradox of kill-repair eventually led to the discovery that macrophages could be polarised to perform such functions, with pro-inflammatory macrophages being termed M1 and anti-inflammatory, pro-resolving macrophage being termed M2 (17,22). This terminology was derived from helper T cell (Th) nomenclature where Th1 cells produce IFN-γ, leading to macrophage activation and where Th2 responses produce IL-4 and are associated with decreased macrophage activation and increased antibody production (17).  

[bookmark: _Toc502936280][bookmark: _Toc4589259]1.2.1 M1 macrophages

M1 macrophages are activated in response to bacterial infection through the recognition of pathogen-associated molecular patterns (PAMPs) and molecules such as interferon gamma (IFN-γ) and Lipopolysaccharide (LPS) (23). Characterised by pro-inflammatory and microbicidal functions, M1 macrophages are essential for the clearance of bacterial infections (24). During the initial phases of wound responses, M1 macrophages differentiate from recruited monocytes (25). Upon recognition of an appropriate stimulus, M1 macrophages up-regulate a number of pro-inflammatory molecules including inducible Nitric Oxide Synthase (iNOS), interleukin-1 (IL-1) and IL-6 (26). 

Polarisation towards an M1 phenotype requires alterations in cellular metabolism and hypoxia responses (27). Classical M1-polarising agents such as IFN-γ and LPS have been shown to alter metabolism and hypoxia responses to promote pro-inflammatory phenotypes (28,29). M1 macrophages respire glycolytically and have specific breakpoints in the Tricarboxylic acid cycle (TCA), which result in an accumulation of citrate and succinate (30,31). Accumulation of citrate increases Nitric Oxide (NO) production in addition to itaconate, an antimicrobial metabolite (32,33). Accumulation of succinate can induce IL-1β and lead to an accumulation of HIF-1α (34,35). Within macrophages, there is a strong link between metabolism and hypoxia, with HIF1-α (hypoxia inducible factor-1) overexpression having been shown to induce glycolysis (36). The link between hypoxia and glycolysis in M1 polarisation has been shown in multiple species, illustrating the conserved nature of this pathway (37). Additionally, M1 macrophages induce the pentose phosphate pathway shunt which utilises intermediates from glycolysis to synthesise nucleotides and amino acids involved in cellular proliferation, further promoting an inflammatory response (38).

M1 macrophages contribute to the pathogenesis of numerous chronic diseases (16,39,40). For example, in diabetes M1 macrophages promote inflammation and insulin resistance though the secretion of IL-1β (41,42). In atherosclerosis, M1 macrophages promote disease progression through inflammatory mediators such as reactive oxygen species (ROS) (43). Cholesterol can drive the NLRP3 inflammasome activation and therefore IL-1 secretion in macrophages, promoting an M1 phenotype within the monocytes in blood vessels (44). Reinforcing the importance of M1 macrophages in atherosclerosis progression, M1 macrophages were found to be abundant in symptomatic plaques (45). The importance of the anti-bacterial M1 macrophage response is highlighted by microbes that evade the immune system. These microbes often re-polarise macrophages towards the anti-inflammatory M2 phenotype. For example, Mycobacterium tuberculosis (TB) repolarises M1 macrophages to survive within granulomas (46,47). Viral infections are also capable of macrophage evasion. For example, in HIV there is a defect in the migration of circulating monocytes and alveolar macrophages display reduced phagocytic activity (48). 

[bookmark: _Toc502936281][bookmark: _Toc4589260]	1.2.2 M2 macrophages

M2 activation is considered  to be the default state for tissue resident macrophages (39,49). M2 macrophages have essential roles during development and tissue repair (15,50–52). Indeed, it has been shown that following ingestion of apoptotic bodies, macrophages inhibit pro-inflammatory cytokine production (53). It was recently demonstrated that efferocytosis (phagocytosis of apoptotic cells) increases fatty acid oxidation and induces a shift towards anti-inflammatory effector functions (54). A variety of signals such as interleukin-4 (IL-4), IL-13 and TGF- are also known to promote activation to an M2 state (55). The M2 subtype is characterised by pro-healing, anti-inflammatory functions (39). In response to the stimuli described, M2 macrophages up-regulate arginase and secrete factors such as IL-10 and tissue growth factor β (TGF-β) (56). 

Just as with M1 macrophages, M2 macrophages also display alterations in cellular metabolism (30,31). During homeostasis, M2 macrophages perform oxidative phosphorylation which can be altered during activation (57,58). Upon exposure to an M2-stimuli, such as apoptotic cells, macrophages increase the rate of fatty acid oxidation, thereby increasing the rate of oxidative phosphorylation (54). Fatty acid oxidation has been associated with increased levels of the AMP-activated protein kinase (AMPK), with AMPK acting to sense metabolic changes within the cell (59–62). Knockout of AMPK prevents M2 macrophages from fully acquiring an anti-inflammatory phenotype (assessed by a panel of quantitative PCR (qPCR) genes such as TGF- β, IL-10, IL-4Rα), with these macrophages displaying reduced efferocytosis (61). 

In the context of disease, M2 macrophages are essential for responses to helminth infection (63). Indeed, IL-4R deficient mice are susceptible to helminth infection, demonstrating the importance of TH2-type responses (64). Not only are M2-type macrophage responses required for the control of helminth infection, but also in limiting the tissue damage during such infections, highlighting the important repair functions of M2 macrophages (65). M2 responses are prevalent in allergy where they can be detrimental to pathology (23). For example, macrophages responding to IL-4 and IL-13 increased the severity of allergic lung inflammation by recruiting eosinophils through M2 macrophage-dependent secretion of C-C motif chemokine ligands (CCL)-11 and CCL24 (66). 

[bookmark: _Toc502936282][bookmark: _Toc4589261]	1.2.3 Other macrophages

Although M1 and M2 macrophages were initially characterised based on ornithine metabolism, with M1 macrophages up-regulating Nitric Oxide Synthase (NOS) and M2 macrophages up-regulating Arginase (Arg), there are now an abundance of markers for each subtype (55,67,68). Moreover, the literature has become compounded with multiple additional types of macrophages.  Particularly, the M2 subset has been expanded into M2a, M2b, M2c and M2d subsets based upon the inducing stimuli required  or resulting cytokine profile (69). M2a macrophages are induced by IL-4 and IL-13, M2b are induced by immune complexes, M2c are induced by IL-10 and glucocorticoids and M2d are induced by TLR agonists (70,71). Interestingly, the M2b subset produces both pro- and anti-inflammatory cytokines (69). There has also been an M3, “switch”, phenotype proposed (72). The M3 macrophage is proposed to respond to pro-inflammatory stimuli, but functions in an anti-inflammatory manner, or vice versa. However, this M3 phenotype has received little attention beyond the group that first proposed it (73). Together, this demonstrates the complexity of the macrophage literature and reinforces that macrophages exist in a spectrum of states in vivo rather than as a binary population. 

[bookmark: _Toc502936283]1.2.3.1 Tumour-associated macrophages

Tumour-associated macrophages (TAMs) are not found under homeostatic conditions but can be found at many tumour sites. TAMs are often thought of as a subset of M2 macrophages, but often display both M1 and M2 profiles, similar to macrophages in other chronic diseases such as diabetes (74–77). TAMs can promote tumourigenesis through the induction of angiogenesis, tissue remodelling and immune suppression (78,79). The role of macrophages in promoting angiogenesis has been shown by inhibition of macrophage maturation and infiltration into tumours: this decreased malignant progression of adenomas by delaying angiogenesis (80). TAMS promote angiogenesis though the secretion of pro-angiogenic factors. For example, TAMS release VEGF-A, a potent pro-angiogenic factor, in response to hypoxic regions of tumours (81,82). Impeding macrophage recruitment to hypoxic areas inhibits angiogenesis and promotes the removal of tumours (83). This demonstrates the potential of targeting macrophage recruitment or phenotype as a therapeutic avenue. TAMs represent an additional type of macrophage that further complicates the literature. 

[bookmark: _Toc4589262][bookmark: _Toc502936284]	1.2.4 Current model of macrophage polarisation 

As discussed, the classical model of M1 and M2 macrophages has become highly complex and outdated with multiple groups suggesting new nomenclature to better reflect the evolving literature in this field (26,84). Unfortunately, the potential new nomenclature does not provide relief within the literature nor reflect the true in vivo behaviour of macrophages. Further compounding this complexity is the dissimilarity of markers between species  and the observations of multiple subtypes within chronic disease states (85,86). The current model of macrophage activation has arisen to reflect the most likely in vivo situation where macrophages exist on a spectrum of activation states (Fig 1.2). This multidimensional model of macrophage activation utilises the M1 and M2 nomenclature to represent extreme ends of macrophage polarisation (8). Evidence against the classical M1/M2 macrophage activation emerged from studies investigating macrophage phenotype in disease, resolution phase macrophages, embryonic macrophages or tumour-associated macrophages (87–92). For example, macrophages responding to dermatitis are derived from monocytes and respond to IL-4 secreted by basophils. However, these macrophages are polarised towards an M2 phenotype and exhibit anti-inflammatory functions, in contrast to what may have been expected (87). Similarly, tumour associated macrophages can behave in both a pro- and anti-inflammatory manner (88). This data was generated by utilising co-culture models and further showed that this mix of macrophage phenotypes is essential for the induction of epithelial to mesenchymal transitions. It is also clear that when macrophages lack ornithine (through arginase inactivation), tissue repair functions are still active, albeit delayed (93). The metabolic fate of ornithine has never been directly followed, demonstrating a large gap in the M1/M2 paradigm.
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Figure 1.2 Multidimensional model of macrophage activation. 
Macrophages receive signals from both the resident tissue and local and systemic environments. The local signals “imprint” a tissue resident macrophage phenotype, which is unique to each specific tissue. In addition to resident macrophages, circulating monocytes can be recruited from the circulation and differentiate into macrophages. Macrophages are also responsive to cytokines, growth factors and both DAMPs and PAMPs, often released as a result of tissue damage or pathogen infection. In response to these diverse signals, macrophages undergo epigenetic alterations to promote either pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes. This dichotomous activation is only observed in vitro, with in vivo macrophages exhibiting a spectrum of activation. Additionally, individual macrophages can repolarise towards an opposing response, as observed in the resolution phase of wound healing. DAMP = Damage associated molecular pattern, PAMP = pathogen associated molecular pattern.  


Perhaps one of the strongest arguments against the dichotomous M1/M2 macrophage activation is the observation that individual macrophages can switch phenotypes, which requires a single cell to display both pro- and anti-inflammatory properties (94). Following skeletal injury, inflammatory monocytes that were recruited to the site of injury switched to an anti-inflammatory phenotype (89). The authors labelled circulating monocytes with beads to confirm that the same cells were transitioning from pro- to anti-inflammatory phenotypes, secreting TGF-β.  Indeed, transitioning from M1 to M2 phenotype is essential for resolution and occurs at the transcriptional level (90). Resolution phase macrophages exhibit a mixed transcriptional phenotype rather than a clear M1 or M2 profile (91). Transcriptional profiling has been the key technique required to molecularly describe distinct macrophage subtypes. Stimulation of human macrophages with 28-different stimuli revealed a spectrum of macrophage activation states based on transcriptional analysis (92). A different study utilised 4 different stimuli to treat cultured macrophages and found that the sequential treatment of the macrophages caused progression through multiple phenotypic states (95).  

Further evidence for a multidimensional model of macrophage activation comes from advances in our understanding of macrophage ontogeny (11,96–103). Fate mapping experiments have revealed that, in contrast to the monocyte-seeding model of macrophage ontogeny, tissue resident macrophages are derived from embryonic populations present in the yolk sac and foetal liver (8–11) although there are some exceptions such as in the resident macrophages of the gut (104), heart (99) and dermis (105).  Most tissue resident macrophages appear derived from embryonic monocytes with a small number arising from yolk sac precursors (106). For example, microglia have been shown to be exclusively derived from yolk sac progenitors, as shown by in vivo lineage tracing (101). Circulating monocytes were found to minimally contribute to the alveolar macrophage pool, as shown with BrdU labelling, with primitive, embryonic-derived macrophages representing the major tissue resident pool in adults (100). A large fate mapping study demonstrated that Kupffer cells, lung alveolar, peritoneal and splenic macrophages are established by embryonic macrophages that maintain themselves through self-renewal in adulthood (10). This study is supported by another group who additionally found that Langerhans cells and microglia are also derived from embryonic macrophages (9). It remains to be seen if and how these different origins of macrophages affect immune responses. However, a study investigating the nervous system demonstrated that monocyte-derived glia increase demyelination whereas resident glia clear debris, suggesting that monocyte-derived macrophages may be more pro-inflammatory than yolk sac-derived macrophages (107). Additionally, the ontogeny of heart macrophages appears to have differing effects on remodelling and systolic function (108). 

Further evidence for the multidimensional model of macrophage activation comes from the impact of the local tissue on tissue resident macrophages (109–112). Experiments utilising RNAseq, ChiP-seq and ATAC-seq approaches investigated epigenetic imprinting of tissue-resident macrophages in specific local environments. These studies found that each tissue had a unique expression profile, controlled by enhancers that respond to tissue-specific signals (113,114). Microglia represent perhaps the most distinct tissue-resident macrophage population (113,115). Moreover, functional responses of tissue-specific macrophages can differ depending upon the tissue imprinting, for example wound responses differ between lung and skin macrophages (116). Tissue resident macrophages do still share common markers distinct from circulating macrophages (117), illustrating that imprinting is likely to be a result of both ontogeny and local microenvironment-derived signals. Using single-cell sequencing, it has even been shown that basophils can contribute to imprinting of lung macrophages (118). 

[bookmark: _Toc502936285][bookmark: _Toc4589263]1.3 Macrophage heterogeneity throughout evolution

The vertebrate immune system is comprised of both innate and adaptive responses. From an evolutionary perspective, the innate immune system was the first to develop (119,120). The first component of the innate immune response to develop was most likely phagocytosis, a mechanism observed from human and mice macrophages to insect hemocytes and single celled Dictyostelium (121). However, this function would have initially evolved as a means of nutrition with the roles in immunity forming later. The major phagocyte is the macrophage, which can be found in almost all multicellular organisms (122,123). Polarised macrophage subsets have been reported in humans, mice and fish (124,125). 

As already discussed, in humans and mice, M1 macrophages function to remove bacteria by phagocytosis. Similarly, macrophages in teleost fish are also capable of phagocytosis using similar mechanisms of toxic intermediate production and ROS (126–129). Production of pro-inflammatory cytokines is an essential feature of M1 macrophages. Multiple groups have shown that carp interferon-γ (IFN-γ) can induce an M1 cytokine profile with products including iNOS, IL-1β and TNF-α (Tumour necrosis factor α) (130–132). Another pro-inflammatory cytokine, TNF-α, has been shown to promote pro-inflammatory gene expression and M1-like functions in goldfish macrophages (133). Using a TNF-α macrophage reporter line in zebrafish, Nguyen-Chi et al demonstrated that aseptic wounding and exposure to E. coli infection could promote M1-macrophage activation. Furthermore, TNF-α positive and TNF-α negative macrophages expressed M1 and M2 markers respectively (134). Through time-lapse imaging with TNF-α and TGF-β reporters, the authors also demonstrated that during the resolution phase of wounding, M1 macrophages switched to an M2 phenotype. 

M2 macrophages respond to various immune complexes, such as complement components, IL-10 and TGF-β, all of which have been shown to stimulate tissue repair functions of teleost fish macrophages via the up-regulation of M2-macrophage markers (135–137). This further demonstrates the conserved nature of such signalling. TGF-β signalling can attenuate LPS-stimulated inflammatory gene expression in carp macrophages (138). As teleost fish lack receptors that have strong homology to IL-4R, there are fewer investigations into M2-like functions of macrophages in these species (124,139). It appears that a large amount of the literature regarding teleost fish M2-responses is based upon arginase. For example, carp macrophages stimulated with cyclic AMP (cAMP) increase the expression of arginase, which can be inhibited by NOS-inhibition, similar to the antagonistic functions of NOS and arginase in humans and mice (140). Infection of carp with Trypanosoma carassii results in increased expression of arginase (137). There is evidence that alterations in arginase is associated with shifting behaviours during immune responses in humans, mice and Drosophila (20,22,141). One study stimulated mice macrophages and Drosophila hemocytes with Mesencephalic Astrocyte-derived Neurotrophic Factor (MANF) and found increased levels of arginase and M2-like (pro-repair) functions. However, care should be taken when using arginase as a macrophage phenotype marker, since macrophages lacking arginine are still capable of repair functions (93). Macrophage colony-stimulating factor (M-CSF) is a M2 stimulating factor (26) with CSF-1 its homolog in teleost fish (142). However, in teleost fish this appears to promote M1 macrophage phenotypes (143–145), illustrating the complexity of the dichotomous view of macrophage polarisation across species. 

In humans and mice, macrophages colonise all tissues where they form resident populations (49). In characterising the mononuclear phagocyte system in zebrafish, macrophages were found in all hematolymphoid organs including the spleen and liver (123). Further studies have demonstrated that the skin, heart, gut and brain all contain tissue resident macrophages in zebrafish (146). However, the extent of true tissue resident macrophages in teleost fish remains to be investigated, especially in relation to macrophage ontogeny. Importantly, this limited data suggests that tissue resident macrophages are not just a feature of mice and humans. 

As evolution progresses, the variety of immune responses available to an organism increases, for example in bony fish, there exists a wide array of immune cells including mast cells and eosinophils (147). Indeed, the adaptive immune response developed with the emergence of bony fish (148). As immune responses increase in complexity, the difference between species also increases; for example, although mice represent a good model system for studying immunity, there are significant differences between mice and humans in the composition of the immune system and blood (149). Further study is required to determine if this different composition has functional relevance when extrapolating results to humans. Moreover, macrophages in different species may have species-specific functions such as the role of macrophages in choreographing the patterning of pigment cells in zebrafish (150). Despite this, there does appear to be high levels of conservation for essential immune functions across species. For example, the earliest known wound signals are conserved from Drosophila to teleost fish and humans (151,152). The mechanisms polarising macrophage subsets may also be conserved across species. For example, rabbit macrophages responding to atherosclerosis are exposed to hypoxia, which skews their metabolism towards glycolysis, similar to M1 macrophages in humans and mice (37). Fundamental aspects of macrophage behaviour, such as the discrimination of self and non-self, which is critical for immune function, is highly conserved (153,154). Toll and Toll-like receptors (TLRs) are important in the recognition of pathogens and can be found in humans, teleost fish and Drosophila (155,156). Together, this data demonstrates that immunity throughout evolution is highly complex but also shows a high degree of conservation in some areas. 

[bookmark: _Toc4589264]1.4 Drosophila as a model to study macrophage biology

Drosophila is a well-established model that is highly genetically tractable, has a short lifespan and is cheap to maintain (Fig 1.3) (157–159). There are numerous misexpression systems in Drosophila which enable a wide range of easy manipulations to be performed (160); of these systems, the GAL4-UAS system is perhaps the most utilised and is described in further detail below (158,161). The wide range of genetic tools available for Drosophila are continually being developed (158,162). For example, Gyoergy et al recently developed new tools for visualising hemocytes throughout development, independent of the GAL4-UAS system (163). Drosophila is also a well-established model for investigating the innate immune system (164–166). There are numerous similarities between mammalian macrophages and Drosophila hemocytes, discussed throughout this introduction and reviewed elsewhere (164,165,167). Drosophila have been used to study bacterial and viral infections (168–171), inflammation (172), wound responses (151,173,174), tissue patterning (175), hematopoiesis (176,177) and hemocyte (blood cell) roles in development (166,178,179).
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Figure 1.3. Drosophila lifecycle
Drosophila have various life stages, with the embryonic stage lasting 24 hours following fertilisation. Each of the three larval stages last approximately 1 day until the L3 stage which lasts 3 days. Larvae then pupate and remain as a pupa for 5 days before they metamorphose into adult flies.  

[bookmark: _Toc4589265]1.4.1 The GAL4-UAS system in Drosophila

The GAL4-UAS system originates from yeast (Saccharomyces cerevisiae) where GAL4 functions as a regulator of genes induced by galactose such as GAL10 and GAL1 (180,181). Importantly, transcription of the GAL10 and GAL1 genes is mediated by GAL4 binding to specific 17 base-pair sites that define an upstream activating sequence (UAS) (182). The
DNA binding activity of GAL4 is separate from its transcriptional activation function which map to different regions (183). The first demonstration that this system could be used in Drosophila was from Fischer et al who showed that GAL4 expression could transcribe a reporter gene under control of UAS (184). The GAL4-UAS system was developed as a tool for use in Drosophila by Brand and Perrimon in a landmark study in 1993, where it was shown that this system could be used for targeted gene expression (185). Generally, flies with a GAL4 construct are mated (crossed) with flies containing a UAS construct, often to express a gene or reporter in a specific tissue or cell type. For example, in this thesis the pan-hemocyte marker Serpent (Srp) is often used to drive expression of reporters, such as GFP, specifically within hemocytes (srp-gal4 flies crossed to UAS-GFP flies to generate flies that have GFP labelled hemocytes srp-Gal4/UAS-GFP). The system is now ubiquitous in Drosophila with a wide variety of tools in existence, for example, this system can be used to express RNAi, mis-expression of genes or for reporter constructs (158). 

[bookmark: _Toc4589266]1.4.2 Enhancer traps in Drosophila

One of the major advances in the genetic tractability, and usefulness, of Drosophila was the discovery and subsequent use of P elements (186). P elements are class-II transposons, which are mobile pieces of DNA that can insert randomly into the genome (187). To be used as a tool, P elements have been integrated into plasmid vectors with the transpose activity removed and additional modifications, often including visible markers such as mini-white (188). These modified P element vectors can be used to insert desired DNA sequences into the Drosophila genome. Since the initial discovery, many P element vectors have been created with multiple uses such as, gene- and enhancer-trapping, gene disruption, gene misexpression, gene targeting, and RNA interference (189). For example, many of the RNAi and fluorescent reporter constructs used in this thesis are P element insertions. 

Enhancer trapping is a technique by which reporter genes are fused to a minimal promoter which can only be activated by nearby enhancer regions. P elements containing these constructs insert randomly into the Drosophila genome and enable large scale screening to be undertaken (162,190,191). As these reporters will only be active if a nearby enhancer is present, this technique can reveal potential enhancer-gene interactions. This technology has led to the initial enhancer screen by Kvon et al (190) that identified enhancer expression in what appeared to be hemocyte subpopulations which forms the basis for chapter 3 in this thesis.

[bookmark: _Toc4589267]1.5 Drosophila hemocytes

The Drosophila immune system consists of a humoral response, mediated by anti-microbial peptides (AMPs), and a cellular response. AMPs are highly conserved from flies to humans (192,193) and there are now 20 known AMPs in Drosophila (159). AMPs are active against all types of pathogen although specific AMPs often effective against specific targets, for example, Drosomycin is active against fungi (194) whilst Attacin is active against Gram negative bacteria (195). More recently, it has been revealed that AMPs are also active in response to injury and tissue damage (196). The humoral system is better understood than the cellular response and reviewed in depth elsewhere (159,192,197). The cellular response is undertaken by three types of blood cells (hemocytes): crystal cells, lamellocytes and plasmatocytes (198). Crystal cells constitute approximately 5% of the circulating blood cells in a larvae and are involved in melanisation responses, in which melanin is deposited around microorganisms to trap them at a wound site (199). Lamellocytes are induced by stress or upon infestation with parasitic wasp eggs and are involved in encapsulation. Lamellocytes are not normally found developmentally and only arise from the larval stages onwards. Plasmatocytes account for 95% of cells in the hemolymph and are functionally equivalent to the human macrophage, capable of phagocytosis and secretion of cytokines and AMPs (159,166,168,200,201). 

[bookmark: _Toc502936290][bookmark: _Toc4589268]	1.5.1 Crystal cells

Crystal cells are nonphagocytic cells that arise during embryogenesis in the head mesoderm and are specified through expression of serpent and lozenge (Lz) (202). It is not known if crystal cells persist into adulthood, although following pupariation crystal cells numbers drastically decline (203). The main function of crystal cells is in melanisation responses, similar to platelets in humans which are responsible for clotting and successful wound healing (164,165). In invertebrates, melanisation responses also result in killing of bacteria through the production of toxic intermediates or the depositing of melanin, which hardens capsules around microbes (159,199). The melanisation cascade requires phenol oxidase, a key enzyme involved in melanin biosynthesis which are primarily produced by the crystal cells (199,204). 

[bookmark: _Toc502936291][bookmark: _Toc4589269]	1.5.2 Lamellocytes

Lamellocytes are large, elongated cells (up to 50µm) that differentiate upon infection with parasitic wasp eggs during the larval developmental stages (198,205); lamellocytes are not observed during normal development, except in cases of stress such as wounding, starvation or heat stress. Lamellocytes are more typically observed on parasitisation, wherein lamellocytes surround the wasp eggs to form a capsule (206). The appearance of lamellocytes is highly linked to JAK/STAT signalling, with hyperactivation of this pathway inducing lamellocyte differentiation (207). Indeed, mutations that activate Hop (eg. Hop[Tuml]) causes hematopoietic neoplasia and differentiation of plasmatocytes into lamellocytes (207–209), while loss of STAT92E prevents such differentiation (210). 

[bookmark: _Toc502936292][bookmark: _Toc4589270]	1.5.3 Plasmatocytes

Plasmatocytes represents the vast majority (95%) of hemocytes throughout development and are small spherical cells, approximately 10µm in diameter (198). They are first derived in the head mesoderm during embryogenesis (in addition to crystal cells) and are then produced in a second hematopoietic wave in the lymph gland of 3rd instar larvae (211,212). At the end of pupation, the lymph gland ruptures, releasing the plasmatocyte into the circulation. Plasmatocytes are phagocytic cells which share similarities to vertebrate macrophages and neutrophils (176,206). Plasmatocytes phagocytose both apoptotic cells and pathogens, performing vital roles both developmentally and in immune defence (164) (Fig 1.4). 

[bookmark: _Toc502936293]		1.5.3.1 Plasmatocyte developmental migration

Following the specification of plasmatocytes in the head mesoderm, they begin to migrate out of this region at stage 11 of development (213,214), entering the germband and moving along both sides of the developing ventral nerve cord (VNC); by stage 16, plasmatocytes populate the entire embryo (214). Hemocyte developmental migration is dependent upon PDGF/Vegf-related ligands (Pvfs) which are expressed along the ventral and dorsal migratory routes (215,216). The Pvfs signal through the Pvr receptor which is expressed on hemocytes and promotes their proliferation and survival (215,217,218). Misexpression of Pvf2 can redirect hemocytes, confirming the importance of this signalling in hemocyte developmental migration (219). Furthermore, loss of pvr results in a failure of hemocyte egress from head mesoderm (215,217). Migration along the VNC leads to hemocytes forming a single line along the midline during stage 13. Hemocytes then migrate laterally to the edges of the VNC to form 3 lines by stage 15 (216). This lateral migration coincides with a decrease in Pvf2 expression and is tightly regulated by spatial and temporal expression of both Pvf2 and Pvf3. Dorsal migration of hemocytes requires invasion into the germ band (220–222). This invasion is akin to the macrophage transmigration through the endothelium observed in mammalian systems. The expression of RhoL is required for the transmigration of hemocytes to control the localisation of Rap1 to the cell surface. This then promotes integrin binding to cadherin allowing the transmigration through the epithelium (220). Recently, Eiger has been shown to be released from neighbouring tissues in this region, which lowers the amount of active myosin which is essential to relieve tissue tension and facilitates the invasive migration of hemocytes into the germband from the head regions (223). The importance of these developmental migration is highlighted by the observations that hemocyte prioritise migratory cues above wounding cues (224), with the engulfment of apoptotic cells being essential for future migration of hemocytes to sites of wounding (225). 

1.5.3.2 Plasmatocyte clearance of apoptotic cells

One of the most important developmental roles of plasmatocytes is clearance of apoptotic cells (226). In order to perform this function, plasmatocytes must recognise and engulf dying cells. Essential to this recognition is the receptor Croquemort (Crq), a member of the CD36 family of receptors (227,228). Knockout of crq in the embryo prevented phagocytosis of apoptotic cells which could be rescued with overexpression of crq (227). This paper also suggested that Crq was not involved in the phagocytosis of bacteria, although Crq has recently been shown to be involved in bacterial clearance (229). Another apoptotic cell receptor is Draper, a homologue of CED-1 (C. elegans), which is expressed in hemocytes and glia (230). However, there are suggestions that Draper is involved in the post-engulfment degradation of apoptotic cells, acting downstream of a different receptor, Six-microns-under/Nimrod C4 (Simu/NimC4) (231). In simu null embryos there is an increase in unengulfed apoptotic cells. Additionally, when the transmembrane domain of Simu is removed, the secreted protein can rescue the simu null phenotypes. This suggests that Simu may act as a bridging molecule between apoptotic cells and hemocytes, especially as it lacks a significant transmembrane region (231). Unlike in vertebrates, engulfment of apoptotic cells in Drosophila has not yet been linked to anti-inflammatory phenotypes, instead this primes plasmatocytes for future responses to injury (232). 

The importance of hemocytes during development is revealed by removing the population at different points in development. Genetic ablation of hemocytes in the larvae reduces survival, with such larvae prone to infection. Ablation during the embryonic stage is more severe,  preventing organism survival (233). Loss of hemocytes during embryogenesis causes various defects, including a failure of condensation of the VNC or morphogenesis of the malphigian tubules (234,235). 

[bookmark: _Toc502936294]		1.5.3.3 Role of plasmatocytes in disease

During larval and adult stages, plasmatocytes act as sentinels to combat bacterial infections and tissue damage (159,164,236). Indeed, when hemocytes are ablated during the larval stages, only 43% of larvae progress to adults (233) which are highly susceptible to infection, most likely due to the loss of phagocytosis (237). There are two key signalling pathways that control the immune response to bacteria and fungi; the immune deficiency pathway (Imd) and the Toll pathway (192,238). The Toll pathway can be activated by the ligand Spätzle (Spz) (155). Unlike in vertebrates, Toll does not act as a pattern recognition receptor; Spz is cleaved and activated by secreted recognition molecules upon recognition of a pathogen (159). Recognition is not limited to bacteria, with the Toll pathway also recognising fungi via Toll receptor-mediated recognition of fungal cell wall components (155). The Imd pathway is similar to the TNF pathway in mammals, triggered by the recognition of gram negative bacteria (192). Both pathways lead to nuclear factor-κB (NF-κB) signalling and the expression of overlapping but distinct effector genes, such as the AMPs (239–241). AMPs represent a systemic immune response with hemocytes acting as important relays between the local and systemic responses (242). This crosstalk works in both directions with numerous tissues capable of activating hemocytes, as shown via Toll signalling (243). There are several known scavenger receptors including Eater (244) and Nimrod (245). Initial data suggested that Crq was not involved in the phagocytosis of bacteria (227) but this has recently been challenged, with Crq having been shown to act alongside the Toll and Imd pathways to clear bacterial infections (229). Drosophila integrin and CD36 (Crq) have been shown to recognise S. aureus and phagocytose this bacterium (246,247). 

Recruitment of hemocytes to sites of injury has been shown to share similarities to mammalian immune cell recruitment to sites of inflammation (248), for example following aseptic or septic injury, unpaired 3 (Upd3) (a Drosophila equivalent of vertebrate interleukins) is up-regulated in hemocytes (249,250). Following laser ablation of the epithelium , there is a rapid migration of hemocytes to such wound sites where they phagocytose cellular debris (248). Wound signals appear highly conserved across evolution (151); following wounding there is a calcium flash within local epidermal cells which spreads out from the wound edge (251). This elevated cytoplasmic calcium signals through the EF-hand calcium-binding domain on Dual Oxidase (DUOX), resulting in the production of hydrogen peroxide. This H2O2 is hypothesised to form a gradient from the wound site and is chemotactic for hemocytes (152,224); However, this has been recently disputed where it has been shown by computational modelling of wound cues that the chemoattractant cue diffuses at a reduced rate compared to H2O2, suggesting that H2O2 cannot be the chemoattractant cue (252). Unfortunately, this study does not progress to demonstrate what the true chemoattractant cue may be experimentally. Hemocytes require Src42A, a Src family kinase, to respond to wounds (253). Src42A is thought to phosphorylate a critical tyrosine residue in the ITAM (immunoreceptor tyrosine-based activation motif) of Draper, leading to the activation of Shark. Demonstrating a form of immune memory, Draper has been shown to be induced by exposure to apoptotic cell engulfment, suggesting that hemocyte are required to perform vital developmental roles before they are capable of responding to wounds, although this remains to be conclusively proven (232). 
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Figure 1.4. Key functions of hemocytes in Drosophila 
Hemocytes are capable of a wide-array of behaviours which are similar to mammalian macrophages. Hemocytes are responsible for phagocytosis of pathogens, efferocytosis of apoptotic cells, responding to sites of injury, interacting with tumours, tissue remodelling and migration towards a variety of developmental cues. 

[bookmark: _Toc502936289][bookmark: _Toc4589271]1.6 Drosophila hematopoiesis  

Tissue macrophages from vertebrates derive from embryonic precursors, similar to the origin of all invertebrate hemocytes (8,9,11,97,99–103). Furthermore, additional conserved facets of hematopoiesis can be observed between humans and flies (176,211). For example, hematopoiesis occurs in two waves, primitive (embryonic) and definitive (adult), in both flies and vertebrates (96,206,212,254,255). In addition, factors driving hematopoiesis such as the GATA factors are highly conserved (3,12,13,176), for example the homologue of mammalian GATA1/2 is Drosophila Serpent (Srp). In addition, Drosophila Lozenge is a homologue of the mammalian Runx1, which is normally required for monocyte development (Fig 1.1). 

The primitive phase occurs with the development of pro-hemocytes in the head mesoderm (214). The GATA factor Serpent is required for hemocyte specification of the precursor cells (176,202,256,257) with additional factors necessary for plasmatocyte or crystal cell differentiation. Glial cell missing (Gcm) is the primary regulator of glial cell differentiation and is also essential for plasmatocyte differentiation (258). In embryos with mutations in gcm, the number of plasmatocytes are reduced by approximately 40% (259). However, loss of gcm alone does not prevent hemocytes from differentiating into plasmatocytes, suggesting that additional factors are required. Loss of gcm2 prevents hemocytes from differentiating into plasmatocytes and reduces hemocyte numbers by over 50%. Moreover, Croquemort expression was absent in this background (258). Therefore, for correct plasmatocyte specification both srp and gcm/gcm2 are required. Following specification, plasmatocytes represent approximately 700 cells, or 95%, of the hemocytes and follow chemoattractant cues to disperse throughout the embryo (166,214). Crystal cells require expression of Lozenge for correct specification (202). Lz expression begins at stage 7 of embryogenesis whilst gcm is downregulated in a subset of the pro-hemocytes (260). The downregulation of gcm is essential for this as shown with gcm mutants which display higher numbers of Lz-positive cells. Together, this demonstrates that crystal cell specification requires downregulation of gcm and expression of Lz. Specified crystal cells remain in the head mesoderm and represent 5% (approximately 30 cells) of the hemocyte population (202). This initial wave of hematopoiesis generates hemocytes that persist into adulthood (165,166), akin to tissue resident macrophages in mammals. Indeed, tissue resident macrophages are derived from precursor cells that originate during the primitive phase of hematopoiesis (261).

A second wave of hematopoiesis occurs in the larval stage in the lymph gland (212). The lymph gland is a multi-lobed structure with the larger anterior lobe consisting of three structures; the medullary zone, the cortical zone and the posterior signalling centre (212,257). Upon larvae to pupa transition, the lymph gland bursts, releasing the hemocyte pool into circulation (262–264). The signalling within this organ is highly complex with multiple different signalling pathways active such as JAK/STAT, Nf-κB, Wingless, GATA factors, Ras, Collier and ROS species (265–270). This signalling is also different from that observed in the primitive hematopoietic wave. For example, signalling via the Serrate/Notch pathway together with the Lozenge (Lz) transcription factor governs crystal cell fate (265,271). In contrast, Notch signalling does not appear to be required for the differentiation of crystal cells during embryonic hematopoiesis (260). Further highlighting the complexity of signalling, JAK/STAT signalling has multiple roles within the lymph gland. U-shaped (Ush), a protein which binds GATA factors, binds to Srp to maintain the pro-hemocyte progenitor cells and is under the control of active STAT (266). In contrast, a different study revealed that loss of STAT prevents plasmatocyte differentiation (210). This study identified pannier (pnr) as the downstream target of STAT. Further evidence for a role of JAK/STAT signalling arises from a newly developed flow cytometry approach utilising in vivo reporters for lamellocytes and plasmatocytes found that two different lineages contribute to the generation of lamellocytes (272). Using this approach, the authors discovered a novel population of infection-induced cells that they term lamelloblasts. These cells originate from pro-hemocytes and develop into pre-lamellocytes and then lamellocytes. In parallel to this, plasmatocytes can develop into lamellocytes directly. Lineage tracing experiments confirm these observations and demonstrate that plasmatocytes derived from the lymph gland can differentiate into lamellocytes; overexpression of charlatan (chn), a zinc finger transcription factor, was shown to drive differentiation of plasmatocytes into lamellocytes (273). Using specific cell drivers, the authors were able to confirm that phagocytically-active plasmatocytes were the origin of these lamellocytes and that overexpression of chn repressed plasmatocyte markers. The JAK/STAT pathway was implicated in this transdifferentiation following isolation of plasmatocytes by flow cytometry and the induction of the pathway which led to lamellocyte formation. 

Recently, it has been demonstrated that the lymph gland is not the only site of hematopoiesis in the larvae (274,275). Leitao and Sucena utilised live imaging to confirm that Lz+ cells were proliferating from Hml+ Lz− cells within sessile clusters of 3rd instar larvae (274). Moreover, this group demonstrated that crystal cells can differentiate from plasmatocytes, as shown with both crystal cell and plasmatocyte markers which were overlapping. Serrate signalling to Notch within plasmatocytes is essential for this differentiation to crystal cells. So far, this has been the only study to demonstrate plasmatocyte to crystal cell differentiation. However, there is more evidence to suggest that plasmatocytes can differentiate into lamellocytes in the sessile clusters (262,275,276). The evidence comes from studies in which plasmatocytes from sessile clusters are transplanted into different larvae where they can successfully differentiate into lamellocytes (275). This study also demonstrated that plasmatocytes in the lymph gland respond to ROS increases in the posterior signalling centre and differentiate into lamellocytes. However, this only occurs upon parasitic wasp infestation. One potential caveat to these results is that all of the data has been derived from the same laboratory group. A separate group, investigating peripheral nervous system (PNS) clusters found that sessile hemocytes in larvae co-localise with peripheral neurones, a process that is essential for hemocyte development and survival; in genetically ablated larvae, which are deficient for subsets of peripheral neurons, there is a decline in hemocyte numbers and an incomplete resident hemocyte pattern (277). This group further demonstrated that activin-β (a TGF-β ligand) is expressed by the neurones in the PNS clusters and is regulates the proliferation of hemocytes (278). Importantly, the data from these three groups illustrates that plasmatocytes are much more plastic than originally thought, giving credence to our hypothesis that these cells exist as a heterogeneous population.

It was generally accepted that adult hemocytes were derived from the embryonic and larval populations, with adult hematopoiesis largely thought to be absent. This changed with a recent paper in 2015 (279). This group imaged hemocytes using a hemolectin-GFP reporter and found four hematopoietic clusters along the dorsal midline of adult flies. The blood cells in these niches are buried in a network of extracellular matrix proteins. Using a lineage tracing method, G-TRACE, the group determined that the hemocytes in these clusters were derived from embryonic and larval populations. Continued use of this tracing system demonstrated that hemocytes in these clusters are composed of a mix of cells that are lineage traced and cells that do not demonstrate lineage tracing. However, the authors did not definitively demonstrate that the G-TRACE method was not affecting the expression of these markers with independent methods. Moreover, no other group has yet replicated this study (although unpublished reports suggest that there is contradictory evidence (164)); therefore, the activity of adult hematopoiesis is still an outstanding question. However, this reveals greater similarities to mammalian hematopoiesis than initially thought; circulating macrophages are derived from precursor cells that originate during the definitive wave of hematopoiesis (106,261). 

The recent literature suggests that Drosophila hematopoiesis is more complex than originally thought and shows the current model of hematopoiesis to be outdated. It is now evident that hematopoiesis differs between the embryo and the lymph gland and that plasmatocytes are more plastic than originally thought, making this system more akin to mammalian macrophages which are capable of displaying, and switching between, multiple phenotypes (Fig 1.5).
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Figure 1.5. Hematopoiesis in Drosophila.
(A) In the early embryo, hemocytes are specified in the head mesoderm which requires serpent and glial cell missing for plasmatocytes or serpent and Lozenge for crystal cells. Crystal cells remain in the anterior of the embryo whilst plasmatocytes follow well-defined developmental cues to migrate along the ventral and dorsal axes. By late embryogenesis, plasmatocytes cover the whole embryo. In larvae, hemocytes exist as primarily sessile populations, which form hematopoietic clusters (blue). However, there are still circulating hemocytes (red) that patrol the larvae. A second wave of hematopoiesis occurs in the lymph gland (green) which remains intact throughout the pupal phase of development. Upon metamorphosis at the end of pupation the lymph gland ruptures, releasing additional hemocytes into the fly body. These hemocytes persist for the lifetime of the adult fly and circulate throughout the body. Recently, it has also been suggested that there are hematopoietic hubs in the adult fly (blue). (B) The hematopoiesis cascade in Drosophila. JAK/STAT signalling maintains pro-hemocytes capable of developing into all three immune cells; crystal cells, plasmatocytes and lamellocytes via Lozenge and Serrate/Notch signalling, glial cell missing, or JAK/STAT signalling respectively. Recent evidence has revealed plasticity of plasmatocytes, demonstrating that these cells can differentiate into crystal cells or lamellocytes. 


[bookmark: _Toc502936296][bookmark: _Toc4589272]1.7 Evidence for macrophage heterogeneity in Drosophila 

Heterogeneity appears to be a common trait of innate immune cells having been observed in neutrophils and monocytes (280–286). Macrophage heterogeneity is well established in vertebrates and is evolutionarily conserved in teleost fish (124,137,287,288). As outlined above, some plasticity and/or transdifferentiation of Drosophila blood cells has been reported, which could plausibly relate to or drive macrophage heterogeneity in flies. 

The first suggestions of plasmatocyte heterogeneity in Drosophila surfaced in 2003. While investigating the role of Nitric Oxide in Drosophila, Foley and O’Farrell found that Diptericin activity was present only in a subset of hemocytes isolated from infected larvae, suggesting that there was a differential response of the hemocytes, but did not confirm that this was specifically plasmatocytes (289). Stronger evidence was gained from a study that aimed to characterise the function of hemolectin (hml). The authors illustrated that hml was not expressed in all plasmatocytes, and confirmed this by co-localisation studies employing a pan-plasmatocyte marker, suggesting a heterogeneous population (290). A later study provided further evidence of a subpopulation by investigating hemocyte populations based on cell antigens (276). This study found that the antigen recognised by the monoclonal P3 antibody was expressed only in a subpopulation of plasmatocytes. However, it is still unknown what P3 recognises or what its function may be or if the labelled subpopulation displays any different behaviour compared to non-labelled populations. 

The most recent study suggesting distinct populations of plasmatocytes demonstrated that following S. aureus infection, the TGF- ligands decapentaplegic and dawdle were expressed in separate hemocyte populations (291). Although this study also failed to demonstrate that this was specific to plasmatocytes rather than all hemocytes. The only study directly investigating plasmatocyte heterogeneity was a thesis from the Sucena lab (292). Utilising flow cytometry, the author demonstrated that 80% of plasmatocytes were positive for the marker Hemese. However, the author was unable to demonstrate any functional evidence for a sub-population and the work has not yet been published in a peer reviewed journal. In contrast, a different study demonstrated that only 30% of hemocytes express Hemese (293). 

A recent paper from Neves et al, has described a factor that polarises immune cells towards a pro-healing phenotype, promoting tissue repair in both vertebrates and invertebrates. The authors performed RNA-sequence on isolated larval hemocytes to identify Pvr-dependent genes encoding proteins that were induced following UV-mediated epithelial damage (141). They identified MANF (Mesencephalic astrocyte-derived neurotrophic factor) as one such gene. MANF mutants had higher tissue degeneration in response to UV-induced damage which could be rescued by overexpression of MANF. Furthermore, overexpression of MANF increased numbers of lamellocytes, as did treatment of cells with human recombinant MANF (hrMANF), indicated by Atilla expression. This latter point suggests that Drosophila hemocytes are capable of responding to human recombinant proteins and could be useful for further investigations with this thesis. Importantly, the authors illustrate that in wild-type hemocytes only 50% express Arginase. This is of particular relevance to this project as arg is a canonical M2 macrophage marker. Furthermore, MANF was shown to significantly increase the number of hemocytes expressing arg and could therefore be used to polarise hemocytes. The authors progressed to demonstrate these findings in vertebrate models but ultimately did not show any hemocytes subsets (141). 

In one study investigating hemocytes within the proventriculus (Drosophila gut, PV) it was observed that there was a population of phagocytic hemocytes (294). These cells expressed common hemocyte makers in the same proportions as the general hemocyte population. However, there was a subpopulation of Hemese (He) positive hemocytes. Furthermore, the study found that a small proportion of the hemocytes in the PV expressed fascin (294), an actin-bundling protein required for invasive migration of hemocytes (295). This data suggested that these PV hemocytes may represent a tissue resident population that are recruited from embryonic hemocytes during the larval stages. 

Similarly, there have been descriptions of tumour-associated hemocytes, potentially resembling tumour-associated macrophages (249,296,297). It was initially observed that tumours (induced by RasV12/scrib-/-) increase the numbers of circulating hemocytes in larvae (249). The authors demonstrated that this increase was induced by the presence of tumours as the lymph gland had not emptied and histone staining confirmed that hemocytes were undergoing mitosis. Reducing hemocyte numbers in scrib-/- larvae resulted in larger tumours, demonstrating that hemocytes are actively suppressing tumour growth (249). Using the same genetic background, a different group demonstrated that tumour invasion into surrounding tissues is the result of Eiger (TNF) produced by tumour associated hemocytes (296). In further support that hemocytes actively control tumour growth, Cordero et al observed engulfed tumour cell fragments within the tumour-associated hemocytes, demonstrating that these hemocytes are sampling the tumour. Recently a group using an ‘undead’ model of apoptosis induced proliferation (AiP), in which the apoptotic cascade is initiated but caspases are inhibited, revealed that hemocytes adhere to such tissue and promote proliferation (297,298). These hemocytes communicate with the undead tissue via extracellular ROS (eROS) and Eiger. The authors suggested that these hemocytes are behaving in a similar manner to M2 macrophages (297,298).  

Together, this data provides evidence to suggest that hemocytes exist as a heterogeneous population, but this remains to be actively and directly studied. 

[bookmark: _Toc502936297][bookmark: _Toc4589273]1.8 Hypothesis and aims

As discussed, macrophage heterogeneity in mammals is a highly complex field of study with conflicting evidence based on the model used to study different aspects of macrophage biology. Thus, there is a requirement for a simpler model organism that could provide insight into novel mechanisms controlling these processes and increase our understanding of these functions in vivo. 

[bookmark: _Hlk5038619]The general consensus is that the division of macrophage function into M1 and M2 phenotypes first occurred in teleost fish (148). However, there are tantalising suggestions from the literature that Drosophila hemocytes exist as distinct sub-populations. However, little work directly investigates this in flies, therefore the existence and degree of heterogeneity within Drosophila blood cells remains unresolved. This project therefore aims to primarily address the following questions:

1. Do Drosophila hemocytes exist as distinct subpopulations?
a. Develop novel tools to visualise populations
2. Are these subpopulations functionally distinct? 
a. Investigate behaviours of subpopulations
3. Do Drosophila hemocytes behave in a pro- and anti-inflammatory manner, akin to mammalian macrophages?
a. Investigate the whole hemocyte population responses to manipulation of known mammalian pathways
b. Investigate known mammalian signalling pathways in relation to identified subpopulations
4. How are these subpopulations controlled? 
a. [bookmark: _Hlk5038763]Investigate genes potentially under the control of the enhancers

To answer these questions, we have developed tools to visualise and label subpopulations of hemocytes. Using these tools, we investigated the function of identified functionally distinct subpopulations through assays such as wounding and immune challenge. We further developed novel transgenic fly lines to facilitate future work, principally in relation to aim 3b. Moreover, we investigated mechanisms that could control these populations by manipulating pathways known to be involved in mammalian macrophage polarisation. This work resulted in a further aim of investigating the role of glucose metabolism on hemocyte behaviour. As an additional investigation, we focussed on JAK/STAT signalling (a key signalling pathway in mammalian macrophage function) within embryonic hemocytes. 

My hypothesis is that macrophage heterogeneity is a key feature of organisms with an in innate immune system and that this exists in Drosophila melanogaster. Ultimately, this project aims to establish Drosophila as a model organism for studying macrophage heterogeneity in vivo. 


[bookmark: _Toc476834038][bookmark: _Toc4589274]Chapter 2. Materials and Methods

[bookmark: _Toc476834039][bookmark: _Toc4589275]	2.1 Materials

[bookmark: _Toc476834040][bookmark: _Toc4589276]		2.1.1 Fly stocks used in this study

[bookmark: _Toc4589277]2.1.1.2 The GAL4-UAS system

The GAL4-UAS system (158,185) was used to drive hemocyte-specific expression of UAS transgenes (Table 2.1). A number of fluorescent genes under UAS control were used to monitor VT enhancer expression or to analyse cell activity (Table 2.2). The GAL4-UAS system was also used to induce hemocyte specific expression or knockdown of various genes (Table 2.3). 


	Table 2.1 GAL4 drivers used for hemocyte-specific expression

	Genotype
	Chromosome
	Supplier
	Reference

	Serpent-GAL4
	2
	Bloomington Stock Centre
	(248)

	Croquemort-GAL4
	3
	Bloomington Stock Centre
	(218)

	VT-GAL4
	3
	Vienna Drosophila Resource Centre
	(190)

	Hemolectin-GAL4
	2 and 3
	Bloomington Stock Centre
	(290)



	Table 2.2 UAS lines used to mark reporter expression

	Genotype
	Chromosome
	Supplier
	Reference

	UAS-GFP
	2 and 3
	Bloomington Stock Centre
	(299)

	UAS-eGFP
	2
	Gift from Martin Zeidler
	unpublished

	UAS-tdTom
	2
	Bloomington Stock Centre
	

	P{srp-GMA}
	2 and 3
	Bloomington Stock Centre
	(300)

	UAS-Stinger
	2
	Gift from Andrew Lin
	(301)

	SrpHemo-H2A::3xmCherry
	2
	Gift from Tom Millard
	(163)




	Table 2.3 Other UAS lines used in this study

	Genotype
	Chromosome
	Supplier
	Reference

	UAS-RNAi-Keap1
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-pdp
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-ND20
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-ND75
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-GSS
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-pdhA
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-HexA
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-Arg
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-NOS
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-STAT92e
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-Upd3
	2
	Bloomington Stock Centre
	(302)

	UAS-RNAi-Socs36e
	2
	Bloomington Stock Centre
	(302)

	UAS-cnx14D
	X
	Harvard Medical School
	(303)

	UAS-Upd
	2
	Bloomington Stock Centre
	

	UAS-Hop
	2
	Bloomington Stock Centre
	

	UAS-Socs36e
	2
	Bloomington Stock Centre
	

	UAS-Nos
	2
	Bloomington Stock Centre
	(304)

	UAS-Cat
	2
	Bloomington Stock Centre
	(305)

	UAS-SdhA
	2
	Bloomington Stock Centre
	(306)

	UAS-pdk
	2
	Bloomington Stock Centre
	(307)

	UAS-MANF
	2
	Bloomington Stock Centre
	(141)

	UAS-spz*
	2
	Gift from Jean-Marc Reichhart
	(308)



[bookmark: _Toc476834044]			2.1.1.2 Mutant alleles and deficiencies used in this study

A number of mutant alleles (Table 2.4) and deficiencies (Table 2.5) were used to investigate the genetic basis of macrophage/macrophage subpopulation function. Fly lines generated from these stocks are listed in full in appendix 1. 


	Table 2.4 Mutant alleles used in this study

	Genotype
	Chromosome
	Supplier
	Reference

	repo03702
	3
	Bloomington Stock Centre
	(309)

	UpdYM55
	X
	Bloomington Stock Centre
	(310,311)

	UpdOS1A
	X
	Bloomington Stock Centre
	(310,311)

	UAS-DomeΔCYT
	2
	Martin Zeidler
	(312)

	UAS-DomeDTMCYT
	2
	Martin Zeidler
	(312)

	HopTuml
	X
	Bloomington Stock Centre
	(313)




	Table 2.5 Genetic deficiencies used in this study

	Genotype
	Chromosome
	Supplier
	Reference

	Df(3L)H99
	3
	Bloomington Stock Centre
	(314)

	w1118
	X
	Bloomington Stock Centre
	(315)

	y1, sc*, v1
	X
	Bloomington Stock Centre
	

	y1, v1
	X
	Bloomington Stock Centre
	

	w1, y1
	X
	Bloomington Stock Centre
	




[bookmark: _Toc476834045][bookmark: _Toc4589278]		2.1.2 Immunostaining reagents

All primary and secondary antibodies used in the present study are outlined in the following tables. 

[bookmark: _Toc476834046]			2.1.2.1 Primary antibodies

	Antibody
	Raised in
	Recognised epitope
	Dilution
	Supplier

	Anti-DCP-1
	Rabbit
	Drosophila Cleaved Caspase-1
	1:500
	Cell Signaling



[bookmark: _Toc476834047]			2.1.2.2 Secondary antibodies

	Antibody
	Raised in
	Fluorescence
	Dilution
	Supplier

	Anti-rabbit
	Goat
	Alexa Fluor 488
	1:200
	Molecular Probes



[bookmark: _Toc476834048][bookmark: _Toc4589279]		2.1.3 Fluorescent reagents used
	
	Fluorescent probe
	Fluorescence
	Dilution
	Supplier

	Phalloidin
	Alexa Fluor 568
	1:500
	Molecular Probes

	Dihydrorhodamine 123
	488
	50µM
	Sigma



[bookmark: _Toc476834049][bookmark: _Toc4589280]	2.2 Fly work

[bookmark: _Toc476834050][bookmark: _Toc4589281]		2.2.1 Housing conditions

All fly stocks were reared under standard conditions and maintained at 18C with the exception of experimental flies and crosses which were kept at 25C. All stocks were kept in vials or bottles containing standard Drosophila medium (recipe in Appendix 1). 

[bookmark: _Toc476834051][bookmark: _Toc4589282]		2.2.2 Collection of flies and crosses

Flies were collected twice daily by anesthetizing flies using CO2. Virgin females were selected based on body colour, shape and presence of the meconium. Appropriately genotyped male and female flies were crossed in vials containing dried yeast granules. Flies were tipped into new vials of food every 3 days. Progeny flies were anesthetized with CO2 and flies of the correct genotypes were selected. F1 flies were then used for subsequent crosses or in laying cages. 

[bookmark: _Toc476834053][bookmark: _Toc4589283]2.2.3 Collection of embryos

Flies were added to laying cages attached to apple juice agar plates supplemented with yeast paste and allowed to acclimatise for 2 days before embryo collection. The apple juice agar plate was changed daily throughout. Plates were then changed every evening and cages incubated at 22C overnight before embryos were collected the following morning. Embryos were collected by washing the plates with distilled water and gently disturbing the embryos with a paintbrush, following which embryos were collected into a cell strainer. Embryos were dechorionated in undiluted bleach for 1-2 minutes and then washed in distilled water until free from bleach. Embryos were kept in distilled water until mounting to prevent dehydration. 

[bookmark: _Toc476834054][bookmark: _Toc4589284]		2.2.4 Collection of larvae

Flies were placed in vials or bottles and incubated at 25°C until L3 wandering larvae developed. These were then collected using a paintbrush by picking the larvae from the side of the vials. Larvae were placed into a fresh apple juice plate on ice to prevent them from wandering away. Larvae were washed in dionised water to clean away food debris before use.  

[bookmark: _Toc476834055][bookmark: _Toc4589285]		2.2.5 Staging embryos and larvae

Embryos were staged on a Leica M205 FA fluorescent dissection scope using the 488 wavelength to drive auto-fluorescence which was used to examine the shape of the amnioserosa, gut and head morphology, as described (316). Larvae were staged based on size and emergence from food. 

[bookmark: _Toc476834056][bookmark: _Toc4589286]	2.3 Live samples

[bookmark: _Toc476834057][bookmark: _Toc4589287]		2.3.1 Mounting embryos for live imaging 

Embryos were dechorionated as described in 2.2.4 and glass slides were prepared as described (317). A piece of double-sided sticky tape was placed along the length of a glass slide and then a 22x22mm coverslip (thickness 1) was added to each end to create a bridge with space in the middle to mount embryos. Embryos were genotyped and staged under a fluorescent dissection microscope and then transferred to the double-sided tape with a tungsten needle where they were orientated ventral side up. Following this they were covered with a small drop of halocarbon oil 700 (VWR International). A coverslip (thickness 1) was placed over the embryos, supported by the bridges, and secured with nail varnish. 

[bookmark: _Toc476834058][bookmark: _Toc4589288]		2.3.2 Wounding

Live stage 15 embryos were prepared and mounted as described (2.2.4 and 2.3.1). The epithelium of the embryos was ablated on the ventral midline using a Micropoint Ablation Laser (Andor) fitted to an Ultraview spinning disk confocal system (PerkinElmer) as described (317). Pre-wound z-stacks of 30µm were taken of superficial hemocytes on the ventral midline using an UplanSApo 40x oil objective (NA=1.3) with 1µm z-spacing. Post-wound images were taken on the same settings either at 2-minute intervals for 60 minutes or at the end timepoint of 60 minutes. Hemocytes were always labelled with GFP (exact genetics described with relevant results) and a 488nm laser with GFP emission filter was used in addition to the brightfield channel. 
 
[bookmark: _Toc476834059][bookmark: _Toc4589289]		2.3.3 pHRodo injections

pHRodo-labelled E. coli (Invitrogen) were diluted in phosphate buffered saline (PBS) to a concentration of 2mg/ml to create a stock; working stocks were then further diluted to 1mg/ml with PBS for injection. Needles were created by pulling 15cm long 1mm glass capillaries (WPI) using a Flaming/Brown P-1000 micropipette puller (Sutter, program 51). Needle tips were snapped using forceps under high magnification to create a bevelled (pointed) end.

Embryos were dechorionated as described in 2.2.4 and a glass slide was prepared; a piece of double-sided sticky tape was placed along the length of the slide. Embryos were genotyped and mounted ventral side up with the anterior portion of the embryos all facing in the same direction. Embryos were then dehydrated by incubating in a small container with silica beads for 7-8 minutes. Following this, a drop of Voltalef oil was added to cover the embryos and they were placed on the injecting rig. 

Ten-microliters of the injection pHRodo was loaded into the end of a needle, which was then attached to a DigiTherm micro-injector system (Tritech). Each embryo was injected once with the same injection pressure (5psi for 0.1 seconds). Following injection, the microscope slide was prepared as for live imaging (2.3.1) and either kept in the dark for 1 hour or imaged immediately on an Ultraview spinning disk confocal microscope (PerkinElmer). 

[bookmark: _Toc476834060][bookmark: _Toc4589290]		2.3.4 Time-lapse imaging

Embryos were prepared and mounted as described (2.2.4 and 2.3.1). Random migration was imaged using a spinning disk confocal microscope (Ultraview, PerkinElmer), with an image taken every 2 minutes for 1 hour with a Z-spacing of 1µm and approximately 20µm deep from the ventral nerve cord using a 20x air objective (UplanSApo 20, NA 0.8). 

[bookmark: _Toc4589291]2.3.5 Lightsheet imaging

Live early stage 12 embryos were mounted vertically, in 1% low-melting point agar (Sigma) within a glass capillary (inner diameter of 0.68mm). Capillaries were inserted into a Zeiss Lightsheet microscope and imaged with a 20x Plan-Apochromat objective lens (NA=1). Samples were suspended within the lightsheet chamber (filled with PBS) and illuminated with a 488nm laser. Stacks of 80µm and time lapse movies were taken every 10.4 seconds for approximately 2 hours at 28C. Images were then resampled in the Zen black software. Following this, files were opened in IMARIS and processed to track individual hemocytes. 

[bookmark: _Toc476834061][bookmark: _Toc4589292]		2.3.6 Reactive Oxygen Species staining

Reactive oxygen species (ROS) staining was performed using Dihydrorhodamine 123 (DHR123; Sigma). Embryos were dechorionated and then left in water for 30 minutes before being staged. Embryos were transferred to a glass vial wrapped in foil containing 1ml peroxide-free heptane and 1ml of 50µM DHR123 in PBS. Embryos were shaken at 250 RPM for 30 minutes. Following this, embryos were removed from the interface and mixed with halocarbon oil 700 (Sigma). Embryos were orientated individually on a prepared glass slide (as 2.3.1) and then immediately imaged using an Airyscan microscope (Zeiss; Plan-Apochromat 40x oil immersion, NA=1.4) with Z-spacing of 1µm and stacks totalling 30µm from the ventral nerve cord. Positive controls included embryos exposed to 10mM of H2O2 in PBS and heptane for 30 minutes prior to staining with DHR123 and negative controls included embryos not stained with DHR123. 

[bookmark: _Toc476834062][bookmark: _Toc4589293]	2.4 Fixed samples	

[bookmark: _Toc476834063][bookmark: _Toc4589294]		2.4.1 Fixation of embryos

Embryos were collected and dechorionated as described (2.2.4) and then transferred to fixative using a paintbrush. Embryos were fixed in 1:1 4% formaldehyde in PBS and peroxide-free heptane for 20 minutes with shaking. The lower formaldehyde phase was removed with a glass Pasteur pipette and replaced with an equal volume of methanol. After vigorous shaking, the embryos that had bene successfully separated from their vitelline membrane settled at the bottom of the microcentrifuge tube. Devitillenised embryos were transferred to a new microcentrifuge tube and then washed three times in 100% methanol. Following this final wash, embryos were stored in methanol at -20°C until required. 

For embryos that were to be mounted without any immunostaining, embryos were washed twice in methanol and then twice in PBTx (PBS + 0.1% Triton-X 100) before being stored in DABCO (Sigma, recipe in appendix) mountant at 4°C until required. 

[bookmark: _Toc476834064][bookmark: _Toc4589295]		2.4.2 Mounting fixed embryos for imaging 

A glass slide was prepared as described in 2.3.1. Stained embryos were transferred to a watch glass with DABCO. The correct genotype and stage was chosen under a dissection microscope and the embryos were transferred to a glass slide into a drop of DABCO. A cover slip was placed on top, used to gently orientate the embryo and then secured with nail varnish. 

[bookmark: _Toc476834065][bookmark: _Toc4589296]		2.4.3 Immunostaining of embryos

Fixed embryos were pooled in methanol and then washed three times for 5 minutes in PBTx (PBS + Triton-X 100) to remove methanol. Embryos were then blocked in PATx (1% BSA in PBS with 0.1% Triton-X 100) three times for 20 minutes each on a roller. Following the final block, primary antibody solution was added and embryos were incubated on a roller at room temperature for 2 hours. The antibody solution was then replaced with PATx for three washes. Embryos were blocked again as previously before incubation with secondary antibody solution for 2 hours at room temperature in the dark. Embryos were then washed again in PATx three times to rinse away secondary antibody solution and then incubated in PATx a further three times for 20 minutes each. PATx was then removed and embryos stored in DABCO mountant at 4C until ready to image on a confocal microscope (Nikon A1). 

[bookmark: _Toc476834067][bookmark: _Toc4589297]		2.4.4 Dissection of larval hemocytes

Wandering L3 larvae of the correct genotype were placed in a 75µl drop of chilled S2 media and washed. Individual larvae were then transferred to fresh S2 media drops and dissected by holding the larvae in place and then pulling the epidermis layer with tweezers. The larvae body was removed and the remaining hemocyte/S2 suspension was mixed by pipetting and transferred to a single well on a 96-well plate.

[bookmark: _Toc4589298][bookmark: _Toc476834068]		2.4.5 Larval hemocyte phagocytosis assay

Larvae were dissected as described (2.4.5). Once all larvae and genotypes were dissected, 96-well glass-bottom plates were incubated in a humidified box for 2 hours to allow hemocytes to adhere to the bottom of the wells. S2 media was replaced with media containing pHRodo-labelled particles for the phagocytosis assay and incubated in the dark for pre-determined amounts of time. Hemocytes were fixed with 4% paraformaldehyde and stored at 4C or imaged immediately live. 

[bookmark: _Toc4589299]2.4.6 Imaging fixed samples

Fixed samples were imaged on a confocal microscope (Nikon A1). Imaging was performed using a 40x objective lens (CFI Super Plan Fluor ELWD 40x, NA=0.6). 

[bookmark: _Toc476834069][bookmark: _Toc4589300]	2.5 Image processing and analysis 

All microscopy images were processed using Image J (NIH). Images were generally analysed as maximum Z-projections, with the exception of ROS staining and eGFP cell counting in which individual slices were analysed (for figure clarity purposes, Z-projections are presented, created by first removing the vitelline membrane from individual sections). Lightsheet images was analysed using Imaris (Bitplane, version 7.7) software. 

[bookmark: _Toc476834070][bookmark: _Toc4589301]		2.5.1 Hemocyte response to wounds

Hemocyte responses to wounds were analysed by first randomising the 60-minute wound images using a blinding script. Wounds were located on the brightfield channel and drawn around using the polygon tool in Image J. Measurements of the area, centroid and perimeter of the wound were then calculated. We counted 15 slices (approximately 15µm) from the first non-wound hemocyte to come into focus and quantifed the number of hemocytes touching or within the wound area throughout the z-stack, to determine the number of hemocytes responding. The density of hemocytes per µm2 of wound area was calculated by dividing the number of hemocytes present at the wound by the wound area. This was then normalised to the control average. 

[bookmark: _Toc476834071][bookmark: _Toc4589302]		2.5.2 Hemocyte migration velocity and directionality

To analyse random migration velocity and directionality of hemocytes, noise was removed from images using the despeckle function in Image J. Max projections were made (25m depth) and the centre of individual hemocyte bodies was tracked (by eye) with the manual tracking plugin for Image J. Velocity and directionality were then calculated using the chemotaxis tool plugin which reported velocity in µm/min and directionality as a measure of straightness. 

[bookmark: _Toc476834072][bookmark: _Toc4589303]		2.5.3 Hemocyte morphology

Hemocyte morphology was analysed using the polygon tool in Image J. The vitelline membrane outline was removed from individual slices by drawing around the inside edge of the membrane with the freehand selection tool and clearing the outside. Z-projections were then made and individual hemocytes were outlined with the polygon tool. Measurements were recorded such as; area, perimeter, mean grey values, skewness and circularity. 
	
[bookmark: _Toc476834073][bookmark: _Toc4589304]2.6 Statistical analysis

A parametric Student’s t-test was performed when comparing two sets of data. When multiple comparisons were required, a one-way ANOVA with Dunnett’s multiple comparisons test was performed. Both tests were performed using Graphpad Prism version 6.00 for Mac OS (GraphPad Software, La Jolla, California, USA). P values less than 0.05 were deemed significant. 

[bookmark: _Toc4589305]2.7 Molecular biology

[bookmark: _Toc4589306]2.7.1 DNA extraction 

For genotyping, DNA was extracted by placing individual male flies into 1.5ml tubes and mashing with a pipette tip. Following this, 50µl of digestion buffer (recipe in Appendix 1) was added and the tubes were incubated at 37C for 30 minutes followed by 10 minutes at 95C. DNA was stored at 4C until needed. 

[bookmark: _Toc4589307]2.7.2 PCR and gel electrophoresis 

PCR reactions were performed by first creating a working master mix for each gene by combining 12.5µl PCR master mix (Promega), 6.5µl H20 and 2µl each of forward and reverse primers (10pmol each). Twenty-three microliters of this master mix were then aliquoted into PCR tubes before adding 2µl of the relevant DNA per tube (5ng/µl). Reactions were loaded into a thermocycler (MJ Research) and run according to the following programme:
· 96C for 1 minute
· 96C for 1 minute (denature)
· 55C for 1 minute (annealing)
· 72C for 1 minute (extension)
· Repeat for 28 cycles
The annealing temperature was altered as necessary for primer pairs. 

Following PCR, 10µl of each reaction was mixed with 2µl of loading buffer (Promega), 1µl DNA loading dye (Promega) and loaded into 1.5% agarose gels (containing 1x SYBR safe DNA gel stain; ThermoFischer); 6µl of 1Kb DNA ladder was used (Promega). Gels were run at 70V for approximately 1 hour and then imaged on a Safe Imager gel imaging dock (Invitrogen). 

[bookmark: _Toc4589308]2.7.3 RNA extraction and cDNA synthesis

RNA was extracted according to the manufacturers protocol using the total RNA purification kit (NORGEN BIOTEK CORP). Briefly, larval hemocytes were pelleted by centrifuging at 2000 RPM for 10 minutes and then 350µl of buffer RL was added to lyse the cells. Following the addition of 200µl of 100% ethanol the tubes were vortexed for 10 seconds. 600ul of the lysate was transferred to a spin column and centrifuged for 1 minute at 6000 RPM. Flow through was discarded and the column was washed twice by applying 400µl of wash solution A to the column and centrifuging at 14000 RPM for 1 minute. After discarding the flow through, tubes were centrifuged for 2 minutes to dry and then the RNA was eluted in 30µl of RNAse free water. RNA was stored at -20C until needed. 

cDNA was created according the superscript II reverse transcriptase protocol (Promega). In a microcentrifuge tube, 1µl of random primers (50-250ng) was mixed with 1µl of dNTP mix (10mM of each NTP) and 1ng-5µg of RNA: water was added to a total volume of 12µl. The mixture was heated for 5 minutes at 65C and then 4µl of 5x first strand buffer and 2µl of 0.1M DTT were added. Tubes were then heated at 25C for 2 minutes before adding 1µl of reverse transcriptase (200 units) and then water to a final volume of 20µl. Samples were incubated at 25C for 10 minutes and then heated to 42C for 50 minutes. Reactions were inactivated by heating to 72C for 15 minutes. cDNA was then diluted to 5ng/µl and stored at -20C. 

[bookmark: _Toc4589309]2.7.4 qPCR

For each gene of interest, a mastermix was prepared by combining 5µl SYBR green, 2µl RNAse-free water and 1µl forward and reverse primer combinations (10µM stock). Eight microliters of this was added to each well of a 96-well micro-titre plate and then 2μl of the appropriate cDNA (5ng/µl) was added per well. Plates were sealed and then cycling was performed in a CF1000 Touch Thermocycler (BioRad) with an annealing temperature of 55°C unless specified. Cycling parameters were as follows:
· 95C for 10 minutes
· 95C for 30 seconds
· 55C for 30 seconds
· 72C for 30 seconds
· Repeat from step 2 for 39 times
· 65C-95C for 5 seconds melt curve
Primers used can be found in table 2.6. 



	Table 2.6 Primer sequences used in this study

	Primer name
	Forward
	Reverse
	Annealing temperature (C)
	Reference

	Arginase
	GCCCAACTGCTTGCCCAA
	CCTCGTAGGGGTCAATGTCC
	55
	(141)

	Attacin-A
	CACAATGTGGTGGGTCAGG
	GGCACCATGACCAGCATT
	55
	(291)

	Dpp
	GACCAGCACAGCATTAGCAAA
	AACTGTCGGTTCGCGTCAC
	55
	

	Drosomycin
	CGTGAGAACCTTTTCCAATATGATG
	TCCCAGGACCACCAGCAT
	55
	(318)

	Eiger
	GATGGTCTGGATTCCATTGC
	TAGTCTGCGCCAACATCATC
	55
	(319)

	GBP1
	GCATCCACAATAGCACTCCG
	TTGGGTCGTCTCCAGCAATA
	55
	

	NOS
	CATGAACAGCTCGTCGTCTG
	ATTCCATTTCTTCGTCGCCG
	55
	

	Sima
	GTCTCGTCATTGTCGCCATC
	GCCAGGATCGAAAGTGTTCC
	55
	

	STAT92e
	ATCGGGCGAGATTCAAAACG
	CCCGCTTGATCTTCTTCAGC
	55
	

	Relish
	GGCATCATACACACCGCCAAGAAG
	GTAGCTGTTTGTGGGACAACTCGC
	55
	(320)

	RpL32
	GACGCTTCAAGGGACAGTATCTG
	AAACGCGGTTCTGCATGAG
	55
	(321)

	RpS3
	TCTTTCTTTTCTGCGCACCA
	TCGCATTCATTTTGACGTCG
	55
	

	Unpaired-1
	CCACGTAAGTTTGCATGTTG
	CTAAACAGTAGCCAGGACTC
	55
	(322)



NB. GBP1=Growth Blocking Peptide 1, Dpp=Decapentaplegic, NOS=Nitric Oxide Synthase. Where no reference is given, primers were designed for this study. 


[bookmark: _Toc4589310]2.7.5 Transformation of DH5 cells

Unless otherwise stated, pre-aliquotted DH5 E. coli cells (Invitrogen) were used for bacterial transformations. An appropriate number of microcentrifuge tubes containing DH5 cells were thawed on ice. Two microliters of ligation reactions were added to 50µl of DH5 cells and incubated on ice for 30 minutes. Cells were heat-shocked at 42C for 20 seconds and then cooled on ice for 2 minutes, following which 950µl of LB media was added: cells were incubated at 37C for 1 hour before being spread onto LB agar plates containing appropriate antibiotics (Ampicillin, 100µg/ml only used for control plasmids). Plates were incubated overnight at 37C. 

[bookmark: _Toc4589311]2.7.6 Miniprep from cell colonies 

Following transformation and overnight incubation in liquid agar (of picked single colonies) with relevant antibiotics (Ampicillin, 100µg/ml only used for control plasmids), DNA was recovered from single colonies according to the manufacturer’s instructions using the QIAprep Spin Miniprep kit (QIAGEN). DNA was eluted in 30µl and stored at -20C until used. 

[bookmark: _Toc4589312]2.7.7 Creation of Enhancer-fluorophore lines

To create independent VT-fluorophore fusions, we used a similar cloning strategy as described by Pfeiffer et al (162). Briefly, enhancer candidates were cloned upstream of a minimal DSCP promoter followed by either nuclear tagged GFP or RFP using gateway cloning methods. An overview of the cloning strategy is outlined in Figure 2.1. 

2.7.7.1 PCR amplification of enhancer regions and cloning into the gateway vector
	
DNA was extracted from the different VT-enhancer flies as described previously (2.6.1) and amplified by a high-fidelity PCR (HiFi Kappa; Kappa Biosystems) using enhancer specific primers (162). PCR products were then subjected to gel electrophoresis (2.7.2) and the correct sized bands were excised from the gel. DNA from excised bands was extracted using a QIAquick Gel extraction kit (QIAGEN) following the manufacturers protocol. DNA was eluted in 30µl water and stored at -20C. 

Enhancer DNA was then subcloned into the TOPO gateway vector (PCR8/GW/TOPO; Invitrogen) as per the manufacturer’s protocol. Briefly, 3’ A overhangs were added to the PCR product to facilitate TA cloning by incubating the PCR products with Taq polymerase for 10 minutes at 72C. The products were then mixed with water, salt solution and the PCR8/GW/TOPO vector. This reaction was incubated at room temperature for 20 minutes before being transformed into OneShot TOP10 chemically competent E. coli cells (Invitrogen) as per the manufacturer’s protocol. Following overnight culture on agar plates with antibiotics (Chloramphenicol and Ampicillin were used at 100µg/ml as necessary), single colonies were chosen, incubated in liquid agar broth with antibiotics (Chloramphenicol and Ampicillin were used at 100µg/ml as necessary) overnight and then DNA extracted (2.7.6). Gel electrophoresis was employed to confirm successful cloning (2.7.2). 

2.7.7.2 Subcloning of GFP or RFP into the pBPGUw vector

Plasmids containing nuclear GFP (Addgene, plasmid 1018) or nuclear RFP (Addgene, plasmid 1203) were digested with Acc65I and SpeI restriction enzymes (NEB) to isolate the GFP or RFP sequences. Plasmids were digested sequentially by incubating 1µl SpeI with 1µg plasmid DNA, 5µl of 2.1 buffer and water to 50µl at 37C for 15 minutes. Following this, 1µl of 5M NaCl was added in addition to 1µl Acc65I. Reactions were incubated for a further 15 minutes before being heat inactivated at 80C for 20 minutes.  Gel electrophoresis was performed and the correct sized bands for GFP or RFP were excised as previously described. In parallel to this, the pBPGUw vector (Addgene) was digested under the same conditions to remove the GAL4 sequence: the band corresponding to the vector backbone was excised from a gel and the DNA stored at -20C. 

Using T4 ligase (Promega) the remaining pBPGUw vector and the excised GFP or RFP were ligated. In a microcentrifuge tube, 100ng of vector DNA was combined with 17ng of the insert DNA (GFP/RFP), 0.33µl T4 DNA ligase and 1µl of ligase buffer. The reaction was made up to 10µl with water and incubated at 22C for 3 hours. This reaction was used to transform ccdb OneShot E. coli cells (Invitrogen) as per the manufacturer’s protocol (Chloramphenicol and Ampicillin were used at 100µg/ml as necessary). Successful ligation was confirmed with PCR and gel electrophoresis. 

2.7.7.3 Transfer of gateway clones into integration vectors

An LR clonase reaction (Invitrogen) was used to combine the enhancer containing PCR8/GW/TOPO gateway vectors with the GFP or RFP containing pBPGUw destination vectors. Following the manufacturers protocol, 150ng of the gateway vector was combined with 150ng/µl of the destination vector with water being added to a final volume of 8µl. 2μl  of the LR clonase was added and reactions incubated at 25C for 1 hour. Reactions were terminated with 1µl of Proteinase K and incubation at 37C for 10 minutes. Reactions were subsequently used to transform DH5 cells (2.7.5). Successful cloning was confirmed by sequencing and gel electrophoresis. 

2.7.7.4 Injection of integration vectors into flies

DNA from the LR clonase reactions was sent to Genetivision for PhiC31 mediated injection into one of three sites:
· VK1 (chromosome 2)
· attP2 (chromosome 3)
· Su(Hw) attP1 (chromosome 3)

Transgenic fly lines were crossed to balancer lines (either w1118;If/Cyo dfd or w1118;;Dr/TM6B dfd) (323) and then the F2 generation were screened for the presence of a mini-white. Positive flies were then crossed to the same balancer lines to create stable stocks. Males from each stock were taken for DNA extraction with GFP or RFP presence being assessed with PCR (as previously described). 















[image: ]





















Figure 2.1 Cloning strategy for creating VT-GFP or VT-RFP plasmids. 
Enhancers were PCR amplified and cloned into a PCR8/GW/TOPO vector. In parallel, nlsGFP or nlsRFP were subcloned into a pBPGUw vector, replacing the GAL4 sequence. The enhancer-PCR8 vecors were then cloned via a gateway reaction into the pBPGUw vectors containing nlsGFP or nlsRFP. 
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[bookmark: _Toc4589313][bookmark: _Toc505952677]Chapter 3. Identification of Macrophage Subpopulations in Drosophila

[bookmark: _Toc4589314]3.1 Introduction

Macrophage heterogeneity has become a highly complex field with cell culture systems compounding the problematic literature (26). Moreover, the spectrum of macrophage activation states has been poorly studied in vivo. The reduced redundancy and in vivo imaging capabilities make Drosophila an ideal model organism to study macrophage behaviour (164,166). As discussed in the introduction, there has been limited study of macrophage subpopulations within Drosophila. We therefore wished to establish the existence of hemocyte subtypes in Drosophila and characterise the behaviour of any populations identified.

[bookmark: _Toc4589315]3.1.1 DNA enhancers 

There are numerous layers to gene regulation, with enhancers forming one such layer (324). DNA enhancers act to increase the transcription of a gene to a level higher than that in the absence of the enhancer (325,326). Enhancers are defined as acting over large distances, independent of their orientation (327,328). There are two methods by which enhancers are currently thought to act. The first is by forming loops in the chromatin structure, bringing the enhancer into physical proximity to the promoter of the gene (326,329,330). This looping is thought to be essential for the assembly of the pre-initiation complex as RNA polymerase II and other transcription factors are recruited to enhancers. Therefore, the concentration of the transcriptional machinery can be increased near target genes (326). Secondly, enhancers can be transcribed to produce enhancer RNA (eRNA) which positively correlates with the levels of mRNA from nearby genes; however it is not currently known how this eRNA functions (329,331,332). Recent evidence has disputed the notion that enhancers act on single genes by demonstrating that a single enhancer could activate two different reporter genes simultaneously and to the same level of amplification (333). This work further suggested that the enhancer needed to be located near to the reporter genes being controlled. 

Enhancer activity can be specific to certain cell types or environmental conditions (326). It is known that the environment of different tissues is fundamental in dictating the identity of tissue resident macrophages (109). Recently, enhancers have been implicated in macrophage polarisation (113,334,335). These studies demonstrated that signalling from the local environment can influence the enhancer landscape within the tissue resident macrophage populations. 

[bookmark: _Toc4589316]3.2 Results

Drosophila is a well-established model organism for performing large scale screening (336–338). A recent large scale analysis of developmental enhancers in Drosophila characterised over 7000 enhancers from the Vienna Tilling array (VT) (190). The authors introduced enhancer regions upstream of GAL4 and then inserted this construct into the same genomic location in Drosophila. Following this, they performed in situ hybridisation for GAL4. They then characterised the GAL4 expression pattern, identifying developmental stages and cell or tissue specificity. The authors found that approximately half of the characterised enhancers were active. Querying the associated database for this study revealed 67 lines annotated as being expressed in hemocytes or macrophages. In reviewing the images for these 67 enhancers to determine lines that were expressed in only a subset of hemocytes, we identified 21 enhancer lines that warranted further investigation (table 3.1). Figure 3.1 shows the original in situ images for some of the lines subsequently investigated, with an example showing a non-hemocyte expression pattern (Fig 3.1 A) and an example where the enhancer is expressed in all hemocytes (Fig 3.1 B).  








	Table 3.1 Enhancer lines investigated in this study

	VT enhancer line
	Nearest gene(s)
	Kvon et al annotations for stages 12-15
	Observations in this thesis

	16254
	CG12464, CG34236, CG43058, fas, S-Lap5
	Head subset, hemocyte
	All hemocytes

	17123
	unc-5, Hr51, Pms2, CR44458, CR44459
	Dorsal vessel specific anlage, lateral epidermis subset, dorsal vessel, trunk epidermis subset, dorsal epidermis subset, midgut broad, brain subset, hemocyte, macrophage
	Subpopulation of hemocytes

	17559
	Lis-1, CG8441, Ptp52F, clu, CG8435
	Ventral midline, hemocyte, macrophage
	Subpopulation of hemocytes

	17874
	CG5522, resilin, Vkor, CG15919, CG15615
	Yolk, hemocyte, macrophage, plasmatocyte anlage, hindgut
	Subpopulation of hemocytes

	26778
	Prat2, CG14820, tow, CG10077, CG9948
	Ventral nerve cord subset, brain subset, macrophage
	No hemocytes

	31562
	Mbs, th, CR43951, CG33258, CG5895
	Plasmatocytes anlage, head mesoderm primordium, hemocyte, macrophage
	Developmental pattern in hemocytes

	3229
	CG52368, CG42369, CG42370, CG9507, CG13982
	Head subset, hemocyte, macrophage
	Subpopulation of hemocytes

	32897
	MYPT-75D, bora, not, tRNA:CR32200, CG4174
	Proventriculus, macrophage
	Subpopulation of hemocytes

	54827
	CG32816, l(1)sc, pcl, sc, CR44753
	Plasmatocytes anlage, head mesoderm primordium, hemocyte, macrophage
	All hemocytes

	55849
	trol, mir-4955, Pdfr, Vha36-3, CG13759
	Trunk mesoderm primordium, midgut broad, hindgut, hemocyte, macrophage, visceral muscle broad
	Subpopulation of hemocytes

	57089
	ovo, CG32767, CR44833, rg, Rpn13R
	Hemocyte, macrophage
	Subpopulation of hemocytes

	62766
	para, Cnx14D, CG9903, CG9902, Arp2
	Amnioserosa, macrophage
	Subpopulation of hemocytes

	26324
	CG10479, CG32406, alphaKap4, CG33933, Rcc1
	Brain primordium broad, ventral epidermis primordium subset, ventral nerve cord subset, brain subset, head epidermis lateral subset, antenna-maxillary-labial complex, hemocyte, macrophage
	Subpopulation of hemocytes

	2664
	vri, CR44743, CR44743, Bub1, Bsg25D
	Head subset, hemocyte
	Developmental pattern in hemocytes

	27014
	unc-13-4A, CG8607, RhoGEF4, CG8605, CG8602
	Hemocyte, macrophage
	No hemocytes

	44964
	CG31191, CG5630, snoRNA:CG31191-a, CR44106, Atpalpha
	Hemocyte, macrophage, yolk
	No hemocytes

	42371
	pnr, GATAe, CG10264, CG10407, ird5
	Ventral midline, amnioserosa, plasmatocytes anlage, head mesoderm primordium, hemocyte, macrophage
	Subpopulation of hemocytes

	41692
	Meltrin, kibra, CG3509, Rad17, Hexim
	Hemocyte, macrophage
	Developmental pattern in hemocytes

	45961
	CG4704, CR43846, CR44350, CG13840, CG7031
	Ventral nerve cord subset, brain subset, brain broad, hemocyte, macrophage
	No hemocytes

	40039
	dpr5, dpr4, CR45056, CG14708, CG10898
	Ventral nerve cord subset, dorsal vessel, brain subset, hemocyte
	Subpopulation of hemocytes

	4305
	Sema-1a, tRNA:CR31603,  tRNA:CR31604, CG17834, tRNA:CR31895
	Head subset, dorsal vessel, hemocyte, macrophage
	Developmental pattern in hemocytes


N.b. Bold indicates genes investigated in depth in this thesis. 
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Figure 3.1. In situ data reveals potential hemocyte subpopulations. 
Data from a large in situ screen of enhancer candidates revealed that different enhancers had different expression patterns, some of which appeared to be within a subpopulation(s) of hemocytes. (A) demonstrates ventral nerve cord (VNC) staining (VT063185). (B) shows an example of staining in all hemocytes (VT054827). (C-F) show examples of enhancer activity in hemocyte subsets that we have examined functionally (C, VT32897, D, VT57089, E, VT17559, F, VT62766).  Anterior is left, ventral side up, all stage 15. Adapted from Kvon et al (190). 


[bookmark: _Toc4589317]3.2.1 Enhancer elements are differentially expressed throughout Drosophila embryonic development

Reviewing the original Stark lab data, we identified 21 VT-enhancer lines that appeared to have expression within a subpopulation of hemocytes (190). To validate the expression of different enhancers within hemocytes, we required a fly line with a UAS-fluorescent construct and a pan-hemocyte label. We used UAS-TdTomato as a reporter of enhancer activity and SrpGMA (GFP fused to the actin-binding domain of moesin under the control of a serpent promoter) to label all hemocytes in the embryo (224) (Fig 3.2). To investigate the enhancer lines in more detail, we profiled expression across development at stages 12-15 on the ventral and dorsal sides of the embryo. Our positive control, serpent (srp-GAL4), specifically labelled the majority of hemocytes throughout the four stages that we observed, as quantified by eye (Fig 3.2 A & B). In contrast, our negative control did not label any cells throughout the observed stages, confirming that the UAS-tdTomato was only expressed in the presence of GAL4 (Fig 3.2 A). 
[image: D:\Dropbox\PhD\Writing\Thesis\Chapter 3 Identification of hemocyte subpopulations\Figures\Fig 2 - tdTom controls\TdTom controls figure.tif]
Figure 3.2. The GAL4-UAS expression system is effective for visualising hemocytes 
(A) Representative images of hemocytes from a positive control (w;UAS-tdTomato/Srp-GAL4;SrpGMA/SrpGMA) and negative control (w;UAS-tdTom/+;SrpGMA/SrpGMA) where hemocytes (SrpGMA) are labelled in green. Expression of the UAS is labelled as red. Scale bar represents 10µm. (B) Scatterplot of positive control demonstrating that UAS-tdTom labels the majority of hemocytes that are co-labelled with SrpGMA across developmental stages. Lines and error bars represent mean ± SD, One-way ANOVA with Dunnett’s multiple comparisons test, n=6 embryos. 


[bookmark: _Hlk4570981]Having confirmed that Srp-GAL4,UAS-tdTomato and SrpGMA-labelled hemocytes overlapped, we next investigated the VT enhancer lines. We observed 4 main categories of enhancer expression throughout development of the embryo stages studied (Fig 3.3). VT16254 demonstrates an enhancer that was active in the majority of hemocytes throughout development, similar to that seen with the positive control (Fig 3.3 A & C). In contrast, VT44964 driven tdTomato does not appear to be expressed in hemocytes, representing an enhancer that is not active throughout any of the observed development stages, or that is below the limits of detection using this approach (Fig 3.3 A & D). In addition, as can be seen in the stage 14 image, this enhancer is active in other tissues (Kvon et al annotated this line as having yolk expression at stage 14 (190)) confirming that the enhancer was active at this stage, but not in hemocytes. We also observed situations in which expression appears developmentally regulated, wherein the enhancer line appeared to be active in more hemocytes as the embryo progressed through development. An example of this is VT41962, where the enhancer expression increases from approximately 5% at stage 13 to 50% at stage 14, finally reaching 85% by stage 15 of development (Fig 3.3 A & E). Lastly, VT17559 illustrates an example of an enhancer driving expression in/marking a subpopulation of hemocytes (Fig 3.3 A & F). In this expression pattern, the enhancer is active in approximately 10% of hemocytes, peaking at 40% expression by stage 15. From the original 21 enhancer lines, we observed 2 lines that were expressed in all hemocytes, 4 lines that were not expressed in hemocytes, 4 lines that had a developmental expression pattern and 11 lines that appeared to be expressed in a subpopulation of hemocytes (Fig 3.3 G). 

[bookmark: _Hlk4578525]We observed enhancer-GAL4 driven expression of tdTomato within hemocytes in 17 VT lines (from the 21 initially screened) that Kvon et al labelled as macrophage or hemocyte expression (190). However, we also revealed 4 enhancer lines that did not drive tdTomato expression in hemocytes, in contrast to the original screen, possibly due to the different approaches taken. As we have utilised a hemocyte-specific cell label (serpent) in addition to enhancer-GAL4 driven tdTomato expression, we can be more confident of enhancer activity within hemocytes. Importantly, our data reveals the existence of differentially labelled hemocyte subpopulations as 11 of the enhancer lines screened were active in a subpopulation of hemocytes.
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Figure 3.3. Screening of enhancer lines reveals distinct expression patterns within hemocytes. 
(A) Representative stills of enhancer positive cells (red) in a background with all hemocytes labelled (green) across 4 developmental stages (w;UAS-tdTomato/SrpGMA;VT-GAL4/ SrpGMA). Stages 12 and 14 were mounted dorsally and stages 13 and 15 mounted ventrally. Scale bars represent 20µm. (B) Zoomed images of (A), scale bar represents 5μm. (C-F) Quantification of individual lines shown in (A), (C) Scatterplot of VT16254, demonstrating enhancer expression in all hemocytes throughout development. (D) Scatterplot of VT44964, demonstrating no enhancer expression in hemocytes throughout development. (E) Scatterplot of VT41962, demonstrating a developmental pattern of enhancer expression in hemocytes. (F) Scatterplot of VT17559, demonstrating enhancer expression in a subset of hemocytes. Asterisk represents Student’s t-test, *p<0.5, **p<0.01. Lines and error bars represent mean ± SD, Asterisk represents One-way ANOVA with Turkey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001, n=3 embryos for each developmental stage. (G) Pie chart demonstrating the enhancer expression patterns observed in our screen of 22 VT enhancer lines. 


[bookmark: _Toc4589318]3.2.2 The existence of hemocyte subpopulations is confirmed by additional reporter lines

In our initial screen, the positive control (Srp-Gal4) did not mark 100% of hemocytes with tdTomato that could be labelled by a direct Srp-GMA transgenic construct.  To confirm that we were not observing a delay in the maturation of tdTomato relative to GFP, we utilised a UAS-eGFP line (w;UAS-eGFP;VT-GAL4) and quantified the number of observable hemocytes by eye. We imaged approximately 30μm into the embryo from the ventral side (as with our imaging of the ventral side of stage 15 embryos in the initial screen, Fig 3.3). Our positive control labelled an average of 40 hemocytes in the area that we observed (Fig 3.4 Ai & B1). In contrast, VT32897 labelled 10 hemocytes (Fig 3.4 Aii & B2), VT57089 and VT17559 labelled 20 hemocytes (Fig 3.4 Aiii & B3, Aiv and B4 respectively), VT62766 labelled slightly more hemocytes than the other lines at 22 hemocytes (Fig 3.4 Av & B5). VT40039 labelled less than 10 hemocytes and was therefore not utilised in all functional assays due to technical difficulties (Fig 3.4 Avi & B6). All 5 enhancers labelled significantly fewer hemocytes than the control (One-way ANOVA with Dunnett’s multiple comparisons test, p<0.0001). This reporter also confirmed that enhancer expression is not limited to hemocytes with VT57089, VT17559 and VT62766 all labelling additional cells, possibly apoptotic cells. Importantly, we could distinguish hemocytes based on their morphology as shown by the blue and white arrows highlighting a hemocyte and an enhancer positive cell respectively (Fig 3.4 B5). This data confirms that the 5 enhancer lines we chose to investigate further all labelled subsets of hemocytes.
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Figure 3.4. Hemocyte subpopulations are confirmed with additional fluorescent reporters.
(Ai-vi) Representative stills of enhancer positive cells. (Ai) Representative still of positive control with all hemocytes labelled with GFP (w;Srp-GAL4,UAS-eGFP). (Aii) Representative still of VT32897-positive cells labelled with GFP (w;UAS-eGFP;VT32897-GAL4). (Aiii) Representative still of VT57089-positive cells labelled with GFP (w;UAS-eGFP;VT57089-GAL4). (Aiv) Representative still of VT17559-positive cells labelled with GFP (w;UAS-eGFP;VT17559-GAL4). (Av) Representative still of VT62766 positive cells labelled with GFP (w;UAS-eGFP;VT62766-GAL4). (Avi) Representative still of VT40039 positive cells labelled with GFP (w;UAS-eGFP;VT40039-GAL4). Scale bar represents 20µm. (B) Zoomed images of Ai-Avi, blue arrows indicate enhancer positive hemocytes while white arrows indicate enhancer positive cells that are not hemocytes but possibly apoptotic cells. Scale bars represent 2µm. (C) Scatterplot of quantification of genotypes shown in (A), demonstrating that enhancer lines label a subpopulation of hemocytes when compared to the positive control. Lines and error bars represent mean ± SD, Asterisk represents One-way ANOVA with Dunnett’s multiple comparisons test, ****p<0.0001, n = 9 embryos.


[bookmark: _Toc4589319]3.2.3 Hemocyte subpopulations persist throughout life course 

Having established that subpopulations of hemocytes exist in the embryo, we wished to investigate if these persisted throughout the life of the fly. Although it has been suggested that adult flies are capable of hematopoiesis (279), this remains to be conclusively proven. However, it is known that, despite the contribution of lymph gland-derived hemocytes (165), embryonic hemocytes persist into adulthood (165,166). We therefore utilised the UAS-eGFP line (w;UAS-eGFP;VT-GAL4) used previously to visualise enhancer activity in larvae and adults. Unfortunately, VT40039 labelled too few hemocytes to be reliably used in this assay. We imaged whole L3 larvae and could identify GFP-expression within hemocytes in our positive control (w;hml-GAL4,UAS-eGFP, Fig 3.5 A). Our negative control did not label hemocytes, but did label pericardial nephrocytes (w;srp-GAL4,UAS-eGFP, Fig 3.5 B), consistent with the literature (339). VT32897 labelled both hemocytes and pericardial nephrocytes in addition to the salivary glands (w;UAS-eGFP;VT32897-GAL4, Fig 3.5 C). VT57089 did not appear to be active in hemocytes at this stage of development. However, there was low-level expression in cells within the area of the salivary gland (w;UAS-eGFP;VT57089-GAL4, Fig 3.5 D). Similarly, VT17559 did not appear to be expressed within the larval stages but appeared to label cells lining the trachea (w;UAS-eGFP;VT17559-GAL4, Fig 3.5 D). Finally, VT62766 labelled pericardial nephrocytes, salivary gland cells and hemocytes (w;UAS-eGFP;VT62766-GAL4, Fig 3.5 E). Together, this data confirms that a VT32897 and VT62766 are active within hemocytes in L3 larvae. However, it was not possible to determine if VT57089 and VT17559 were active in hemocytes, despite their presence in other cells. Furthermore, this data provides evidence to refute the potential hypothesis that we are only observing subpopulations due to a threshold of fluorescence/time taken for GFP expression not being reached as, by this point in development, all cells should have been labelled, if this hypothesis had been true.  
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Figure 3.5. Hemocyte subpopulations persist into larval stages.
(A-F) Representative images of L3 larvae with labelled hemocytes and enhancer-positive cells. (A) Representative images of positive control with all hemocytes labelled with GFP (w;hml-GAL4,UAS-eGFP). (B) Representative images of negative control with all hemocytes labelled with GFP (w;srp-GAL4,UAS-eGFP). (C) Representative images of VT32897-positive cells labelled with GFP (w;UAS-eGFP;VT32897-GAL4). (D) Representative images of VT57089-positive cells labelled with GFP (w;UAS-eGFP;VT57089-GAL4). (E) Representative images of VT17559-positive cells labelled with GFP (w;UAS-eGFP;VT17559-GAL4). (F) Representative images of VT62766-positive cells labelled with GFP (w;UAS-eGFP;VT62766-GAL4). (V) = Ventral, (D) = Dorsal. Scale bars represent 500μm. (1-12) represent zoomed areas, with scale bars representing 200μm. Red asterisks indicate hemocytes; blue asterisks indicate enhancer-positive cells that do not have the morphology of hemocytes, suggesting that these are different cells. N=3 images for each genotype. 


[bookmark: _Hlk4582271]Having demonstrated that our subpopulations were present within L3 larvae, we next imaged adults, to determine if our subpopulations could persist into early adult flies. We found that all enhancer lines were active in adults (Fig 3.6 A & B). We analysed both males and females as it is known that the immune response can differ between sexes (340). However, we found no difference between males and females in the expression system used here (male data not shown). Both hemocyte labels, hml and srp, were expressed within hemocytes in adults (w;hml-GAL4,UAS-eGFP & w;srp-GAL4,UAS-eGFP). Hemocytes are distributed throughout the body of the adult fly including in the thorax and abdomen. Additionally, hemocytes can be found in the head and legs, demonstrating thorough circulation. VT32897 can be seen to label a subpopulation of the adult hemocytes that appear to localise primarily near to top of the legs, with less distribution in the abdomen or head region (Fig 3.6 A9). Indeed, most labelled hemocytes appear on the dorsal side of the fly. This enhancer is also active in pericardial nephrocytes (Fig 3.6 A & B7). In contrast, VT57089 appears to be more widely dispersed across the adult. VT57089-hemocytes can be observed along the abdomen and thorax (Fig 3.6 A & B10). These hemocytes appear to be more prevalent on the ventral side of the fly. Similar to VT32897, VT17559 appear to label hemocytes and other tissues, such as the gut (Fig 3.6 A & B13-14). Hemocytes can be observed primarily in the abdomen and dorsal side of the thorax (Fig 3.6 A & B15). Of the 4 enhancer lines investigated in the adult, VT62766 appears to be active in the most hemocytes (Fig 3.6 A & B16-18). These hemocytes appear distributed throughout the fly, appearing in the head, thorax and abdomen. Furthermore, this enhancer does not appear to be active in other tissues. Moreover, both male and female adults were analysed with no differences observed between the sexes (data for males not shown). 

We have shown that at least 2 of our enhancers (VT32897 & VT62766) are active in L3 larval hemocytes. Moreover, all 4 enhancers appear active in adult hemocytes, with varying patterns of distribution. Together, this demonstrates that our subpopulations appear to persist throughout the organismal life course, although further investigation is required to definitively confirm these labelled cells as hemocytes. 
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Figure 3.6. Hemocyte subpopulations persist into adult flies.
(A-B) Representative images of virgin female adults with labelled hemocytes and enhancer-positive cells. (A) Representative images of whole adults. Scale bars represent 500μm. (B) Zoomed images of adults (A). Scale bar represents 200μm. Hml, (w;hml-GAL4,UAS-eGFP), srp (w;srp-GAL4,UAS-eGFP), VT32897 (w;UAS-eGFP;VT32897-GAL4), VT57089 (w;UAS-eGFP;VT57089-GAL4), VT17559 (w;UAS-eGFP;VT17559-GAL4), VT62766 (w;UAS-eGFP;VT62766-GAL4). N=6 adults for each genotype. 







[bookmark: _Toc4589320]3.2.4 Hemocyte subpopulations share similar cellular morphologies

It is known that macrophages exhibit distinct morphologies, depending on their activation state or the tissue in which they reside. For instance, M1 macrophages are smaller, more rounded and spindle-shaped than unpolarised macrophages. In contrast, M2 macrophages exhibit a larger, longer and more irregular shape, as observed in vitro (341–343). Utilising the same line that was used for the initial characterisation of the enhancer lines (w;UAS-TdTomato/SrpGMA;VT-GAL4/SrpGMA), we imaged stage 15 embryos. Doing this for both enhancer-positive (+) and enhancer-negative (-) hemocytes allowed us to use the enhancer-negative hemocytes as an internal control (Fig 3.7 A). We then measured the cell area, roundness (an inverse calculation of the aspect ratio), circularity, and skewness (a measure of symmetry in XY) using the built-in measurements in ImageJ. If a hemocyte was more pro-inflammatory, akin to an M1 macrophage, it may be expected to have a more round and circular (circularity = 1) appearance. However, we found that there were no differences between enhancer-positive and enhancer-negative hemocytes for the total area of cells or for the roundness (Fig 3.7 B & C). VT40039 enhancer positive hemocytes were less circular than enhancer negative hemocytes from the same embryo (Fig 3.7 D). Additionally, only one enhancer line, VT32897, displayed a significant difference in the skewness, suggesting that these cells may have a different cellular polarity than the general hemocyte population. VT32897-positive hemocytes were more skewed than enhancer-negative hemocytes (Fig 3.7 E). This shows that expression of multiple fluorophores does not affect cell morphology and that, in an unchallenged state, enhancer-positive hemocytes are not morphologically distinct from enhancer-negative hemocytes.
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Figure 3.7. Hemocyte subpopulations share similar morphologies.
(A) Representative images of enhancer positive cells (magenta) in a background with all hemocytes labelled (GFP) and zoomed images (1-6). Positive control (w;UAS-tdTomato/SrpGMA;Srp-GAL4/ SrpGMA), VT32897 (w;UAS-tdTomato/SrpGMA;VT-32897/ SrpGMA), VT57089 (w;UAS-tdTomato/SrpGMA;VT-57089/SrpGMA), VT17559 (w;UAS-tdTomato/SrpGMA;VT-17559/SrpGMA), VT62766 (w;UAS-tdTomato/SrpGMA;VT-62766/SrpGMA), VT40039 (w;UAS-tdTomato/SrpGMA;VT-40039/SrpGMA). Blue arrows represent enhancer positive hemocytes, red arrows indicate enhancer negative hemocytes. Scale bar represents 20µm, zoom scale bar represents 5μm. (B) Scatterplot of area of enhancer positive hemocytes. (C) Scatterplot of roundness of enhancer positive hemocytes. (D) Scatterplot of skewness of enhancer positive hemocytes. (E) Scatterplot of circularity of enhancer positive hemocytes. Asterisks represent p < 0.05 (*), p < 0.01 (**), via two-way ANOVA with Sidak’s multiple comparisons test; data points represent individual hemocytes, taken from a minimum of 3 embryos.


[bookmark: _Toc4589321]3.2.5 Hemocyte subpopulations efficiently phagocytose E. coli 

M1 macrophages efficiently phagocytose invading bacteria and are responsible for clearing infections within the body (27,40). In contrast, M2 macrophages are less efficient at clearing pathogens (15). In Drosophila, embryonic hemocytes have been shown to efficiently phagocytose E. coli (169). We wished to determine if any of our identified subpopulations displayed differences in terms of their ability to phagocytose bacteria. We injected stage 15 embryos with green pHRodo-labelled E. coli, which becomes more fluorescent on exposure to more acidic environments during phagosomal maturation (344). Following injection, embryos were left for 1 hour to allow the hemocytes time to phagocytose the E. coli before imaging. We then quantified the number of hemocytes positive for E. coli. Unfortunately, VT40039 was not included in this assay due to technical difficulties of obtaining sufficient replicates for thorough analysis. We found that all of our enhancer-labelled hemocyte subsets efficiently phagocytosed pHRodo E. coli (Fig 3.8 A & B). However, there was no observable difference in the percentage of hemocytes phagocytosing E. coli between a control and the enhancer-labelled subsets (One way ANOVA with Dunnett’s multiple comparisons test, VT32897 = 0.9176, VT57089 = 0.8573, VT17559 = 0.199, VT62766 = 0.9803, n = 22, 28, 29, 31 and 28 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively). This is possibly due to the constrained time frame for imaging (Fig 3.8 C). This shows that all embryonic hemocytes are capable of efficiently phagocytosing E. coli. 
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Figure 3.8. Hemocyte subpopulations effectively phagocytose E. coli.
(A) Representative stills of enhancer-positive cells (red) in a background with all hemocytes labelled (GFP) and pHRodo-labelled E. coli (bright green). Scale bar represents 20µm. Positive control with all hemocytes labelled with RFP (w;UAS-tdTomato/SrpGMA;Srp-GAL4/ SrpGMA), VT32897 (w;UAS-tdTomato/SrpGMA;VT-32897/ SrpGMA), VT57089 (w;UAS-tdTomato/SrpGMA;VT-57089/SrpGMA), VT17559 (w;UAS-tdTomato/SrpGMA;VT-17559/SrpGMA), VT62766 (w;UAS-tdTomato/SrpGMA;VT-62766/SrpGMA). (B) Zoomed images of (A), scale bar represents 5μm. (C) Scatterplot of the percentage of enhancer-positive hemocytes phagocytosing E. coli. One-way ANOVA with Dunnett’s multiple comparisons test, VT32897 = 0.9176, VT57089 = 0.8573, VT17559 = 0.199, VT62766 = 0.9803, n = 22, 28, 29, 31 and 28 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively.
[bookmark: _Toc4589322]3.2.6 Hemocyte subpopulations stain positive for reactive Oxygen species

Reactive Oxygen species (ROS) are a common marker of macrophage polarisation, essential for functions including wound responses and the respiratory burst (27,34,345,346). For example, M1 macrophages produce high levels of ROS that are used during the respiratory burst to kill pathogens, whilst macrophages performing homeostatic roles display lower levels of ROS (345,347). To investigate if our subpopulations demonstrate different levels of ROS, we stained for ROS using Dihydrorhodamine 123 (DHR123), a broad ROS dye. We found that hemocytes stain positively for DHR123 (Fig 3.9 A), demonstrating that higher levels of ROS are found within these cells. There were no significant differences between the control and any of the enhancer-labelled subpopulations (One-way ANOVA with Dunnett’s multiple comparisons test, VT32897 = 0.9176, VT57089 = 0.8573, VT17559 = 0.199, VT62766 = 0.9803, n = 22, 28, 29, 31 and 28 embryos for control, VT32897, VT57089, VT17559 and VT62766, respectively; Fig 3.9 B). Unfortunately, VT40039 was not included in this assay due to technical difficulties of obtaining sufficient replicates for thorough analysis. This shows that embryonic hemocytes have higher levels of ROS than other cells but that there is no obvious variation of ROS production between the subpopulations examined.






[image: D:\Dropbox\PhD\Writing\Thesis\Chapter 3 Identification of hemocyte subpopulations\Figures\ROS fig\ROS figure.tif]
Figure 3.9. Hemocyte subpopulations stain positively for Reactive Oxygen Species.
(A) Representative stills of enhancer positive cells (magenta) stained with Dihydrorhodamine 123 (DHR123; green) to label ROS (w;UAS-tdTomato/SrpGMA;VT-GAL4/ SrpGMA). Scale bar represents 20µm. (B) Scatterplot of embryo average staining intensity of DHR123 within individual hemocyte bodies. One-way ANOVA with Dunnett’s multiple comparisons test, VT32897 = 0.6837, VT57089 = > 0.999, VT17559 = 0.9998, VT62766 = 0.5333, n = 12, 11, 14, 11 and 14 embryos for control, VT32897, VT57089, VT17559 and VT62766, respectively.


[bookmark: _Toc4589323]3.2.7 A number of enhancer lines label faster moving hemocyte subpopulations

Hemocytes are highly migratory, responding to developmental cues (215,217), apoptotic cells (224) and tissue damage (151,172–174,236,248), akin to mammalian macrophages. To assess macrophage motility we followed random migration of hemocytes on the ventral side of the embryo at stage 15 (using w;UAS-eGFP;VT-GAL4) (Fig 3.10). We identified that 3 enhancer lines that labelled subpopulations of hemocytes displaying significantly faster random migratory speeds (VT17559, VT62766 and VT40039), although only VT17559 and VT40039 remain significant with the embryo average velocities (One-way ANOVA with Dunnett’s multiple comparisons test, **P < 0.01, VT32897 = 0.9997, VT57089 = 0.8209, VT62766 = 0.2259, n=21, 17, 21, 20 and 19 embryos for control, VT32897, VT57089, VT17559, VT62766 and VT40039 respectively). However, none of the enhancer lines demonstrated different directionality compared to control, suggesting that the subpopulation migration is indeed random, rather than directed towards any particular stimuli (One-way ANOVA with Dunnett’s multiple comparisons test, VT32897 = 0.2155, VT57089 = > 0.4795, VT17559 = 0.9979, VT62766 = 0.9998, n=21, 17, 21, 20 and 19 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively). This shows that at least 2 enhancer lines robustly label hemocyte subpopulations which display increased random migratory speeds compared to the whole hemocyte population. Furthermore, this data suggests that the subpopulations are healthy cells that undertake normal hemocyte patrolling behaviours.  
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Figure 3.10. Multiple enhancer lines label hemocyte subpopulations with increased random migratory speeds.
(A) Representative stills from random migration movies of enhancer positive cells at 0 and 60 minutes. At 60 minutes, individual hemocytes tracks are shown (w;UAS-eGFP;VT-GAL4). Scale bar represents 20µm. (B) Scatterplot of individual hemocyte velocity (μm/min) measured over 60 minutes. One-way ANOVA with Dunnett’s multiple comparisons test, ****P < 0.001, n=996, 220, 417, 36 and 371 hemocytes for control, VT32897, VT57089, VT17559 and VT62766 respectively. (C) Scatterplot of embryo average hemocyte velocity (μm/min) measured over 60 minutes. One-way ANOVA with Dunnett’s multiple comparisons test, **P < 0.01, VT32897 = 0.9997, VT57089 = 0.8209, VT62766 = 0.2259, n=21, 17, 21, 20 and 19 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively. (D) Scatterplot of individual hemocyte directionality measured over 60 minutes. One-way ANOVA with Dunnett’s multiple comparisons test, VT32897 = 0.1912, VT57089 = > 0.3560, VT17559 = 0.9799, VT62766 = 0.2658, n=996, 220, 417, 36 and 371 hemocytes for control, VT32897, VT57089, VT17559 and VT62766 respectively. (E) Scatterplot of embryo average hemocyte directionality measured over 60 minutes. One-way ANOVA with Dunnett’s multiple comparisons test, VT32897 = 0.2155, VT57089 = 0.4795, VT17559 = 0.9979, VT62766 = 0.9998, n=21, 17, 21, 20 and 19 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively.


[bookmark: _Toc4589324]3.2.8 Lightsheet imaging further confirms the existence of our subpopulations 

We have shown that VT enhancers are active in subpopulations of hemocytes and that these subpopulations display different random migration speeds. Tissue resident macrophages are unique to the tissue in which they reside, with different populations having distinct genetic expression profiles and functions (107,108). It is possible that our subpopulations are localised to distinct areas within the embryo and therefore are subjected to unique tissue microenvironments (for example, hemocytes that migrate dorsally must penetrate the germband (221,223)). In order to observe the distribution of hemocyte subpopulations throughout the entire embryo, we utilised lightsheet microscopy to observe the whole embryo in 3D (w;UAS-stinger;VT-GAL4). We then tracked the hemocytes over development to visualise developmental migration (Fig 3.11). Unfortunately, VT40039 labelled too few hemocytes to be reliably used in this assay. Our positive control (w;UAS-stinger/Srp-GAL4) confirmed that hemocytes migrate throughout the embryo in a well-defined manner (166,178). In contrast, VT32897 appeared to almost exclusively migrate dorsally, with few hemocytes being evident on the ventral midline, consistent with counts from our initial screen (Fig 3.2). VT57089 hemocytes were largely localised in the anterior portion of the embryo, with slightly more dorsal migration than ventral migration. However, VT17559 hemocytes were dispersed throughout the embryo, with a larger population in the anterior portion. VT62766 displayed mostly ventral migration with a large portion of the population residing in the anterior portion of the embryo. This shows that the subpopulations display different developmental migrations and confirms that they may be subjected to unique tissue microenvironments. 
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Figure 3.11. Dispersal of hemocyte subpopulations throughout the embryo. 
Representative images of enhancer-positive hemocyte tracks. Positive control (w;UAS-stinger/Srp-GAL4), VT32897 (w;UAS-stinger;VT32897-GAL4), VT57089 enhan (w;UAS-stinger;VT57089-GAL4), VT17559 (w;UAS-stinger;VT17559-GAL4), VT62766 (w;UAS-stinger;VT62766-GAL4). Anterior is left, ventral is bottom. Scale bar represents 100µm, colour represent hemocyte location in time (blue is early, red is late time points). N=3 embryos per genotype. 












[bookmark: _Toc4589325]3.2.9 Several enhancer lines reveal hemocyte subpopulations that display more potent responses to wounding

At sites of injury, circulating monocytes are recruited from the blood stream. These circulating monocytes differentiate into M1 macrophages which produce iNOS, ROS and other pro-inflammatory molecules (25). In the initial stages of wounding, M1 macrophages remove any potential pathogens. Following this, macrophages switch their phenotype to an M2 state (the predominant state for tissue resident macrophages), which reduces inflammation and promotes tissue repair and healing via production of IL-4 and TGF-β (348). Laser ablation of Drosophila embryos results in an inflammatory hemocyte response (349). We therefore laser ablated the ventral epithelium in embryos containing VT-enhancer labelled subpopulations of hemocytes, quantifying the response made by labelled hemocytes at 60 minutes post-wounding (w;UAS-stinger;VT-GAL4). We counted the number of hemocytes at the wound border and the total number of hemocytes in the Z-stack (approximately 35m) to calculate the percentage of hemocytes recruited to the wound (Fig 3.12 A). To discern enhancer-positive hemocytes from enhancer positive-non hemocytes, we utilised the well-defined hemocyte morphology as indicated by blue arrows in Fig 3.12 A’, with the red arrow demonstrating a non-hemocyte. We found VT32897, VT17559 and VT62766 lines labelled hemocyte populations exhibiting a greater propensity to respond to wounds with a significantly higher percentage of hemocytes able to respond to wounds, 60-minutes post-wounding (One-way ANOVA with Dunnett’s multiple comparisons test, *p<0.05, **p<0.01, VT57089=0.9862, n=77, 22, 26, 21 and 25 embryos for control, VT32897, VT57089, VT17559 and VT62766, respectively). Furthermore, assessment of hemocyte numbers on the ventral surface of the embryo pre-wounding (via expression of UAS-stinger, which marks the nuclei of cells), further confirmed the existence of subpopulations (as per Figs 3.3 & 3.4) (Fig 3.12 C). Unfortunately, VT40039 was not included in this assay due to technical difficulties of obtaining sufficient replicates for thorough analysis. This demonstrates that the identified hemocyte subpopulations are functionally distinct, displaying more potent responses to inflammatory wounding. 
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Figure 3.12. Multiple enhancer lines label hemocyte subpopulations with increased recruitment to wounding. 
(A) Representative stills of enhancer-positive cells 60-minutes post-wounding. Scale bar represents 20µm. Positive control (w;UAS-stinger/Srp-GAL4), VT32897 (w;UAS-stinger;VT32897-GAL4), VT57089 (w;UAS-stinger;VT57089-GAL4), VT17559(w;UAS-stinger;VT175599-GAL4), VT62766 (w;UAS-stinger;VT62766-GAL4) responding to a laser ablation wound. (A’) Zoomed image of VT62766 with blue arrows indicating enhancer positive hemocytes and red arrow indicating enhancer positive non-hemocyte. Scale bar represents 5μm. (B) Scatterplot showing the percentage of enhancer-positive hemocytes responding to wounds at 60-minutes post-wounding. One-way ANOVA with Dunnett’s multiple comparisons test, *p<0.05, **p<0.01, VT57089 = 0.9862, n = 77, 22, 26, 21 and 25 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively. (C) Scatterplot of the number of enhancer-positive hemocytes per embryo prior to wounding. One-way ANOVA with Dunnett’s multiple comparisons test, ****p<0.0001, n = 139, 37, 30, 35 and 44 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively.






[bookmark: _Toc4589326]3.2.10 Subpopulations contain different amounts of apoptotic cells 

During development, macrophages are exposed to large numbers of apoptotic cells that must be cleared from the organism (39). In mammalian systems, M2 macrophages engulf and phagocytose these apoptotic particles (15,27,54). Indeed, exposure to apoptotic cells primes macrophages towards an M2 phenotype (54). To investigate the clearance of apoptotic particles in our enhancer lines, we quantified the number of vacuoles (which contain apoptotic cells (225)) present in enhancer-positive hemocytes (w;UAS-stinger;VT-GAL4). We found that all hemocytes, including the enhancer-labelled subpopulations are able to phagocytose apoptotic cells (Fig 3.13 A-C). However, three enhancer lines labelled hemocytes with significantly fewer vacuoles than controls (w;UAS-stinger/Srp-GAL4); VT57089, VT17559 and VT62766 (One-way ANOVA with Dunnett’s multiple comparisons test, **P < 0.01, ***P < 0.001, VT32897 = 0.9896, n = 76, 12, 29, 10 and 31 embryos for control, VT32897, VT57089, VT17559 and VT62766, respectively). VT32897 did not appear to differ from the control (One-way ANOVA with Dunnett’s multiple comparisons test, P= 0.8341, n = 26 hemocytes). Two of the enhancer lines (VT17559 and VT62766), which contain fewer vacuoles also demonstrated improved responses to wounding. Unfortunately, VT40039 was not included in this assay due to technical difficulties of obtaining sufficient replicates for thorough analysis. This shows that the enhancer-labelled hemocyte subpopulations are behaving in a functionally distinct manner. 
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Figure 3.13. Multiple enhancer lines label hemocyte subpopulations that display reduced levels of efferocytosis. 
(A-E) Representative stills of enhancer positive cells with visible vacuoles. Scale bars represent 20µm. (A) Representative stills of positive control (w;UAS-stinger/Srp-GAL4) hemocytes, VT32897 (w;UAS-stinger;VT32897-GAL4), VT57089 (w;UAS-stinger;VT57089-GAL4), VT17559 (w;UAS-stinger;VT175599-GAL4), VT62766 (w;UAS-stinger;VT62766-GAL4). (B) Zoomed images of (A) with red asterisks indicating vacuoles within hemocytes. Scale bar represents 5μm. (C) Scatterplot of the embryo average number of vacuoles per hemocyte. One-way ANOVA with Dunnett’s multiple comparisons test, **p<0.01, ***p<0.001, VT32897 = 0.9896, n = 76, 12, 29, 10 and 31 embryos for control, VT32897, VT57089, VT17559 and VT62766 respectively.
[bookmark: _Toc4589327]3.2.11 Potential genes under control of our enhancers

Having demonstrated that the VT enhancer library lines robustly-labelled subpopulations of functionally-distinct hemocytes, we wished to investigate the potential genes being controlled. To do this, we utilised the G-browse function in Flybase (version FB2018_06) to determine the nearest genes to the enhancer sites. In lieu of any data suggesting which genes the enhancers may be controlling, we took these genes as the most likely candidates to be controlled by the enhancer. To refine this list, we searched the literature for each potential gene for evidence of a role in hemocyte or macrophage function, specifically in relation to macrophage polarisation. This resulted in a list of candidate genes for further investigation (Table 3.2).

	Table 3.2 Potential genes being controlled by our enhancers

	Enhancer
	Possible gene
	Function
	M1 or M2 based on our data
	Literature: M1 or M2
	Reference

	VT62766
	para
	Mediates voltage-dependent sodium ion permeability of membranes. Possible calcium ion binding activity
	M1
	?
	

	
	Cnx14-D
	Calcium ion binding
	
	?
	

	VT17559
	Lis-1
	Required for several dynein- and microtubule-dependent processes
	M1
	? 
Loss of Lis-1 promotes inflammation but human homologs of Lis-1 are pro-inflammatory
	(350–352)

	VT57089
	ovo
	Required for the survival and differentiation of female germline cells
	M2?
	?
	

	
	CG32767
	Metal ion binding, nucleic acid binding. Zinc finger transcription factor?
	
	M2? Overexpression reduces inflammatory markers
	(353)

	VT32897
	MYPT-75D
	Wing morphogenesis
	M1
	?
	

	
	not
	Glial cell migration. Catalyses deubiquitination of histone H2B
	
	M2? Downregulation promotes neuronal inflammation 
	(354)


*N.b. Comments on potential M1/M2 polarisation from literature are gained from both Drosophila and mammalian literature (for homologs). Question marks indicate a lack of relevant literature.

[bookmark: _Toc4589328]3.2.12 Overexpression of calnexin in hemocytes increases hemocyte recruitment to wounds 

In investigating the VT-enhancer lines further, we identified multiple genes that may be under the control of the VT enhancers (Table 3.1). One such candidate for VT62766 was calnexin 14D (cnx14D). Cnx14D is involved in Ca2+ sequestration in the endoplasmic reticulum (355,356). A previous study showed a role for Ca2+ ahead of hemocyte responses to wounding (251), thus this represented an interesting gene to investigate further. To do this, we overexpressed cnx14D in hemocytes (w;UAS-cnx14D/srp-GAL4,UAS-GFP;crq-GAL4,UAS-GFP/+) and then produced a wound via laser ablation. Wounding embryos containing hemocytes overexpressing cnx14D resulted in a significantly increased number of hemocytes per µm of wound area compared to controls (n=21 and 30 embryos for control and UAS-cnx14D, respectively, Student’s t-test, p<0.05, Fig 3.14 A & B). There was no significant difference in the numbers of hemocytes on the ventral midline pre-wounding, suggesting that the increased recruitment to wounds was not due to differing numbers of hemocytes in the immediate vicinity to the wounds (n=30 and 38 for control and UAS-cnx14D embryos respectively. Student’s t-test, p=0.0669, Fig 3.14 C). Given the enhanced recruitment to wounds undertaken by VT62766-labelled hemocytes this suggests that cnx14D may play a role in these enhanced responses. Furthermore, this is the first time that an enhanced hemocyte recruitment to wounding has been observed in Drosophila embryos. 

[image: D:\Dropbox\PhD\Writing\Thesis\Chapter 3 Identification of hemocyte subpopulations\Figures\cnx14D wounding fig\cnx14D wounding fig.tif]
Figure 3.14. Overexpression of calnexin-14D within hemocytes increases hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte recruitment to wounds at 60 minutes post-wounding in stage 15 embryos for control (w;srp-GAL4,UAS-GFP;crq-GAL4,UAS-GFP) and UAS-cnx14D (w;srp-GAL4,UAS-GFP/UAS-cnx14D;crq-GAL4,UAS-GFP). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=21 and 30 for control and UAS-cnx14D embryos respectively. Student’s t-test, *p<0.05. White dashed ovals outline wound perimeter. (C) Scatterplot of the number of hemocytes on the ventral midline pre-wounding.  Lines and error bars represent mean ± SD, n=30 and 38 for control and UAS-cnx14D embryos respectively. Student’s t-test, p=0.0669. Scale bars represent 20μm. 

[bookmark: _Toc4589329]3.3 Discussion

In this chapter, we demonstrate the existence of Drosophila hemocyte subpopulations that persist throughout development. We also show that these subpopulations display functional differences in responses to wounding and phagocytosis of apoptotic cells. VT57089 displayed a reduction in the number of vacuoles (efferocytosis) but no differences in migration or recruitment to wounds. VT32897 displayed increased recruitment to wounds but no differences in migration or efferocytosis.

[bookmark: _Toc4589330]3.3.1 Drosophila hemocytes exist as a heterogeneous population

There are numerous suggestions in the literature that hemocytes might exist as distinct subpopulations. However, this has only been investigated in the context of crystal cells or wider hemocyte subtypes, such as pro-hemocytes or lamellocytes (262,276,292). The only study in which hemocyte subtypes were directly investigated was a masters student thesis from 2009, which investigated plasmatocyte heterogeneity using FACS (292). This study found that 80% of larval hemocytes express hemese. However, this study was performed in vitro and the authors failed to find any functional difference between hemese positive and hemese negative cells. However, this data has not yet been published as a peer reviewed paper. Therefore, our study is the first to directly investigate plasmatocyte heterogeneity across all developmental stages, utilising novel reporter lines.  

We utilised 3 different fluorophore reporters (TdTomato, eGFP and nlsGFP) to demonstrate that enhancer regions are differentially expressed specifically within hemocytes. We found 4 enhancers that were robustly expressed by subpopulations of hemocytes that we then functionally characterised. A further 7 enhancers showed similar expression patterns of GFP (i.e. in a subpopulation of hemocytes) but these were only investigated in a limited manner (Table 3.1). Functional evaluation of these remaining 7 enhancer lines is highly desirable, which was not possible in this thesis due to time restrictions. The expression system we have used confirms the original in situ hybridisation data from the Kvon et al study (190) and has enabled us to functionally characterize these lines in detail. We found 4 enhancers that did not appear to be active in hemocytes, despite being annotated as such by Kvon et al (190). This discrepancy could be due to the different systems used. For example, we can be more certain of hemocyte expression as we are using a hemocyte specific co-label (serpent) and we are imaging in vivo, in real-time so can track additional metrics such as behaviour (e.g. migration) and morphology. Indeed, we illustrated that the subpopulations investigated further conformed to hemocyte morphology (Fig 3.7). However, there was high variability in the morphology data. The hemocytes imaged were located within a restricted spatial environment which could account for the variability in the data. Restricting our analysis to specific locations may reduce this variability and potentially reveal any differences that are hidden in the data presented here. Furthermore, the 4 enhancers investigated in detail were persistent throughout development, labelling subpopulations of hemocytes in both larvae and adults. However, two enhancers (VT57089 & VT17559) did not appear to be expressed in L3 larvae, suggesting a potential downregulation or loss of these populations. Co-labelling with a hemocyte specific marker (e.g. hml-GAL4) would enable us to confirm the larval and adult observations are indeed hemocytes. Hemolectin expression is active from early larval stages and persists through to adulthood, a developmental process which takes up to 9 days (316). Indeed, this 9-day development period is a sufficient time to allow for a slower rate of fluorophore accumulation to have reached visible levels. As we did not observe an increase in the apparent numbers of the hemocyte subpopulations, this suggests that enhancer activity is relatively stable and that we are not observing a false-positive result in the labelling of subpopulations. This further demonstrates that the half-life of fluorophores is not impacting our observations as GFP has a relatively long half-life (26 hours; (357)) which could have been causing false-positives in our identification of subpopulations during embryonic developmental stages. Together, this demonstrates, importantly, that subpopulations are not restricted to a single developmental stage and that those that label smaller numbers of cells are unlikely to do so purely due to a slower rate of GAL4/fluorophore accumulation. Measuring the intensity of fluorophore expression within hemocytes would further confirm this. 

Although not undertaken here, it would be interesting to lineage trace the enhancer lines to determine the fate of the individual populations, for example do any of these subpopulations correspond to the hemocytes that then undergo proliferation in the larvae (277,278) or adult hematopoietic sites (279). Moreover, this would reveal if these populations seed or reside within specific tissues or locations in the larvae or adult, such as the sessile patches (263,274). If this were true, then this would further the similarities between hemocytes and mammalian macrophages, which exist as tissue resident populations that originate from embryonic precursors (8–11). In relation to this, another outstanding question relates to the role of the tissue environment in shaping hemocyte phenotypes/behaviours. It is possible that the identified subpopulations are exposed to different environments within the embryo during developmental migration (for example, hemocytes undergoing migration along the dorsal side of the embryo must penetrate the germband which requires TNF (221,223)). For example, VT32897 appears to be mostly localised along the dorsal side of the embryo (Fig 3.11). It is not clear if this is true or what effect this may have on the activation of enhancers within hemocytes. However, there is precedent for this in the mammalian macrophage literature (108,113). It may therefore be useful to perform longer timelapse imaging from earlier developmental stages. An additional outstanding question relates to the potential overlap, or lack of, between the VT subpopulations. I have created transgenic constructs with each VT enhancer directly promoting the expression of either nlsGFP or nlsRFP. These lines could be used to determine if the identified subpopulations are distinct or have some overlap. Indeed, there are some similarities in the functions of the populations, which VT17559 and VT62766 demonstrating very similar percentages of hemocytes recruited to wounds and rates of efferocytosis (Figs 3.11 and 3.12). However, without performing experiments in which the nlsGFP and nlsRFP transgenic constructs are crossed together, we cannot be certain if the populations are indeed distinct or if they display some degree of overlap. 

In 2007, antibodies developed by the Ando lab were shown to bind to unknown antigens on a subset of plasmatocytes (276). As we have not examined membrane antigen expression within our identified subpopulations, it would be a useful to utilise these antibodies in conjunction with our enhancer-labelled subpopulations in future work. Additionally, due to the labelling of non-hemocyte enhancer positive cells, additional labels and markers would be highly useful for future studies (for example, a split GAL4 approach using VT enhancer regions and hemocyte-specific enhancers, e.g. srp). However, it is clear that the enhancer based-labelling is robust and we have therefore successfully developed novel tools that can be utilised by other research groups to investigate hemocyte subpopulations.

Enhancers act over large distances, independent of their orientation (327,328), making it difficult to determine which genes are being controlled by specific enhancers. Indeed, there are limited techniques available for determining, which genes are controlled by an enhancer. One such method involves cross-linking of the enhancer and the promoter DNA sequence with formaldehyde (326). Utilising in situ hybridisation (ISH) would be an informative future experiment that could confirm or reject the potential genes being controlled by the enhancer (Table 3.1) based on overlap of staining with individual genes. This would enable further, gene-specific, investigations to understand the potential mechanisms underlying the subpopulations. Experiments utilising qPCR are currently being undertaken with a collaborating research group to investigate the potential roles of the possible VT-associated genes in promoting pro- or anti-inflammatory genes in larval hemocytes. By assessing a panel of classical pro- and anti-inflammatory genes, the effects of overexpression or knockdown of VT-controlled genes specifically in hemocytes (hml-GAL4) can be evaluated with regards to their potential mechanisms. 

One of the most important, and biggest, remaining questions is in relation to the transcriptional profile of the identified subpopulations. Due to time restrictions, it was not possible to perform transcriptional profiling on the subpopulations. However, RNA-sequencing experiments could be performed using either laser-capture micro-dissection of single hemocytes from embryos followed by single-cell RNAseq (358,359) or via DamID (DNA adenine methyltransferase identification) (360,361). This data would reveal potential underlying mechanisms controlling the different subpopulations. Moreover, this could uncover novel markers that could be used to further investigate hemocyte subpopulations. A full transcriptional profile would confirm the existence of subpopulations by revealing the full differences between the subpopulations demonstrating that they are distinct. 

[bookmark: _Toc4589331]3.3.2 Hemocyte subpopulations are functionally distinct

Having demonstrated that hemocyte subpopulations exist throughout the life course in Drosophila, we next investigated the functional and behavioural differences between populations. We identified two enhancers (VT17559 & VT62766) that labelled subpopulations of hemocytes, which displayed more potent responses to wounding, reduced efferocytosis and faster random migration speeds. VT57089 displayed a reduction in the number of vacuoles with VT32897 displaying an increased response to wounding. This represents the first time that an improved recruitment to wounds has been observed in Drosophila embryos. 

Although there was insufficient time to fully investigate the mechanisms controlling the functional responses we observed, the literature may provide clues that could direct future experiments. We identified three populations of hemocytes that displayed improved hemocyte responses to pro-inflammatory wounding (VT32897, VT17559 and VT62766), with the latter two displaying very similar levels of response. This would suggest that there is perhaps some degree of overlap with these populations, which is further supported with the vacuole counts where these two enhancers again share similar results. There is limited literature investigating the genetic alterations that occur within hemocytes upon wounding an embryo. One study which compared microarray profiles of hemocytes pre- and post-wounding found that genes such as calmodulin (a protein involved in calcium binding) and phospholipase A2 (an enzyme that releases arachidonic acid) were up-regulated in hemocytes following wounding (248). Phospholipase A2 is involved in increasing inflammatory responses in mammalian systems, largely through release of arachidonic acid which is involved in the biosynthesis of pro-inflammatory eicosanoids (362). There is evidence that eicosanoids have active roles in insect immunity. For example, inhibitors of phospholipase A2, cyclooxygenase, and lipoxygenase, severely weakened the ability of hornworm larvae to clear bacterial infection (363). Furthermore, injection of dexamethasone (an agonist of glucocorticoid receptors) into Drosophila larvae reduces the melanotic encapsulation of wasp eggs (364). This suggests that eicosanoid signalling may be required for lamellocyte function, or activation of plasmatocytes. This is supported by evidence from other insects in which knockdown of prostaglandin-E2 impairs the immune response to bacterial challenge (365).  

We did not find any difference in the phagocytosis of pHRodo labelled E. coli between our populations. However, we only investigated a single 60-minutes time point and so it is possible that there may be differences in the rates or amounts of phagocytosis. Furthermore, we did not measure the intensity of the pHRodo E. coli; this would have provided information relating the amount of E. coli being phagocytosed by individual hemocytes. Clearance of bacteria requires a pro-inflammatory response from macrophages (366). We may therefore have expected to potentially see subpopulations that are more potent at responding to wounds showing similar behaviour with increased phagocytosis of bacteria. However, M2 macrophages have been shown to phagocytose E. coli at a higher rate than M1 macrophages (367–370) and display higher levels of receptors involved in phagocytosis, complicating this hypothesis. Following ingestion, an M1-type switch occurs to efficiently clear the phagocytosed bacteria via an oxidative burst (371). It is therefore possible that the lack of any difference across the subpopulations is not due to a lack of pro-inflammatory response. Indeed, longer time lapse imaging following injection may reveal differences as the populations switch to a pro-inflammatory response to clear the ingested bacteria. Alternatively, it is possible that challenge with alternative bacteria, or fly-specific pathogens, might reveal differences between the hemocyte subpopulations. Indeed, microarray analysis of hemocytes following larval exposure to parasitic wasps or lipopolysaccharide (LPS) reveals that genes involved in glycolysis are upregulated alongside antimicrobial peptides (AMPs) (372,373), suggesting that following infection, Drosophila hemocytes become glycolytic and therefore possibly pro-inflammatory. Finally, it is clear that hemocyte behaviour differs across developmental stages, with embryonic hemocytes being highly motile whilst larval hemocytes are largely sessile (164). It is possible that embryonic hemocytes may be less capable of responding to bacterial challenge than adult hemocytes. Indeed, during metamorphosis the lymph gland bursts, expanding the hemocyte population (164). The steroid hormone, ecdysone, is also up-regulated at this point in development which enhances phagocytosis by hemocytes (374). 

The observation that a number of subpopulations displayed reduced efferocytosis suggests that these hemocytes are behaving in a more pro-inflammatory capacity. Indeed, exposure of macrophages to apoptotic cells is sufficient to promote anti-inflammatory phenotypes (54) through upregulation of solute carrier membrane transport proteins (375). To investigate the role of apoptotic cells in potentially controlling the hemocyte subpopulations, we could manipulate the levels of apoptotic cells in the embryo by using repo or simu mutants to increase the level of undigested apoptotic cells (Roddie et al, unpublished) or the H99 deletion, which removes apoptosis (225). If the level of apoptosis can increase or decrease the numbers of enhancer-positive hemocytes, then this would suggest that apoptosis could drive the subpopulations. 

More interestingly are those subpopulations that display increased responses to wounding and decreased efferocytosis (VT71559 and VT62766). This data would suggest that these enhancer lines are labelling pro-inflammatory populations of hemocytes (54,375). Therefore, it would be good to investigate the effects of manipulating glycolysis in the VT-labelled subpopulations to determine if this could affect the numbers of enhancer positive-hemocytes. Evidence presented later in this thesis supports the potential roles of metabolism and ROS in promoting macrophage pro-inflammatory behaviour (chapter 4).

[bookmark: _Hlk5363864]There have been few studies utilising adult hemocytes, with only limited investigation of these cells in this thesis. Important future work will explore the role of VT-labelled subpopulations in disease models such as cancer, metabolism deficiencies and chronic diseases. This could provide valuable insights into the role of hemocyte subpopulations under such conditions, potentially uncovering novel therapeutic avenues or providing insights that may translate to mammalian macrophage subtypes in disease. For example, tumour associated hemocytes respond to both tumours and sites of injury, similar to tumour associated macrophages (249). Furthermore, tumours in Drosophila hijack the immune response, for example by diverting hemocyte-derived TNF to promote tumourigenesis (296), similar to how tumours in humans divert and subvert the immune response (376,377). In addition, exposing adult hemocytes to bacterial challenge may reveal differences between the VT subpopulations not seen with embryonic hemocytes. Furthermore, it would be interesting to investigate the effects of removing VT subpopulations on organism survival and fitness to determine if these have any specific developmental roles. It is known that removal of hemocytes during the embryonic stages prevents organism survival (233). Removing subpopulations may determine the critical number of hemocytes required for flies to survive through development. Alternatively, this may reveal new developmental roles for the subpopulations. A key question is the role of discrete signalling pathways in the identified subpopulations and if our observations have any links to mammalian macrophage polarisation. In an attempt to address the later question, we screened pathways involved in M1/M2 polarisation in the whole hemocyte population by genetically manipulating the pathways (chapter 4). Additionally, we investigated the role of JAK/STAT signalling to investigate a signalling pathway that is highly dynamic in mammalian macrophages (chapter 5).

[bookmark: _Toc4589332]3.3.3 Cnx14D as a mechanism for VT62766 inflammatory responses

We have demonstrated that overexpression of cnx14D improves hemocyte recruitment to wounds. This increase was similar to that observed with the VT62766 enhancer line, suggesting that this enhancer may be acting upon cnx14D. In Drosophila, calcium signalling is essential for hemocyte responses to wounding, where a wave of calcium can be observed (251). Calcium waves are localised increases in cytosolic Ca2+ that can be transmitted to neighbouring cells (378). As cnx14D sequesters calcium in the ER, it is possible that these hemocytes are more capable of responding to such a calcium wave and can increase the propagation of this signalling by releasing this additional calcium store. Indeed, the calcium required for a calcium wave if often derived from endoplasmic reticulum stores (378). To expand the observations that cnx14D may be a potential mechanism of action for VT62766-labelled hemocyte subtypes, antibody staining against Cnx14D or targeting knockdown of calcium within VT62766 hemocytes would be desirable. Calcium knockdown could be undertaken using UAS-parvalbumin, which would sequester the calcium (232), making it unavailable for physiological use, thereby reducing the wounding response of this subpopulation. Alternatively, it is possible that cnx14D is acting to promote the acquisition of the subpopulation fate. For example, priming of hemocytes requires the engulfment of apoptotic cells. This subsequently triggers calcium-induced JNK signalling and the up-regulation of Draper, a damage receptor (232,379), priming hemocytes for future responses to damage. It is possible that cnx14D is more abundant in VT62766 hemocytes and results in a greater “priming” of this population. Again, the use of UAS-parvalbumin could be used to investigate this. If UAS-parvalbumin is expressed in hemocytes, then there should be fewer VT62766-labelled hemocytes if cnx14D is required for acquisition of subpopulation fate. Moreover, calcium-associated genes have been shown to be up-regulated in hemocytes in response to infection with E. coli (372). However, we did not observe any differences in the phagocytosis of E. coli in the VT62766 subpopulation, suggesting that perhaps sequestering calcium in the endoplasmic reticulum does not affect phagocytosis of bacteria. Supporting this idea is the finding that extracellular calcium restores phagocytic responses in macrophages (380). 

[bookmark: _Toc4589333]3.4 Conclusion

Utilising the VT enhancer library, we have revealed 11 enhancers that are active in subpopulations of hemocytes. Further investigation of 4 of these enhancers demonstrated that they persist into adulthood. Moreover, these subpopulations are functionally distinct, demonstrating more potent inflammatory responses to wounding, reduced efferocytosis of apoptotic cells and increased random migratory speeds. We found two lines (VT17559 & VT62766) that displayed more potent inflammatory responses to wounding, reduced efferocytosis of apoptotic cells and increased random migratory speeds. VT57089 displayed a reduction in the number of vacuoles (efferocytosis) but no differences in migration or recruitment to wounds. Finally, VT32897 displayed increased responses to wounds but no differences in migration or efferocytosis. Together, this data demonstrates that these subpopulations are functionally distinct. 
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Figure 3.15. Summary of chapter 3 findings.
We have identified subpopulations of hemocytes that are functionally distinct. However, there are many questions arising from this, including the underlying mechanisms controlling these populations and what larger transcriptional changes are occurring within the populations. 

[bookmark: _Toc520385460][bookmark: _Toc4589334]Chapter 4. Screening mammalian macrophage polarisation pathways in Drosophila



	Control data is the same in the following figures as experiments were conducted at the same time:

	Figures
	Page Numbers

	4.2 & 4.3
	99 & 101

	4.12 & 4.14
	118 & 121





[bookmark: _Toc520385461][bookmark: _Toc4589335]4.1 Introduction

The original classification of macrophage subtypes was based on ornithine metabolism, with M1 macrophages utilising NOS to produce nitric oxide and M2 macrophages utilising Arginase to produce arginine, which removes the metabolites used in nitric oxide production (17,22). The literature has expanded significantly in recent years, revealing roles of ROS and metabolism as drivers of macrophage polarisation in addition to JAK/STAT signalling (381). Importantly, macrophage polarisation is not two-dimensional but rather multidimensional, with macrophages responding to intrinsic, extrinsic, temporal and tissue-specific microenvironment elements (27). This chapter aims to investigate canonical pathways identified in higher organisms to investigate their capacity to drive hemocytes towards a more pro- or anti-inflammatory state in vivo. We will assess the ability of hemocytes to respond to sites of injury and capacity to phagocytose apoptotic cells. 

[bookmark: _Toc4589336]4.1.1 Common macrophage signalling pathways involved in polarisation 

[bookmark: _Hlk5189935][bookmark: _Hlk5187145]The complex signalling cascades involved in macrophage polarisation have been briefly described in the introduction in relation to M1 and M2 phenotypes. Although there are some overlapping signalling pathways in M1 and M2 macrophage activation, there are also more distinct pathways involved (26,125). A broader overview of the pathways associated with M1 or M2 macrophage activation in vertebrates is displayed in Table 4.1 along with any potential Drosophila homologs. In this chapter, we investigate pathways and mechanisms closely linked to essential cell biology, such as metabolism. Additionally, we investigate the role of TLR signalling and ROS in hemocyte behaviour. We also investigate the role of frequently used macrophage polarisation markers; Arg, an M2 marker and NOS and ROS which are M1 markers). Although markers are not necessarily drivers of phenotype, there is evidence that ROS may function as both a marker and driver, discussed in more detail below. We therefore decided to also investigate the role of Arg and NOS in potentially driving a hemocyte phenotype in Drosophila.



	 Table 4.1 Signalling pathways and components involved in macrophage polarisation

	Signalling pathway / component
	Fly homologue
	Effect on macrophage phenotype / polarisation
	Reference

	STAT6
	STAT36E
	Knockout results in a loss of M2
	(382)

	IRF4
	N/A
	Knockout results in loss of M2
	(383)

	IRF5
	N/A
	Knockout results in loss of M1
	(384)

	IL-4
	N/A (although Drosophila cytokines may exist, see review (385))
	Knockout results in loss of M2
	(386)

	TLR
	Toll receptors
	M1 phenotype
	(387,388)

	IFN-
	N/A
	M1 phenotype
	(125)

	TNF
	Eiger
	Knockout results in gain of M2
	(389,390)

	AMPK
	AMPK
	Knockout results in partial loss of M2
	(60)

	Carbohydrate metabolism
	-
	M1 macrophages induce glycolysis, M2 macrophages primarily utilise oxidative phosphorylation
	(58,391)


N.b. Table adapted from Murray, 2017 (27). JAK = Janus Kinase, STAT = Signal transducer and activator of transcription, NF-B = Nuclear factor-B, IRF = Immune regulatory factor, mTOR = mechanistic target of Rapamycin, IL = interleukin, IFN = Interferon, TNF = tumour necrosis factor

[bookmark: _Toc4589337]4.1.2 Reactive Oxygen Species in macrophage polarisation 

Reactive Oxygen species (ROS) are a class of highly reactive molecules which are highly toxic to cells (392,393). Such species are central to immune functions, such as clearance of pathogens (394,395), across multiple species from humans to bony fish (126–129). ROS can also serve as second messengers in signalling, activating nearby immune cells; for example, apoptotic epithelial cells in Drosophila secrete ROS which act, in conjunction with p35, to activate hemocytes (298). In macrophages and other immune cells, ROS are pro-inflammatory and are key markers associated with M1 activation (396). Additionally, ROS have been shown to promote M1-type inflammatory responses with two signalling pathways closely associated with ROS (NF-kB and MAPK (Mitogen-activated protein kinase)) shown to be important in M1 polarisation (387,397). Moreover, ROS are closely linked to metabolism as they can be produced during normal oxidative phosphorylation (392). 

[bookmark: _Toc4589338]4.1.3 Metabolism and macrophage polarisation

One of the most recent discoveries in macrophage polarisation is the role of glucose metabolism (31,398). Cells typically use glycolysis, the Krebs/tricarboxylic acid (TCA) Cycle and oxidative phosphorylation to derive energy from sugars and other metabolites (399). Glycolysis involves the uptake of glucose and subsequent processing to generate pyruvate. This is relatively inefficient for energy production but can produce energy at a quick rate. Pyruvate can be reduced to lactate, via lactate dehydrogenase, to maintain glycolytic flux, or converted to acetyl coenzyme-A (acetyl-CoA), which enters the TCA, with reducing equivalents used to generate ATP via mitochondrial oxidative phosphorylation. Fatty acid metabolism can provide an additional source of acetyl-CoA for the TCA (399). Oxidative phosphorylation is slower than glycolysis, but yields more energy and is used in cells with high-energy requirements. The enzymes and products of glucose metabolism have recently been discovered to have a wide array of additional functions in immune programming (28,35,400). 

During homeostasis, macrophages perform oxidative phosphorylation which can be altered during activation (57,58). Upon exposure to an M2-stimulus (such as apoptotic cells), macrophages increase the rate of fatty acid oxidation, and therefore the amount of oxidative phosphorylation (54). Further evidence for this was gained from RNAseq investigations which found that during efferocytosis, phagocytes upregulate expression of various solute carrier membrane transport proteins involved in glucose uptake, such as SLC2A1 (375). In contrast, M1-stimulated macrophages prioritise glycolysis and demonstrate multiple disruptions within the TCA cycle (391). The first such break-point is the accumulation of citrate due to an overexpression of isocitrate dehydrogenase. Citrate accumulation can increase NO production in addition to itaconate, an antimicrobial product (32,33). The second break-point in the TCA cycle is caused by increased expression of succinate dehydrogenase (Sdh); this results in an accumulation of succinate, which can induce IL-1β and lead to an accrual of HIF-1α (34). In addition to TCA cycle disruption, M1 macrophages promote the pentose phosphate pathway which utilises intermediates from glycolysis to nucleotides and amino acids involved in cellular proliferation (38). The roles of glucose metabolism in Drosophila hemocytes is not currently known, and represents an unexplored area for investigation.

Evidence for a role of metabolism in Drosophila hemocyte function was revealed by Bajgar et al who investigated the energy regulation in larvae following parasitic wasp infection (401). They found that extracellular adenosine is released from hemocytes and can mediate, via the fat body, systemic energy availability. The extracellular adenosine results in increased energy consumption by the immune system as lamellocytes differentiate. Importantly, this group found that during infected states, larval hemocytes up-regulated many genes involved in glycolysis but downregulated some genes involved in oxidative phosphorylation, akin to the situation observed in mammalian macrophages (401).

[bookmark: _Toc520385462][bookmark: _Toc4589339]4.2 Results

[bookmark: _Toc4589340]4.2.1 Overexpression of Nitric Oxide Synthase in hemocytes does not alter hemocyte recruitment to wounds 

Nitric Oxide synthase (NOS) is a key marker of M1 macrophage activation in mammalian systems (22). NOS also has antimicrobial and cytotoxic functions which are enhanced by other macrophage derived products (402). We hypothesised that overexpression of NOS within hemocytes could promote a pro-inflammatory phenotype. We therefore investigated the effect on hemocyte recruitment to wounds, a pro-inflammatory stimulus, where we expected to observe an increase in the numbers of hemocytes responding to the wound. To do this, we laser ablated the ventral epithelium of control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-Nos (w;UAS-Nos/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) embryos and then quantified the number of hemocytes at the wound, 60 minutes post-wounding. We found no significant difference in recruitment of hemocytes between UAS-Nos and control (n=16 for control and UAS-Nos embryos, Student’s t-test, p=0.9511, Fig 4.1). This suggests that an increased level of Nos has no effect on the numbers of hemocytes at the wound. 

[bookmark: _Toc4589341]4.2.2 Knockdown of Nitric Oxide Synthase in hemocytes does not alter hemocyte recruitment to wounds 

Overexpression of NOS specifically in hemocytes did not affect recruitment to woundss. We next investigated if hemocyte-specific knockdown of NOS (w;UAS-RNAi-Nos/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) would reduce the number of hemocytes responding to a wound. We found that at 60-minutes post wounding there was no difference in the number of hemocytes responding in UAS-RNAi-Nos compared to control (n=29 and 26 embryos for control and UAS-RNAi-Nos respectively, one-way ANOVA with Dunnett’s multiple comparisons test, p=0.4193,  Fig 4.2). Taken together with our previous data, this suggests that Nos does not have a role in hemocyte responses to wounding. 
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Figure 4.1. Overexpression of Nos within hemocytes does not affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP-labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-Nos (w;UAS-Nos/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to woundss per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=16 embryos for control and UAS-Nos. Student’s t-test, p=0.9511. White dashed ovals outline wound perimeter. Scale bars represent 20μm.
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Figure 4.2. Knockdown of Nos within hemocytes does not affect recruitment of hemocyte to wounds. 
(A) Representative stills of GFP-labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-Nos (w;UAS-RNAi-Nos/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to woundss per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=29 and 26 for control and UAS-RNAi-Nos embryos, respectively. One-way ANOVA with Dunnett’s multiple comparisons test, p=0.4193. White dashed ovals outline wound perimeter. Scale bars represent 20μm. Control data is the same as in Fig 4.3, chapter 4 as these experiments were performed in parallel.











[bookmark: _Toc4589342]4.2.3 Knockdown of Arginase in hemocytes does not alter hemocyte recruitment to wounds

Arginase, a key marker of M2 macrophages, converts arginine into ornithine, which has been demonstrated to have anti-inflammatory effects, principally by reducing the available arginine for NOS-mediated catabolism (403). Therefore, knockdown of arg should have a similar effect to overexpressing Nos. We utilised an RNAi construct targeted against Arg (w;UAS-RNAi-arg/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) to investigate if loss of arginase could increase hemocyte responses to a pro-inflammatory wound. We could not find a difference in recruitment to wounds between UAS-RNAi-arg and control (n=29 and 28 for control and UAS-RNAi-arg respectively, one-way ANOVA with Dunnett’s multiple comparisons test, p=0.9835, Fig 4.3). As with our results when Nos was manipulated, manipulation of Arg did not affect recruitment to wounds.  

[bookmark: _Toc4589343]4.2.4 Overexpression of Catalase in hemocytes decreases hemocyte recruitment to wounds

ROS have been shown to promote M1 macrophage activation and recruitment of hemocytes to sites of injury (27). Indeed, it has been suggested that H2O2 is may form a gradient from the wound site and is chemotactic for hemocytes (152,224). ROS are highly toxic and damaging to cells (392); therefore, several mechanisms exist to regulate and sequester the activity of such species (404,405). Catalase catalyses the conversion of hydrogen peroxide to water and oxygen (406). We overexpressed catalase in a hemocyte-specific manner (w;UAS-cat/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) in an attempt to dampen ROS levels within hemocytes (as demonstrated previously (407)). We hypothesised that responses to a pro-inflammatory stimulus might be reduced due to a reduction in the levels of ROS. To test this, we laser ablated the ventral epithelium of stage 15 embryos to produce a wound. We found that there was a significant decrease in the number of hemocytes per μm2 of wound area in UAS-Cat embryos compared to controls (n=21, Student’s t-test p<0.01, Fig 4.4 A & B). To confirm that this decrease was not a consequence of reduced numbers of hemocytes available to respond, the numbers of hemocytes on the VNC pre-wounding was counted. Pre-wound hemocyte numbers were not significantly different, suggesting that this decrease was not due to fewer hemocytes in the wounding area (n=23 and 29 for control and UAS-Cat embryos respectively, Student’s t-test, p=0.0667).  This suggests that a reduction of ROS is anti-inflammatory.
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Figure 4.3. Knockdown of arginase within hemocytes does not affect recruitment to wounds. 
(A) Representative stills of GFP-labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-Arg (w;UAS-RNAi-arg/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=29 and 28 for control and UAS-RNAi-Arg embryos respectively. One-way ANOVA with Dunnett’s multiple comparison test, p=0.9835. White dashed ovals outline wound perimeter. Scale bars represent 20μm. Control data is the same as in Fig 4.2, chapter 4 as these experiments were performed in parallel.



[image: D:\Dropbox\PhD\Writing\Thesis\Chapter 4 Targetting M1 and M2 pathways\figures\Cat wounding fig\UAS-Cat wounding fig.tif]
Figure 4.4. Overexpression of catalase within hemocytes decreases hemocyte recruitment to wounds. 
(A) Representative stills of GFP-labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-Cat (w;UAS-cat/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=21 for control and UAS-Cat embryos. Asterisks (**) represent Student’s t-test, p<0.01. (C) Scatterplot of the number of hemocytes on the ventral nerve cord pre-wounding. Lines and error bars represent mean ± SD, n=23 and 29 for control and UAS-Cat embryos respectively. Student’s t-test, p=0.0667. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 


[bookmark: _Toc4589344]4.2.5 Knockdown of GSS does not affect wounding responses

As we could demonstrate that overexpressing catalase within hemocytes decreased the number of hemocytes recruited to the wound, we decided to further investigate oxidative stress in hemocytes. Glutathione is a potent anti-oxidant that has been shown to function in TH1/TH2 responses (408) in addition to macrophage M1/M2 responses (409,410). The ratio of oxidised glutathione to non-oxidised (GSH:GSSG) is lower in M2 polarised macrophages than in M1 macrophages (410). Glutathione synthesis occurs in two steps, with the first step requiring glutamylcysteine synthetase and the second step requiring glutathione synthetase (GSS) (411). However, the precise role of glutathione in Drosophila hemocytes is not known. We utilised RNAi against GSS (w;Srp-GAL4,UAS-GFP/UAS-RNAi-GSS;Crq-GAL4,UAS-GFP/+) as a method of potentially increasing the oxidative stress within hemocytes by reducing this key anti-oxidant. We expected to potentially observe the opposite result to that with UAS-Cat, which reduced oxidative stress. We found that there was no significant difference in recruitment to wounds between embryos with decreased GSS compared to controls (n=15 and 14 embryos for control and UAS-RNAi-GSS respectively, Student’s t-test, p=0.6481, Fig 4.5). This suggests that GSS may not control hemocyte behaviour, however, we have not directly investigated the ratio of GSH:GSSG and have not shown this to be altered so this remains an open question. 
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Figure 4.5. Knockdown of GSS within hemocytes does not affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP-labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-GSS (w;UAS-RNAi-GSS/ Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=15 and 14 for control and UAS-RNAi-GSS embryos, Student’s t-test, p=0.6481. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 











[bookmark: _Toc4589345]4.2.6 Knockdown of Keap1 in hemocytes does not alter recruitment to wounds

Nuclear factor erythroid 2-related factor (Nrf2) is responsible for the regulation of various antioxidant proteins (412). Under basal conditions, Nrf2 is repressed via Kelch-like ECH-Associated protein-1 (Keap1) dependent ubiquitin-mediated degradation (413). In macrophages, Nrf2 suppresses pro-inflammatory cytokine production, thereby inhibiting M1-polarisation (414). Nrf2 can be activated by itaconate, a by-product of M1-polarisation, as a means of limiting the pro-inflammatory response (400). In Drosophila, Nrf2 belongs to the Cap’n’collar family which have roles in stress defence and antioxidant responses (415). To investigate the effect of Nrf2 expression on hemocyte pro-inflammatory behaviour, we reduced expression of Keap1 using RNAi (w;UAS-RNAi-Keap1/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+), thereby releasing Nrf2. We hypothesised that this would represent a pro-inflammatory stimuli and therefore reduce hemocyte recruitment to wounds.  We found that there was no difference in the number of hemocytes per µm2 of wound area in UAS-RNAi-Keap1 embryos compared to controls (n=20 and 25 embryos for control and UAS-RNAi-Keap1 respectively, Student’s t-test, p=0.1684, Fig 4.6). This could be the result of non-functioning RNAi, inefficient knockdown of Keap1 or would suggest that Keap1 is not required for hemocyte responses to sites of injury. 
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Figure 4.6. Knockdown of Keap1 within hemocytes does not significantly affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w; Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-Keap1 (w;UAS-RNAi-Keap1/ Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=20 and 25 for control and UAS-RNAi-Keap1 embryos respectively. Student’s t-test, p=0.1684. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 











[bookmark: _Toc4589346]4.2.7 Knockdown of ND75 is sufficient to increase ROS levels in hemocytes

Increased ROS levels are a key marker of M1 macrophages (33). As we could demonstrate that overexpression of catalase (specifically within hemocytes) can reduce hemocyte recruitment to wounds (Fig 4.4), we hypothesised that increasing the levels of ROS within hemocytes would promote a pro-inflammatory phenotype. It has been shown that knockdown of ND75 (a subunit of complex-I of the electron transport chain (ETC)) causes ROS leakage from the mitochondria and complex-I deficiency (416,417). We utilised an RNAi line targeting ND75 (w;UAS-RNAi-ND75/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) to increase ROS levels specifically in hemocytes. We first needed to confirm that ROS levels were indeed increased, therefore, we stained embryos with DHR123 and measured the intensity within hemocytes. Embryos expressing RNAi against ND75 were visibly brighter than controls when stained with DHR123 (Fig 4.7 A-B). In addition, it appeared that ROS staining was not limited to mitochondria. This was a significant increase when quantified by measuring intensity of GFP (DHR123) (n=50 and 97 for control and UAS-RNAi-ND75, Mann-Whitney test p<0.001, Fig 4.7 C). This significance was lost when comparing the embryo average intensity of GFP (n=3 and 4 for control and UAS-RNAi-ND75, Mann-Whitney test, p=0.2836, Fig 4.7 D). This suggests that individual hemocytes expressing RNAi-ND75 have increased levels of ROS and that the RNAi fly line disrupts the ETC, releasing ROS into the cell cytoplasm. 
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Figure 4.7. Knockdown of ND75 within hemocytes increases levels of ROS within hemocytes. 
(A) Representative stills of GFP labelled hemocytes stained for ROS with DHR123 in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-ND75 (w;UAS-RNAi-ND75/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). Scale bars represent 20μm. (B) Zoomed images of (A), 1. Control and 2. UAS-RNAi-ND75 hemocytes. Scale bars represent 5μm. (C) Scatterplot of the mean intensity of GFP within hemocytes. Lines and error bars represent mean ± SD, n=50 and 97 for control and UAS-RNAi-ND75 embryos respectively. Asterisk represents Mann-Whitney test, ****p<0.0001. (D) Scatterplot of the embryo average of the mean intensity of GFP within hemocytes. Lines and error bars represent mean ± SD, n=3 and 4 for control and UAS-RNAi-ND75 embryos, respectively. Mann-Whitney test, p=0.6286. 



[bookmark: _Toc4589347]4.2.8 Knockdown of ND75 in hemocytes decreases hemocyte recruitment to wounds

RNAi-mediated knockdown of ND75 in hemocytes potentially increased ROS levels. To determine if an increase in ROS levels within hemocytes was pro-inflammatory, we wounded the ventral epithelium of stage 15 embryos. In wounding embryos with hemocytes overexpressing an RNAi molecule targeting ND75, we found a decreased response, with fewer hemocytes per μm2 of wound area than control embryos (n=24 and 33 for control and UAS-RNAi-ND75 respectively, Student’s t-test p<0.05, Fig 4.8 A & B). The number of hemocytes on the ventral midline was lower in UAS-RNAi-ND75 compared to control, suggesting that this may be a reason for the observed decrease in wound response (n=23 and 39 for control and UAS-RNAi-ND75 embryos respectively, Student’s t-test, *p<0.05, Fig 4.8 C). This would suggest that ND75 is required for hemocyte responses to sites of injury, although this may not be due to ROS levels. 

[bookmark: _Toc4589348]4.2.9 Overexpression of Succinate Dehydrogenase in hemocytes does not alter hemocyte recruitment to wounds

We were surprised to find that increasing ROS levels within hemocytes did not improve the numbers of hemocytes recruited to wounds. One possible explanation for this is that we were affecting metabolism, as ND75 forms part of complex-I of the ETC (418). M1 macrophages are known to have disruptions in oxidative phosphorylation and increased expression of Succinate dehydrogenase (Sdh), resulting in an accumulation of succinate (34,35). Sdh also forms complex-II of the ETC (399). We therefore utilised UAS-Sdh, driving overexpression specifically in hemocytes (w;UAS-SdhA/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) to investigate if we could demonstrate opposing effects to those observed with ND75 knockdown and promote a pro-inflammatory phenotype. We wounded stage 15 embryos via laser ablation and found that there were slightly more hemocytes recruited to the wound in UAS-SdhA embryos compared to controls (n=21 and 25 for control and UAS-SdhA respectively, Student’s t-test, p=0.0938, Fig 4.9). This suggests that succinate accumulation may impact hemocyte behaviour. 
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Figure 4.8. Knockdown of ND75 within hemocytes increases hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-ND75 (w;UAS-RNAi-ND75/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=24 and 33 for control and UAS-RNAi-ND75 embryos respectively. Asterisk represents Student’s t-test, *p<0.05. White dashed ovals outline wound perimeter. (C) Scatterplot of the number of hemocytes on the ventral midline pre-wounding, n=23 and 39 for control and UAS-RNAi-ND75 embryos respectively. Asterisk represents Student’s t-test, *p<0.05. Scale bars represent 20μm. 
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Figure 4.9. Overexpression of succinate dehydrogenase within hemocytes does not significantly increase hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top image) and 60- minutes (bottom image) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-SdhA (w;UAS-SdhA/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=21 and 25 for control and UAS-SdhA embryos respectively. Student’s t-test, p=0.0938. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 








[bookmark: _Toc4589349]4.2.10 Overexpression of Succinate Dehydrogenase decreases the number of apoptotic cells in hemocytes

Although we could not observe a significantly different response with wounding when Sdh was overexpressed, there was an increase in the number of hemocyte recruited to the wound. We therefore characterised an anti-inflammatory behaviour, efferocytosis of apoptotic cells, in this background to determine if hemocyte functions were being affected. We quantified the number of vacuoles within individual hemocytes as a read-out of efferocytosis (Fig 4.10 A-B). We found a significant decrease in the number of vacuoles per hemocyte when SdhA was overexpressed compared to control hemocytes (n=18 and 24 for control and UAS-SdhA respectively, Student’s t-test p<0.05, Fig 4.10 C). This data suggests that disruption of cellular metabolism within hemocytes can affect the phagocytosis of apoptotic cells. 
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Figure 4.10. Overexpression of succinate dehydrogenase within hemocytes decreases efferocytosis of apoptotic cells
(A) Representative stills of GFP labelled hemocytes in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-SdhA (w;UAS-SdhA/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). Scale bars represent 20μm. (B) Zoomed images of (A), 1. Control, 2. UAS-SdhA. Scale bars represent 5μm. Red asterisks indicate vacuoles with hemocytes, as quantified. (C) Scatterplot of the number of vacuoles per individual hemocyte. Lines and error bars represent mean ± SD, n=132 and 189 for control and UAS-SdhA respectively. Asterisk represents Student’s t-test, ***p<0.001. (D) Scatterplot of the average number of vacuoles per hemocyte per embryo. Lines and error bars represent mean ± SD, n=18 and 24 for control and UAS-SdhA respectively. Asterisk represents Student’s t-test, *p<0.05.
[bookmark: _Toc4589350]4.2.11 Knockdown of complex-I of the electron transport chain in hemocytes does not alter hemocyte recruitment to wounds

In demonstrating that manipulation of the ETC could affect hemocyte behaviour in a pro- and anti-inflammatory manner, we expanded this to investigate complex-I further. Disruption of complex-I is known to cause metabolic disorders (419), but this has not yet been specifically associated with macrophage phenotypes. Complex-I is composed of multiple subunits, one of which is ND20 (418). We therefore utilised RNAi-mediated knockdown of ND20 (w;UAS-RNAi-ND20/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) to investigate if this could affect hemocyte recruitment to wounds. We did not find any difference between embryos expressing RNAi-ND20 and controls (n=28 and 32 embryos for control and UAS-RNAi-ND20 respectively, Student’s t-test, p=0.7267, Fig 4.11), suggesting that disruption of metabolism does not affect hemocyte responses to injury. This conflicts with previous data in this chapter where complex-I disruption can affect recruitment to wounds, potentially due to a lack of expression of the RNAi using these specific promoters at this stage of development.

[bookmark: _Toc4589351]4.2.12 Knockdown of Hexokinase-A in hemocytes does not alter hemocyte recruitment to wounds

M1 macrophages demonstrate increased glycolysis and reduced oxidative phosphorylation (37). We targeted the first enzyme in glycolysis, Hexokinase (HexA), with using RNAi to decrease glycolysis specifically within hemocytes. We subsequently wounded these embryos (w;UAS-RNAi-HexA/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) to expose hemocytes to a pro-inflammatory stimulus. We found a slight decrease in the number of hemocytes per μm2 of wound area in embryos expressing RNAi-HexA (n=34 and 29 embryos for control and UAS-RNAi-HexA respectively, One-way ANOVA with Dunnett’s multiple comparisons test, p=0.2974, Fig 4.12). This suggests that decreasing hemocyte rates of glycolysis may affect hemocyte response to sites of injury. 
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Figure 4.11. Knockdown of complex-I of the ETC within hemocytes does not affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top image) 60-minutes (bottom image) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-ND20 (w;UAS-RNAi-ND20/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=28 and 32 for control and UAS-RNAi-ND20 embryos respectively. Student’s t-test, p=0.7267. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 
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Figure 4.12. Knockdown of hexokinase within hemocytes does not affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top image) and 60-minutes (bottom image) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-HexA (w;UAS-RNAi-HexA/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=34 and 29 for control and UAS-RNAi-HexA embryos respectively. One-way ANOVA with Dunnett’s multiple comparisons test, p=0.2974. Control data is the same as in Fig 4.14, chapter 4 as these experiments were performed in parallel. White dashed ovals outline wound perimeter. Scale bars represent 20μm










[bookmark: _Toc4589352]4.2.13 Knockdown of pyruvate dehydrogenase in hemocytes does not alter hemocyte recruitment to wounds

The final product of glycolysis is pyruvate, produced when a phosphate from phosphoenolpyruvate is removed by pyruvate kinase (399). Pyruvate can then be oxidised by pyruvate dehydrogenase (PDH) to acetyl-CoA which enters the TCA. As M1 macrophages demonstrate higher levels of glycolysis, we attempted to shift metabolism in hemocytes away from oxidative phosphorylation by using RNAi-mediated knockdown of PDH specifically in hemocytes (w;UAS-RNAi-pdh/ Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+).  Targeting PDH with RNAi did not result in any differences in recruitment to wounds compared to controls (n=34 and 29 embryos for control and UAS-RNAi-pdhA respectively, Student’s t-test, p=0.5909, Fig 4.13). We cannot confirm if these results are caused by a non-functioning RNAi/incomplete knockdown of PDH.

[bookmark: _Toc4589353]4.2.14 Knockdown of pyruvate dehydrogenase phosphatase in hemocytes does not alter hemocyte recruitment to wounds

Pyruvate dehydrogenase is tightly regulated by two enzymes; pyruvate dehydrogenase phosphatase (PDP) and pyruvate dehydrogenase kinase (PDK) (420). Upon phosphorylation by PDP, PDH becomes active and converts pyruvate to acetyl-CoA. However, PDK can inactivate PDH and prevent pyruvate being converted to acetyl-CoA, instead being converted to lactate by lactate dehydrogenase (420). We reduced expression of PDP using RNAi in an attempt to reduce activation of PDH specifically in hemocytes (w;UAS-RNAi-pdp/ Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+).  We observed no differences in hemocyte recruitment to wounds between controls and embryos in which PDP was knocked down via RNAi (n=34 and 24 embryos for control and UAS-RNAi-pdp respectively, One-way ANOVA with Dunnett’s multiple comparisons test, p=0.8816, Fig 4.14). Again, we cannot discriminate whether these results are caused by non-functioning RNAi, incomplete knockdown, perdurance of protein or a lack of a role.
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Figure 4.13. Knockdown of pyruvate dehydrogenase within hemocytes does not affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top image) and 60-minutes (bottom image) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-pdhA (w;UAS-RNAi-pdh/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=34 and 29 for control and UAS-RNAi-pdhA embryos respectively. Student’s t-test, p=0.5909. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 
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Figure 4.14. Knockdown of pyruvate dehydrogenase phosphatase within hemocytes does not affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top image) and 60-minutes (bottom image) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-pdp (w;UAS-RNAi-pdp/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=34 and 24 for control and UAS-RNAi-pdp embryos respectively. One-way ANOVA with Dunnett’s multiple comparisons test, p=0.8816. White dashed ovals outline wound perimeter. Scale bars represent 20μm. Control data is the same as in Fig 4.12, chapter 4 as these experiments were performed in parallel.










[bookmark: _Toc4589354]4.2.15 Overexpression of pyruvate dehydrogenase kinase in hemocytes increases recruitment to wounds

Although we could not demonstrate any effect on hemocyte responses to wounding with knockdown of pdh or pdp, we hypothesised that the RNAi may not be functioning correctly. We therefore wounded embryos overexpressing pdk (w;UAS-pdk/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) to decrease the amount of acetyl-CoA being synthesised, thereby decreasing oxidative phosphorylation.  We found that when pdk was overexpressed, there was an increase in the number of hemocytes responding to wounds compared to control (n=34 and 29 embryos for control and UAS-pdk respectively, One-way ANOVA with Dunnett’s multiple comparisons test, p<0.05, Fig 4.15). We did not observe any difference in the number of hemocytes present on the ventral midline pre-wounding, suggesting that the increased responses are not due to more hemocyte being in the wound vicinity prior to wounding (n=17 and 31 for control and UAS-pdk embryos respectively. Student’s t-test, p=0.183). This suggests that our previous data could be the result of non-functioning RNAi and demonstrates that metabolism influences pro-inflammatory hemocyte behaviour. 

[bookmark: _Toc4589355]4.2.16 Overexpression of pyruvate dehydrogenase kinase decreases the number of apoptotic cells in hemocytes

Having demonstrated more potent inflammatory responses when pdk is overexpressed specifically in hemocytes, we next investigated efferocytosis as a marker for M2-like behaviour. We counted the number of vacuoles present in each hemocyte vacuoles (a proxy for apoptotic cell clearance (225)) using the pre-wound images. We found that there was a significant decrease in the number of vacuoles (apoptotic cells) (n=18 and 30 embryos for control and UAS-pdk respectively One-way ANOVA with Dunnett’s multiple comparisons test, p<0.01, Fig 4.16 C). Together with our wounding results, this data suggests that decreasing oxidative phosphorylation promotes a pro-inflammatory hemocyte phenotype as we observe increased hemocyte responses to wounding with a decreased level of efferocytosis.
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Figure 4.15. Overexpression of pyruvate dehydrogenase kinase within hemocytes increases hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top image) and 60-minutes (bottom image) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-pdk (w;UAS-pdk/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=34 and 29 for control and UAS-pdk embryos respectively. Asterisk represents One-way ANOVA with Dunnett’s multiple comparisons test, *p<0.05. (C) Scatterplot of the number of hemocytes on the ventral midline pre-wounding, n=17 and 31 for control and UAS-pdk embryos respectively. Student’s t-test, p=0.183. White dashed ovals outline wound perimeter. Scale bars represent 20μm. Control data is the same as in Fig 4.19, chapter 4 as these experiments were performed in parallel. 
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Figure 4.16. Overexpression of pyruvate dehydrogenase kinase decreases the number of apoptotic cells engulfed by hemocyte. 
(A) Representative stills of GFP labelled hemocytes in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-pdk (w;UAS-pdk/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). Scale bars represent 20μm. (B) Zoomed images of individual cells from (A) highlighting vacuoles. Red asterisks indicate vacuoles as quantified. Scale bars represent 5μm. (C) Scatterplot of the average number of vacuoles per hemocyte per embryo. Lines and error bars represent mean ± SD, n=18 and 30 for control and UAS-pdk respectively. Asterisk represents One-way ANOVA with Dunnett’s multiple comparisons test, **p<0.01. Control data is the same as in Fig 4.20, chapter 4 as these experiments were performed in parallel.
[bookmark: _Toc4589356]4.2.17 Overexpression of pyruvate dehydrogenase kinase increases the number of circulating hemocytes in third instar larvae

Having demonstrated that PDK was involved in modulating hemocyte behaviour (Fig 4.15 & 4.16), we decided to focus on this to further investigate the effects of metabolism in hemocytes. To confirm that PDK overexpression was not affecting hemocyte morphology, we imaged hemocytes isolated form 3rd instar larvae and measured hemocyte area, number and intensity of GFP expression. Hemocytes were stained with Phalloidin-568 to visualise the actin cytoskeleton (Fig 4.17 A). We observed that when pdk was overexpressed, there were more hemocytes than in control larvae (n=9 wells with 2 larvae per well, Student’s t-test p<0.001, Fig 4.17 B). We further found no difference in cell area or intensity of GFP and Phalloidin-568 (Fig 4.17 C-E). This data suggests that hemocyte morphology is not affected but that there are more circulating hemocytes in 3rd instar larvae when oxidative phosphorylation is decreased.  

[bookmark: _Toc4589357]4.2.18 Overexpression of pyruvate dehydrogenase kinase up-regulates expression of pro-inflammatory genes in hemocytes

To investigate how pdk overexpression may be affecting hemocytes, we performed qPCR on a panel of pro- and anti-inflammatory genes on hemocytes isolated from 3rd instar larvae. Genes were chosen based on mammalian literature (27) and known genes upregulated in Drosophila immune responses. We found that the canonical M1 and M2 macrophage markers, arg and Nos, were upregulated in hemocytes with increased pdk levels; however, only arg was significantly changed (n=6 repeats, 2 larvae, Student’s t-test p<0.01, Fig 4.18). We also investigated pro-inflammatory genes, sima (HIF1α) and eiger (TNFα), and found that these were significantly increased in UAS-pdk hemocytes (n=6 repeats, 2 larvae, Student’s t-test p<0.05 and 0.01 for sima and eiger respectively, Fig 4.18). Drosophila specific immune responsive genes, drosomycin and attacin-A, were also assayed. We found that drosomycin was significantly up-regulated in UAS-pdk hemocytes compared to control (n=6 repeats, 2 larvae, Student’s t-test p<0.01, Fig 4.18). Together, this data demonstrates that metabolism influences a wide array of gene expression levels in hemocytes. Furthermore, reducing oxidative phosphorylation increases genes associated with inflammatory responses. 
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Figure 4.17. Overexpression of pyruvate dehydrogenase kinase increases the number of circulating hemocytes in larvae.
(A) Representative fields of view for GFP labelled hemocytes, stained with Phalloidin 568 isolated from third instar larvae for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-pdk (w;UAS-pdk/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). Scale bars represent 10μm in full images and 5μm in zoomed images. (B) Scatterplot of the average number of hemocytes per well. (C) Scatterplot of the average area of hemocytes for each well. (D) Average GFP intensity of hemocytes per well. (E) Average RFP intensity of hemocytes per well. Lines and error bars represent mean ± SD, n=9 wells, 2 larvae per well for control and UAS-pdk. Asterisk represents Student’s t-test, ***p<0.001. 
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Figure 4.18. Overexpression of pyruvate dehydrogenase kinase promotes pro-inflammatory gene expression in hemocytes. 
Scatterplots of the relative fold change in gene expression in hemocytes isolated from control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) or UAS-pdk (w;UAS-pdk/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) third instar larvae. Lines and error bars represent mean ± SD, n=minimum of 3 technical replicates from 100 larvae for control and UAS-pdk. Asterisk represents Student’s t-test, *p<0.05, **p<0.01.


[bookmark: _Toc4589358]4.2.19 Expression of activated AMPK in hemocytes does not affect hemocyte recruitment wounds

AMP-activated protein kinase (AMPK) regulates energy homeostasis and metabolic stress, through the detection of ADP:ATP ratios (60). In the context of macrophages, knockdown of AMPK has been shown to promote a pro-inflammatory phenotype whilst overexpression demonstrates an anti-inflammatory phenotype (61,62). The anti-inflammatory effects of AMPK may be mediated though increased oxidation of fatty acids (59). We hypothesised that expression of AMPK specifically within hemocytes would promote an anti-inflammatory phenotype. Embryos expressing a phosphomimetic-activated form of AMPK (w;UAS-AMPK/ Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) were wounded and then the number of hemocytes at the wound border quantified. We found a slight increase in hemocyte recruitment to wounds between controls and UAS-AMPK embryos (n=18 and 19 embryos for control and UAS-AMPK respectively, one-way ANOVA with Dunnett’s multiple comparisons test p=0.1103, Fig 4.19). This data suggests that AMPK may be modulating hemocyte functions. 

[bookmark: _Toc4589359]4.2.20 Expression of activated AMPK decreases the number of apoptotic cells in hemocytes

As our wounding data demonstrated a small increase towards an improved inflammatory response, we next investigated an anti-inflammatory function. To do this, we quantified the number of vacuoles (apoptotic cells) within hemocytes prior to wounding (indicated by red asterisks in Fig 4.20 A-B). We found a slight decrease in the number of vacuoles within hemocytes in UAS-AMPK embryos compared to control (n=18 and 15 hemocytes for control and UAS-AMPK respectively, one-way ANOVA with Dunnett’s multiple comparisons test p<0.05, Fig 4.20 C). This data suggests that AMPK activation diminishes anti-inflammatory hemocyte functions. 
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Figure 4.19. Overexpression of activated-AMPK within hemocytes does not significantly affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-AMPK (w;UAS-AMPK/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=18 and 19 for control and UAS-AMPK embryos respectively. One-way ANOVA with Dunnett’s multiple comparisons test, p=0.1103. White dashed ovals outline wound perimeter. Scale bars represent 20μm. Control data is the same as in Fig 4.15, chapter 4 as these experiments were performed in parallel.
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Figure 4.20. Overexpression of activated-AMPK decreases the number of apoptotic cells engulfed by hemocytes. 
(A) Representative stills of GFP labelled hemocytes in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-AMPK (w;UAS-AMPK/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). Scale bars represent 20μm. (B) Zoomed images of individual cells from (A) highlighting vacuoles. Red asterisks indicate vacuoles as quantified. Scale bars represent 5μm. (C) Scatterplot of the average number of vacuoles per hemocyte per embryo. Lines and error bars represent mean ± SD, n=18 and 15 for control and UAS-AMPK respectively. Student’s t-test, p=0.0974. Control data is the same as in Fig 4.16, chapter 4 as these experiments were performed in parallel.

[bookmark: _Toc4589360]4.2.21 Constitutive activation of Spӓtzle does not alter hemocyte recruitment to wounds

Our data suggested that not all common mammalian macrophage markers were applicable to Drosophila. We wanted to investigate a Drosophila specific immune activation pathway to determine any species-specific effects. The Toll pathway in Drosophila can be activated by the ligand Spätzle (Spz) (155). Unlike in vertebrates, Toll does not act as a pattern recognition receptor; Spz is cleaved and activated by secreted recognition molecules upon recognition of a pathogen (159). We hypothesised that activating this pathway would produce a pro-inflammatory, anti-microbial phenotype. Therefore, we overexpressed a constitutively-active form of spz (spz*) (w;UAS-spz/Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+) to induce a Drosophila specific immune activation pathway. We observed no difference in hemocyte responses to wounding in embryos containing spz*-overexpressing hemocytes compared to controls (n=26 and 24 embryos for control and UAS-spz*, Student’s t-test, p=0.097, Fig 4.21).
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Figure 4.21. Constitutive expression of spätzle within hemocytes does not significantly affect hemocyte recruitment to wounds. 
(A) Representative stills of GFP labelled hemocyte responses to wounds at 0- (top images) and 60-minutes (bottom images) post-wounding in stage 15 embryos for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-spz* (w;UAS-spz/ Srp-GAL4,UAS-GFP;Crq-GAL4,UAS-GFP/+). (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=26 and 24 for control and UAS-spz* embryos respectively. Student’s t-test, p=0.097. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 










[bookmark: _Toc4589361]4.3 Discussion

In this chapter, we screened pathways associated with macrophage polarisation using candidate genes taken from the vertebrate literature to determine if these pathways could modulate Drosophila hemocyte behaviour and phenotypes (27,124) (Table 4.2). We have demonstrated that, when normal oxidative phosphorylation is limited within hemocytes to promote a more glycolytic metabolism, hemocytes display reduced levels of efferocytosis with enhanced responses to wounding and upregulation of pro-inflammatory genes. Therefore, the data presented here expands the current literature to show that metabolism can drive inflammatory functions in Drosophila immune cells. Furthermore, our qPCR data provides evidence in support our hypothesis that Drosophila hemocytes can exhibit pro- and anti-inflammatory phenotypes, akin to mammalian macrophages, as manipulations in such pathways produce similar phenotypes in macrophages (27,391). Additionally, these subtypes are controlled by similar processes to those that govern macrophage polarisation in mammalians, e.g. alterations in metabolic programming. However, our data also displays inconsistencies with observations made in mammalian systems, such as AMPK possibly exerting pro-inflammatory effects in hemocytes, in contrast to its anti-inflammatory function in macrophages. Additionally, further investigations are required to confirm that we are altering hemocyte phenotypes, as opposed to simply manipulating pathways responsible for hemocyte responses to sites of injury. 

	Table 4.2 Results of screening macrophage polarisation pathways in Drosophila

	Hemocyte-specific manipulation
	Justification
	Observed hemocyte behaviour

	UAS-Nos
	Increase levels of NOS within hemocytes
	No change from controls

	RNAi-Nos
	Decrease levels of NOS within hemocytes
	No change from controls

	RNAi-Arg
	Decrease levels of Arg within hemocytes
	No change from controls

	UAS-Cat
	Reduce ROS levels in hemocytes
	Reduced numbers of hemocytes responding to injury

	RNAi-GSS
	Reduce ROS levels in hemocytes
	No change from controls

	RNAi-Keap1
	Increase levels of Nrf2, promoting inflammation
	No change from controls

	RNAi-ND75
	Disrupt the electron transport chain and increase ROS levels
	Reduced numbers of hemocytes responding to injury

	UAS-Sdh
	Increase succinate dehydrogenase to mimic M1 macrophage metabolism
	No differences in hemocyte responses to wounding.
Decreased rate of efferocytosis

	RNAi-ND20
	Disrupt the electron transport chain and increase ROS levels
	No change from controls

	RNAi-HexA
	Reduce glycolysis to decrease inflammatory phenotypes
	No change from controls

	RNAi-pdh
	Reduce oxidative phosphorylation to promote glycolysis
	No change from controls

	RNAi-pdp
	Reduce oxidative phosphorylation to promote glycolysis
	No change from controls

	UAS-pdk
	Reduce oxidative phosphorylation to promote glycolysis
	Increased numbers of hemocytes responding to injury
Decreased rate of efferocytosis
Up-regulation of pro-inflammatory genes

	UAS-AMPK
	Increase oxidation of fatty acids, thereby promoting an M2-like phenotype
	No change from controls
Decreased rate of efferocytosis

	UAS-spz*
	Investigate fly-specific immune pathways
	No change from controls


N.b. UAS represents an overexpression of the relevant gene specifically in hemocytes using Srp-GAL4, Crq-GAL4 drivers. RNAi- represents hemocyte specific knockdown of the relevant gene specifically in hemocytes using Srp-GAL4, Crq-GAL4 drivers. Nos = Nitric Oxide Synthase, Arg = Arginase, Cat = Catalase, GSS = Glutathione synthase, Keap1 = Kelch-like ECH-Associated protein-1, Nrf2 = Nuclear factor erythroid 2-related factor, Sdh = Succinate dehydrogenase, HexA = Hexokinase A, pdh = pyruvate dehydrogenase, pdp = pyruvate dehydrogenase phosphatase, pdk = pyruvate dehydrogenase kinase, AMPK = AMP-activated protein kinase, Spz* = Spätzle, ROS = Reactive Oxygen Species. 


[bookmark: _Toc4589362]4.3.1 Arginase and Nos do not affect wounding responses in Drosophila

Macrophage polarisation was first described in relation to ornithine metabolism, with M1 macrophages utilising NOS to produce nitric oxide and M2 macrophages producing arginine via arginase (22,421). Indeed, these two products initially formed the primary markers to differentiate between M1 and M2 macrophages. We hypothesised that overexpression of Nos, specifically within hemocytes, would promote pro-inflammatory behaviour (i.e. increased responses to sites of injury). However, we did not find any differences in the numbers of hemocytes recruited to wounds. Subsequent knockdown of Nos confirmed that Nos did not modulate hemocyte recruitment to wounds. Furthermore, knockdown of arg did not affect the number of hemocytes at the wound. Together, this suggests that these traditional markers of macrophage polarisation are not actively involved in driving this process in Drosophila. It is known that macrophage polarisation markers differ between species (149) and there is current controversy surrounding arginine metabolism as a marker as macrophages lacking arginine are still capable of repair functions (93,422). Moreover, Drosophila do not possess an inducible NOS (iNOS), which is the form utilised by mammalian macrophages in polarisation towards M1 phenotypes (402,423,424). This lack of an inducible form could prevent hemocytes from using this pathway of arginine metabolism in polarisation (425). Indeed, Drosophila NOS has the highest homology to neuronal NOS. Neuronal NOS is involved in synaptic plasticity rather than in mediation of inflammatory responses, as is the role of iNOS (426). Drosophila NOS appears to function mainly in development, for example of the wing disc (427). 

Interestingly, arginase has been found to be upregulated in a time dependent manner in shrimp hemocytes following infection with yellow head virus (428). Macrophage polarisation in viral pathogenesis has been less studied than in other infections although there is evidence that viral infections promote M2 polarisation (429–431). This suggests that arginase may be functioning within hemocytes in an anti-inflammatory capacity. A major critique of our results is that we could not validate the RNAi as being effective, thus our results could have been due to non-functioning RNAi or perdurance of protein. To confirm this assumption, we could utilise fluorescent reporters for pathways, where available, or perform qPCR to determine if RNAi-mediated knockdown was efficient. 

We have shown that Arg and NOS do not appear to function as drivers of hemocyte behaviour in Drosophila. However, it is possible that they represent useful markers of activation, which has not been investigated here. For example, a recent paper demonstrated that MANF could promote pro-repair phenotypes in Drosophila hemocytes and mice macrophages (141). Interestingly, arg expression was up-regulated in hemocytes overexpressing MANF. The use of antibodies or GAL4 constructs and fluorescent reporters (e.g. arg-GAL4) would enable investigation into the potential function of Nos and Arg as phenotype markers. 

[bookmark: _Toc4589363]4.3.2 ROS species are involved in Drosophila hemocyte recruitment to wounds

ROS are highly associated with macrophage polarisation and are involved in numerous pro-inflammatory functions (86,125,396). Indeed, ROS can drive the differentiation of monocytes to macrophages in both mice and humans (432,433). We hypothesised that decreasing ROS levels within hemocytes would reduce the numbers of hemocytes recruited to the wound. ROS are regulated with a variety of enzymes that scavenge reactive species. Overexpression of one such enzyme, catalase, resulted in decreased hemocyte numbers at sites of wounding. This is consistent with the literature suggesting that a reduction in ROS limits the differentiation of monocytes to macrophages (434). Alternatively, the reduction in ROS could be interfering with hemocyte adhesion. Hemocytes with pharmacologically increased levels of ROS display increased spreading and adhesion to a glass substrate (435). It is possible that reducing ROS levels reduces the ability of hemocytes to ‘adhere’ to the wound, thereby limiting the number of hemocytes that can be retained at sites of injury. This further suggests that ROS contribute to pro-inflammatory phenotypes of hemocytes. 

Conflicting evidence for the role of ROS came from our data demonstrating insignificant, but increased, hemocyte recruitment to wounds when Keap1 is knocked down. Knockdown of Keap1 generates higher levels of Nrf2, a potent activator of antioxidants, which is anti-inflammatory (414). It is possible that the RNAi is affecting other, unknown, targets. Alternatively, the hemocyte-specific driver utilised in this study may not be strong enough or active for a suitable period of time to allow sufficient expression of the RNAi. Keap1 and Nrf2 have been shown to effectively regulate oxidative stress in Drosophila, as shown when mutants of Keap1 are used (436), suggesting that this pathway may still be a relevant target to investigate in hemocytes. Indeed, utilising Nrf2 constructs would allow both validation of these results and further investigation into this mechanism. Although we could not confirm the catalase result by showing alterations in hemocyte behaviour with other ROS manipulations, this remains an open question and active area of research. One potential experiment would be to pre-treat embryos with H2O2 and then wound to determine if systemically increasing ROS can modulate hemocytes responses to wounding.

We attempted to increase ROS levels within hemocytes by targeting complex-I of the ETC. Targeting subcomponents of these complexes (ND20 and ND75) via RNAi has been shown to increase ROS levels within Drosophila cells (417,437,438). In targeting ND20, we did not generate a phenotype with regards to hemocyte responses to wounding (but did not confirm an increase in ROS levels). However, in ND75 knockdown in hemocytes we observed a reduction in hemocyte responses to wounding. This finding was the contrast to our hypothesis and earlier findings using catalase. It is possible that as we were affecting the ETC, the disruption to metabolism was taking priority in controlling hemocyte polarisation. 

Extracellular ROS is released from cells undergoing apoptosis and has been shown to have similar signalling functions in mammalians and Drosophila (298,439). It is therefore possible that the necrotic and dying cells produced by laser ablation release ROS which attracts hemocytes to the wound area. Although, we did not test this hypothesis here, this represents an important future question for this research. ROS have been linked to hypoxia and HIF1α expression (440), which, together with our results using RNAi to target ND75, suggests that manipulation of metabolism represents an interesting target. Delineating the independent, or dependent, roles of ROS and metabolism is technically highly challenging. 

[bookmark: _Toc4589364]4.3.3 Metabolism is important in Drosophila pro-inflammatory hemocyte polarisation

The role of metabolism in macrophage polarisation has become an intense area of research (398). Pro-inflammatory (M1) macrophages are known to prioritise glycolysis, whilst anti-inflammatory (M2) macrophage metabolism is dominated by oxidative phosphorylation and fatty acid oxidation (59). Our results from wounding ND75 (complex-I of the ETC) knockdown embryos suggested that metabolism may be an important factor in determining hemocyte polarisation states. We first investigated the effect of overexpressing complex-II of the ETC, succinate dehydrogenase, on hemocyte functions. Sdh is increased in M1 macrophages, resulting in accumulation of succinate (34,35). Although not-significant, we observed an increased response of hemocytes to wounding, suggesting that these hemocytes were activated to a pro-inflammatory phenotype. Consistently, when we assessed the number of vacuoles within hemocytes (a measure of efferocytosis and anti-inflammatory function) we found the overexpression of Sdh decreased the number of vacuoles within hemocytes. Elevated levels of Sdh have been shown to increase expression of pro-inflammatory cytokines such as IL-1β; confirmed by demonstrating that inhibition of Sdh induces an anti-inflammatory response (34). The literature has thus far not separated out the individual contributions of different metabolic processes on pro- or anti-inflammatory functions. It is possible that Sdh is required for processes involved in efferocytosis rather than recruitment to sites of wounding. It would be a useful additional metric to analyse the size of vacuoles within these embryos or follow phagocytosis dynamically to address this process more accurately, since numbers of vacuoles can also be influenced by phagosome maturation (a process influenced by polarisation state (346,441)). Dynamic analysis would also enable us to confirm where the apoptotic cells are originating (i.e. are vacuoles from the same apoptotic cell or multiple cells?). There are now reporters available for tracking apoptotic cells dynamically ((442)). Taken together this data suggests that hemocytes with higher levels of Sdh are functioning in a pro-inflammatory manner. 

We wished to investigate if impaired glycolysis could drive M2-like phenotypes in hemocytes. Hemocyte-specific RNAi-mediated knockdown of Hexokinase, the first step in glycolysis, did not alter hemocyte responses to wounding. The data was very slightly reduced suggesting that the RNAi may be functioning at a highly limited rate. We therefore attempted to increase glycolysis levels with RNAi targeting pyruvate dehydrogenase and the positive regulator PDP. Neither manipulation affected hemocyte recruitment to wounds. We suspected that the RNAi was not functioning at this stage of development. We therefore overexpressed pdk, a negative regulator of PDH. PDK promoted pro-inflammatory, M1-like, behaviours within our hemocytes, improving hemocyte recruitment to wounds and reducing efferocytosis. This suggested that our RNAi lines for other targets in metabolism were non-functioning; if time had allowed, this could be validated with qPCR. Alternatively, it is possible that the levels of pdk are more limiting than the other genes investigated with regards to the effects of modulating metabolism. We also found an increased number of circulating hemocytes in L3 larvae when pdk was overexpressed. This suggests that pdk is affecting hemocyte adhesion. This may also explain the increase recruitment to wounds, as hemocytes are less capable of leaving the wound, therefore hemocyte dynamics at the wound are reduced. Indeed, M1 macrophages recruited to wounds originate primarily from circulating monocytes which require an intermediate level of adhesion (too much or too little adhesion prevents recruitment to wounds) (443,444). We also investigated a small number of pro-inflammatory genes within the hemocytes and found that pdk expression promotes upregulation of such genes. Sima (HIF1) and eiger (TNF) are both pro-inflammatory genes associated with M1 macrophages in vertebrates (56,125). The upregulation of a HIF1 homologue is particularly interesting as hypoxia and metabolism are intimately linked (445). HIF-1α overexpression mice demonstrated increased levels of glycolysis and pentose phosphate pathway activation, in addition to a hyper-inflammatory state with M1 polarised macrophages (36). In Drosophila, Sima has been shown to activate Notch signalling to promote hemocyte (crystal cell) survival during hematopoiesis and hypoxia (446). However, there have not yet been any studies reporting the role of sima within the plasmatocyte lineage of hemocytes. In contrast, eiger has been more extensively studied with respect to hemocytes. During the anti-tumour responses, tumour-associated hemocytes are the primary source of eiger, which has tumour-promoting effects, such as driving invasion and growth (296). Furthermore, studies utilising eiger mutants have shown that these flies are sensitive to extracellular pathogens, suggesting that eiger contributes to the defence of such pathogens (447). This study demonstrated that eiger mutant hemocytes had deficient numbers or phagocytic ability. A separate study has shown that eiger expression in the fat body is essential for clearance of S. typhimurium infections (319). This shows that pdk manipulation, and therefore increased rates of glycolysis, within hemocytes induces genetic alterations consistent with a pro-inflammatory phenotype. 

We also investigated expression of two anti-microbial peptides, drosomycin and attacin-A, which are part of the systemic immune response in Drosophila (159,164).  Although we did not see a difference in attacin-A expression, we did find that drosomycin was upregulated in pdk overexpressing hemocytes. This shows that metabolism is involved in Drosophila-specific pro-inflammatory immune responses. Our data together with the literature, suggests that altering metabolism within hemocytes can modulate hemocyte functions. One outstanding experiment is to challenge embryos containing pdk overexpressing in hemocytes with bacteria, for example pHRodo E. coli. Indeed, microarray analysis of hemocytes following larval exposure to wasp parasites or lipopolysaccharide (LPS) reveals that genes involved in glycolysis are up-regulated (372,373).

Further evidence that glycolysis may be involved in macrophage polarisation has been generated from RNAseq data in our laboratory. Repo is a transcription factor involved in specifying microglia. In embryos which are mutant for repo, there is a higher volume of undigested apoptotic cells which must be cleared by hemocytes (448). As apoptotic cells represent a potential M2 stimulus, these hemocytes could be polarised towards an anti-inflammatory state; additional data demonstrates that hemocytes within repo mutants display reduced recruitment to wounds (Roddie et al unpublished). RNAseq analysis revealed that PDP is significantly downregulated in hemocytes from repo mutant embryos (Data not published). Combined with our data demonstrating that increased activation of pdk and overexpression of Sdh are pro-inflammatory and other data from infection studies in the literature (401), this suggests that metabolism is critical in hemocyte polarisation towards both pro- and anti-inflammatory phenotypes, consistent with mammalian literature (31,33,391).  

[bookmark: _Toc4589365]4.4 Conclusion

In screening pathways associated with macrophage polarisation using candidate genes taken from the vertebrate literature (27,124), we demonstrated that, when normal oxidative phosphorylation is limited within hemocytes, hemocytes display reduced levels of efferocytosis with enhanced responses to wounding and upregulation of pro-inflammatory genes. This demonstrates that these hemocytes are potentially displaying a pro-inflammatory phenotype, supporting the role of metabolism in promoting or suppressing inflammatory phenotypes in immune cells. Furthermore, we demonstrated that reducing ROS levels within hemocytes can limit responses to sites of injury. Together, this data suggest that Drosophila hemocytes are controlled by similar processes to those that govern macrophage polarisation in mammalian macrophages. 
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Figure 4.22 Summary of chapter 4 findings
We identified roles for ROS and glycolysis in the polarisation of Drosophila hemocytes towards pro-inflammatory functions including increased recruitment to wounds and decreased efferocytosis. However, the response to different stimuli is still an outstanding question and we have not yet investigated discrete signalling pathways in detail

[bookmark: _Toc515560579][bookmark: _Toc4589366]Chapter 5. JAK/STAT signalling in Drosophila embryonic hemocytes is required for limiting responses to pro-inflammatory wounding

[bookmark: _Toc515560580][bookmark: _Toc4589367]5.1 Introduction

[bookmark: _Toc515560582][bookmark: _Toc4589368]5.1.1 JAK/STAT signalling in Drosophila

One of the major benefits to Drosophila as a model organism is the lack of redundancy in signalling pathways (157). The JAK/STAT pathway in Drosophila is simpler than in mammalian systems, consisting of three ligands (unpaired1-3/Upd1-3)) (449,450), a single receptor (Domeless/Dome) (312), a single JAK (Hopscotch/Hop) (451) and a single STAT transcription factor (STAT92E) (452,453). Additionally, there are limited known regulators of this pathway in Drosophila (454). Upon binding of a ligand to pre-dimerised Dome, Hop is phosphorylated, which in turn phosphorylates tyrosine residues on Dome to provide docking sites for STAT92E. STAT92E is then phosphorylated which causes dimerization and translocation to the nucleus where it binds target DNA to activate transcription (455,456) (Fig 5.1).

JAK/STAT signalling also has negative regulators that share similarity to regulators found in mammalian cells. The suppressor of cytokine signalling (SOCS) family of proteins, represents the best characterised regulators (454,457). There are three members of the SOCS family in Drosophila; SOCS16D, SOCS44A and SOCS36E (458). The different SOCS members share varying homology to human SOCS (reviewed in (454)). SOCS proteins bind to phosphorylated tyrosine residues on active JAKs, acting as competitive inhibitors for the STAT binding sites (459). SOCS44A and SOCS36E both regulate JAK/STAT signalling, although SOCS44A is not a JAK target; SOCS16D does not appear to regulate JAK/STAT signalling (460). 

Additional negative regulators are the protein inhibitors of activated STAT (PIAS) that bind to STAT, targeting them for SUMOlation (461,462). There is one known PIAS-like protein in Drosophila that has been shown to prevent the formation of hematopoietic tumours caused by overexpression of JAK/STAT signalling (463).
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Figure 5.1 JAK/STAT signalling cascade in Drosophila
JAK/STAT signalling in Drosophila consists of three ligands (Upd, Upd2, Upd3), a receptor (Dome), a single JAK (Hop) and a single STAT (STAT92E). Binding of the ligand to the receptor results in the phosphorylation of Hop (1) which phosphorylates tyrosine residues on Dome, creating docking sites for cytosolic STAT92E (2). Phosphorylation of STAT92E causes dimerization (3) and then translocation to the nucleus (4) where it binds DNA and activates transcription.    

[bookmark: _Toc4589369]5.1.2 JAK/STAT signalling in the Drosophila immune system

There are numerous roles for JAK/STAT signalling in the Drosophila immune system (reviewed in (267,464,465)). One of the most studied is the role of this signalling pathway in larval hematopoiesis, first discovered with the HopTUMl mutation (207). This mutation causes hyper-activation of the JAK/STAT pathway, resulting in hematopoietic neoplasia (208,209). Furthermore, the authors demonstrated that there was lymph gland hypertrophy, with HopTuml flies containing 5 to 20-fold more plasmatocytes. Loss of STAT92E prevents this neoplasia (453) and prevents hemocyte differentiation into plasmatocytes (210), confirming that JAK/STAT signalling is involved in hematopoiesis and the maintenance of lymph gland homeostasis. Constitutive Hop expression also results in lamellocyte differentiation (208,209). Moreover, constitutively active STAT92E shows a similar hemocyte differentiation phenotype to constitutively active Hop (466). Lamellocytes are key to the cellular response against parasitic wasp parasitisation (205), indicating that JAK/STAT signalling has essential roles in the cellular immune response. 

[bookmark: _Hlk4587604]In circulating hemocytes, JAK/STAT signalling is important in wound responses. Pastor-Pareja et al detected STAT signalling in circulating hemocytes in scrib larvae (Drosophila tumour model when combined with an oncogenic form of Ras) (249). They then wounded wing discs of wild-type larvae and found STAT-GFP reporter expression in circulating hemocytes. Moreover, Upd3 was found to be up-regulated in response to wounding and tumours. They demonstrated that tissue damage induced JNK signalling which resulted in expression of JAK/STAT activating genes (249). A separate group has further shown that Upd3 is expressed following septic injury and that this leads to JAK/STAT dependent expression of TotA in the fat body (250). More recently, a paper from the Hultmark group demonstrated that, following parasitoid wasp infection, hemocytes secrete Upd2 and Upd3, which signal to the muscles of larvae to activate JAK/STAT signalling (467,468). Together, this shows that JAK/STAT signalling to and from hemocytes is an intrinsic part of the systemic immune response in Drosophila. However, there have been no direct studies investigating the role of JAK/STAT signalling in the recruitment of embryonic hemocytes to wounds.

[bookmark: _Toc515560581][bookmark: _Toc4589370]5.1.3 JAK/STAT signalling in macrophage polarisation

In contrast to Drosophila, vertebrate JAK/STAT signalling has more redundancy and more pathway components; there are 4 JAKs, 7 STATs and a variety of ligands and receptors (459,469). This impacts macrophage signalling by increasing the possible outcomes of signalling through this pathway; both M1 and M2 type responses can be modulated with JAK/STAT signalling (381).  Broadly, JAK 1 and JAK2 signal to STAT1 and STAT2 to activate pro-inflammatory genes whilst JAK1 and JAK3 combine to signal to STAT3 and STAT6 to activate anti-inflammatory genes (381) (Fig 5.2). 

Binding of IFN-γ, a potent M1 polarising agent, to its receptor phosphorylates JAK1/JAK2  and leads to the dimerization of STAT1 (470,471), leading to transcription of pro-inflammatory genes, including iNOS and IL-12  (29,472,473). These effects come from a single tyrosine residue phosphorylation on STAT1 (470). STAT1 induces pro-inflammatory genes directly or via binding to immune regulatory factors (IRF) (472,474,475). Confirming the importance of these observations, mice with mutations in STAT1 exhibit impaired clearance of intracellular pathogens (476). Moreover, in mice containing STAT2-deficient macrophages there is an increased sensitivity to viral infections (477). These results demonstrate the roles of STAT1 and STAT2 in promoting a pro-inflammatory, M1 macrophage, phenotype. 

[bookmark: _Hlk4571207][bookmark: _Hlk4571187]In contrast, STAT3 and STAT6 have been shown to be anti-inflammatory mediators (381,478): knockout of STAT3 in macrophages causes enhanced production of the pro-inflammatory cytokines, IL-6, TNF-α, IFN-γ and IL-1β (479). This increase can also be observed when STAT3-/- macrophages are transplanted into control mice (480). An important anti-inflammatory mediator, IL-10, relies on JAK1-mediated phosphorylation of STAT3 as demonstrated with STAT3-deficient macrophages in which IL-10 is unable to exert any anti-inflammatory effect (481). Activation of the IL-4 receptor by ligand binding triggers phosphorylation of STAT6 by JAK1/JAK3 (482). IL-4 is another important anti-inflammatory cytokine and signalling via STAT6 is essential for such functions (27,483). STAT6 may exert such anti-inflammatory functions through direct competition with STAT1 for IFN-γ motifs (484). 

Just as with the STAT transcription factors, the SOCS proteins also have roles in macrophage polarisation (reviewed in (485)). The evidence for this is largely derived from studies in macrophages that lack SOCS function via targeted deletions of these genes. For example, in SOCS2-deficient mice macrophages display increased levels of IFN-γ, TNF-α and IL-1β in response to LPS stimulation (486). This data revealed SOCS2 as a negative regulator of TLR-driven macrophage activation. In contrast, SOCS3 appears to be important in M1 macrophage polarisation: when SOCS3 is reduced in both humans and rodents, macrophages display anti-inflammatory characteristics (487,488).  The pro-inflammatory functions of SOCS3 may be due to its binding and inhibition of gp130-related cytokine receptors. In SOCS3-deficient macrophages, stimulation with IL-6 results in prolonged phosphorylation of STAT3, abrogating IL-6 induced STAT1-mediated pro-inflammatory genes (489). 
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Figure 5.2 JAK/STAT signalling in macrophage polarisation 
JAK/STAT signalling in mammalian cells is comprised of multiple JAKs and STATs. Binding of a ligand results in the phosphorylation of JAK which in turn phosphorylates STAT. Phosphorylation of STAT causes dimerization and translocation to the nucleus where it binds DNA and activates transcription. Pro-inflammatory cytokines, such as IFN and LPS, signal through STAT1 and STAT2 via JAK1/JAK2 to activate pro-inflammatory genes. Anti-inflammatory cytokines, such as IL-10 and IL-4, signal through STAT3 and STAT6 via JAK1/JAK3 to activate anti-inflammatory genes.    


[bookmark: _Toc515560584]We wished to investigate the role of JAK/STAT signalling in embryonic hemocytes. As discussed, JAK/STAT has important roles in macrophage polarisation and function. In Drosophila, JAK/STAT signalling has been shown to function in the immune response of larvae. In particular, JAK/STAT appears to have crucial roles in the differentiation of lamellocytes (and therefore activation of plasmatocytes) and in the recruitment/response of hemocytes to sites of injury (249,250,466). However, limited investigation into this pathway has occurred in the embryo. We therefore focussed on hemocyte responses to wounding to determine the role of JAK/STAT signalling in embryonic hemocytes. 

[bookmark: _Toc4589371]5.2 Results

[bookmark: _Toc515560588][bookmark: _Toc4589372]5.2.1 Embryos with mutations in Upd demonstrate increased responses to pro-inflammatory wounding

To investigate the role of JAK/STAT signalling in hemocyte function in the embryo, we first focused on the role of the Upd ligands. We utilised two mutations in Upd to reduce signalling mediated by this ligand; UpdYM55 (which contains point mutations) and UpdOS1A (which is a larger chromosomal deletion) (311). We wounded embryos containing loss-of-function Upd alleles (UpdYM55/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+ and UpdOS1A/Y; Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and quantified the number of hemocytes responding to wounding (Fig 5.3 A-A’). We found that there was no difference in the number of hemocytes on the ventral midline prior to wounding (Fig 5.3B). Following wounding, we observed a significant increase in the number of hemocytes per μm2 of wound area in embryos with either Upd allele compared to controls (n=16, 25 and 29 embryos for control, UpdYM55 and UpdOS1A, respectively; p<0.05 and <0.01 via Student’s t-test for UpdYM55 and UpdOS1A, respectively; Fig 5.3C). The observed responses were stronger with the UpdOS1A allele than UpdYM55. This data suggests that Upd is anti-inflammatory and required for limiting hemocyte responses to wounding. 
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Figure 5.3 Loss of upd function improves hemocyte responses to injury.
(A) Representative stills of GFP-labelled hemocytes immediately prior to wounding of controls (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UpdYM55 (UpdYM55/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UpdOS1A (UpdOS1A/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) mutant embryos at stage 15. (A’) Representative stills 60-minute post-wounding in stage 15 embryos. (B) Scatterplot of pre-wound hemocyte numbers. (C) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Asterisks represent *p<0.5, **p<0.01 via One-way ANOVA with Dunnett’s multiple comparisons test. Lines and error bars represent mean ± SD, n=19, 17 and 11 for control, UpdYM55 and UpdOS1A embryos respectively. White dashed ovals outline wound perimeter. Scale bars represent 20μm.


[bookmark: _Toc4589373]5.2.2 Hemocytes in Upd mutants contain similar amounts of apoptotic cells 

Loss of Upd appeared to enhance hemocyte inflammatory responses, suggesting normal Upd function is concerned restricting pro-inflammatory behaviours. To determine if anti-inflammatory behaviours were affected, we quantified the number of vacuoles (a proxy for apoptotic cell clearance (225) within hemocytes on the ventral midline (Fig 5.4 A-A’). We did not find a significant difference in the average number of vacuoles per hemocyte per embryo between control and either Upd mutation (n=17, 12 and 17 for control, UpdYM55 and UpdOS1A, respectively, p=0.8705 and 0.0866 via One-way ANOVA with Dunnett’s multiple comparisons test for UpdYM55 and UpdOS1A, respectively, Fig 5.4 B). There were fewer vacuoles per hemocyte in UpdOS1A mutations, the allele that displays the strongest effect on hemocyte recruitment to wounds and is a larger chromosomal deletion (Fig 5.3). This is consistent with other data in this thesis where increased hemocytes responding to wounds display reduced efferocytosis (chapter 4, Figs 4.15 & 4.16). Together, this data suggests that loss of Upd function may lead to a decrease in phagocytosis of apoptotic cells. 
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Figure 5.4 Hemocytes in embryos with Upd mutations do not display different rates of efferocytosis. 
(A) Representative stills of GFP labelled hemocytes in stage 15 embryos for controls (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UpdYM55 (UpdYM55/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UpdOS1A (UpdOS1A/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) mutants. Scale bars represent 20μm. (A’) Zoomed images of (A), 1. Control, 2. UpdYM55, 3. UpdOS1A. Scale bars represent 5μm. Red asterisks indicate vacuoles with hemocytes, as quantified. (B) Scatterplot of the average number of vacuoles per hemocyte per embryo. Lines and error bars represent mean ± SD, n=17, 12 and 17 for control, UpdYM55 and UpdOS1A respectively. One-way ANOVA with Dunnett’s multiple comparisons test, p=0.086, p=0.875 for UpdYM55 and UpdOS1A respectively.




[bookmark: _Toc4589374]5.2.7 Upd mutations effectively modulate STAT signalling

As we had observed that both Upd mutants were capable of altering hemocyte behaviour, we next wished to confirm that these mutations were effectively modulating JAK/STAT signalling. 
Loss of JAK/STAT signalling in the embryo results in well-defined segmentation defects that have previously been used to confirm that Upd is part of the JAK/STAT signalling pathway (449). To investigate segmentation defects in the mutations used in this thesis, we performed cuticle preparations of early larvae (Fig 5.5). We found normal segmentation in our control but observed defects in both UpdYM55 and UpdOS1A mutants. These defects included loss of the fifth abdominal denticle band and mid-ventral portion of the fourth band. There is also a loss of spiracles. Consistent with UpdOS1A having a larger chromosomal deletion, this mutation displayed the most pronounced segmentation defects. This data confirms that both Upd mutants effectively modulate JAK/STAT signalling. 
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Figure 5.5 Cuticle preparations confirm that Upd mutations effectively modulate JAK/STAT signalling. 
Representative images of early larvae for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UpdYM55 (UpdYM55/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UpdOS1A (UpdOS1A/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) mutants. Defects in segments and lack of spiracles are evident in both Upd mutants. 








[bookmark: _Toc4589375]5.2.3 Upd expression in hemocytes is required for normal recruitment to wounds

Having previously shown that loss of Upd function promotes hemocyte responses to injury, we wanted to know if overexpression of Upd would exert the opposite effect and reduce hemocyte responses to wounds. To do this, we utilised a UAS-Upd construct to express Upd specifically in hemocytes (w;Srp-GAL4,UAS-GFP/UAS-Upd;Crq-GAL4,UAS-GFP/+) (Fig 5.6 A-A’). Following wounding, we did not find a significant difference in the numbers of hemocytes per μm2 of wound area, 60 minutes post-wounding (n=31 and 23 embryos for control and UAS-Upd respectively, p=0.486 via Student’s t-test, Fig 5.6 B). We did not observe any obvious differences in the number of hemocytes along the ventral midline pre-wounding and hemocytes did not display any obvious differences in morphology between control and UAS-Upd. This data suggests that overexpression of Upd does not affect hemocyte recruitment to wounds. 
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Figure 5.6 Hemocytes in embryos with Upd overexpression do not display different numbers of hemocytes recruited to wounds. 
(A) Representative stills of GFP-labelled hemocytes, pre-wounding of control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-Upd (w;Srp-GAL4,UAS-GFP/UAS-Upd;Crq-GAL4,UAS-GFP/+). (A’) Representative stills 60-minute post-wounding in stage 15 embryos. (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=31 and 23 for control and UAS-Upd embryos respectively. Student’s t-test, p=0.486. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 


[bookmark: _Toc4589376]5.2.5 Knockdown of Upd3 in hemocytes does not affect responses to wounding

There are 3 known ligands of the JAK/STAT pathway, with Upd3 sharing structural similarity to mammalian IL-6, a pro-inflammatory cytokine (490). Moreover, there is known overlap of tissue expression and functions between the different Upds (491,492). We have previously demonstrated that mutations in Upd could increase hemocyte responses to wounding. To investigate if this was specific to Upd and to investigate if Upd3 was functionally similar to IL-6 we utilised an RNAi construct that targets Upd3 (w;Srp-GAL4,UAS-GFP/UAS-RNAi-Upd3;Crq-GAL4,UAS-GFP/+). In the pre-wound images, there were no obvious differences in numbers or morphology of hemocytes on the ventral midline between controls and embryos containing RNAi of Upd3 in hemocytes (Fig 5.7 A-A’). Following wounding, we did not observe a difference in the number of hemocytes per μm2 of wound area (n=21 and 15 for control and UAS-RNAi-Upd3 embryos respectively, p=0.665 via Student’s t-test, Fig 5.7 B). This suggests that Upd3 is not affecting hemocyte responses to wounding, however, we could not confirm that the RNAi was functioning correctly. 
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Figure 5.7 Hemocytes in embryos with Upd3 knockdown do not display different numbers of hemocytes recruited to wounds. 
(A) Representative stills of GFP-labelled hemocytes in stage 15 embryos pre-wounding of controls (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and embryos with Upd3 knocked down via RNAi specifically in hemocytes (w;Srp-GAL4,UAS-GFP/UAS-RNAi-Upd3;Crq-GAL4,UAS-GFP/+). (A’) Representative stills of embryos 60-minute post-wounding. (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=21 and 15 for control and UAS-RNAi-Upd3 embryos respectively. Student’s t-test, p=0.665. White dashed ovals outline wound perimeter. Scale bars represent 20μm.


[bookmark: _Toc515560591][bookmark: _Toc4589377]5.2.6 Hemocytes with mutations in Dome exhibit increased hemocyte recruitment to wounds

So far, we have examined the roles of Upd and Upd3 in hemocyte recruitment to wounds. When Upd mutants were used, we found an increased hemocyte response to sites of injury. However, when Upd was overexpressed specifically within hemocytes, we did not observe any alterations in the response of hemocytes to wounding. We next investigated the effect of expressing dominant negative Dome (the JAK/STAT receptor) within hemocytes on recruitment to wounds. Having shown that Upd was required for normal recruitment to wounds, we hypothesised that loss of Dome would also increase hemocyte responses to wounding. We therefore utilised two mutant Dome transgenes: UAS-DomeDTMCYT and UAS-DomeΔCYT. Both constructs encode proteins lacking the intracellular domain of Dome, but DomeDTMCYT also lacks the transmembrane domain and is therefore secreted (312). We wounded embryos with these transgenes specifically expressed in hemocytes (w;Srp-GAL4,UAS-GFP/UAS-DomeDTMCYT;Crq-GAL4,UAS-GFP/+ and w;Srp-GAL4,UAS-GFP/UAS-Dome∆CYT;Crq-GAL4,UAS-GFP/+) and then imaged the embryos for 60-minutes post-wounding (Fig 5.8 A-A’). Neither Dome construct altered numbers of hemocytes on the ventral midline prior to wounding when expressed in hemocytes and compared to controls (n=8, 9 and 7 embryos for control, DomeDTMCYT and DomeΔCYT, respectively; p<0.05 via One-way ANOVA with Dunnett’s multiple comparisons test; Fig 5.8 B). However, we found a significant increase in the number of hemocytes per μm2 of wound area on hemocyte-expression of either UAS-Dome transgene (n= 16, 25 and 29 embryos for control, DomeDTMCYT and DomeΔCYT, respectively; p<0.05 via One-way ANOVA with Dunnett’s multiple comparisons test; Fig 5.8 C). This data demonstrates that loss of Dome within hemocytes increases hemocyte responses to wounding, a pro-inflammatory behaviour of innate immune cells. Furthermore, this result is not an indirect consequence of enhanced numbers of hemocytes available to respond to wounds. Therefore, combined with our Upd loss-of-function results, this suggests that JAK/STAT signalling in hemocytes is anti-inflammatory.
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Figure 5.8 Hemocytes with deletions in Dome display increased hemocyte recruitment to wounds. 
(A) Representative stills of GFP-labelled hemocytes, pre-wounding of stage 15 controls (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and embryos in which UAS-DomeDTMCYT (w;Srp-GAL4,UAS-GFP/UAS-DomeDTMCYT;Crq-GAL4,UAS-GFP/+) and UAS-DomeΔCYT (w;Srp-GAL4,UAS-GFP/UAS-Dome∆CYT;Crq-GAL4,UAS-GFP/+) are overexpressed in hemocytes (genotypes). (A’) Representative stills 60-minute post-wounding in stage 15 embryos. (B) Scatterplot of the hemocyte numbers on the ventral midline, pre-wounding. Lines and error bars represent mean ± SD; n=8, 9 and 7 for control, UAS-DomeDTMCYT and UAS-DomeΔCYT embryos, respectively. (C) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=16, 25 and 29 for control, UAS-DomeDTMCYT and UAS-DomeΔCYT embryos, respectively; asterisk represents *p< 0.05 via One-way ANOVA with Dunnett’s multiple comparisons test. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 


[bookmark: _Toc4589378]5.2.7 Hemocytes expressing dominant negative Dome do not contain more apoptotic corpses

As we had determined that Dome constructs lacking the intracellular region promoted inflammatory responses to wounding, we next examined an anti-inflammatory hemocyte function, efferocytosis. Using pre-wound images, we quantified the number of vacuoles within hemocytes for control, DomeDTMCYT and DomeΔCYT constructs (Fig 5.9 A-A’). We found that the average number of vacuoles per hemocyte per embryo was not different between control and either Dome construct (n=8, 9 and 7 embryos for control, DomeDTMCYT and DomeΔCYT respectively, p=0.0809 and 0.996 for DomeDTMCYT and DomeΔCYT respectively, via One-way ANOVA with Dunnett’s multiple comparisons test; Fig 5.9 B). There is a slight decrease in the number of vacuoles per hemocyte in the DomeDTMCYT mutation, although this is not significant. This suggests that Dome does not affect phagocytosis of apoptotic cells.
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Figure 5.9 Hemocytes with mutations in Dome do not display different rates of efferocytosis. 
(A) Representative stills of GFP-labelled hemocytes in stage 15 embryos in controls (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and embryos with expression of UAS-DomeDTMCYT (w;Srp-GAL4,UAS-GFP/UAS-DomeDTMCYT;Crq-GAL4,UAS-GFP/+) and UAS-DomeΔCYT (w;Srp-GAL4,UAS-GFP/UAS-Dome∆CYT;Crq-GAL4,UAS-GFP/+) in hemocytes. Scale bars represent 20μm. (A’) Zoomed images of (A), 1. Control, 2. UAS-DomeDTMCYT, 3. UAS-DomeΔCYT. Scale bars represent 5μm. Red asterisks indicate vacuoles with hemocytes, as quantified. (B) Scatterplot of the average number of vacuoles per hemocyte per embryo. Lines and error bars represent mean ± SD, n=12, 12 and 16 for embryos control, UAS-DomeDTMCYT and UAS-DomeΔCYT respectively. One-way ANOVA with Dunnett’s multiple comparisons test, p=0.0809 and 0.996 for UAS-DomeDTMCYT and UAS-DomeΔCYT respectively.




[bookmark: _Toc4589379]5.2.8 DomeDTMCYT but not DomeΔCYT constructs modulate STAT signalling

As we had observed that both Dome constructs were capable of altering hemocyte behaviour, we next wished to determine if this was indeed due to a reduction in STAT levels. We utilised a fluorescent reporter for STAT (STAT-dsRed) to measure the intensity, and therefore, abundance of STAT within hemocytes for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/STAT-dsRed) and UAS-DomeDTMCYT (w;Srp-GAL4,UAS-GFP/UAS-DomeDTMCYT;Crq-GAL4,UAS-GFP/STAT-dsRed) and UAS-DomeΔCYT (w;Srp-GAL4,UAS-GFP/UAS-Dome∆CYT;Crq-GAL4,UAS-GFP/STAT-dsRed) embryos. We found that in hemocytes expressing UAS-DomeΔCYT, there was no difference in the levels of STAT compared to controls (n=10 and 6 embryos for control and UAS-Hop respectively; p=0.124 via One-way ANOVA with Dunnett’s multiple comparisons test; Fig 5.10 A-B). However, hemocytes expressing UAS-DomeDTMCYT displayed a significant decrease in the levels of STAT (n=10 and 8 embryos for control and UAS-Hop respectively; p<0.01 via One-way ANOVA with Dunnett’s multiple comparisons test; Fig 5.10 A-B). This confirms that UAS-DomeDTMCYT is effectively modulating JAK/STAT signalling but that UAS-DomeΔCYT is not affecting JAK/STAT within our system. 
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Figure 5.10 Hemocytes with mutations in Dome do not display different rates of efferocytosis. 
(A) Representative images of GFP-labelled hemocytes with a STAT reporter (RFP) in stage 15 embryos in controls (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/STAT-dsRed) and embryos with expression of UAS-DomeDTMCYT (w;Srp-GAL4,UAS-GFP/UAS-DomeDTMCYT;Crq-GAL4,UAS-GFP/STAT-dsRed) and UAS-DomeΔCYT (w;Srp-GAL4,UAS-GFP/UAS-Dome∆CYT;Crq-GAL4,UAS-GFP/STAT-dsRed). Scale bars represent 20μm. (A1-9) Zoomed images of (A), scale bars represent 10μm. (B) Scatterplot of the average hemocyte dsRed intensity within hemocytes in an embryo. Lines and error bars represent mean ± SD, n=10, 8 and 6 for embryos control, UAS-DomeDTMCYT and UAS-DomeΔCYT respectively. One-way ANOVA with Dunnett’s multiple comparisons test, **p<0.01 and 0.124 for UAS-DomeDTMCYT and UAS-DomeΔCYT respectively. 
[bookmark: _Toc515560595][bookmark: _Toc4589380]5.2.9 Constitutive JAK activity does not affect hemocyte responses to wounding

In reducing JAK/STAT signalling, we have shown that hemocyte responses to wounds are increased. It could be hypothesised that activating the JAK/STAT pathway would therefore have an opposing effect, limiting hemocyte responses to wounding. We first utilised a UAS line containing a constitutively active form of Hop, HopTuml (HopTuml/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) (207). This dominant mutation is known to increase hemocyte proliferation in larvae leading to the formation of melanotic tumours (207), but we did not observe any obvious differences in hemocyte numbers along the ventral midline in stage 15 embryos, suggesting that this genetic background may not be functioning the same in embryonic stages of development (Fig 5.11 A). Furthermore, we did not observe any difference in hemocyte responses to wounding between control and HopTuml mutant embryos (n=27 embryos for control and HopTuml; p=0.934 via Student’s t-test; Fig 5.11 A’-B). 
However, we did observe melanotic masses in the adult flies, suggesting that the HopTuml line was functioning correctly (data not shown). This data suggests that either Hop is not involved in hemocyte responses to wounding, or that this genetic background does not affect hemocytes at this stage in development. 
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Figure 5.11 Expression of constitutively active Jak/Hop in hemocytes does not alter recruitment to wounds.
(A) Representative stills of GFP-labelled hemocytes, pre-wounding of control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and HopTuml (HopTuml/Y;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) at stage 15. (A’) Representative stills 60-minutes post-wounding in stage 15 embryos. (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=27 for control and HopTuml embryos. Student’s t-test, p=0.934. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 

[bookmark: _Toc4589381]5.2.10 Hemocyte-specific overexpression of JAK/Hop does not affect hemocyte recruitment to wounds

Since we could not observe an alteration in hemocyte recruitment to wounds with constitutive activation of Hop in hemocytes, we utilised an independent means of activation of JAK signalling in hemocytes. To do this, we overexpressed Hop specifically within hemocytes (w;Srp-GAL4,UAS-GFP/UAS-Hop;Crq-GAL4,UAS-GFP/+), since overexpression of Hop can also lead to constitutive activation of this kinase (313). Pre-wound images did not reveal any obvious differences in the morphology or number of hemocytes on the ventral midline (Fig 5.12 A), nor did we observe any significant difference in the numbers of hemocytes responding to a wound, 60-minutes post-wounding (n=12 and 10 embryos for control and UAS-Hop respectively; p=0.749 via Student’s t-test; Fig 5.12 A’-B). This suggests that overexpression of Hop does not alter hemocyte responses to wounding, although this remains to be confirmed with additional experiments.
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Figure 5.12 Hemocytes overexpressing Hop do not display different numbers of hemocytes recruited to wounds. 
(A) Representative stills of GFP-labelled hemocytes, pre-wounding of control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-Hop (w;Srp-GAL4,UAS-GFP/UAS-Hop;Crq-GAL4,UAS-GFP/+) at stage 15. (A’) Representative stills 60-minutes post-wounding. (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=12 and 10 for control and UAS-Hop embryos respectively. Student’s t-test, p=0.749. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 

[bookmark: _Toc4589382]5.2.11 Overexpression of Socs36e does not affect hemocyte recruitment to wounds

There are many regulators of JAK/STAT in Drosophila (454). We investigated the negative regulator, socs36e, as this has been the best characterised (455). Furthermore, SOCS proteins have multiple roles in macrophage polarisation (485). We hypothesised that overexpression of socs36e would impair hemocyte recruitment to wounds due to a reduction in JAK/STAT signalling activity. We overexpressed socs36e specifically in hemocytes (w;Srp-GAL4,UAS-GFP/UAS-socs36e;Crq-GAL4,UAS-GFP/+). In the pre-wound images, there were no obvious differences in the numbers of hemocytes on the ventral midline (Fig 5.13 A). Furthermore, hemocytes in control embryos and those overexpressing UAS-socs36e exhibited similar morphologies. Overexpression of socs36e within hemocytes did not increase the number of hemocytes responding to wounding (n=54 and 22 embryos for control and UAS-socs36e, respectively; p=0.798 via Student’s t-test; Fig 5.13 A’-B). This suggests that socs36e regulation of JAK/STAT signalling is not sufficient to alter wounding responses. 
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Figure 5.13 Hemocytes with overexpression of socs36e do not display different numbers of hemocytes recruited to wounds. 
(A) Representative stills of GFP-labelled hemocytes, pre-wounding of control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-socs36e (w;Srp-GAL4,UAS-GFP/UAS-socs36e;Crq-GAL4,UAS-GFP/+). (A’) Representative stills 60-minutes post-wounding in stage 15 embryos. (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=54 and 22 for control and UAS-socs36e embryos respectively. Student’s t-test, p=0.798.  White dashed ovals outline wound perimeter. Scale bars represent 20μm. 



[bookmark: _Toc4589383]5.2.12 UAS-socs36e does not modulate STAT signalling

As we did not observe any difference in hemocytes responses to wounding in hemocytes expressing UAS-socs36, we wished to confirm that the construct was modulating JAK/STAT signalling. We again utilised a fluorescent reporter for STAT (STAT-dsRed) to measure the abundance of STAT within hemocytes for control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/STAT-dsRed) and UAS-socs36e (w;Srp-GAL4,UAS-GFP/UAS-socs36e;Crq-GAL4,UAS-GFP/STAT-dsRed) embryos. We found that in hemocytes expressing UAS-socs36e, there was no difference in the levels of STAT compared to controls (n=9 and 8 embryos for control and UAS-socs36e respectively; p=0.569 via Student’s t-test; Fig 5.14 A-B). This suggests that this construct is not affecting STAT levels. 
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Figure 5.14 Hemocytes with mutations in Dome do not display different rates of efferocytosis. 
(A) Representative images of GFP-labelled hemocytes with a STAT reporter (RFP) in stage 15 embryos in control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/STAT-dsRed) and UAS-socs36e (w;Srp-GAL4,UAS-GFP/UAS-socs36e;Crq-GAL4,UAS-GFP/STAT-dsRed) embryos. Scale bars represent 20μm. (A1-9) Zoomed images of (A), scale bars represent 5μm. (B) Scatterplot of the average hemocyte dsRed intensity within hemocytes in an embryo. Lines and error bars represent mean ± SD, n=9 and 8 for control and UAS-socs36e embryos respectively. Student’s t-test, p=0.569. 


[bookmark: _Toc4589384]5.2.13 Knockdown of socs36e in hemocytes does not affect responses to wounding
[bookmark: _Toc515560592]
We did not observe any difference in wounding responses when socs36e was overexpressed in hemocytes. To further investigate this, we utilised RNA to knockdown socs36e expression in hemocytes (w;Srp-GAL4,UAS-GFP/UAS-RNAi-socs36e;Crq-GAL4,UAS-GFP/+). Similar to overexpression, RNAi-mediated knockdown of socs36e did not display any overt differences in morphology or numbers of hemocytes. Furthermore, there was no significant difference in numbers of hemocytes responding to wounds (n=16 and 17 embryos for control and UAS-RNAi-socs36e, respectively; p=0.867 via Student’s t-test; Fig 5.15 A’-B). This confirms that manipulation of socs36e does not affect hemocyte responses to wounding. 
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Figure 5.15 Hemocyte-specific knockdown of socs36e does not alter the numbers of hemocytes recruited to wounds. 
(A) Representative stills of GFP labelled hemocytes, pre-wounding of control (w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+) and UAS-RNAi-socs36e (w;Srp-GAL4,UAS-GFP/UAS-RNAi-socs36e;Crq-GAL4,UAS-GFP/+). (A’) Representative stills 60-minute post-wounding in stage 15 embryos. (B) Scatterplot of the hemocyte recruitment to wounds per embryo (number of hemocytes per μm2 of wound area, normalised to control average). Lines and error bars represent mean ± SD, n=16 and 17 for control and UAS-RNAi-socs36e embryos respectively. Student’s t-test, p=0.867. White dashed ovals outline wound perimeter. Scale bars represent 20μm. 


[bookmark: _Toc515560597][bookmark: _Toc4589385]5.3 Discussion

In this chapter, we have provided evidence that JAK/STAT signalling is required for limiting hemocyte responses to wounding. We have shown this with four different mutants in two separate components of the pathway (Dome and Upd). Moreover, this appears to be a result of JAK/STAT signalling specifically within hemocytes, as demonstrated by dominant-negative Dome mutations. This supports our hypothesis that JAK/STAT signalling is involved in hemocyte responses to sites of injury. However, the RNAi constructs utilised throughout this chapter did not appear to have any effect. Moreover, expression UAS-Upd, UAS-Hop and constitutively active Hop within hemocytes did not affect hemocyte recruitment to wounds. Therefore, the data presented here provides preliminary evidence for a role of JAK/STAT signalling in hemocytes responses to wounds. 

[bookmark: _Toc4589386]5.3.1 JAK/STAT signalling limits hemocyte recruitment to wounds

[bookmark: _Hlk5187836]Laser ablation of Drosophila embryos represents a pro-inflammatory stimuli. Using this technique, we demonstrated that when JAK/STAT signalling is impaired both globally and specifically within hemocytes, there is an increase in the recruitment of hemocytes to sites of injury (Figs 5.3 and 5.7). This suggests that normal JAK/STAT functioning within hemocytes limits the embryonic hemocyte recruitment to wounding; hemocyte morphology and expression of markers (Srp and Crq expression) was normal, confirming that our manipulations did not affect hemocyte specification. We confirmed that Upd mutants and DomeDTMCYT construct functioned as expected correctly using STAT-dsRed reporters and cuticle preparations (Figs 5.5 & 5.10), affirming that these manipulations do modulate JAK/STAT signalling in hemocytes. However, Dome∆CYT and UAS-socs36e did not appear to modulate STAT92E levels (Figs 5.10 & 5.14). The STAT-dsRed reporters appeared to label vacuoles. These reporters have not been investigated in the embryo so we cannot be certain that the reporter is behaving normally or not. Indeed any published images of similar reporters are not imaged in enough detail to discern such detail (467). Additionally, phosphorylated STAT, rather than total STAT levels, is a more accurate measurement of STAT activity as STAT required phosphorylation before it can translocate to the nucleus (455,493). Western blotting for phospho-STAT could have confirm our observations and provided further information on the behaviour of the STAT reporter used here. 

[bookmark: _Hlk5216947]Interestingly, our data conflicts with other investigations of JAK/STAT signalling and its involvement in hemocyte recruitment to wounds. For instance, expression of DomeΔCYT in larval hemocytes leads to the presence of decreased numbers of hemocytes 24 hours post wounding in larval wing discs (249). This disparity between our findings and the literature could be explained due to the different time-periods utilised post-wounding or developmental stages analysed. The differences in physiology between the larval and embryonic stages could account for the different activities of JAK/STAT signalling (164,165). In the embryo, there are higher levels of apoptosis than in the larvae, peaking at the stage that we perform wounding (494). Indeed, although embryonic hemocytes persist into the larvae, they become more sessile and less active (274,495). Moreover, embryonic hemocytes follow developmental signals that compete with damage signals which are absent in the larvae (224). It is therefore reasonable to suggest that complex signalling pathways may function differently between the two developmental states. Alternatively, this disparity between our findings and the literature could be explained due to the different time-periods utilised post-wounding or developmental stages analysed. For example, in mice there is a lag period of 3-5 days during which the macrophage wound response switches from M1 to an M2 phenotype (348). It is possible that looking at 1-hour post-wounding (in our assays) compared to 24 hours post wounding (in larvae wounding assays) is akin to this lag and the hemocyte phenotype has switched. To further this data, hemocytes could be tracked to wounds to determine if loss of JAK/STAT signalling impacts hemocyte migration towards wounds. Various reporter constructs, such as STAT-dsRed could be employed to investigate signalling in hemocytes and other tissues following wounding. 

[bookmark: _Hlk5189379][bookmark: _Hlk5363516]Furthermore, in the context of larval wound responses, all three Upd ligands were increased in the local wound area, although the authors only investigated this 6-hours post-wounding (249). This is not consistent with our data in which global knockout of Upd increased hemocyte recruitment to wounds. It is possible that Upd is released in the local wound site once a hemocyte response has been established but does not appear to be required for attracting hemocytes to sites of injury. We were unable to confirm the role of Upd3, as it appeared that the RNAi may not have been functioning correctly, although this was not investigated due to time restrictions (use of a STAT-dsRed reporter construct would have confirmed this assumption). However, the role of JAK/STAT signalling in embryonic wounding has not been shown yet, despite research into the damage cues in the embryo (253). It is possible that our observations of increased hemocyte responses to wounding in Upd mutants is a result of impaired signalling specifically in hemocytes. This is supported by our observations utilising Dome constructs, lacking an intracellular region, with a hemocyte specific driver. This hypothesis could be confirmed by utilising Upd knockdown constructs in a cell/tissue specific manner. Together, our data suggests that JAK/STAT is anti-inflammatory in Drosophila, akin to IL-4 or IL-10 signalling via STAT3 and STAT6 in vertebrate macrophages (Fig 5.2; (381,478)). Indeed, loss of STAT3 specifically within tissue resident macrophages caused enhanced production of the pro-inflammatory cytokines, IL-6, TNF-α, IFN-γ and IL-1β (479,480). In STAT3-deficient macrophages, IL-10 is unable to exert any anti-inflammatory effect, which together with previous data, suggests that IL-10 signals via STAT3 to maintain tissue resident, anti-inflammatory macrophages (481). Activation of the IL-4 receptor results in phosphorylation of STAT6 by JAK1/JAK3 (482,483). It would be useful to assay pro-inflammatory genes in our system to see if these are indeed reduced, as we did in chapter 4. The molecules or signals that are inducing JAK/STAT signalling have not been investigated here but would represent an addition line of investigation. For example, if apoptotic cells are indeed activating JAK/STAT, and thereby maintaining an anti-inflammatory phenotype, we could reduce the number of apoptotic cells within the embryo and then induce a wound. There is evidence that efferocytosis by mammalian macrophages induces IL-4 expression and anti-inflammatory phenotypes (496,497), which would fit our proposed model of how JAK/STAT may be functioning in Drosophila. Of note, in chapter 4, I demonstrated that interrupting oxidative phosphorylation affected efferocytosis. It is known that IL-4 signalling to JAK/STAT activates genes involved in metabolism, such as Akt/mTOR signalling genes (498–501). This suggests that these two observations may be linked and warrants further investigation.   

JAK/STAT signalling is increased in response to parasitic wasp infection and increased differentiation of lamellocytes is observed when JAK/STAT is hyper-activated (208,209). Expressing constitutively-active Hop specifically within hemocytes, we found no difference in wounding responses. We did observe melanotic masses in the adult flies, suggesting that the HopTuml line was functioning correctly (data not shown). This suggests that either the serpent driver was not strong enough for efficient Hop expression or that Hop is not required for the hemocyte response to a wound. It is also possible that using srp and crq drivers does not allow sufficient time for high enough levels of Hop expression for hemocyte differentiation into lamellocytes. Furthermore, over-expression of Hop did not alter hemocyte responses to wounding, again reinforcing that perhaps Hop is not necessary for recruitment to wounds or is already present at sufficient levels in the embryo. As we had shown that STAT expression was reduced in Upd mutant and DomeDTMCYT hemocytes, it would be pertinent to investigate the effects of directly modulating STAT92E activity. This would confirm our observations were an effect of JAK/STAT signalling through STAT92E. 

In mammalian macrophages, JAK/STAT signalling can function in both a pro- and anti-inflammatory manner, depending upon which combination of JAKs and STATs are activated (381). Together with the literature, our data supports the notion that JAK/STAT signalling in hemocytes is equally as complex with regards to hemocyte recruitment to wounds.

[bookmark: _Toc4589387]5.3.2 JAK/STAT signalling may be required for normal efferocytosis by hemocytes

As we could observe increased hemocytes responding to wounding in Upd and Dome mutants, we next investigated apoptotic cell clearance in these backgrounds. Although we did not find any statistically significant differences, we found that the strongest allele/construct (in terms of effective knockdown of JAK/STAT signalling) (DomeDTMCYT and UpdOS1A) demonstrated a decreased number of vacuoles per hemocyte. This suggests that reducing JAK/STAT in hemocytes can modulate the uptake of apoptotic cells and is consistent with the enhanced hemocyte recruitment to wounds (i.e. these are both more classically considered as pro-inflammatory behaviours). Indeed, treatment of macrophages with IL-10, to induce an M2 phenotype, results in the increased efferocytosis of bone marrow stromal cells (502). This could be abrogated though inhibition of STAT3, confirming that IL-10 signalling via STAT3 could modulate efferocytosis. Our data suggests that this may be conserved though evolution. Further experiments are needed to determine the mechanism behind these observations. For example, measuring the size of vacuoles may indicate the degree of efferocytosis. It is possible that in these backgrounds, hemocytes are phagocytosing, but not digesting, apoptotic cells. Utilising dyes that label acidic environments (e.g. pHRodo) could give an indication as to the progress of efferocytosis in a JAK/STAT manipulated background and answer this question. Alternatively, hemocytes may require JAK/STAT signalling to express genes required for recognising or phagocytosing apoptotic cells. 

[bookmark: _Toc4589388]5.3.3 Drosophila SOCS does not appear to be involved in hemocyte recruitment to wounds

In mammalian macrophages, SOCS proteins have a direct influence on macrophage polarisation (485). We modulated the only Drosophila SOCS, SOCS36E by both RNAi and over-expression in a hemocyte specific manner. We were unable to observe any difference in hemocyte recruitment to wounds. It is possible that SOCS36E is not involved in hemocyte responses to wounding or that our manipulations were not effective, for reasons already discussed here and in other chapters. Indeed, we investigated UAS-socs36e using a STAT-dsRed reporter and found that UAS-socs36e did not affect STAT levels in hemocytes (Fig 5.14). This suggests that this construct was not modulating JAK/STAT signalling, or was not effecting the pathway enough to be detected with this reporter. Therefore, we may not have expected a difference in wounding as the construct was not functioning as expected. Taken with our other data presented here, this suggests that JAK/STAT signalling may modulate hemocyte behaviour by a non-canonical pathway. 

[bookmark: _Toc4589389]5.4 Conclusion

In this chapter we have shown that JAK/STAT signalling functions in an anti-inflammatory capacity, limiting hemocyte responses to pro-inflammatory wounding (using Upd mutants and deletions in Dome). Moreover, this anti-inflammatory behaviour is a result of JAK/STAT signalling specifically within hemocytes. Further investigation into the impact of JAK/STAT knockdown in hemocytes, such as through assaying gene levels via qPCR, will provide more information as to the correlation between the data presented here and the wider literature. In conclusion, we have shown that JAK/STAT signalling reduces hemocyte responses to wounding in the embryo. 
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Figure 5.16 Summary of chapter 5 findings
We investigated the role of the JAK/STAT signalling pathway in modulating hemocyte behaviour. We found loss of JAK/STAT resulted in increased hemocyte recruitment to wounds, suggesting an anti-inflammatory mechanism of normal pathway signalling.

[bookmark: _Toc4589390]Chapter 6. Final discussion

Macrophage heterogeneity is a well-established concept in the mammalian literature with macrophages existing as specialised, tissue resident populations, that localise at distinct sites throughout the body (86). These tissue resident cells are initially seeded by embryonic precursors that subsequently maintain the resident populations (8–11). However, at sites of infection or wounding, monocytes circulating in the blood can be recruited and differentiate into macrophages, further adding to the macrophage pool in the tissue (100). These monocyte-derived macrophages may be more pro-inflammatory than the tissue resident populations, which are more pro-healing (107,108), illustrating the different functions and roles of macrophages. 

Drosophila possess blood cells that are equivalent to macrophages, termed hemocytes (166) and is an established model for investigating many aspects of the innate immune response and macrophage behaviour (164,165,178). However, hemocytes are not known to exist as distinct subpopulations, despite carrying out many functions in common with macrophages. Indeed, the general consensus is that the division of macrophage functions, for example M1 and M2 phenotypes and tissue resident populations, first evolved in teleost fish (148). Despite this, there are tantalising suggestions from the literature that Drosophila hemocytes exist as distinct subpopulations (as discussed in chapter 1). However, little work directly investigates this in flies. This thesis aimed to directly investigate the existence of hemocyte subtypes in Drosophila and to determine the underlying mechanisms controlling such populations. 

To answer this question, I utilised enhancer-based tools to visualise and label subpopulations of hemocytes. Careful characterisation of these tools revealed distinct subpopulations of hemocytes that persist throughout the life of the fly. Furthermore, I demonstrated that some of these distinct populations display more potent inflammatory responses to wounding, reduced efferocytosis and increased migration speeds. I have identified a number of genes that may be under the control of the enhancers, such as cnx14D. In investigating potential mechanisms that could account for the differences in behaviour (or in the acquisition of subtype fate), I identified a role for the cnx14D gene in hemocyte recruitment to wounds. I demonstrated that overexpression of cnx14D specifically within hemocytes increased responses to sites of injury. This not only represents an interesting candidate for further analysis, but is the first time a study has demonstrated a manipulation which improved responses to wounds within Drosophila embryos. 

In conjunction with investigating subpopulations of hemocytes based on enhancer activity, I also screened candidate pathways involved in macrophage polarisation and functioning (chapter 4). In doing so, I found that metabolism plays a key role in hemocyte responses to laser-ablated wounding, revealing a potential future target that may control the identified hemocyte subpopulations. Again, I was able to promote hemocyte responses to injury in the embryo. I also demonstrated that in hemocytes with reduced oxidative phosphorylation, there are fewer apoptotic cells, further suggesting an important role of metabolism in shaping hemocyte behaviour. 

In focusing on JAK/STAT signalling in the embryo, I found that loss of JAK/STAT signalling increases hemocyte responses to sites of injury, suggesting that a functional JAK/STAT pathway is required for limiting, or for normal, hemocyte recruitment to wounds.
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6.1 [bookmark: _Toc4589396]Hemocytes exist as a heterogeneous population comprised of subpopulations with distinct functions in responding to sites of injury and efferocytosis

Screening enhancers-GAL4 constructs annotated as driving expression within hemocytes, I identified enhancers that marked all hemocytes from early stages or in a developmentally-regulated pattern and, most interestingly, subpopulations of hemocytes, suggesting molecular differences within this lineage (plasmatocytes). In total 11 enhancer constructs labelled subpopulations of hemocytes and I investigated 4 that were robustly expressed in detail. Importantly, the expression system we used revealed similar patterns of expression to the original in situ hybridisation data from the Kvon et al study (190). All 4 enhancers investigated in detail, persisted throughout development, labelling a subpopulation of hemocytes in both larvae and adult flies, demonstrating that subpopulations are not restricted to a single developmental stage. I found three enhancers (VT32897, VT17559 and VT62766) that labelled subpopulations of hemocytes that displayed more potent responses to wounding. The latter two also displayed reduced levels of efferocytosis and faster random migration speeds, potentially suggesting that theses populations may, at least partially, overlap. Indeed, when combined with the data in which hemocytes were visualised in the entire embryo, there was overlap in the locations of these two populations which are both distributed throughout the embryo. In contrast, VT32897 does not appear to share much overlap in terms of hemocyte localisation with any of the other subpopulations. However, these enhancers (VT17559 & VT62766) are not located near to one-another (VT17559 is on chromosome 2 and VT62766 is on the X chromosome) suggesting that they do not control similar genes. This does not rule out the possibility that these enhancers are acting upon genes that share similar pathways, which is probably due to the similarity of the behavioural responses between these subpopulations. This may indicate that the activation of these enhancers reflects shared or parallel regulation of gene expression intrinsic to this subpopulation or modulating similar hemocyte behaviours through different, as yet unidentified, pathways. Although not included in this thesis, I have created transgenic constructs with each VT enhancer directly promoting the expression of either nlsGFP or nlsRFP. These new lines will be essential for future investigations into the behaviour of the subpopulations, allowing a wider range of experiments such as the use of RNAi-mediated knockdown of specific genes in labelled subpopulations. Initially, these lines would be used to investigate the potential overlap between the VT subpopulations, to determine if the subpopulations are distinct. Additionally, these constructs will allow investigations to uncover which genes are being controlled by the enhancers or investigating targets from the Drosophila and mammalian literature discussed in chapter 4. 

Enhancers can act over large distances, independent of their orientation (327,328), making it difficult to determine which genes are being controlled by specific enhancers. However, I identified cnx14D as a gene that could potentially be involved in controlling the behavioural responses or acquisition of subpopulation fate in the VT62766-active subpopulation. We could address whether Cnx14D is required for the acquisition of subpopulation fate by overexpressing or knocking down cnx14D in the background of the enhancer transgenic lines I have created. If cnx14D is affecting fate acquisition, rather than being a mechanism underlying the behaviour of the subpopulations, then the number of VT62766-enhancer positive hemocytes will change. There are still additional genes to investigate for the other enhancers (chapter 3, table 3.2). However, it is possible that pathways involved in modulating macrophage behaviours may also be active in Drosophila. I therefore screened these pathways by modulating various genes associated with macrophage function, specifically within hemocytes and assayed the effects on hemocyte recruitment to injury. In doing so, I identified two pathways, ROS signalling and metabolism, as having roles in modulating hemocyte responses to injury and efferocytosis (chapter 4). 

When ROS levels were decreased by expressing catalase (a ROS scavenger) specifically within hemocytes, there was decreased hemocyte recruitment to sites of injury. One of the potential genes under the control of the VT17559 enhancer is Lis-1 (based on distance between enhancer and gene). The human homolog of Lis-1 is platelet activating factor-(PAF)-acetylhydrolase, which catabolises PAF to an inactive form (503). However, the Drosophila Lis-1 product is a non-catalytic subunit of PAF-acetylhydrolase (504). Importantly, PAF is increased in inflammation and has been shown to increase ROS levels in macrophages following infection with Leishmania (352). Additionally, within Drosophila, neuroglian (a cell adhesion molecule) regulates Lis-1 and has been implicated in hemocyte encapsulation of wasp eggs by modulating filopodia formation (505). Together, this suggests that VT17559 may be linked to higher levels of ROS. However, staining with DHR123 (a broad ROS dye) did not reveal higher ROS levels in this subpopulation and there was no observable increase in the phagocytosis of E. coli. It is possible that PAF-acetylhydrolase is sufficient to promote subpopulation fate but requires appropriate stimuli (such as infection) to increase ROS levels. Alternatively, it may not be functioning through the same mechanism in Drosophila. For example, Lis-1 has many roles in the transport of dynein cargo which includes RNA localisation machinery (506). Therefore, it would still be pertinent to investigate filopodia formation and ROS in response to infection in the VT17559 hemocyte subpopulation, in addition to directly investigating Lis-1. 

6.2 [bookmark: _Toc4589397][bookmark: _GoBack]Glycolysis promotes a pro-inflammatory hemocyte phenotype

The role of metabolism in macrophage polarisation has become an intense area of research in mammals (398), with a recent paper suggesting that metabolism may have different effects between mice and human macrophages (507). However, to date, there have been no direct investigations of glycolysis within hemocytes or how this process may affect hemocyte behaviour. In screening the role of metabolism in promoting inflammatory phenotypes in Drosophila hemocytes, I demonstrated that increased glycolysis promotes pro-inflammatory gene expression specifically in hemocytes and improves hemocyte recruitment to injury whilst reducing efferocytosis. 

Evidence that glycolysis may be involved in hemocyte polarisation has been generated from RNAseq data in our laboratory. In embryos which are mutant for repo, there is a higher volume of undigested apoptotic cells which must be cleared by hemocytes (448). RNAseq analysis revealed that pdp is significantly downregulated in hemocytes from repo mutant embryos; additionally, the most enriched downregulated gene cluster were genes associated with glycolysis (data not published). I overexpressed pdk specifically within hemocytes and found that there was an increase in the numbers of hemocytes responding to injury and a reduction in efferocytosis. Furthermore, I found that pdk expression promoted up-regulation of the pro-inflammatory genes, sima (HIF-1) and eiger (TNF). These genes are associated with pro-inflammatory macrophages in vertebrates (56,125). This was the only manipulation in this thesis that was investigated in relation to the regulation of other genes. As there appears to be a number of pro-inflammatory genes being up-regulated together, this suggests that metabolism may have roles in defining hemocyte subtypes, rather than simply being a mechanism for a particular behaviour. As such, this represents a highly interesting target to investigate in relation to the VT enhancer lines. It may be possible that increasing glycolysis could increase the numbers of enhancer positive hemocytes within some of the subpopulations. To further investigate the metabolic status of hemocytes, we could utilise seahorse analysis on ex vivo hemocytes, a technique commonly utilised in vertebrate metabolism studies (508). There are currently no in vivo reporters available for metabolism, limiting our ability to investigate this further in vivo. The use of this technology would further enable the examination of metabolism specifically within the hemocyte subpopulations identified in chapter 3. 

The literature has thus far not separated out the individual contributions of different metabolic processes on pro- or anti-inflammatory functions. However, the genetic tractability of Drosophila makes this an ideal system for studying the contributions of individual genes/proteins to specific functions. I found that sdh overexpression within hemocytes reduced the number of vacuoles within hemocytes (a measure of efferocytosis and anti-inflammatory function). Elevated levels of Sdh have been shown to increase expression of pro-inflammatory cytokines such as IL-1β and it is possible that Sdh is required for processes involved in efferocytosis, but not recruitment to sites of wounding. 

6.3 [bookmark: _Toc4589398]JAK/STAT signalling limits hemocyte responses to wounding

The simpler, less redundant, signalling of JAK/STAT in Drosophila makes this a useful system for investigating this signalling pathway. In vertebrates, JAK/STAT signalling has diverse and complex roles in the immune system and macrophage functions where signalling can promote both pro- and anti-inflammatory macrophage behaviours (381). In Drosophila, JAK/STAT signalling is important in wound responses in larvae (249,250) and in the encapsulation response (467,468). However, there have been no direct studies investigating the role of JAK/STAT signalling in the embryonic wound responses.

In this thesis, I presented evidence that functional JAK/STAT signalling is required to constrain or limit hemocyte responses to wounding (chapter 6). Embryos with mutated Upd displayed significantly increased hemocyte responses to injury, which was further supported with hemocyte-specific expression of Dome, which lacked the intracellular region. Furthermore, although we did not find any statistically significant differences, we found that DomeDTMCYT and UpdOS1A demonstrated a decreased number of vacuoles per hemocyte, suggesting that JAK/STAT signalling may impact efferocytosis. Together with data from chapter 4, this shows that I have identified both pro- and anti-inflammatory signalling pathways that are active in Drosophila embryonic hemocytes. Further investigation into the impact of JAK/STAT knockdown in hemocytes, such as through assaying gene levels via qPCR, will provide more information as to the correlation between the data presented here and the wider literature.

There is emerging evidence that JAK/STAT signalling may impact cellular metabolism (509). For example, during obesity (where glucose is in abundance) there is an expansion of a subpopulation of IL-6 receptor-positive NK cells which promote obesity-associated inflammation (510). In a different study, JAK/STAT signalling was shown to promote alternative macrophage activation which limited obesity-associated insulin resistance (511). Therefore, it would be interesting to combine our UAS-pdk line with either UpdOS1A or UAS-DomeDTMCYT and investigate hemocyte recruitment to wounds to see if JAK/STAT could impair hemocyte recruitment to wounds. 

[bookmark: _Hlk5217249]As I had previously only identified pro-inflammatory pathways, this data illustrates that Drosophila hemocytes may function as broadly as macrophages (i.e. with both pro- and anti-inflammatory subtypes/subpopulations). The VT57089 subpopulation did not display any differences in terms of hemocyte recruitment to wounds, but did display reduced efferocytosis. This suggests that this subpopulation may be functioning in a slightly anti-inflammatory capacity. Indeed, mammalian homologs of some of the potential genes under control of this enhancer act to reduce inflammatory markers (353). Therefore, it would be pertinent to investigate the levels of JAK/STAT in this line, which could be achieved with the STAT-dsRed transgenic reporter used previously. Additionally, it may be possible that JAK/STAT signalling could expand this subpopulation, if this signalling pathway can promote acquisition of subpopulation fate (which could be investigated with the VT transgenic lines that I have created). Additionally, in the embryo hemocytes are exposed to high levels of apoptotic cells, due to the developing nature of the organism at this time (494). This could potentially provide ques to polarise the hemocytes towards anti-inflammatory, M2-macrophage functions, akin to tissue resident macrophages (which originate primarily from embryonic precursors). This could also introduce difficulties in our attempts to discover an anti-inflammatory population. It is possible that the hemocytes cannot be polarised any further than they currently are within the embryonic environment. This is supported by our observations of improved recruitment to wounding but lack of diminished recruitment combined with our observations of reduced efferocytosis but lack of any evidence of increased efferocytosis. Therefore, some of the apparently negative date in this thesis (specifically chapter 5) may be the result of an already saturated system.   

6.4 [bookmark: _Toc4589399]Further work 

This study provides the firm foundation for a range of future experiments, with many new questions arising from this thesis. 

Some immediate experiments, those that were prevented from being included in the thesis due to time, include misexpression of various genes in the background of the VT enhancer labels. There are current ongoing experiments to investigate if repo, H99 (to alter hemocyte exposure to apoptotic cells), JAK/STAT or pdk (representing metabolism alterations) can alter the numbers of enhancer positive hemocytes. This will reveal the underlying mechanisms controlling these populations. A key question is whether the subpopulations I have identified are distinct or overlap. Utilising the transgenic enhancer lines created in this study, future work will answer this question. Moreover, there are a further 7 enhancer lines that were not investigated in depth. It is possible that these will also display functional differences and should be investigated promptly for assays used in this thesis. As discussed in chapter 3, lineage-tracing experiments would provide a greater insight into the precise roles of the subpopulations, and may aid in determining if these exist as tissue resident populations. One of the most important, and biggest, remaining questions is in relation to the transcriptional profile of the identified subpopulations. RNA-sequencing experiments could be performed using either laser-capture micro-dissection of single hemocytes from embryos followed by single-cell RNAseq (358,359) or via DamID (DNA adenine methyltransferase identification) (360,361). This data would reveal potential underlying mechanisms controlling the different subpopulations. A full transcriptional profile would confirm the existence of subpopulations by revealing the full differences between the subpopulations, demonstrating that they are distinct.

Adult hemocytes are not very well studied. However, as we have shown that enhancer-labelled subpopulations persist into adulthood, this would be interesting to explore further. Assays including immune challenge and wounding could perhaps reveal alterations in hemocyte behaviour during development. It would also be useful to determine if removal of subpopulations of hemocytes can affect organism development. We could, fairly easily, develop tools that utilise the enhancers to drive expression of pro-apoptotic genes, thereby removing these labelled hemocyte populations. During development, a subset of hemocytes migrate along the VNC whilst others migrate dorsally and infiltrate the germband. We have preliminary data to suggest that some of our populations align with these migratory patterns. Using these lines, we could investigate the interaction between tissue microenvironment and hemocytes and the effects this may have on hemocyte phenotypes. Indeed, a collaborator who investigates germband infiltration by hemocytes is using some of our enhancer line data to partially investigate this question. 

The various human disease models that exist in Drosophila also represents an enticing system for investigating the roles of our subpopulations, for example there are metabolism disorder models, neurological disorders and many tumour models. 

There are also a range of experiments that need to be conducted to validate some of the assumptions or problems presented throughout the thesis. For example, many of the RNAi fly lines did not appear to have any effect on hemocyte behaviours. To validate the efficiency, or lack of, for these lines, qPCR could be employed. The data presented in the JAK/STAT chapter (chapter 6) is relatively preliminary and is in need of more detail investigation. We have provided limited evidence that this pathway is involved in potentially limiting hemocyte responses to injury but do not provide any possibly mechanisms. Tracking hemocytes to wounds would be one experiment to begin investigating this. Furthermore, the use of mutants or misexpression constructs would circumvent the problems we encountered with RNAi and enable more detailed investigation of the individual pathway components. 

This is the first study to directly demonstrate a role of glycolysis in hemocyte responses to sites of injury. This is consistent with mammalian literature and represents an area that should be investigated further as a priority. As mitochondrial morphology is related to function of glucose metabolism, imaging labelled mitochondria could represent a relatively quick additional experiment to further investigate our results. 

6.5 [bookmark: _Toc4589400]Conclusion

In this thesis, I have investigated multiple avenues to determine if Drosophila hemocytes exist as a heterogeneous population. I have developed novel tools to visualise hemocyte subpopulations and shown that these populations persist throughout the life of the fly. Several of the identified populations (VT17559 & VT62766) display more potent responses to pro-inflammatory wounding, reduced efferocytosis and faster random migration speeds. Moreover, I have provided initial evidence implicating the role of calcium signalling in possibly controlling the VT62766 subpopulation. I go on to demonstrate that increased glycolysis within hemocytes promotes pro-inflammatory phenotypes and provide data to suggest ROS are important in hemocytes responses to sites of injury. Finally, I show that JAK/STAT signalling appears to constrain or limit hemocyte responses to wounds and possibly function in an anti-inflammatory manner (Fig 6.1). This thesis demonstrates that within Drosophila, hemocytes exist as functionally distinct, heterogeneous populations of potentially pro- and anti-inflammatory hemocytes. 
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Figure 6.1. Schematic of the main findings in this thesis.
We show that Drosophila hemocytes exist as a heterogeneous population with different responses to laser-ablated wounding. When glycolysis is increased, or the TCA cycle is disrupted, hemocytes display more potent response to injury. We implicate sima, eiger and drosomycin as being up-regulated in glycolytic hemocytes. In contrast, reducing ROS and a functional TCA cycle limits the numbers of hemocytes responding to injury. It was not investigated which transcriptional alterations were occurring in this study (red). Additionally, the stimuli that may determine the hemocyte phenotypes were not investigated but may be speculated, based on the literature (red). Investigating enhancer expression, we identified two potential populations of hemocytes based on wounding responses (green). 
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[bookmark: _Toc4589402]Appendix 1. Standard Drosophila medium and other recipes

Standard Drosophila medium is prepared by according to the following recipe:
· 1 litre cold tap water
· 80g medium cornmeal
· 18g dried yeast
· 10g soya flour
· 80g malt extract
· 40g molasses
· 8g agar
· 25ml nipagin in absolute ethanol
· 4ml propionic acid

DABCO recipe: 1g DABCO (sigma) + 4ml 10x PBS + 36ml glycerol

Digestion buffer: MQ H2O – 4890µl + 50µl – 1M Tris-cl pH 8.2 + 10µl – 0.5M EDTA + 25µl – 5M NaCl + 25µl – 20mg/ml Proteinase K
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